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EXECUTIVE SUMMARY

The obijective of this project was ttemonstrate a prototypealistribution systemcontrol capabilitythat
couldmanage and dispatch higher penetrations of smart devices inligtebution systemspy using
local control of circuits as part of a hierarchical control strategy under the distribution management
system. Thisproject was intended tdelp San Diego Gas & Electric Compa@yG&Eand other utilities
make strategic choies concerning distributed control systems.

As the distribution system complexity increases and more intelligent electronic and power
generation/conditioning devices are deployed at circuit levels, controls need to be distributed and
implemented closer tdhe end devicesThese new, fast response, control requirements result in the
need for substatiofio-feeder and feedeto-feeder controls, in a truly distributed fashion

Work on the project was divided into four main tasks. The first task involvedsmssment ofrends in
distribution systenmodernization and control A comprehensive list of distribution automation
applications was compiled and eight selected for further scrutiny. To allow utilities to gagige th
maturity level of their own distribubn automationimplementations, four different levels of
functionality were defined for each of the applications.

The second task examined the requirements of the proposed advanced distributed control system. It
started by contrasting the two different sohls of thought in the industry on centralized versus
decentralized control methodologies and then explored what additional architectural enhancements
might be considered in comparison to conventional approachée requisite functional, technical,
standards, information technologies and security requirements for the enhanced architecture were
enumerated. The concept of a regionally based master controller, distinct from the traditional
centralizedsupervisory control and data acquisiticBGADRsystem wasintroduced and became one of
the core elements in the test system configuratidfinally, three use cases were identified that best
allowed the testing and demonstration of the application, and merits of, a decentralized control
approach.

The third sk veragedthe earlierwork to constructa test system capable of demonstrating the use
cases in as realistic a fashion as possible tampdovidea platform to contrast the performance of the
conventional approach to system control with that of theamnapproach Rather than construcan

entirely artificial test platform, the decision was made to pick two SDG&E substations that met specific
requirements and model these. The selection criteria included the requirement that the two
substations be elecitally connected through a tie switch or breaker, and that they possess circuits with
a high penetration level of Distributed Energy Resources (DERS), with lower than average reliability
(system average interruption duration indeSAID)) and with issueselated to performance and/or

power quality. Theesultant two-substation system was modeled using a combinatioaabdial

Intelligent Electronic Devices (IEPsjtualDERsNd the remainder simulated in a real time digital
simulator that allowed power dwrdware in the loop testing.

The final task involved conductiegtensive test®n the system, beginning with factory acceptance

testing and culminating with system acceptance testing and agirgatommercialdemonstration of the
operationand performanc@ ¥ (G KS aeadSy 4 {5DHdTF)QTe resyits & dsé G SR
tests and the comparison between the different approaches were documeamedised to formulate

findings and conclusions.

N>
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Conclusions and Findings:

The resultgprovided quantifiable evidence that thdistributed control of system resources could
achieve benefits when conaped to a conventional approacMajor benefits identifiedncluded:

Increase the utilization and contribution of DERs

Reduce and even prevenhintentional reverse power flow

Produce a flatter voltage profile over the length of a circuit

Bring voltage profiles back inside the permissible range after a system event

Reduce systeralectricallosses

Improve the power factor of a circuit

Reduce thenumber of operations of controllable assets litapacitorbanks voltageregulators
andloadtapchangers

1 Dynamically adjust protection settings to increase system reliability

=A =4 =4 =8 -8 -8 -9

The tests demonstrated thahe greatestbenefits wereobtainedwhen the contol system was able to
coordinate the control ofwo adjacentsubstationsandwhen theregionallybased master controllevas
controlling the system, because it provided more possibilities for system optimization.

Additional tests demonstrated that a puyesubstationbased control scheme was still able to provide
benefit, although not to the same extent as when the master controller was present, due to the inability
to coordinate and therefore optimize between the two substations.

The demonstrated beneftof the distributed control approach in the areas of DER integration,

improved grid stability, reliability and power quality and better utilization of controllable assets certainly
warrants additional research, as well as inclusion into the technologymmep of any utility facing an
expansion in DER and IED devices on the distribagistem

Recommendationgand next steps
The main recommendations of the project are:

1 Development of atrategic plan and roadmap for incorporating distributed control architecture
as part of future deployment of advanced distribution automation systems.

1 To achieve distributed controls, the focus should be on identifying certdiadced
Distribution Mangement System ([AMS functions similar tothe use cases explored in the
project, whichcan be deployed in the field througubstation and fieldontrollersthat are
supervised and coordinated throughe ADMSat the control center

9 Further investigatioriocused on thestandardization and expansion of field area
communicationsas a key enabler for deployment of distributed control systems in the field.
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1 INTRODUCTION

1.1 Objective

Theobjective of this project was tdemonstrate a prototypelistribution system control capabilityat
could manage and dispatch higher penetrations of smart devices in the grid by using local control of
circuits as part of a hierarchical control strategydanthe distribution management system. This project
was intended to helsan Diego Gas & Electric Compa&pGE&Emake strategic choices concerning
distributed control systems.

Thechosen focusf this precommercial demonstration projeéncluded

1 Understand preferred operational responsibilities and control characteristics of numerous
distribution system resources that can be controlled by a distributed control system infrastructure.

91 Develop and test methods of communicating and coordinating contralssamultiple resources to
ensure that devices operate in a complementary manner to optimize distribution system
performance.

9 Identify distributed control methods and approaches to control resources and integrate as part of a
unified control scheme that isompatible with other utility control systems such@gpervisory
Control and Data Acquisition (SCADA), Advanced Distribution Management System (ADMS),
Distributed Energy Resource Management System (DERMS) and Demand Response Management
System (DRMS)

1 Demamstrate distributed control concepts that fill gaps in traditional control system infrastructure,
and are compatible with it.

9 Assess the scalability and performance of the control schemes against distribution system
optimization objectives, using metricach as circuit electrical efficiency, stability, reliability,
frequency control, voltage support, asset health maintenance, and operating costs.

1.2 Issue/problem being ddressed

A multitude of new types of controllable devices are being introduced iptwveer distribution system.
Thenew devices have inherent functional capabilities whose operation needs to be coordinated and
managedin coordination with the existing devices, derive maximum value from the available
functions and improve distribution systeelectrical efficiency, reliability, power quality and operational
costs.

The utilitydistributed control system must be able to interact with these controllable devices, and
process the large amount of system status information coming from these degiEesors, and

monitoring nodes. The distributed control system must also coordinate and dispatch these controllable
devices in a strategic, fast and automated manner.

While the control of individual elements within an electric power distribution sysgefaiily well

known, there is not a commondgccepted model available for the control of the whole distribution

system. The existing control strategies for the distribution system have been developed in the context of
the 20th century circuit design, whi@re being widely changed for the distribution grid of the future.
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For instance, distributed energy resources (DEbtay a key role in industry trend, as utilities are
moving towards a future where DERSs penetrate the distribution system at unprecedentdd. It is
worth noting that while concerns about impact of increasing level of DERs in distribution system on
control and operation of the distribution system remain unanswered, interconnection policies are
resolving the deployment challenges with thevelopment of strict standards for more utility controls
and interaction with DERs. Therefotiee ability to accurately determine mitigation actions and
remotely control the system is gaining more attention by utilities.

1.3 Projectdescription tasks, andleliverablesproduced

This projecdemonstrated a distributed control systernapable of utilizing both conventional and new
types of actively controllable devices in the distribution system in response to dynancitatiging
operating conditions.

Thisunified control platform referred to as theAdvanceistributed Control SysteffADCS), was
expected tobe compatible withconventionaldistribution control systemtechnologies, including
DERMS, DRMS, ADMB{ribution automationand substation aitomation, as well as to have the ability
to effectively manage and coordinate the resources and devices at the distribution substation and
distribution feeder interacting with retail anihird-party-owned resourcesor example aggregators.

After formation ofthe project team and development of the project plahetproject was executed over
the four majortaskaressillustrated inFigurel-1 below.

Review and

assessment

Document
ADCS

reguirements
Select use
cases

+ Test use cases
+ Pra-commercial
demaonstration

of system

+ Construct test
platform to
test the use
cases

* Investigate
industry state-
of-knowledge

Figurel-1. Primary project taskareas

The sections that follow briefly outline the scope of work of each task amdétiverables produced.
Distributed control system review and assessment

This task documented trends in grid modization and control based onligerature review from
publiclyavailable documentsA comprehensive list of distribution automatigDA)applications was
compiled and &ght selected for furtler scrutiny. To allow utilities to gauge the maturity level of their

1 According taCaliforniaPublic Utilities Code Section 7&hergy efficiencyelectric vehiclegjemand responserenewable
resources, and energy storages are consideredistributedresources
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own DA implementations, four different levels of functionality were defigdN2 Y &a ¢ NI RAGA 2y | f ¢
G¢NBYRaESGEGSNI

Distributed cortrol systemdesign

This taslexaminedthe requirements of the proposed advancBistributed Control Systentt startedby
contrasting the two different schools of thought in the industry on centralized versus decentralized
control methodologies.

As the distribution system complexity increases and more intelligent electronic and power
generation/conditioning devices are deployed at circuit levels, controls need to be distributed and
implemented closer to the end devices. These new, fast response, coafjutements result in the
need for substatiorto-feeder and feedeto-feeder controls, in a truly distributed fashioithis could
ultimately include peeto-peer communications utilizing, for example, the IEC 61850 communication
standard, but that falls atside the scope of this particular project.

With this basis, the project examinechat additional architectural enhancements might be considered

in comparison to conventional approach&se requisite functional, technical, standards, information
technolagies and security requirements for the enhanced architectueee enumerated. Finally, three

use cases were identified that best allowed the testing and demonstration of the application, and merits
of, a decentralized control approach.

Distributed contrd systemtest platform construction

This task leveraged the work from previous tasks to design a test system capable of demonstrating the
use cases in as realisti¢ashion as possible and providiaglatform to contrast the performance of the
conventioral approach to system control with that of the new approach.

Thetest system was constructed usingligital system simulatoand thedemonstration circuitsvere
modeledafter actual SDG&E distribution circuits. The selected circuits were phxkeause they
possessed thanique characterigcs that have historically provenhallenging for the integration afew
distribution circuit featureg; includinghigh penetration of solaphotovoltaic P\j systems, presence of
sensitive loads, and customessth premium power quality requirements.

Distributed control systenpre-commercial demonstration

This taslcreateda series of factory and site acceptance test procedures intended to test the use cases

on the test platform, after which thpre-commercialdemonstration waperformed and the results

captured Thedemonstration wagperformed on thedigital system simulatan conjunction with
Hardwarein-Loop (HIL) and Softwaie[ 2 2 LJ 6 { L[ 0 GS&adAy3 G {5Dg9Qa Ly
Escondido, CA
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1.4 How to read this report

The table below provides a quick reference guide on the primary content areas of the report and the
page number where each starts.

Tablel.1. Navigating the document

Description Sarts on
page
Task 1Review and assess 5
Documentdrends in grid modernization and control based on a literature revig
from publically available document®efines a distribution automation maturity
model based on eightistribution automation applications

Task 2 Design 15
Designs a test system and selects use cases capable of comjthst
performance of the conventionapproach to system control with that af
distributedapproach.

Design

Task 3 Build 28
Creates factory and site acceptance test procedures and constructs a test sys

Task 4 Test 42
Test Details the test case(s) and results for each of the three use cases

Findings 96

Summarizes the results

Recommendations and next steps 99

Where to from here

Appendix A¢ Additional use case results 105

Provides the results for any test casestthare not described in the task 4
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2 PROJECAPPROACH

The project started with several brainstorming sessions with stakehofd@rsvarious groups, including
Growth & Technology Integration, Electric System Planning & Gritkiviization, Distribution
Operations and Asset Management. These discussions were ubadéiine the current state of
distribution system controht SDG&E and provide a point of reference for the work that followed.

The subsections that follow providetils on the approach and results from the work performed on
the four major project tasks.

2.1 Distributed control systenreview and assessment

Review and
assessment
¢ Document e Perform use
« Investigate ADCS ' » Construct tes e '=’t|j
i 5 e platform to case testing
industry state- eguirements bt i e e Pre-commercial
of-knowledge s Select use test the use d .

o cases o
Cdses ar syse

The main objective of thimsk wado provide a summary ahdustry discussions and stadé knowledge
on advanced control and automation practices

2.1.1 Gridmodernization trendcs

The challenges associated with the control of the future grids as well as concerns for safe, reliable, and
costeffective operation of the grid havieiggered manyutilities to start planmingfor modernization of

their electric grid. The grid modernization strategy must address challenges prompted by grid
transformation drivers and take advantage of emerging opportunities. The major drivers for the grid
transformation include

Extremeweather conditions
Aging infrastructure/workforce
Critical infrastructure
Renewable surges
Distributed energy resources

=A =4 =4 =4 =4

In particular, grid modernization programs should prepare the mExteration electric grid for
comprehensive integration of DERs. Sarhéhe relevantinitiatives include microgrids, data analytics,
smart cities, and new distribution system operator (DSO) models.
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2.1.1.1 Features of anodernpower distribution system

The strategy of a utility for effective operation of its power distribution egsheavily depends on the
changing landscape of the utility industry. Regardless, the grid modernization strategy should ensure the
following feature of the electripower distribution systeni

9 Safety Grid safety minimizes exposure of personnel (crews @ublic) to energized equipment.
In addition, potential hazards and modified operating practices causéuflgmentationof
new technologies must be carefully studied.

1 Reliability: Avoiding/minimizing outage times for critical/all customers is the majective of a
reliable grid design. For example, Fault Location, Isolation, and Service Restoration (FLISR) is an
automation application that can reduce response time to outages. This, however, requires
communication between central locations and the figldaddition to new software tools that
interact with field automation.

1 ResiliencyGrid resiliency should ensure proactive/reactive response of the grid to mitigate
voltage violation, system overloads, and power quality issues. It should allow for iiterac
with customer equipment to manage tvmvay power flows caused by DERs. Advanced voltage
control schemes can help with realization of these goals, albeit at the cost of using automated
equipment to respond more rapidly than current systems.

9 Flexibility: Flexibility should ensure that new grid technologies can be integrated into the grid, if
upgrades to existing equipment are required. For example, modular automation designs that
Ffft26 F2NJ GLX dz3 YR LX &8¢ dzZLJANIcHREBogy LI2aAdAizy (K
advancements.

1 CostEffectivenessAmoderngrid is not exclusively the one with best technology, but also one
GKFG Aa NBlFLazyloftS Ay O2aid F2NJ GKS dziafAGeQa N
consider the financial needs of customeasdile maximizing equipment life cycle.

2.1.1.2 Capabilities of anodern power distribution system

Several new capabilities should be developed to modernize a Gtifity LJ2 6 SNJ RA & ANRA 0 dzi A 2 Y
discussed above, the goal of a modernization plan is to imprafetys reliability, and the associated

cost in the electricity delivery. This is achieved by a wide range of investment in grid assets,

technologies, and telecommunications overhaul upgrade.

These capabilities can be categorized into three main functiorielS & = y'F YSt 82X daz2y A2 NR
FyR C2NBOFAGAYIES | PR]ANINMNE ¢f &xdnipleiyeadh yalegarpisted N f
the following figure.

24DNAR az2RSEARSNVAERRYY {/9Qa DNRR (2 9yadiNB {FFSdie FyR w

2F 5Aa0NROdzISR 9y SNHE wSaz2dNDSazé ! gKAGS LI LISNI 68 { 2dz
36 DNX R a 2 REIodsfriizing SCE2 yIYNA R (2 9y admNB {FFSda yR wStAlLoAtA
2F 5Aa0NROdzISR 9y SNHE wSaz2dNDSazé ! gKAGS LI LISNI 68 { 2dz
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Monitor Predict Protection & Control
Real-Time Stuational Awareness Asset Modeling Voltage Optimization
Power Quality Awareness Near-Term DER Forecasting Power Flow Optimization
Distribution Load How Analysis Long-Term DER Forecasting Highly Reconfigurable Protection
Automa;g:gﬁ;:gﬁf\;ci):nc;f drcuit D|str|but|0r|1eF39esroal$receDg?an (DRP) to Bi-directional Protection
Accurate Impedance Modeling Fast DER Interconnection Process REES Qe E e [R5 55

Figure2-1. Summary ofgrid modernization capabilities

2.1.1.3 Gridmodernization strategies

Three different business models can be envisioned for grid modernization: traditional, proactive, and
aggressivé [1] The selection of each business model depends on a number of external factors, including
market conditions, DER adoption trends, ahd tegulatory policies. Further, each business model has

its own set of assumptions. These assumptions are summarized in the following table.

Table2.1. Scenaricassumption in three grid modernization businessodels
Scenario  Business

4 model Assumptions
DER integration grows at a gradual rate;
» Undetermined policy in interaction with users and DER infrastructure;
1 Traditional

No knowledge of the technologies that will be deployed moving forward;
Widertelemetry for informed decisions.

DER integration grows at an increasing rate.
2 Proactive | Necessity of interaction with users and DERs in the next 10 years;
Going forward with some technologies while looking forward for others to develop.

DER integration grows at a drastic rate;
3 Aggressive| Regulations enforce more comprehensive interaction with users and DERSs in thegaads;
Utilities tend to take risks on unproven/unknown technologies.

The aforementioned future scenarigsquire different levels ofinvestmentg these are tabulated below.
Telecommunication architecture and infrastructure, energy management solutions, and DER controls
are some examples of the areas in which investments candmsie

“{4DNAR a2RSARSNVERRYY {/9Qa DNRR (2 eparmngidBicrdased|SVel | yR w
2F S5Aa0NROdzISR 9y SNHE wSaz2daNDOSazé | KA KFS N OSNISNE y3E2 de
and DistributionAutomation6 5! 0 t NEANIF YY Cdzy OldA2yltf . SYyOKYIFINJAYy3 wSLRI
Hamilton (BAH) Inc., Nov. 2015.
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Table2.2. Investmentmeasuresm three grid modernization business models

Scenario Business

4 model Investments
Fewer automation capabilities with telecommunication expansion;
Slow energy management system modernization;

1 Traditional gy g y

Update onplanning, design, and operations procedures/tools using proven technologies;
No acceleration on implementation plans.

Further investments on control of utiltgwned assets & DERs;
2 Proactive Modern technologies to enhance advancement of energnagement systems;
Additional upgrade on telecommunications infrastructure.

Grid assets modernization with a higher aggressive investment;
3 Adggressive | Wide telecommunications network overhaul;
Partnership with software developers to greatly scaleadpanced control functions.

The associated level of risk to these three business models would vary from low to high, going from
traditional approach to aggressive approach. The risk level of each modernization scenario is described
in the followingtable.

Table2.3. Risklevels inthree grid modernization business models: traditional, proactivend aggressive

Scenario Business

4 model Risk Level
. Low risk, watching to follow the winnirgplution;
1 Traditional L . . .
High risk of loss if DER integration accelerates.
Moderate risk, the risk of stranded investment;
2 Proactive Perhaps not prepared for emerging technology deployment, but the process can be scaleq

necessary.

High risk, thesignificant risk of stranded investments in modern technologies;

3 A i
ggressive The risk of developing advanced technologies at a higher cost.

In each future scenario, utilitiesill be required to adapt theiresourcesto fulfill the requirements of
the corresponding modernization plan. The resource impact is compared between the three business
models inTable2.4.

Table2.4. Resourcampact in three grid modernization business models

Scenario Business
Resource Impact

# model
1 Traditional | Using the current organizational capabilities
2 Proactive | More resources areequired to manage the added advanced functionalities

Aggressive resource hiring;

3 A i
ggressive On-going training to keep the skill level 4ip-date.
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2.1.2 Distribution automation applications

SAaUGNROdzIA2Y ! dzi2YF A2y 05! 0 iOtheplarmiBg, eR@rieeripgS R | & a |
construction, operation, and maintenance of the distribution power system, including interactions with

the transmission system, DERs, and-asdrsé® A large variety of DA applications and technologies

have been reported itechnical literature. In general, the applications can be of either Primary type or
Secondary type. Primary DA applications are those that directly benefit the performance of the SDG&E
distribution system. Secondary DA applications, on the other handhase that support the improved
performance of the SDG&E system using the data provided by the primary DA functions.

The projectreviewedpubliclyavailable information to identify all potential DA applications and use
casesThese wergyrouped into the fdlowing five categories based on their approach for improving the
distribution system performance:

Operation and Control

Planning and Assessment

DER Integration and Management
Monitoring and Diagnostics
Protection and Automation

=A =4 =4 =8 =4

While each application anthe available technology for its implementation depends on a number of
factors that will vary by utilitie$the aforementioned five categories represent the main types of
applications identified in SDG&HEgure2-2 provides a shorteed version of the master DA application
list identified in this study.

5. FyiKdza / 2yadz GAYy3 LYGSNyYylraaAzylrts . SySTAG FyR / KKttt Sy
and Assessment of DAunctiong ¢ ! NBLIR2 NI LINBLI NBR F2NJ / FEAFT2NYAlF 9y SNH
6Energy & Environment@ O2y 2 YA 0a Ly O® FyR 9twlL {2fdziAz2y LyO®s da=zlfd
report prepared for California Energy commission, 2007
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Operation & Control

SCADA monitoring and
control of substation
eguipment

SCADA monitoring and
control of feeder &
underground equipment

Substation reclosing
application and power
restoration

Supervisory planned
switching

Direct Customer Load
Control

Synchronized Load
Transfer

Optimal Volt/VAR Control
of Distribution System

Autcmated Fault
Location, Fault Isclation,
and Service Restoration

[FLISR})

Load Management
Activities for Emergency
Conditions

Local {device level)
Volt/VAR Control

Feeder level aute-
reclosing

Planning &
Assessments

Real-Time Distribution
System Power Flow (DSPF)

Maodel VYalidation and,/or
Characterization

Dispatcher Training
Simulation (DTS)

Diagnostic Analyses of
Events

Data Management,
Retrizval, and Disposal

Adeguacy Analysis of the
Distribution System to Meet
the Load

Enhancing Repair Activities
After Major Disasters

Assessment of Proposed
DER Interconnections

Load Forecast

Optimal Placements of
Switches, Capacitors,
Regulators, and DER

Renewszble ensrgy forecast

DER Integration &
| Management

SCADA Monitoring and
Control of DER
Generation/Storage

Model of Distribution
Operations with Significant
DER

Monitors Non-Operational
Data from DER Site

Automatic Response Control

Supervisory Control of
Switching Operations with
Significant DER

Adequacy Analysis of
Distribution System with
Significant DER
Gengration/Storage

Post-Emergency Assessment
of DER Responses and
Actions

Load Shedding with DERs

Emergency Establishment of
Microgrids during Power
Outage or Other
Emergencies

Optimal Valt/VAR Control
with Significant DER
Generation/Storage

Monitoring &
Diagnostics

Predictive Maintenance of
Distribution Equipment
{Condition-Based
Mazintenance)

Circuit status dashboard and
alarm processing

SCADA and Real-Time
Disturbance Monitoring and
Visualization

o

Customer Outage Detection
and Correlation to Fault
Location

-

Automatic Meter Reading
[AMR]} and Data Exchangs
between Utility and its
Inclustrial, Commercial, and
Residential Customers

Protection &
Automation
L

Substation Protection
Equipment Performs System
Protection Actions

L4

Relay Protection Re-
coordination (RPR) of
Distribution System

e

Relay Protection Re-
coordination [RPR) with
Significant DER
Generation/Storags

L

Adaptive Protection Settings

Figure2-2. An overview of DAapplications

2.1.3 Distribution automation maturity model

The objective of this section w&s reviewsome commonly implementedistribution automation (DA)
applications and talefine different implementation levels to allow utilities to benchmark themselves.

Eight (8) majoDA applications were considereaid four (4) maturity levels defined, ranging from

G¢ NI RAGAZYI f éTalile2.5 piotideSaist &f A apBidatiods reviewed in this study along
with the definition ofthe maturity levels.
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Table2.5. Reviewed DAapplications andtheir maturity level

Application

Fault Location

Level 1¢ Traditional

No information on status of

Level 2¢ Basic
Customer calls are cataloged

Level 3¢ Advanced
Advanced methods require

Level 4¢ Trendsetter
Combination of SCADA controllg

and Service various devices in the and analyzed by the outage | installation of sensors on devices and fault sensors allow
Restoration distribution system is available | management system (OMS). | feeders and customeends. for local or centrally managed
to the operator. There iso The call pattern data predict | Such an approach requires location of faults, automatic
direct way to find out about the| the most likely device initiating recording the time of isolation switching, and
outages. Thus, the dispatchers| the outage. Single Point statug interruption. The data is restoration where possible. This
depend on telephone calls fron| sensors may be available to | processed using a statistical is commonly referred to as the
customers or a sudden change| confirm major device status technique to determine outage | FLISR (fault locatioisolation and
in power flow at a metered (feeder breaker or recloser) in| locations. Once the location is | service restoration). The status ¢
location. Technician then OMS. Technician travels to known, the faulted section is the switches that operated unde
identifies the open device predicted device and isolated with the help of the FLISR scheme are reported
responsible for the outage and| confirms/corrects outage remotely controlled switches, if| back to the OMS, and the
locates the causef the outage. | model. Restoration is modeled the protective devices have not| information is provided to the
In some cases, overhead fault | in OMS as technician manually already isolated the fault. technician. The technician then
indicators can give indication o] updates progress. Subsequently, reme switching | travels directly to the faulted
the direction of the fault to can be done to restore power tq area of circuit, clearthe trouble,
speed the location of the healthy parts of the system. Th¢ and requests the control room tg
problem. Damage is cleared ar OMS, combined with SCADA a| return the circuit to normal. The
isolated section is restored fault data, can accurately locat§ OMS then returns the circuitry tg
the faults. Some switching normal operating conditions.
operations can be performed tg
partially restore service from
the control center utilizig
SCADA switches.
Feeder Manual system reconfiguration| Circuit analysis is performed | Some circuits/substations are | Optimization module run on a
Reconfiguration| is done on a seasonal basis. | using recorded peak loading | analyzed in DMS through predefined frequency to attain
and Distribution planners perform | conditions captured by load loading scenarios, and target goals (voltage profile,
Transformer offline analysis on a circulity- NBO2 NRSNE&E ® / A N switching/reconfiguration losses, CVR, etc.), and DMS

Load Balancing

circuit basis to determine the
best circuit configuration for
seasonal loading. Since such
reconfiguration may require
several manuaswitching

capacity are flagged for
reconfiguration and the
analysis is only performed on
sekect circuits.

Reconfiguration of the system
for reliability and loss reductiorn

suggestions are made to the
operator. These suggestions ca
be performed using only
remotely-controlled devices or g
blend of remotely and locally
controllable switches.

recommendations are
implemented immediately in the
field utilizing remote switches. A
operator/engineer would be
notified of configuration changes
and beable to override
reconfiguration in the cases of

11
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Application

Level 1¢ Traditional Level 2¢ Basic

operations, it is not feasible to
do it frequently.

can be done using the same

switches which are used for
fault isolation and service
restoration. Switching is mainly
performed in the field, with
some remote switching via
SCADZAESficacy of load transfe
is monitored via SCADA and
Distribution Management
System (DMS).

Since the system can operate

Level 3¢ Advanced

sectionalizers remotely, system
reconfiguration can be done as
frequently as the operator
desires.

emergency response or planned

Level 4¢ Trendsetter

clearances.

Transformer
Life Extension

Manual process: the dispatchel
relies on trialand-error to get
proper level of loading. The
dispatcher would close a switct
to supply adiitional load with
an expectation that the total
load would be less than a
certain value. But if the load is
higher than expected, he would
have to open the switch, drop &
few feeders, and then close the
switch again. The process wou
have to be repeatedntil the
load is at a desired level. The
switching of the load can stress
the transformer significantly
and, thus, reduce its total life.

It is similar to Traditional level,
but there is some data
monitoring including oil and
transformer temperature using
conventional SCADA. This lev
still needs few switching
operations, but it is less than
Traditional level.

Transformer oil level and
winding temperature are
monitored. Also, equipment for
monitoring the health of the
transformer based on dissolved
gas amlysis are available, as
well as measurements from the
feeder to which the transformer|
is connected. Since the feeder
can be accessed by DMS, the
balance between the desired
loading and the feeder load car
be monitored to control
transformer overloading
without additional switching.
Thus, stress on the transforme
can be avoided and its life will
be extended. Fault Oscillograpt
is available at the transformer
bus to record through faults
seen by the transformer.

Fully integrated and optimized
within DMS gstem, to minimize
stress on the transformers. Fault
Oscillography is analyzed by DM
to evaluate 4 exposure by
substation transformer. Also,
DMS alarms trigger for excessiv
fault duty or excessive
cumulative fault exposure

Recloser and
Breaker
Monitoring and
Control

Manual process: no remote
monitoring and control is
available. Recloser and relay
settings are changed locally. In

case of pole mounted reclosers

Recloser/breaker statuses are
monitored via SCADA, but the
settings are adjusted manually
Monitoring helps to maintain
recloser and breaker contact

Recloser/Breaker statuses are
monitored andcontrolled via
SCADA. The control functions
includestatus change

(Trip/Close), automatic reclosin

Advanced DMS/OMS with fully
automated monitoring and

control, health monitoring, and
maintenance initiation is in place
Secured engineering access to

12
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Application

Level 1¢ Traditional

it is very time consuming to
change settings. Further, since
no monitoring is availabldéime-
based maintenance is used for
reclosers and breakers even if
not is necessary.

when needed. Numbreof

Level 2¢ Basic

operations can be recovered
from SCADA to improve
maintenance strategy based o
operation frequency. In
addition, load currents per
phase, control battery voltage,
and line voltage may be
reported to SCADA.

enable/disable, ground relay

Level 3¢ Advanced

enable/disable, and setting
group change. This allows for
better control of the system
when the system configuration
changes. fiis can be done via
SCADA or DMS.

controls and configure relay

Level 4¢ Trendsetter

settings is available so that
operationalprofiles can be
changes without requiring a
technician to visit the control in
the field. Fault data are captured
to improve maintenance
programs in DMS.

Capacitor
Switching for
Volt/Var
Control

Installed capacitor banks cannc
be monitored remotely. They
are controlled locally, by
sending the crew to the site or
through local control (voltage,
time of day, load current inputs
etc.)

Some of the installed
capacitors may be remotely
monitored via SCADA, while
some of them are remotely
controllable.

The volage regulation settings
are determined based on

assumed load curves, historicg
data, and offline analysis.

Capacitors are remotely
monitored and controlled via
SCADA or dedicated controllers
These controllers can be
programmed to use a
combination of seeral factors
for capacitor switching. In some
cases, the controllers can
communicate with the central
station. However, the
controllers respond to local
conditions and, thus, they do
not provide the most optimal
capacitor configuration. In othe
words, they cannot consider the
network-wide impacts of
capacitor switching, leading to
potential overvoltage scenarios

Advanced DMS applications (Lo
optimization, Volt/Var
Optimization, CVR, etc.) enable
optimal capacitor switching for
different load conditionsMeters
measure V, |, P, and Q at differe
locations. The metered data as
well as status of capacitors are
sent to the DMS to determine
optimal capacitor switching for
the prevailing system conditions.
AMI data is also used to support
this functionality.

DMS looks into the network and
prohibits a device from closing
into an overvoltage. Voltage
exceptions not identified by DMS
are flagged in DMS for followp.

Regulator
Operation for
Voltage Control

There is no voltage regulators i
place.

The regulator is controlled
based on local line voltage ang
maintaining a banatenter
setpoint with a proper voltage
tolerance bandwidth. In
advanced cases, line drop
compensation is used to
overcome large distances

Regulator voltage is monitored
and controlled in DMS.
Regulator voltage, tap position,
and settings are fully
configurable/controllable
through DMS.

Operation of regulators is
coordinated with capacitor
switching to reduce losses and/g
obtain better vdtage profile
under different load conditions.
Regulator settings are controlled
dynamically based on advanced
DMS applications.

13
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Level 3¢ Advanced

Level 4¢ Trendsetter

Application

Level 1¢ Traditional

between the regulator and the

Level 2¢ Basic

load cente.
Transformer Manually or Locally controlled | Tap position and LTC output | Operation has supervision and | The LTC is used as a part of the
LTC Control Load Tap Changer (LTC) voltage aremonitored by control of the LTC through Volt/Var optimization, loss

SCADA. The control is normal| SCADA. Settingsi@ positions optimization, and/or CVR

done manually or as a functior| are controlled through DMS. application. DMS prioritizes

to load changes. The control ig device operations based on

not typically implemented operational objectives and

inside DMS/SCADA, but a impacts.

separate control system.
Distribution BasicSCADA: Status indicationy SCADA with basic DMS: Feed SCADA and DMS/OMS in placq Full monitoring and control
System of major equipment (circuit circuit breakers and some Feeder circuit breakers, three | system, integrated with SCADA,
Monitoring breakers and IEDs), three phase reclosers, phase reclosers, and Volt/Var | DMS, and OMS

No control and coordination
with OMS exist; there is only
basic local controls for Volt/Var
equipment.

capacitor banks, and line

regulators are monitored and
controlled. Load and voltage
data can be monitored through
DMS.

equipment are monitored and
controlled. Additimal aerial and
pad mounted sectionalizing
device are also controlled.
Status points are integrated
with OMS model to instantly
verify outages.

Advanced applications with DER|
integration, AMI/MDM,
enterprise back office
applications, and demand
response

Latest interface standards,
communication protocols and
cyber security in place

14
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2.2 Distributed control systendesign

+« Document + Perform use

* Construct test

= Investigate ADCS case testing
) . ) platform to )
industry state- reguirements * Pre-commercial
test the use )
of-knowledge = Select use f— demonstration

cases of system

This task examined the architectural consideratiarstiie proposedistributed control systenusing
the findings from the previous task as a point of departure. It began by contrasting two different
approaches talistribution control systengesign: centralized versus dedsalized and finished by
selectirg three uses cases suitable for testing and demonstrating the proposed system.

2.2.1 Centralizedapproach

Conventionabistribution control systems tend to be centralized in nature. As showFfigare2-3

below, a central control center communicates with an array of substation anddasddd Intelligent
Electronic Devices (IEQg)olling them on a periodic basis to extract digital and analog data, and issuing
commands to control primary apparatus and oeigure the system, as and when human operators
deem it necessary.

P SCADA

/A W

Remote Terminal Unit _ | - P
M i . T
PN K, & LE
LLILLL Al
;1 Voltage = SCADA Cap Recloser Line
' Regulator  Switch Bank Sensors

Primary Apparatus

Substation Pad Mount Pole Top Line

Figure2-3. Simplisticrepresentation of conventional distribution control system
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The frequency with which the control center communeésawith the IEDs is dependent on:

1

= =4 =4 =

The capabilities of the SCADA server in the control center and the presence, and number of,
front-end-processors

The type and speed of the communication network

The communication protocol(s) in use

The turraround time ofthe IEDs

The control mode: whether automatic or operator advisory

In most cases, rountbbin data acquisitiortimes of several seconds are the norm. Should an event

occur on the power system that requires it to beaenfigured, the time taken to do sodependent on

the capabilities of the operator to process the incoming data, determine the appropriate response and
issue the necessary commands. Speed of response is typically measured in minutes, as illustrated below.

Operator Acts
Command #1lssued

SCADA  SCADA receives
paollslED |ED data

M I -—+ o
*1253455? 120 |

. ) )

Event IED IED IED
Occurs Responds receives operator  performs operator

control#1  control#1

Figure2-4. Sampleeventto-action timeline ¢ centralized design under operator control

Hypothetical sequence of actions showing manually generated operator controls:

)l
)l
1

SCADA polls IED (assuming 2 second poll rate)

IED responds (within 100500 ms depending on IED vintage)

SCADA receives IED data (dependent on communications baud rate. For example, it takes ~50
ms for a maximum length DNP 3.0 message at 64 kbps to be received at the SCADA, whereas the
same message will take 2.64 seconds d2@0 bps line)

hLISNF 2N | Oda oKAIKEE @Gl NARlIofSZ
of data, etc)

IED receives the first operator initiated control command and performs the requisite action. The
time between receipt of message airdtiation of the control is IED dependent, but in newer
generation devices, largely negligible

YR RSLISYRSyl

It is possible to improve the speed of response by automating the decision tree and sequence of actions
the operator undertakes for a given system event. Adstpapplication for this type of automation is
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Fault Location Isolation and Service Restoration (FLISR). Machine intelligence is deployed at the control
center to detect fault scenarios, process the incoming data and follow a series-pfggeammed step
to isolate the fault and restore service to the maximum number of customers as quickly as possible. This

is illustrated inFigure2-5 below.

Software based
rules engine

SCADA
Server

Communication Network

{
f '
]
i N
Ll o
| Voltage = SCADA Cap Recloser Line
Regulator  Switch Bank Sensors
Primary Apparatus
Substation Pad Mount Pole Top Line

Figure2-5. Simplisticrepresentation of distribution control system with centralized automation

The equivalent everto-action timeline is shownn

SCADA receives
IED data

®
SCADA | RulesEngineacts
pollslED | Command #1lssued

' : [ TR NS SES— S— —— )
5 6 7 120

on with a machine

Figure2-6 below, wh
ons in a fraction of the

response. Theules

time it takes an ope | to seconds.
Event |IED { IED
Cceurs Responds perfarms
@® control#1
IED

receives control#1

17



Distributed Control for Smart Grid®monstration

Figure2-6. Sampleeventto-action timeline ¢ centralized design under automatic control

The example above assumes that control commands are prioritized and the normal polling schedule is
interrupted to send ouof-sequence communications to the IED that needs to be cdetiolt is worth

noting that for some applications the rapid response depicted above is neither necessary nor desirable.
Certain delays may be required, for example, to allow reclosers to retry the requisite number of times
before lockingout, and then ony initiate the isolation actions. In these instancid® delays can be
programmed into the rules engine and the response times, repeatability and quality of control decisions
is guaranteed; makingautomation an ideal way to improve the performance of &utralized system

2.2.2 Decentralizedapproach

The key premise of the decentralized approach is that decision making is driven to the lowest level
possible and as close to the initiating event as feasible. The speed at which various control functions are
performed can vary significantly depending on the control requirements and type of events with much

f Saa RSLISYRSyOe 2y {/ 15! O2YYdzyAOlFIiA2yad Ly 0GKA
GAaAdzLISNIDAA2NE acadSvyaes |t 20 hbeperfrnea Klosdr ldghs pointl y R
of action.

Several technology advancements have made this decentralized approach possible:

1 The advent of newer generation of IEDs with more processing power and communications
ability

9 The introduction of newer generatioof communication protocols that allow for pe¢s-peer
communications

1 The availability of Hénabled, substation hardened communication equipment that have
facilitated the gradual convergence of utility information technology and operational
technologieqIT/OT)

18
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PrlmaryApparatus

Communlcatlon Network

Pad Mount

Voltage = SCADA Cap Recloser Line
Regulator  Switch Bank Sensors
Pole Top Line

Figure2-7. Substationrcentric decentralized design

—E . —
,.—— 1 2 *\

Substation Automation System

:'u

i h:

1 ':}f;” ‘ ﬁ' Y

Pr/maryApparatus

gy

.

Communication Network

Pad Mount

Voltage = SCADA Cap Recloser Line
Regulator  Switch Bank Sensors
Pole Top Line

Figure2-8. Peerto-peer based decentralized design
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Figure2-7 and Figure2-8 above illustrate two different approaches. The more conventiondiés t
substation centric design where the processing power ofstlilgstation automatiorsystems that are
gradually replacingemote terminal units RTU¥are used to provide a computing platform for the
automation applications. It mirrors the centralized apach in that all data flows upstream to a single
deviceg in thiscase the substation automatiolystemg decisions are made and then distributed to the
required IEDs. The associated event time line will look somethingitjkee2-9:

SAS receives |[ED®
data |

SAS polls QE! Rules Engine acts
IED ||| Command #1l|ssued

S T— R S — J i e s o s e ] e o @
Fui1ii 2 3 4 5 6 7 120

Fvent® | I@IED

Ocours performs
control # 1
IEC & @ |IED
Responds receives control#1

Figure2-9. Sampleevent-to-action timeline ¢ decentralized substatiorcentric design

Data acquisitiortimes are reduced since thesee less downstream devices that need to be serviced, so
response times are faster than the SCAfeAtric automated equivalent and measured in a couple of
seconds. In contrast, the pe&v-peer approach is truly decentralizeshd there is no central dedim

making rules engine. Requisite data are published to all devices that have registered to receive them and
decision are made by the IEDs, all of which are required to have sufficient processing power to
implement portions of the rulegngine.

ED#1@
publishes |
event data |

Event @@ |ED #n
Ccours perfarms
control # 1

Figure2-10. Sampleevent-to-action timeline ¢ decentralized peetto-peer design
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The timeline is even more compressed and-sabond response times are now possible. As noted
previously, there are some applicationbere this highspeed response can be fully utilized and others

not.

2.2.3 Centralizedversus decentralized pros and cons

There are advantages and disadvantages to both centralized and decentralized appiaches
summarized below:

Table2.6. Comparisorbetween centralized and decentralized control approaches

Parameter ‘ Centralized ‘ Decentralized

Situational Comprehensive Limited

awareness The asswitched status of every Restricted to the local aressubstation or
system component is available lower.
(subject to whateverestrictions Any informationfrom neighboring
apply from communications substations has to be fed downstream
connectivity and update times) from the control center in a convoluted
The advantage of the centralized | mannerg possible, but inelegarg that is
martin-the-loop is the ability unless a peeto-peer connection can be
preview the situation before changg made.
are made

Speed of Low High

response As discussed As discussed

Accuracy Restricted Optimal
¢ KS RSftl &a AYLi & The solution is implemented as soon as
theft 22 LIJ YI e f AYA|possible followng an event, minimizing
the selected solution, because the likelihood that the solution is
changes during the decision proceq invalidated by another event. Once the
may require a new decision or solution is implemented, the system is
approval cycle armed for the next event as soon as

possible

Resiliency Very heavily dependent on For the most part can act autonomously
communication infrastructure and | from the control center so status of
any interruptions in service halt all | upstream communications has no impag
transactions on ability to operate

Maintainability | Easy from the perspective that all | The logic is present in multiple locations

logic is managed ione location.
However, depending on the vintage
of the system, the entire model may
require updating, making the
process cumbersome and time
consuming

which can require more steps to make
modifications. Howevelit does have the
advantage that the model can be update
incrementally without impacting other
non-affected parts, making updates
simpler and faster

Personnel safety

More reliant on human intervention
and therefore more susceptible to
human error

Fasterresponse times and deterministic
behavior should improve personnel safe
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Parameter Centralized Decentralized

Scalability Determined by the SCADA server | Highly scalable, with less dependency o
capacity and capability, as well as | SCADA backbone
communication infrastructure

Physical and Typically have better and More access points and commensurate
cyber security comprehensive physical and cyber | increase in complexity to protect
security postures than deentralized
control systems.

Standards for protecting centralizec
systems are further evolved than
standards for decentralized
systems.

Unauthorized access to centralized
systems puts more assets in
jeopardy than in a deentralized
system

Technological Has to be implemented in steps an( Gradual and continuous, requiring lower
enhancement at some point may requira capital investment

complete overhaul of the SCADA
backbone, which increases the
capital cost investment

Dependent on Access to a reliable and high speeq Local processing capabilities in the IEDS
high bandwidth communication and peerto-peer communications for
system with high resiliency some applications

Redundant SCADA servers and fag
and seamless fadver mechanisms
to prevent SCADA downtime

2.2.4 Componentsof a distributed control system

The mainrcomponents of a distributed control systems are:

1. Control platform that is a combination of logic/algorithms programed in hardware devices and
software programs

2. Control applications: a series of applications that target specific objectives and/or coorlinate
actions

3. Communications system: a mix of hardwired and/or wireless methods for transferring data and
commands between the components of the control platform

4. Database (on a server or a cloud) for data gathering and data sharing among the applications

5. Enddevices:
1 Feeder level devices, including: SCADA sesfakclosers, capacitors, voltage regulators,
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1 DER devicegnergy storage systemE$y PV systems, power conditioning units, other
distributed generation@Q units
6. Measurement sources:
1 NonSCADA sasurement devices(g, advanced metering infrastructurédiI))

1 Measurement from SCADA devices on the circuits

1 Measurements through RTU devices at the substation

2.2.5 Systemrequirements- general

The main functional requirements for a distributed contradteyn irrespective of target applications
and/or enddevices as part of the control are tabulated below:

Table2.7. Functionalrequirements for a distributed control system

Parameter Functionalrequirements

Proven and Adistributed control systemdC$technology should be proven in the most
innovative demanding automation environments. It should also offer innovative solutiong
solution vital to improved system operations in a fiercely competitive climatejaviareas
to apply innovative and proven solutions are:
1 Proven communication networks for fault tolerance, performance and
security
1 Stable and timeested controllers and deviekevel interface design
9 Versatile and robust control environment with provesntrol algorithms
1 Prebuilt template and rich function libraries enabling rapid implementatiof
of best practices
9 Built-in function blocks specific for power applications and distribution sys
automations
1 Advanced batch file control capability
Built-in True redundancy is required in all levels of the system from the 1/O all the w
redundancy through the 1/O link, the controllers, the network and the servers. There shou
no single point of failure in the entire process. In addition, fail safe consider
should incorporate transferring of the controls and commands to alterna
devices and/or platforms to maintain certain level of autonomous operation
long as there are no drastic change in operating conditions.
Integrated The DG platform should allow direct access to controllers for process data, a
platform and messages for constant view and control of the process. Also, the integ
environment platform facilitate data exchange and utilization freely among various players
components.
Onedata By sharing a singular database across controllershamdan machine interface
ownership (HMlg, it helps maintain global data consistency while enabling greater usa
and operability.
Simple Distibuted controls in the new environment heavily rely on advancemen
configuration monitoring and visualization to assist the operators in area awareness and
and use of inform decisions. Hence, the higher focus should be given to the HMI capak
and features, such as:
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Parameter Functionalrequirements

Standardized display library

Multi-level hierarchy windows with single click navigation

Prebuilt equipment templates for easy configuration and maintenance
Bulk configuration tools that eliminate repetitive manual tasks
Dynamic alarm suppression that gihfies plant operations

Trending and playback capabilities for forensic analysis

=A =4 -4 -8 -5 19

Flexibility to
expand control

The control platform should be able to easily handle integration of new device
control processes without imposing unnecessary limitations. Distribution sys
are evolving with the fast pace of changes occurring in the underlying techn

and custaner expectations. The controllers should be able to:

1 Grow to fit the emerging needs
1 Implement control where it is necessary
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2.2.6 Systemrequirements- layers ofcontrols and requisite speed

For the purposes of defining the requirements of the proposed advadistdbuted control systemthe
system elementsvere assigned to different functicad levels as illustrated below. One of the primary
differentiating characteristics between the layens addition to attributes like applicable industry
standards, security, redalancy requirements, etcetera, walse speed of control performance. The
applicable time domainsf control performancere included below.

..............................................................................................................................................
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Figure2-11. Systemelements at thevariouslevels

Most of the system elements are selkplanatory and have been introduced in the preceding
discussionge.g, the various types of IEDs, SCADA Seete)r, One new element that forsithe basis
for the ability to truly distribute control and automation functionality is the Application Procgggey
This is a generic term for an automation engine that has the ability to interface with other devices,
extract data from them, make higpeed autonomous decisions and communicate the results as
commands and notifications. As shown, this could take the form of a substzsed AP, responsible
for managing the operation of the substation and associated feeders, or it could be a Rédtonal
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responsible for managing the operation of multiple substations in a region. The ability to distribute the
logic and adjust the extent of the area under control is key to creating a system that can scale and be
future proof and forward compatible.

2.2.7 Usecase selection

As part ofDistributed control systemeview and assessmetdsk the projectreviewed thepublicly
available information to identify all potential DA applications and use cases. After discussions with
project stakeholdersa short list of three useases were selected théest allowed for the
comprehensive validation and testing of the proposed distribution control architecitinese are
identified below and described in more detail in the sections that follows

'3 ™

Use Cases

DER integration and management Operation and control Protection and automation

Automatic resource control Synchronized load transfer Adaptive protection settings

Figure2-12. Selecteduse cases

Usecasel - Automatic response control

Advanced distributed control techniques in distribution systems require close coordination amongst all
the controllable equipment, including but not limited RERscapacitor banks, tap changers, voltage
regulators, etc. With the proliferation @ERsand the advent of advanced distribution automation
applicationsthe operatingprinciplesof distribution systemare challengedOnemethod to address

these challengs isto control controllable field equipment as well as dispatchable DERs such that system
performance criteria includingircuit loading, voltagerofile, and losseare met In particular, fine
tuning/control of DERoutput powers (real and/or reactive pwer) can significantly reduce unnecessary
stres®s onsystemassets TheAutomatic ResporesControl (ARC) applicationused to reduce electric
feeder losses and to flatten the Voltage profile of the feeder while maximizing the injection capability of
the rerewable devicegjespitethere beingmultiple feeder injection points.

Advancedstrategiesare needed tomitigate theadverse impaaof DERs othe distribution system

while harnessing theenefit offered by them. The general philosophy is that BERould generate at
unity power factor iie., no reactive power contribution). However, smart inverters offer advanced
functionalities (including realnd reactivepower control) that can potentially improve grid stability and
voltage regulation. Further, coordinated control of field devices sisdbaal tap changers/oltage
regulators andcapacitor bankgan optimize the performance of the power system and facilitate
integration of DERSs into the electric grid.

Usecase?2 - Synchronizedoad transfer for renewables
The effects of DERs on the pmrhance of the distribution system may no longer be adequately
managed by conventional approaches. Byachronized Load Transfer (Bfuiiction, capable of

changing circuit configuration through corrective automated switching actisr@)e of the new aatrol
techniques thatcan help with integrating DERs into the electric grid.
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The main objective of thELTisto achiee the optimalconfiguration of distribution circuit(sh orderto
improve operating conditions such as voltage profile, load balansees, overloading, arat to

prevent excessive reverse power fléwwm localdistributed generation€.g., PV productiof Under
normal conditionsthe S.Tis performed when the circuit operating conditions cannot be improved
through theautomaticresource controli(e., control of load tap changers, voltage regulators, capacitor
banks, and/or distributed generators).

Usecase3 - Adaptive protection settings

The effect ofistribution system changemn the protection systemistraditionally managd by

determining the relay settings for worstase scenarios. With the high penetration of DERs and advent of
distribution automation applications, this approach will no longer be adequate. Therefore, automatic
protection setting change capable of changprgtection setting groups based on the system topology
can improve the protection system reliability.

The Automatidrotection Setting (AR$ a neareaktime activity that automatically modifies the
protection setting groups in response to a changseyistem conditions or (forecasted) configuration in a
timely manner by means of externally generated signals or control actions. It is a distributed control
application that requires access to the state of switching device, protective devices, and Intellige
Electronic Devices (IEDBRased on the state of the switching devices receivech IED©r other

changes in the system configtion, the APSwill changeprotectivesetting groups in one or more relays
to prevent protection mabperation and/or miscoordination.

The main objective of the APS is to adapt the protection system to change in the power system
condition and/or topology in order to improvde reliability and quality of serviaghile incorporating
advanced capabilis for optimal managementf the distribution system.
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Distributed control systentest platform construction

= Documemnt * Perform use
) + Construct test R
= Investigate ADCS case testing
) . - platform to )
industry state- requirements * Pre-commercial
test the use )
of-knowledge = Select use demonstration
- cases .
cases of system

2.3.1 Substationselection

Rather than construatg an entirely artificial test platform, the decision was made to pick two
substations that met the selection criteria and then model theske following attributesvere
considered during the selection process:

T

1
T
1

Two substations that could be electricallynmected through a Tiswitch or breaketo
investigate the impact of distribution automation applications

Circuits with éhigh penetration level of DERs

Circuits with lower than average reliability (SAIDI)

Circuits with issues related to performance (lsscircuit loading, etc.) and/or power quality
(voltage quality issues, etc.)

After evaluating these criteriggubstationdA¢ and SubstationB¢ best met the criteria for the reasons
enumeratedin the tablebelow.

Table2.8. Substationselection rationale

Criteria ‘ Characteristics

Substation The selected substationgere fairly close to each other with tie switches
proximity between them. Furthermore, thereveretie switches between the circuits of

each substation that providkthe potential for implementation of distribution
automation functions.

DERpenetration | Substation A and Substationwire among the 20 substations with the highest]
level

level of DER penetration.
w Substation Aadthe highest level of DERs in its circuits
w Substation B héithe second highest energy storage system installation

Systemreliability | Substation A and Substationgre among the 10 substations with the highest

SAIDI andystem average interruption frequency indé&S&(Blvalues

Circuit
performance level of capacitor failures. The main reas for capacitor failure are normally

Substation A and Substationire among the 10 substations with the highest]
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Criteria ‘ Characteristics

overheating, ovewoltages, and voltage imbalances, all of which indicate
performance issues

Powerquality Substation A and Substationire among the 10 substations with the highest,
level of higlest level of voltage imbalanegpossibly as a result of tHeégh DER
penetration level as well as load diversity in the circuits fed by these substat

A simplified version of the resulting system single line diagvathe two substations and the spective
feeders that are tied together via a tie breaker agpresented in thdollowing figure.
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Figure2-13. Sngle Line Diagram (P) of distributed control systemtest platform
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The power components included in the model are listed in the table below.

Table2.9. Power components of circuitsCCRANdCSY1

Quantity of Components in

Device Substation A Substation B

(Circuit CCR1 (Circuit CSY1)
LTC 2 1
Circuit Breakers 10

LineRecloser

Voltage Regulators

WlRr|R|N|R

ShuntCapcitors
Tie Switch

Batteryenergy storage
system

N[O~ WIN|PF

N/A

2
3
PVsystem 2
2
1
1

While much of the system was modelled in tfligital smulator, extensive use was made of actual
hardware deviceg both IEDs and DERThese are indicatdd yellow in theFigure2-13 above as well
as listed in the table below:

Table2.10. Physicahardware IEDsincluded in the test setup

Location -
: - Abbreviation
Substation A Substation B

Device

1 | Feeder Protection RelaZ CR1L X - Fdrl
2 |LTCN1 X - LTC1
3 | Recloser CCRI/R X - Recl
4 | Voltage Regulato€CR41164G X - VRegl
5 | CARCCRA1147CW X - Capl
6 |PV2 X - PV2
7 | Tie Switch TESYZT2CCR1 X - Tiel
8 |BESS1 X - BESS1
9 | PDC X - PDC

The capabilityf switching from simulated IED models to physical IEDs was also implemetied in
design othe test systento compare the control functionalities of the system controllers in dealing with
real hardware as wellssimulated (simplified) devices.

Each hardware IED also had a simulated version modelled gfighal simulator This allowed the
project to run the system completely independent of the hardware units to test and verify the
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communications interfaces arabntrol logic without using any hardwaie-the-loop. Once the testing
2F (KRS YOl fiSRE oFasS aeadsSy gra O02YLX SGSRItoAYRAGAR
replace the simulated equivalent.

A simple, but elegant, mechanism was implenaehto manage the switcbver from the simulated
environment to the physical realm. The control and monitoring points associated with each IED were
duplicatedin the substation controller A software toggle accessible from either the Local HMI or the
mastea controllerdetermined which data set was used for any local distributed logic, and fed upstream
to the master controller

2.3.2 Testplatform design
The test platformarchitecture incorporatedhree layers of controls, namely:

1 Amaster controlledocated in the control center whiclwvas used to perform optimization
functions and coordinate the operation of fielthsed (lower level) controllers.

1 Substationbased controllerg one in each substatiogthat aced as gateways for connecting
substationand feeder IED#® the control center and whictvere responsible for control logic
specific to that substation and downstream feeders.

1 Substation andreederEDs thatverethe lowestlevel controlles in thetest system

Figure2-14 below shows how these three different control levels map to ¢baceptual distributed
control architecture discussed previously. As shownntlaster controllercould be either a Regiah
Application Processor (AP) or a centralized SCADA Servapplicsations Thesubstation controller
represents the substatiochased AP, anthe local controllersarethe substation and feeder based IEDs
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Figure2-14. Three levels of control in the test system

Figure2-15 belowillustrates the interconnectionbetween the various elementidilized in the test
setup.
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Figure2-15. Communicationarchitecture ofdistributed control systemtest platform
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The table that follows provides a description béfunctionality provided at the three different control
levels.

Table2.11. Keyplatform elements

Device Description

Master controller | Themaster controlleruseda commercialSCADAackagdrom Advanced Contro
Systemsgo run supervisory control functianfor the entire test platform.
Functionality included

9 Actingas an automation engine for the control and automation functiona
required to execute the requisite logic for the three useses

1 Providingan operator interface from which control commands and setpoi
couldbe issued to downstream devices

1 Providing aroperatorinterface where digital, analog and accumuladiata
couldbe viewed, trended and alarmed upon.

9 Actingas a source for the data for the Pl System, the primary repository
system data generated during the various use cases for later analysis

1 Actingas a secondary data repository

Substation The two substation controllersvere implemented on SEL RTACs. Functionali
controller included:

1 Acting asautomation enginsfor the control and automation functionality
required to execute thaistributedlogic for the use casder those
instances where control responsibility was ceded to the Eios
Controllersg either by operator command, or as a result of loss of
communications between thsubstationandmaster controlles

9 Acting as data concentrators for both substatamd feeder based IEDs

T Acting as control and monitoring gateways betwesaster controllerand
the substation and feeder based IEDs

IEDlevel The lowestontrol levelwas the individual IEDs, some of which possessed
Controllers programmable logic functionality, although therere restrictions on the

processing power available in specific IEDs that curtailed the extent of the I
that could be implemented. Functionality included:

9 Protection against overcurrent
9 Local (discrete) voltage adjustment (LTC and Cap Bank controller)
9 Local voltageuning (through DER droop mode, if supported)

2.3.3 Testplatform construction

¢KS @IFNA2dzA KIFNRgINB O2YLRYySyda 6SNBE AyaildlttSR Ay
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,J Substation B Controller

__| substation A Controller

Substation A/B Local HMI

1/0O Cabinet
il |

|
|
|
_| substation A CB Relay |
|
|
|

| substation ALTC

"

Substation A Control Center and
Feeder Equipment Substation Equipment

Figure2-16. Testplatform racks

The racko the right inFigure2-16 abovewas used to house the control center and substation
equipment from both substations, while the one tite left was used for all of the IEDs on Substation
' Qa // wm OANDdzA G @ 'y I RRA A 2 \digital Bimuladot/@ dar8sNiat NI O |
were providing the hardwired inputs to the substation and feeder IEDs, as well as interfaitirigevi

: battery energy storage system
(BESEand smart inverter.

Themaster controllemwas
equipped with an HMI that
provided a graphical
representation of the two
substations as well as the
various operator interfaces to
control and monitor the
substation and feeder
equipment as shown in

Figure2-17.

Figure2-18 shows a typical
HMI screen at the Master
Controller.

Figure2-17. Master Controller HMI (deployed)
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Figure2-18. Sample HMEbcreen at the MasteController
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As illustrated irFigure2-15, both of the Substation Controllersere equipped withdcal HMIs. These wereveb-based and accessible via a
simple browser. Several examples of screens are presented in the figuresllihat fo

Lowd 757110

Pa: 116,000 % Q- S5.000 KVAR
o0 e Qe 000 kAR
FC L5000 QT 55000 kR

angl: 21140 Deg

Virmsd: 5580 k'

Loed 27715 :
WrTsE: G910 K Vg 50 D=

PA: 55.000 kW vrmsl: B.85C Ky ‘VangC: E7.210 Deg

PE: 45.000 Y

PC: 55000

‘Santa Ysabel's BUS207

&: 3.000 KR

Q2: 3000 KVAR
FCOZLODO KW QT 3.000 RVAR muzor
oad 23717 o -
& 25.000 RVER, 7L l L=

o 000 VAR,
QC: 25000 VAR,

angA: 54700 Deag

Figure2-19. SubstationA and circuit CCR1opographic representatiorin the local HMI
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2.4  Distributed control system precommercial demonstration

= Document + Perform use

« Construct test

= Investigate ADCS . case testing
) : platform to .
industry state- requirements T + Pre-commercial
. - test the use _
of-knowledge = Select use f— demenstration
cases of system

Testing of the system was implemented in three separate phases:

A Factory acceptance testing of a simplified model consisting on a single wiittuliimited
hardwarein-the-loop

A Factory acceptance testing atomprehensive model using two circwitith additional
hardwarein-the-loop

A Site acceptance testing of the complete model using two circuits with extensive hardware
the-loop, including ammctual Battery Energy Storage System and smart PV inverter.

An interesting sidenote is thatfor much of the test platform development and initial testing, the Master
Controller was physically located in Atlanta, GA at the headquarters of ACS, the SCADA platform
provider, while thesubstation controllersdigital simulatorand the hardwaren-the-loop IEDs were

located in Toronto, ON at the Canadian office of Quanta Technology. The controllers were networked
together over the public internet anslystem testing was performed on thdsstributed configurationfor

an extended period of timeThe first time themaster controllemwas in the same physical location as the
rest of the equipment was when it was integrated into the haage rack in the Toronto office just prior

to shipping the equipment to ITF for the SAT.

2.4.1 Testplans

Test plans werereated for each of the tegithases. The test plan incorporated a comprehensive set of
tests to evaluate the performance of the proposed automated distributed control system and to
contrast it with a conventional control scheme.

Two baselineystems weraused for comparisan

A Baseline System 1: system with no DER and local/automatic controls for individual devices (with
no coordination) in the field.

A Baseline System 2: system with DER (penetration depends on the test case) and local/automatic
controls forindividual devices (with no coordination) in the field.

The test cases and performance comparisons for each of the use cases is discussed ir2séeidis
2.4.6.2
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2.4.2 Datacollection

In order to analyze the performance of the system, it was essential to collect measurements, statuses,
setpoints, and commands during ea@st. Therefore, the project considered two separate paths for
archiving test data with an acceptable resolution:

1. Themaster controllemwas continuously saving a list of desired parameters during each test; the
variables of interest included but were naniited to bus voltages, breaker powers, switch
statuses, DER outpour powers, tap changer position, voltage regulator tap position, Cap bank
statuses, etc.

2. The PI historian interfaced with the test setup and archigidhe analog and binary values
reported from the system to thenaster controller Thedigital simulatorsent a comprehensive
list of measurements and statuses to thmaster controllefand subsequently to the PI1). The
time resolution for archiving these data was adjustable in Pl, and was adfme resolution of
10 secondswhichwas deemed sufficient for poshortem data analysis.

In addition to these two pathghasor measurement unibMU measurement data were also able to be
retrieved from the SynchroWave Central/Historian. These Phidsurements were mainly intended for
monitoring purposes although they were also availablddter extraction andanalysis purpose$
required.

2.4.3 Communications Tests
The purpose of this test category was to verify proper communications amongst veoioymnents of
the test setup as a precondition for performing use case testing. As such, several tests were performed

to verify communications between:

A Field (digital simulator or hardware device) and substation; and
A Substation and control centem@stercontroller)

2.4.3.1 Field and Substation Communications

Table2.12 provides a list of major tests executed (or steps taken) for verifying communications between
field devices (digital simulator/hardware) and the substation controller.

43



Distributed Control for Smart Grid®monstration

Table2.12. Communication test cases

Case# Test Case ‘ Description ‘

1 IP/Port number verification

Ensure thatigital simulatorand Substation Controllecouldping each other

2 Analogue input (measurements)
reading bysubstation controller

Change the power flow of the circuit and verify that the changeee reflected in the HMI

3 Analogue output (setpoints) writing
by substation controller

Issue setpoints and/or curtailment signals to the substation BESS and/ostesyand verify
that theywere applied correctly

4 Binary input (status) reading by
substation controller

Change the status of switching devices and verify that the chamgesreflected in the HMI

5 Binary output (commands) writing

by substation conwller

Send open/close command to switching devicesgsuetap up/downcommands to the VR)
and verify that it wa applied properly

One of the screens created for the local HMIs provided a communications status overview. The absence of commurnitbationsfihe
devices would be reflected in the screens and visible to the user. A sample screen is shimurei23 below.

Heart Beat Command Source: Master or Local Controller Communication
Master Controller Substation €237 Power Simulator RTDS
RTDS Communication ~ Connected Self Permission Command To €222 From C222 DNe Modbus
if Blinking & s a = PERMISSION OFF e (@] et (& e (@] et R © (O 3
Master Controller Communication o Disable 0 Disable. G Disable O Disable O Dissble O
Ocken/ofime @ I~ -~ (o~ ~
Local Controller Logic Local Controller Logic Hardware In the Loop
G s g Ty e Battery-Tesla BV-SMA VR-SE12431 Cap-SEL734 Becloser SEIGSIR DeSwitch-SEL3S1A  CA-SEL3S1 LIC-Beckwith
g ms'""""“""‘mw = @ 0o o ® = = =
En. Logic ARC @ mw e W o o] nw 5] Hw ) nw e HW @ W
Lol Mode o = =3 = = = = = s
gawE sm ] sm ] sm ] sm ] sm ] sm ] s ] s ]

Figure2-23. Communications testing Communications status display on Local HMI of Substation A
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As a part of communication tests, real and reactive power setpoints (P and Q) were sestfystation controlleto the battery, and the
battery response was confirme#&igure2-24 and Figure2-25 shows the resporesof the battey to the following sequence of real and reactive
power commands:

A

> > >

Initially real and reactive powers of the battery were (almost) zero.

First, real power setpoint oféd&550kW was sent to the batteryRigure2-24 (a))

While P=550kW, a reactive power setpoint @Q300kW was issued to the batterfigure2-25 (a))
Then the battery was taken to the charging mode byE00kW Figure2-24 (b))

Finally, the reactive power setpoint oE@350kW was issued to the batterfyigure2-25 (b))

@ (b)

Figure2-24. Comnunications testing- Response of thebattery to Pcommands issuedrom the LocaHMI

7 A scaling factor of 10 vgaused tdntegrate a 200kW inverter as a 2MW battery energy storsygsem io the simulagd power system
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(a) (b)
Figure2-25. Communications testing Response of thdattery to Q commands issuedrom the Local HMI
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2.4.3.2 Substation andccontrol center communications

Several tests were executed to verify the DNP 3.0 communications betweesnliseation controller
and themaster controller Table2.13lists the major test cases used to verify proper establishment of
this communication.

Table2.13. Substation andcontrol center communicationsest cases

Case# Test Case ‘ Description

1 IP/Port numbelverification Ensure thasubstation controlleeand master
controllercouldping each other

2 Analogue input (measurements) Change the power flow of the circuit and verify th
reading by master controller the changesverereflected in the HMI

3 Analogueoutput (setpoints) writing by| Issue setpoints and/or curtailment signals to the
master controller substation BESS and/or PV systems and verify th
theywere applied correctly

4 Binary input (status) reading by mast| Change the status of switing devices and verify

controller that the changesverereflected in the HMI
5 Binary output (commands) writing by| Send open/close command to switching devices
master controller tap updown a VR) and verify that it veaapplied
properly

All setpoints ad commands were tested to ensure proper control actions would be taken when needed.
Figure2-26 and Figure2-27 show snapshots of thmaster controllerscreens for the steadgtate
conditions of Baseline System 1.
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VOLTAGE

0.00
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Figure2-26. Snapshot of thenaster controllerHMI (CCR¢, Baseline System 1)
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. Heartbeats 296 v al O
5808 ] CSY1 Devices PRISM c 222 RTAC Remote/Local Ctl
Total | 142A
90.36
634.53

AMP ANGLES }
Z S £ ) A C P
-152.50
-149.70

Switches

CB 222

222-1370 soas|  ussel i k _

222-1363 Z : 0 |

' : PF PFQ  Mode
. X 000 000 089 0 ]

PV OUTPUTS
73.02 g
+ @ P Q PF
AGE ANGLE PVl 2000.00 0.00 100.00
V Mode V setpt
PV1 0 0.00
15142 7

% Charge VOLTAGE AMPS
0.00 0.00
120.10 0.10 240.10

P Q PF/Q Disp/Peak Psetpt Qsetpt  PFsetpt

Battery 2 0.00 000 0 0 0.00 0.00  100.00 - 60.0 0.00
Set PF mode (PF/Q) 1 Set (Disp/Peak) © -59.89  -179.89 60.11

TAP OPERATIONS TAP VALUE
1@ = 41. 4148 4148

0.00 0.00

VOLTAGE SOURCE VOLTAGE LOAD

LTC SY 350.07 353.79

Figure2-27. Snapshot of thenaster controllerHMI (CSY¢, Baseline System 1)
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A set of curtailment and reactive commands were sent frommtaeter controllerto the SMA PV inverter in the field, and the inverter response
was confirmedFigure2-28 shows the response of the SMA inverter to the following $etamnmands:

A Initially real and reactive powers of the inverter were 62GkaNd zero, respectively.
A Real power of the inverter was curtailed tesF200kW.
A While P=200kW, a reactive power setpoint g€Q00kW was issued to the inverter.

Active Power (P) Reactive Powe(Q)

Figure2-28. Response of the PV inverter to P andc@mmands issued fromhte master controller

8 A scaling factor of 100 is usedittegratea SMAL10kW inverter as a LMW PV systertoithe simulagd power system
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2.4.4 Usecasel: Automatic Resource Control

-

\

Automatic resource control synchronized load transfer

Use Cases

The main objective of thAutomatic Resource ContrARGimplemented on the test system was to
achie\e the optimalcombination of LTC, VR, Cap Bank settings and output powers of controllable DERs
in orderto improve operating conditions such as voltagefple, losses)oad balanceandoverloading

conditions andor to prevent excessive reverse power flonom localdistributed generation (e.g., PV

generation) by limiting the maximum DER generation

ARC benefits were accomplished by minimizing the aearaliage of all nodes and injection points at
LRAYG 2F 02YY2y O2dzLJ) Ay 3

0KS
operating limits. ARC produced a solution, which minimized energy consumption and maximized energy
transfer at the lowest cost.

i 2 voltade$ withirSaSdefaNI&

The ARC application utilized two control blocks for its proper performance; these were:

Access to ral-time SCADA measuremewas critical for theaccurate performance of the ARC function.
The Feeder Injean Test (FIT) tool determined whethiirere were circuit perbrmance violation(s) that

A Feeder Injection Test (FifBpl; and
A NearRealTime Power Flow (NRTPF) model

couldnot be correctedby automatic resource controln the event that violations were detected, FIT
used real-time field/SCADA data, load/generation forecast results, thedNearRealTime Power Flow
Model to determinefithe circuit violation couldbe resolvedby resource control (DER dispatahd

LTC/VR/Cap contipol

GKAES

The AR®@unctionfirst located and identified LTCs, VRs, Cap banks, and DER assets. Then, the candidate

ARC devices/inverters were identified to modify their settings/setpoints. Based on the results of the

power flow analysis (NRTPF model), optimal control settings aseétpoints were calculated and
issued to the ARC devices and/or inverter assets to ensure desiseeimperformance.

TheARGpplication grformed the following functions:

A Utilized the result®f the FIT tool oanoperator requesto trigger further actio;
A Acquired nformation about

LTC settings and control modes;
VR settings and control modes;

Cap Bank controller settings and modes;

DER power/energy settings; and

Current status of ARC devise/inverters.
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A Determingl if the change in LTC/VR/Cap Bank setiim DER dispatch (ARC function) could
improve system conditiog\voltage quality, loading,te.);
Identifiedthe ARC assets or DERSs that neetbehodify their settings/setpoint$or optimal
sysem performance;
Calculated optimum settings/setpoint for seted devices/DERSs;
Sent the settings/setpoints to target ARC devices/DERs via DERMS (or anothelefigiher
control platform);
Receivd confirmationfrom ARC devices/DERSs on the receipt of settings/setpoints and their
activation;
A Triggeredalarms if

I Automatic resource contratouldnot resolve the circuit violation

I Automatic resource contralouldnot be accomplished due to the current state ARC
devices/DERs or other limitations;
Communication network had failed:;
Communication wii the target ARC déce/DER had failed; and
The targetdevice/DERvasnot responded properly to the setting/setpoint change
command.

A Sent ARConfirmation signal to Distributed Energy Resource Management System (DERMS) or
Distribution Management System (DMB&{licating thatthe device/DER setpoints/settings were
changed.

> > >

>

— — —

Threepass optimization

ARQusedathreeld- 8& A GSNI GAGS | LIINRBIFOK (2 O2yiNRt FTNRBY WO

1. The first pass minimizeitie varlosses by controlling the feeder capacitors.

2. Thesecond pass flattenetthe line drop wltage after the impact of the capacitor swiiaky in
the first layer wa calalated. The second pass controliga: LTC andaltage regulators.

3. The third pass appliefine control of the wvltage based on the abilityf the inverter to affect
the woltage at the point of common coupling / injection points. Manyast Inverters can be
issued a wltage set point directly from ARC based on an optimum target calculated for the
entire scope of the feeder. Other inverters affeal and reactive power (P/Q) spbint control
which is used to drivan optimum wltage at thepoint of common couplingRCQ

Table2.14 provides more details on the thregassoptimization layer®f the ARC use caskhe
sequence diagram for the AR@plicationis also shown ifrigure2-29.

Table2.14. Threepass optimization

Pass ‘ Characteristics

Pass 1: ARC ramman Unbalanced Distribution Load Flow optimization in order to determine
optimum control strategyand 2 | @2 AR O2y G NRf W&rdeyini A

Loadflow
optimized reaktime to determine reactive power requirements at each injection point and
var capacitor bank location for the entire feeder.

minimization | If a sgnificant amount of lagging reactive power flow was observed ori¢aderat
various nodegthe reactive contribution provided by the capacitor bank(s) neeted

52



Distributed Control for Smart Grid®monstration

Pass ‘ Characteristics

be engaged. Likewise, if there wadarge amount of leading reactive power flow on
the feeder breakerthe capacitor bank(s) needed to be decoupled from thedéze
The decision wasmade through a series of load flow calculations. To verify Vieangi
capacitor operation violatedny Voltage constraints, the changes in Voltage and
power factorwere calculated for the entire feeder considering the effect of the
cgpacitor operation.

The analysis consided the operable capacitors on the feeder whiafere located

first by topology tracing from the feeder breaker downstream. Feeder loade
estimated by Load estimator using a combination of static load curvesdf |
behavior modified by reagime measurements of actual to calculate Voltage, branc
flows, and power factors. The branch flows at device locatiegr® analyzed so that
the capacitor bankgere sorted in descending order based on their branch reactiv
power flows. The capacitor with the largest branch reactive pomesselected as a
control candidate. Its impact on feeder Voltageascalculated and checked against
the limits and if no limitvas exceededa control commandvasissued to operate this
capacitor bank. If any constraimasviolated, the capacitor bankould be passed
over and the next capacitor processed. The above prosassepeated until
distribution losswasminimized or no cpacitorwasavailable for control.

Pass 2:

Loadflow
optimized
voltage
reduction

The second step in the control cycle after the capacitor settiveye madewasto
evaluate the feeder Voltage. When capacitars added they raise Voltages contrary
to the objective of Voltage reduction and increase energy usage. This mandated
need to coordinatekvar control with Voltage control.

Once capacitor bank statusesre determined, a load flow calculatiomasperformed
to find the highest and lowest Voltagesthe feeder assuming all device®k the

expected control actions (either on or off). The Voltage regulation optimization wi
includes down line regulatorsasmanaged using a layer approach starting from th
source. Voltage regulators on each phase adjusted based on the Voltages on th
other two phases to achieve balanced three phase Voltages.

The solution ensurethat no end of line Voltage violatiorieok place. The regulator
settingswere sent out in steps as ARC verifig effect of the cortol action.

Typically, the substation LTC is set to automatic mode which makes changes at {
level thereby affecting all feeders. Based on the@né transformer data AR®@ould
operate dynamically to adjust the optimum LTC setting. If the sulostafi @ 2 dzf F
be adjusted or if it was set manually, it sdesirableto know the optimum setting. A
bus Voltage target set point coul# entered, which ARC will provide a recommenc
setting either in advisory mode or through a control point if it is available.

In summary, the optimum control settings for capacitors regulators and LTCs are
adjusted such that the lowest Voltage is maintd above the low Voltage limit.

Pass 3:

Loadflow
optimized
voltage
regulation

After the regulator tap settinggereimplemented, the optimum calculated Voltage
the PCC waassigned as a set point to the PV smart inverters. The invertarsl
then assign the necessary P/Q to maintain the assigned Volladlee event that
inverterswerenoli G aYl NI é3> (GKS | w/ P&Qs& pointt& | ¢
achieve the desired Voltage at the PCC.
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Characteristics

If an emergency limivasexceededfor exampledue to tnexpected load switching
from one feeder to another, the AR@uld close or open capacitors as necessary {
reduce the violation before altering the regulator settings.

SCADA DERMS or DMS _ .
_,| Trace feederto !ocate and identify LTC, regulator, || Setobjective function:
SCADA R capacitor, and Inverter Assets (V, VAr, VIVAI, off) <_|
RTDB  — *'_“““_ """""" 1
e . Run Load Flow to determine reactive power at 4 Feeder Load SwitchPlan
DASdb capacitor locations l Estimation Sync check
Network > :
i :
_model _J Exceed o / Issue controls and set points /
from top of the list down
DER l

I
I

|

I

I

I

|

I

I

I

I

i

| Rank Capacitors in descending order based on
l branch reactive flows
I

|

I

I

I

I

|

I

I

I

I

I

|

|

Capacitor e
Failure?
Disable
no capacitor

M_ore M -
devices?

Calculate projected Voltage and power factor at all
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Load flow: calculate Voltage at all asset locations to yes
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A 4
_/ Issue control to next /

| |
I i
1 |
l L] | IVVC device
I | Calculate LTC and Regulator settings | :
' ¥ |
|
| n
pmart | L lssue LTC and Regulator control / ! / 'send appropriate PV /|
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schedule i —— §——————————————— | i1l
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Volts i | Load Flow: calc Opt Voltage at Inverter locations | ! @
v I
<- - -i - Issue (P,Q or V) set point control to :
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Figure2-29. ARCogic control of thenetwork devicesand DER
2.4.4.1 Performancecriteria

The following criteriavere used to evaluate successful operation of the control system for ARC use
cases:

A Voltage profile: standard deviation and eot-range values/durations/ere used toexamine the
performance of the control function.

A Power loss{{ ): reduced power loss was considered as one of the objectives of the central

ARC. The following equation was used to calculate power loss at the substation level

0 0 0 0
A DER involvement/contribution: this was evaluated based on the power drawn from the grid or
substation transformer(( . Higher DER involvement was equivalent to fesser drawn
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from the grid. It is noted thaDER reactive posv contributionto voltage improvement was
preferred over the utilization of other assets.

A Power factor at the circuit leveh)("Q AT ®©w& 0 10 : improved power factor was
considered as one of the objectives of the central ARC.

A Number of capacitor bank (Cap bank) operatién ( ): optimal operation of Cap banks was one
of the objectives of the ARC

A Number of voltage regulator (VR) operati@n ():optimal operation of voltage regulators was
one of the objectives of the ARC

A Number of load tap changer (LTC) operatibn ():optimal operation of load tap changers was
one of the objectives of the ARC

Table2.15 provides a summary of thiactors used for the ARC evaluation.

Table2.15. Performancecriteria for ARQuse case

Criteria Parameter Remark

Voltage profile Yo ,Yo,, Out-of-range value, Oubf-range
duration, Standardieviation
Power loss 0
DER involvement o ,0 ,0 DER and grid power values
Power factor at circuit level L:) h
0
Number of Cap bank operation €
Number of voltage regulatasperation €
Number of LTC operation £

2.4.4.2 TestResults

The purpose of this test category was to verify thatster controllerand substation controlles were

able to automatically control the system resources (i.e., controllable assets and DERS) in order to
maintain the operating parameters of the system within the acceptable ranges specified by SDG&E.
Several test cases were considered in this use twasasure proper operation of the ARC function
under various load, generation, and system operating conditidbable2.16 lists the major test cases
that were run. The test cases were selected to enable the evaluation of system performance under
three control scenarios:

A Scenario 1 (CS 1): Only device local controls were in place (no remote control available)
A Scenario 2 (CS 2): Master controller was in chargesoiurce control
A Scenario 3 (CS Bubstation controller was in charge of resource control

The location of the devices referenced in the Test Condition colurmabie2.16 are highlighted in the
figure below.
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Figure2-30. Identification of devices referenced inse case lest cases
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It is worth mentioning that when theubstation controhssumes responsibility for controlling resources, it would first change the control mode
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depended on various parameters including utility requirements, controller programming capability, controller communicpéibitityaetc. Fo

the purpose of this study, theubstation controllemainly utilized DERs to improve system operating conditions and, thus, had limited control

functionality when compared to themaster controller

Table2.16. ARC Test Cases

Case#‘ Test Conditions Descrlptlon Remark

CCR1: Pload=7.2MW, PPV1=0, PPV2=0, PBESS1=0 High load (fix), | Baseline System 1 (No DER with al
CSY1: Pload=5.7MW, PPV3=0, PBESS2=0 no DER controllable devices in Local/Auto
Initial Conditions: LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3 | mode)
VR#4_tap=0, all Cap banksgd@R1 are ON, all Cap banks in CSY1 are OFF, tie swit(
are open.

1.2 | CCR1: Pload=7.2MW, PPV1=0, PPV2=0, PBESS1=0 High load (fix), | Master controller was responsible t
CSY1: Pload=5.7MW, PPV3=0, PBESS2=0 no DER take actionghrough ARC/IVVC
Initial Conditions: LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3 | algorithm.
VR#4_tap=0, all Cap banks in CCR1 are ON, all Cap banks in CSY1 are OFF, tie s
are open.

1.3 | CCR1: Pload=2.2MW, PPV1=0, PPV2=0, PBESS1=0 Low load (fix), ng Baseline System 1 (No DER with al
CSY1: Pload=2.3MW, PPV3=0, PBESS2=0 DER controllable devices in Local/Auto
Initial Conditions: LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3 mode)
VR#4_tap=0, all Cap banks in CCR1 are ON, all Cap banks ar€SFF, tie switches
are open.

1.4 | CCR1: Pload=2.2MW, PPV1=0, PPV2=0, PBESS1=0 Low load (fix), ng Master controller was responsible t
CSY1: Pload=2.3MW, PPV3=0, PBESS2=0 DER take actions through ARC/IVVC
Initial Conditions: LTCN1_tap#4,CSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3_tay algorithm.
VR#4_tap=0, all Cap banks in CCR1 are ON, all Cap banks in CSY1 are OFF, tie s
are open.

1.5 | CCR1Pload=7.2MW, PPV1=0.4MW, PPV2=0.2MW, PBESS1=0 High load (fix), | Baseline System 2 (all controllable
CSY1: Pload=5.7MW, PPV3=0.4MW, PBESS2=0 Low PV (fix) devices were in Local/Auto mode)
Initial Conditions: Steady state of case 1.1

1.6 | CCR1: Pload=7.2MWR¥1=0.4MW, PPV2=0.2MW, PBESS1=0 High load (fix), | Master controller was responsible t
CSY1: Pload=5.7MW, PPV3=0.4MW, PBESS2=0 Low PV (fix) take actions through ARC/IVVC
Initial Conditions: Steady state of case 1.1 algorithm.
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Description

1.7

CCR1: Pload=7.2MWPV1=0.4MW, PPV2=0.2MW, PBESS1=0 High load (fix), | Sulstationcontroller was
CSY1: Pload=5.7MW, PPV3=0.4MW, PBESS2=0 Low PV (fix) responsible to take actions through
Initial Conditions: Steady state of case 1.1 permission or communication loss
(prior to event)
1.8 | Case 1.5, tritCR4147CW (e.g., fault) after the system gets to the steady state High load (fix), | Baseline System 2 (all controllable
condition. Low PV (fix) devices were in Local/Auto mode)
1.9 | Case 1.6, trifCR4.147CW (e.qg., fault) after the system gets to the steady state High load (fix), | Master controller was responsible t
condition. Low PV (fix) take actions through ARC/IVVC
algorithm.
1.10 | CCR1: Pload=7.2MW, PPV1=1.8MW, PPV2=0.9MW, PBESS1=0 High load (fix), Baseline System 2 (all controllable
CSY1: Pload=AvW, PPV3=1.8MW, PBESS2=0 High PV (fix) devices were in Local/Auto mode)
Initial Conditions: Steady state of case 1.1
1.11 | CCR1: Pload=7.2MW, PPV1=1.8MW , PPV2=0.9MW, PBESS1=0 High load (fix), | Master controller was responsible t
CSY1: Pload=5.7MW, PPV8&W, PBESS2=0 High PV (fix) take actions through ARC/IVVC
Initial Conditions: Steady state of case 1.1 algorithm.
1.12 | CCR1: Pload=7.2MW, PPV1=1.8MW , PPV2=0.9MW, PBESS1=0 High load (fix), | Sulstationcontroller was
CSY1: Pload=5.7M\®RPV3=1.8MW, PBESS2=0 High PV (fix) responsible to take actions through
Initial Conditions: Steady state of case 1.1 permission or communication loss
(prior to event)
1.13 | Case 1.10 (PBESS1= PBESS2=0), tripfteKtheasystem gets to the steady state High load (fix), Baseline System 2 (all controllable
condition. High PV (fix) devices were in Local/Auto mode)
1.14 | Case 1.11 (PBESS1= PBESS2=0), trip PV 1 after the system gets to the steady stg High load (fix), | Master controller was responsible t
condition. High PV (fix) take actions through ARC/IVVC
algorithm.
1.15 | CCR1: Pload=2.2MW, PPV1=0.4MW, PPV2=0.2MW, PBESS1=0 Low load (fix), Baseline System 2 (all controllable
CSY1: Pload=2.3MW , PPV3=0.4MW, PBESS2=0 Low PV (fix) devices were in Local/Auto mode)
Initial Conditions: Steady state of case 1.3
1.16 | CCR1: Pload=2.2MW , PPV1=0.4MW, PPV2=0.2MW, PBESS1=0 Low load(fix), Master controller was responsible t
CSY1: Pload=2.3MW , PPV3=0.4MW, PBESS2=0 Low PV (fix) take actions through ARC/IVVC
Initial Conditions: Steady state of case 1.3 algorithm.
1.17 | CCR1: Pload=2.2MW , PPV1=0.4MW, PPV2=0.2MW, PBESS1=0 Low load (fi, Sulstationcontroller was
CSY1: Pload=2.3MW , PPV3=0.4MW, PBESS2=0 Low PV (fix) responsible to take actions through

Initial Conditions: Steady state of case 1.3

permission or communication loss
(prior to event)

58




Test Conditions

Distributed Control for Smart Grid®monstration

Description

1.18

Baseline System 2 (all controllable

CCR1: Pload=2.2MW, PPV1=1.8MW , PPV2=0.9MW, PBESS1=0 Low load (fix),
CSY1: Pload=2.3MW , PPV3=1.8MW , PBESS2=0.5MW High PV (fix) devices were in Local/Auto mode)
Initial ConditionsSteady state of case 1.3
1.19 | CCR1: Pload=2.2MW, PPV1=1.8MW , PPV2=0.9MW, PBESS1=0 Low load (fix), Master controller was responsible t
CSY1: Pa@=2.3MW, PPV3=1.8MW , PBESSRA0 High PV (fix) take actions through ARC/IVVC
Initial Conditions: Steady g&of case 1.3 algorithm.
1.20 | CCR1: Pload=2.2MW, PPV1=1.8MW , PPV2=0.9MW, PBESS1=0 Low load (fix), Sulstationcontroller was
CSY1: Pload=2.3MW, PPV3=1.8MW , PBESS2=0.5MW High PV (fix) responsible to take actions through
Initial Conditions: Steadstate of case 1.3 permission or communication loss
(prior to event)
1.21 | Case 1.15, trip P\&dter the system gets to the steady state condition. Low load (fix), Baseline System 2 (all controllable
High PV (fix) devices were in Local/Auto mode)
1.22 | Case 1.16, trip P\&dter the system gets to the steady state condition. Low load (fix), Master controller is responsible to
High PV (fix) take actions througiARC/IVVC
algorithm.
1.23 | CCR1: Load Profile = High/Summer, PV Profile = High/11am High load profile | BaselineSystem 2 (all controllable
CSY1: Load Profile = High/Summer, PV Profile = High/11am (real), High PV | devices were in Local/Auto mode)
Initial Conditions: Steady state of case 1.1-{dif run) profile (real)
1.24 | CCR1: Load Profile = High/Summer, PV Profile = High/11am High load profile | Master controller was responsible t
CSY1: Load Profile = High/Summer, PV Profile = High/11am (real), High PV | take actions through ARC/IVVC
Initial Conditions: Steady state of case 1.1-idif run) profile (real) algorithm.
1.25 | CCR1: Load Profile = Low/Winter, PV Profile = Low/4pm Low load profile | Baseline System 2 (all controllable
CSY1: Load Profile = Low/Winter, PV Profile = Low/4pm (real), Low PV | devices were in Local/Auto mode)
Initial Conditions: Steady stat# case 1.3 (48nin run) profile (real)
1.26 | CCR1: Load Profile = Low/Winter, PV Profile = Low/4pm Low load profile | Master controller was responsible t

CSY1: Load Profile = Low/Winter, PV Profile = Low/4pm
Initial Conditions: Steady state of case 1.3-(dif run)

(real), Low PV
profile (real)

take actions through ARC/IVVC
algorithm.

For the sale of brevity, only the results of a selected number of test cases are detailed in the following parafnepds. data and analysis
results for all cases are availaleAppendix A For the selected test cases, this report provides a comparative analysis of test results for all

control scenariosi., Control Scenarios 1, 2, and 3) to provide the reader with a better understanding of the advantages and disadvantages

associated witleach control scenario.
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2.4.4.3 High load and high PV condition

In this subsection, the performance of the control system under high load and high PV profiles were
examined. To that end, while the system was operating underloigth condition, tle PV generation

was suddenly increased to study the system reaction to such a drastic change. It is acknowledged that
the likelihood of such an event occurring in the real world is slight; however, the goal was to compare
system performance for such extrencases under various control scenarios. The three test cases
selected for further analysis were:

A Test Case 1.1QAll controllable devices wetia Local/Auto modei.e.neither master controller
nor substation controlleactive (CS 1).

A TestCasel.11¢ Master controllerwas responsible to take actions through A&@brithm(CS 2)

A Test Case 1.1@Qubstationcontrollerwasresponsible to take actioraither becausgermission
had been granted by thmaster controller orcommunicatiors had been lost to thdatter (CS
3).

2.4.4.3.1Voltage profile

Figure2-31(a) throughFigure2-31(c) show the voltage profile @frcuit CCRL1 for the test case with high
loadand high PV generation under the three control scenarios described above. This report primarily
focuses on the analysis of the results obtaineddiocuit CCR1 because this circuit included all hardware
devices including relays, voltage regulators, ltgglchanges and DERs. As such, the resutiisaofit

CCR1 were more realistic, incorporating the inherent response time of actual controllable devices in the
field. Similar results were also collected and analyzed for the fully simulatadt CSY1, budre not
discussed further in this repoctthey are however available as an electronic addendum to this report.

In Figure2-31, three bus voltages &re selected to represent the voltage profile of the feeder during the
test. Voltageof Bus 103 represented the voltage at beginning of the feeder, voltage of Bus 110 indicated
the voltage at middle of the feeder, and voltage of Bus 115 represented thefahe line (EOL) voltage
(seeFigure2-13to view the test system SLOJpmparing the voltage profiles for all three control

scenario$ one can oberve that the control response time was considerably fastepirtrol scenari®

(CS 2). In addition, both the voltage aftrange value and voltage owoff-range duration were smaller

when the master controller was in charge (CS 2). The color codeniBaglire2-31 for different voltage
ranges is as follows:

A Green: Permissible range (system was allowed to work in this range for extended pefioé)of t

A Orange: Moderate range (system was allowed to work in this range for certain time mgeriod
several minutes)

A Red: Excessive range (system was allowed to work in this range for a short period ©f time
several seconds)

A summary of main parameters redat to the system voltage performance is presentedable2.17.
The table shows that the majority of voltagelated criteria are improved when thaaster controlle is
operating. Moreover, although the performance of the systemantrol scenarid@ was not as good as

9 A comprehensive set of data (with 10s resolution) was extracted from PI historian for analysis.
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control scenari@, it was still better tharwontrol scenarid. It is worth noting that due to the location of
PV systems, the voltage of the feeder end experienced a greater increase.

Table2.17. Voltagerelated criteria for three control scenarios (high load, high Base)

Value
Parameter
CS1 CS2 CS3
Maximumvoltage magnitude (rms) 8.04kV 7.44kV 7.67kV
(1.16pu) (1.074pu) (2.107pu)
Maximumout-of-range value with 765.4V 165.4v 395.3V
respect to maximum allowable (0.11pu) (0.024pu) (0.057pu)
voltage (rms)
Out-of-range duration (seconds) 115 25 80
Bus 103 0.02412 0.01075 0.02135
Standard (beginning )
deviation Bus 110 (middle)]  0.18041 0.09328 0.19340
Bus 115 (EOL) 0.40579 0.12152 0.37322
Bus 103 7.096 7.078 7.044
Average (beginning )
Bus 11Qmiddle) 7.046 7.088 7.037
Bus 115 (EOL) 7.251 7.095 6.991

Figure2-32 and Figure2-33 show the voltage profile along the both tested circuite ({CCR1rad CSY1)

at the steadystate condition subsequent to the test. As can be observed in these figures, under CS 2,
the voltage profile of both circuits are more flat which is desirable. Further, the stetatly average
voltage value is lower under CS 2 (whilithin the limit).
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Figure2-31. Voltageprofile of circuit CCR1or (a) Case 1.10, (b) Case 1.ahd (c) Case 1.12
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Voltage Profile of CCRY
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Figure2-32. Steadystate voltage profile along circuit CCR1 under various control scenarios
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Figure2-33. Steadystate voltage profile alongircuit CSY1 under various control scenarios:
(a) BESS branch and (b) PV branch
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2.4.4.3.2Power losses

Figure234a K264 (GKS LR2éoSNI t2aa OFfOdA F SR F2NJ {dzoadl dA:
three control scenarios (see Sectid.4.1for power loss equation)As shown in this figure, the power

loss generally decreased once the PV generation/injection started (at different instants); this is because

some loads were supplied locally through PV systems (DERS). In addition, the amount of loss reduction

was highewhen the system operated undeontrol scenarid@ and 3 (CS 2 and CS 3). This was mainly

due to the fact that themasterand substationcontrollers utilized more DERs to address system

violations (as compared to local controllers). More specifically, bataergy storage systems made a

greater contribution to the enhanced system performance (see Se2tibd.3.3, when the

Master/Substation controller was in plac

Table2.18reports the power loss reduction for Substation A for the three control scenarios under study.
As shown in this table, with no DERSs, the total powss lwas about 1.5MW (4.4% of the total

substation load). However, with the DER contribution, the power loss decreased to 1.04MW, 0.77MW,
and 0.86MW under CS 1, CS 2, and CS 3, respectively.

Power Losses Substation A fion)
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1600 | g & —cCsS1
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Figure2-34. Power losses for Substation A (Cases 1.10, 1.11, and 1.12)

Table2.18. Power loss reduction under three control scenarios

Control Power Loss

Scenario Before After Enhancement
cs1 1?525‘;? 1?;‘25‘;‘)” 1.36%
o | et |
cs3 | Yoaewy | (eow) | 18%%
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2.4.4.3.3DER involvement/contribution

As the penetration of DERSs increases, it is essential to utilize them effectively in the control process of
distribution systems. Therefore, enhanced DER involvement was one of the key factors for the
evaluation of the effectiveness of a control stratelyythis project, both DER output power and grid
power were used as means to examine DER involverfgnire2-35 shows the grid power (only for
Substdéion A) during the conducted test for each control scenario. As shown, the power drawn from the
grid was reduced for CS 2 and CS 3, which is the main reason that the overall power loss decreased.

Grid Active Power
-z PV Injection

—CS1
< 34000 cs 2
<< 33500
o —CS3
=
[@]
o
]
=
0
<

0 50 100 150 200 250 300 350 400
time (sec)

Figure2-35. Grid power (Substation A) for high load, high PV case

The reactive power contributions (absorption) of DERSs for each control scenario are pldtigdra

2-36. Similarly, it is observed that DERs contributed more to the voltage correction under Control
Scenarios 2 and 3. One interesting point is that, under CS 3, the DER reactive power contribution was
even greater than that of CSPhis is because the substation controller was regulating the power factor
(at the substation level) by controlling the reactive power of the substation battery (see BES@1rén
2-40). This will be discussed further in the subsection that follows.
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Figure2-36. Reactive power contribution of DERs (Substation a) for high load, high PV case

2.4.4.3.4Powerfactor

Figure2-37 shows the reactive power flowing through Circuit Breaker CCR1 (CB (fugrte-13) for

high load with high PV generation. Although the overall reactive power under normal condition was
insignificant (both feedecapacitor bank#ocated atcircuit CCR1 are ON), the improvent under CS 2

and CS 3 was still observable. In other words, Ibadister controllerand substation controlletried to
maintain power factor of the circuit at unity. This is evidenfigure2-37 where the circuit reactive

power was around zero under CS 2 and CS 3 (note the dash box). It should be noted that the accurate
adjustment (fine tuning) of power factor is only achievable through the effective utilizatiotrmioof
distributed energy resources (DERS).
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Figure2-37. Reactive power at the feeder level for high load, high PV case
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2.4.4.3.5Asset operation

The last item studied for the evaluation of the ARC use case in the proposed control architecture was
the number of operation of controllable assets. Ideally, it is expected that a central controller reduces
the number of operation of Cap banks, voltaggutators, and tap changers. This should be achieved

with efficient utilization of DERSs for voltage regulation. However, it was observed that in some test cases
there was no or little improvement in the cumulative number of asset operation. This was tiokthd

master controllertrying to optimize the feeder voltage profile, which normally required more operations

of some switchable devices.

Table2.19lists the emulative numbers of operation for each controllable device employexrauit

CSY1 andircuit CCR1Figure2-38identifies the location of each of these contaille devices on the

SLD.For this test case, it was observed that the total operation of assets decreased under CS 2. This was
mainly because of the enhanced DER involvement. It should be pointed out that, under CS 3, the total
number of operation increasl because: (i) substation controller tried to regulate voltage at best

possible values and (ii) substation controller did not remotely control feedpacitorbanks (out of

scope of this projegt® It is also worth noting that theubstation controllecan provide the same

functionality as thanaster controller assuming proper logic capability and reliable communications

with the field devices exist.

Table2.19. Total number of operation of controllable deges (high load, high PV case)

Total number of
Device operation

CS1 CS2 CS3

Cap.CSY11383CW
Cap.CSY11416CW
Cap.CSY11460CW
Cap.CCR11105CW
Cap.CCR11147CW
VRCSY41046G_PhaseA
VRCSY4046G_PhaseB
VRCSY4046G_PhaseC
VRCCRZT33G_PhaseA
VRCCRZ'33G_PhaseB
VRCCR4733G_PhaseC
VRCCRA1164G_PhaseA
VRCCRA1164G_PhaseB
VRCCR41164G_PhaseC
VRCCRA1141G_PhaseA

WA OIOAINIP|IN|IN|OINO|O|O|O|F
NITWINIAINWINWIWWIO|O|O|O|F
OOl AAMPlOOIO|O|O|O|O

10 Capacitor Banks have a minimum start times of 5 minutes (in Local mode) and, thus, before they get a chance to operate, the
control of other devices may bring the voltage within the acceptable level (albeit at the price of higher operation number).
Howeve, the central controller can send close/trip commands to Cap Banks in Remote mode, knowing the operation history.
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Total number of
operation
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Figure2-38. Device identifier of controllable devices.

Figure2-39represents an illustrative comparison between the total numbers of asset operation (and
capacitorbank operation). Although there was not an improvement for the third control scenario (for
the sake of optimal voltage values), the number of operation improved by about 35% for CS 2.
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Figure2-39. Number of controllable device operations under different control scenarios:
(a) total numbers of operations and (b) capacitor bank operation.

In summary, the analysis of results for ARC use case shows that, with a central ARCOQE 3)2tbe
system performance improvesignificantly. Although the results of CS 3 were not as good as CS 2, it
should be borne in mind that theubstation controllecan offer the same functionality as tiheaster
controllerif (i) it has adequate analysiapability and (ii) it can communicate with all required
controllable field devices.
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2.4.4.4 Trip PV 1 (high load and high PV profile)

This section provides the results of a more realistic case that can potentially occur in real life. In this
case, while the stem was in the steadgtate condition (with high load profitéand high PV generation
profile),12 PV1 was trippede(g, due to a fault) causing the system to lose approximately 1800kW of
generation. The load and PV profiles were obtained based on thgsasalf historical data.

Figure2-40 shows a simplified singlene diagram of the study system with the location of PV1
highlighted. After running the system for about 30 minutes with actual load and PV profiles, PV1 was
suddenly tripped. For such a contingency case, the system performaganalyzed under two control
scenariosj.e, CS 1 (Case 1.13Tiable2.16) and CS 2 (Case 1.14Tmble2.16), and the results are
presented and briefly discussed in the following subsections.

Qubstation B
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il {Rl

1L =

Substation A #i é i .@

1 i v vl Pv3_2Mw e b

§§ i ’/ :‘;ﬂ B % B — g
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69KV | ( 1_2MW ) T PV2_1IMW

1
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Figure2-40. Simplified SLD of the study system

2.4.4.4.1Voltage profile

Figure2-41 (a) andFigure2-41 (b) show the voltage proélof Circuit CCR1 for Cases 1.13 and 1.14,
respectively. The figures clearly show that, under Control Scenario 2 (CS 2), the system reacted quickly

11 High load profile is selected based on the analysis of historical load data, which is a summer day. Similarly, lowldodat@rofi
is awinter day.

12High PV generation is selected based on the analysis of historical solar radiation data, which is 11am to 1pm of a sunny day.
Similarly, low PV profile is 4pm to 6pm of a regular day.
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to the DER trip, way before the voltage could go below the permissible threshol&itgge2-41 (b)). In
contrast, under Control Scenario 1 (CS 1), the system voltage entered the excessive range for about 60
seconds before the first control action was taken. Further, under CS 1, thdysttate voltage of Bus

110 stayed in the moderate range.

Control Scenario 1
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Figure2-41. Voltage profile of circuit CCR1 for (a) Case 1.13 (CS 1) and (b) Case 1.14 (CS 2)

It is important to note that steadgtate voltage values had a much flatter profile under CS 2 when
compared to the same voltages values under CS 1 (see dash circled d&igasad-41 (a) andFigure

2-41 (b) above). This is further illustratedfigure2-42, where the steadystate voltage value of some

busses stayed in the moderate range (orange) under CS 1 while the same values were in the acceptable
range under CS 2. Thisemphasized that ieffective/insufficient contribution of DERs in local mode

caused significant voltage drop at the end of the line for CS 1 (see blue figrie2-42).
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Figure2-42. Steadystate voltage profile along Circuit CCR1 under various control scenarios

2.4.4.4.2Power losses

Figure2-43 shows he power loss calculated for Substation A for Case 1.13 (CS 1) and Case 1.14 (CS 2)
(see Sectiorz.4.4.1for power loss equation). As indicated in the figure, poaver loss generally

increased subsequent to the PV trip (taking place at different instants for each case); this was due to the
fact that less loads were supplied locally when a DER unit (~1800kW) trifigace2-43 also shows

that the amount of loss reduction was higher when the system operated under Control Scenario 2
(steady state), as compared with Control Scenario 1. In this case, the reactive power support of DERs
played a role in the loss reduction for the oakk substation. Since DERs have more reactive power
contribution in Case 1.14 (CS 2), the power loss reduction was higher for this case (also see Section
2.4.4.43.

The results of these tests showed that the steatlyte power losses under CS 1 and CS 2 were

1120.4kW (3.27%) and 1022.5kW (2.98%), respectively. Therefore, there was 0.29% improvement in
power loss when the system operated under Control Scenario 2.
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Figure2-43. Powerlossesfor Substation Asubstation(casesl.13 and 1.14)

2.4.4.4.3DER involvement/contribution

The reactive power contributions of all DERs in Circuit CCR1 are ploReniia2-44(a), (b), and (c) for

both control scenarios. It can be observed in these figures that all DERs injected more reactive power to
the circuit under Control Scenari@qCS 2) in order to regulate feeder voltage or adjust the circuit

power factor. For exampl&igure2-44(a) shows that the battery energy storage system at the

substation (BESS 1higure2-13) did not inject any reactive power to the grid under CS 1. However,

with the ARC algorithm activated (CS 2), the reactive power contribution of BESS 1 was adjusted by the
ARC enginar{aster controllerin this case) such that it supported the grid bjecting about 250 kvar

reactive power in the steadgtate condition.

A comparison of total reactive power injection by DERs on Circuit CCR1 showed that they injected
around 480 kvar more reactive power to the circuit under CS 2 (relative to CS 1)l stawever, be
acknowledged that part of this var contribution by DERs was to adjust power factor at the circuit/feeder
level.

2.4.4.4 APower factor

Figure2-45 shows the eactive power flowing through Circuit Breaker CCR1 (CB R@QiR&2-13)

before and after the PV trip, for arbinute time frame. As indicated in this figure, undlee second

control scenario with ARC in place (CS 2), the reactive power flow at the feeder level was close to zero.
This is because one of the objectives of the ARC algorithm is to improve overall system power factor
through the regulation of reactive pav. In other words, thenaster controllettried to maintain power

factor of the circuit at unity. This is evidenthigure2-45where the circuit var value was arodizero

under CS 2 (green bandkigure2-45). It should also be pointed out that the accurate adjustment of
power factor was achieved through the effective contrbDERS.
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Figure2-44. Reactive power contribution of DERS (in Substation A) for cases 1.13 (CS 1) and 1.14 (CS 2):
(a) Substation BESS reactive power, (b) PV1 reactive power(@ndEV2 reactive power
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Figure2-45. Reactive power at the feeder level for cases 1.13 and 1.14 (PV trip)

2.4.4.4 5Asset operation

Figure2-46(a) andFigure2-46(b) respectively show the cumulative numbers ofide operation and

number of capacitor bank operation for Case 1.13 and Case 1.14. It is evident from the figures that the
cumulative number obperation ofcontrollable assetwas reducedy about 26%wvith the master
contrallerin chargeite.,CS 2). laddition tothe enhanced DER contribution, switching on tagpacitor
bankCSY1.383CWavoided additional operation of other controllable assets. It should be noted that, as
opposed toocalmode control that had a minimum start time for capacitor bank rgeation,the

master controllercould quickly send the close/trip commands to the capacitor bank (in remote mode),
knowing its operation history.
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Figure2-46. Number of controllabledevice operations for case 1.13 (CS 1) and case 1.14 (CS 2):
(a) cumulative numbers of operations and (b) capacitor bank operation.
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2.4.5 Usecase2: Synchronized Load Transfer

-

Use Cases

Automatic resource contro Synchronized load transfer Adaptive protection settings

\

TheSynchronized Load Trans{&L) application utilized four control blocks in various levels to optimize
circuit reconfiguration:

A Feeder Injection Test (Fibpl

NearRealTime Power Flow (NRTPF) model
Reaktime SCADA measurement
Synchronization check function

> > >

The Feeder Injeain TestFIT) tool determined whethehere were circuit performance violation(s) that
should becorrectedby Synchronized Load Trans{&LT)In the event that violations were detected, FIT
usead reaktime field/SCADA data, load/generation forecast results, thedNearReaiTime Power Flow
Model (NRTPRp determire if the circuit violation needeth be addressed bthe load transfer(rather
than resource control)Both FIT and NRTPF blocks were located at the cesgraér level in thenaster
controller.

For dl test cases,ite SLTfunction identified the switches to operate fothe desiredsystem
reconfiguation. Since the load transfer was executed while the systesemrgized (without any
power interruption),a synchronization chedkad to be performedTle voltages on both sides of the tie
switch (magnitude, phase angle, and frequenegje checked to ensure theyere synchronied. If this
conditionwasnot met, Load Tap Changer (LTC}iegs, capacitor bankontroller settings, and/or DER
outputswere controlled to achieve synchronizatiolf Once voltage synchronization westablishedoy
the SLTthe tie switchwasclosed followed by opening of the upstream isolating switch(s) to complete
the transfer.The synchronization check was performed throughdblaboration of field and substation
devices.

TheSLT application performete following functions:

A Utilized the result®f the FIT tool omnoperator requesto trigger further action

A Acquired nformation about all tie and isolating switches in the distribution systeiuding
their current status

A Determind if the load transfeccouldimprove system condition (poweuality, loading, .)
using FIT and NRTPF models

A Identifiedthe tie and isolting switcheghat neededto be operated foloptimal sysem
reconfiguration

A Checled synchronization between two parts of the distribution network (voltagesoth sides
of the tie switch)

13 ]t should be pointed out that the frequency and phaseglenof the voltages (on both sides of the tie switch) were in the
acceptable synchronization range for distribution systems.
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b3

If the voltage phasor&ere not synchronizedit would change LTGe#tings, capacitorbank
controller settings, and/or DER output powers to synchronize the voltages (mdgnjihase
angle, and frequency)

Senttrip/open commands to tie/isolating switch(s) via SCADA

Receive synchronization confirmation sighéand closureonfirmation) from the tie switch
Triggered alarms if

Load transfe© 2 dzf ré&sgh@ the circuit violation

Load transfelO 2 dzt bR scEbinplished due to the current state of switching devices
Communication network failed

Communication wh the target swich failed

The target switcHailed to operate

A Sent SLT completion confirmation to higher control lexs|Distributed Energy Resource
Management System (DERMS) or Distribution Management System @DBGADA.

> > >

— — — — —

Figure2-47 providesthe sequence diagram tfie SLT applicationshowingthe interaction between the
ARC and SLT applicatioAsillustrated, oncethe applicationdetermined the AR@as unable tadesdve
the circuit violtion (e.g. excessive reserve power flow), the SLT applieatiold check the possibility of
the load transfer without system interruptiofgreen box irFigure2-47).

@ ARC | —] Synch Load Transfer (sLT) |

Evaluate realtime feeder source
load / generation information

sESSina
discharged
state?

Calculate kWhr charge
load based on %
charge capacity

Calculate total load
at each switch +
location

Is AVolt
across Tie
switch »=3%

Can
ARC
corect
flow?

Load flow to
calculate the
minimum load ?
transfer to balance
generation and load
Continue. .
ARC logic 1
—
Create switch plan

yes
Request ARC
to lower voltage
using remotely
controlled switches Wait for ARC 1o
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AVaolt < 3%
limit?

no
Execute Load
Transfer

yes

archive
switch plan
with time
and date

Figure2-47. Synchronized Load Transfer
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2.45.1 Performancecriteria

The main objectives of the SLT use case was to prevent unintentional excessive reverse power flow
within distribution circuits or at the substation level. The SLT function should transfer some part of a
circuit to another one in order to avoid reverse pavitow in the circuit. It should be noted that the SLT

use case would only function if the ARC was not capable of optimally addressing the situation.

Therefore, if the reverse power flow was reduced as a results of the SLT application, it was considered as
successful tesfThe successful completion of the function also requitree transfer be donén a

synchronized manner.

2.4.5.2 Test results

The purpose of this test category was to verify that thaster controllerand substation controllers

could collectively prform load transfer between two circuits (from two different substations) when

such a need arose. The main criterion for performing a load transfer was excessive reverse power flow
measured along the feedee,g, when the DER penetration/injection waghi Under such a scenario, it
was very unlikely that the ARC function would be able to address circuit violation without any
curtailment. As a result, the possibility of SLT was evaluated through proper coordination between ARC
and SLT engines.

It is emplasized that the salient feature of the SLT is that the transfer is executed in a synchronized
manner, meaning it will be performed only if the voltage phasors on both sides of the tie switch are
cophasal and of almost equal magnitude (the instantaneousgelacross the tie switch should be
adequately small). If the synetheck signal is not received from the tie switch relay, the transfer cannot
be accomplished. In such a case, the SLT function will adjust the settings of controllable assets to bring
the voltage magnitude across the tie to an acceptable range. As soon as this happens, the tie switch
relay will issue the synetheck signal such that the SLT can be initiated and completed.

Several test cases were considered in this category to ermaper operation of the SLT application
(both security and dependabilityFigure2-48 lists major test cases conducted for the evaluation of the
SLT applicationSimilar to the ARC use case, the test cases were designed to examine system
performance under three control scenarios described in Se@idr.2(CS 1, CS2, and CS 3); the results
of selected test cases are presented and discussed in this section.
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Table2.20. SLT test cases

Case# Test Condition

Description

Remark

21 CCR1: PLoad=2.1MW, PPV1=2MW, PPV2=1MW, PBESS1=0 Low load (fix), High PV (fix) Baseline System 2 (all controllable devic
CSY1: PLoad =2.3MW, PPV3=0 (PV wasvaibable), PBESS2=0 PV3 tripped were in Local/Auto mode)
Initial Conditions: Steady state of case 1.3

2.2 CCR1: PLoad =2.1MW, PPV1=2MW, PPV2=1MW, PBESS1=0 Low load (fix), High PV (fix) Master controller was responsible to take
CSY1: PLoad =2.3M\WRV3=0 (PV was not available), PBESS2=0 | PV3 tripped actions through SLT/IVVC algorithm.
Initial Conditions: Steady state of case 1.3

2.3 CCR1: Pload=2.1MW, PPV1=2MW, PPV2=1MW, BRBIS0uU Low load (fix), High PV (fix) Sub controller was responsible to take
CSY1: Pload=2.3MW, PPV3=0 (PV was not available), PBESS2=0 | PV3 tripped actions through permission of
Initial Conditions: Steady state of case 1.3 communication loss (prior to evén

24 CCR1: PLoad =2.1MW, PPV1=1MW, PPWW¥).PBESS1=0 Low load (fix), High PV (fix) Baseline System 2 (all controllable devic
CSY1: PLoad =2.3MW, PPV3¥I\) PBESS2=0 were in Local/Auto mode)
Initial Conditions: Steady state of case 1.3

2.5 CCR1IPLoad=2.1MW, PPV1=1MW, PPV2MW, PBESS1=0 Low load (fix), High PV (fix} Master controller was responsible to take
CSY1: PLoad=2.3MW, PPV3MINQ PBESS2=0 actions through SLT/IVVC algorithm.
Initial Conditions: Steady state of case 1.3

2.6 CCR1: Pload=MW, PPV1=W, PPV2=0/8W, PBESS1=0 Low load (fix), High PV (fix) Sub controller was responsible to take
CSY1: Pload=2.3MW, PPVBiV, PBESS2=0 actions through permission of
Initial Conditions: Steady state of case 1.3 communication loss (prior to event)

2.7 CCR1: PLoad=3.6MW, PPV1=1.6MW, PP\M¥).®BESS1=0 Low load (fix), High PV (fix) Baseline System 2 (all controllable devic|
CSY1: PLoad=1.2MW, PPV3¥IM PBESS2=0MW were in Local/Auto mode)
Initial Conditions: Steady state of case 1.3

2.8 CCR1:|®pad=3.6MW, PPV1=1.6MW, PPV2MW3 PBESS1=0 Low load (fix), High PV (fix} Master controller was responsible to take
CSY1: PLoad=1.2MW, PPV3¥1\4 PBESS2=0MW actions through SLT/IVVC algorithm.
Initial Conditions: Steady state of case 1.3

29 CCR1: Ploa®.1MW, PPV1=2MW, PPV2=1MW, PBESS1=0 Low load (fix), High PV (fix) Sub controller was responsible to take

CSY1: Pload=2.3MW, PPV3sPBESS2=0
Initial Conditions: Steady state of case 1.3

actions through permission of
communication loss (prior to event)
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For scenarios where the system is lightly loaded and the PV generation is higlegecpse2.1, 2.2,

and 2.3 inTable2.20), it is very likely that power flows through some of the protective devices along the
circuit become negative. The reverse power flow can significantly impact the operation of protection
and control equipment, which is not desirable. For example, when tlee sadiation is suddenly

increased in a light load conditiongse=2.1, 2.2, and 2.3), the direction of the active power flowing
through devices ogircuit CCR1 changeBigure2-49 shows the active power flow through two reclosers
before and after the solar radiation increase. The figure indicates that the increase in the solar radiation
(from 10% to 80%) could cause significant reverse power fioaugh the two reclosers.
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Figure2-49. Active power flow through CCRAR and CCRI/R
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Figure2-50. Location ofCCR2R and CCRI7R on SLD

Undercontrol scenaridl (.e., when all individual devices are in Local mode), it would be very difficult, if
not impossible, to effectively manage reverse power flow while maximizing the power generation from
renewable energ resourceskigure2-51 shows the voltage profile afircuit CCR1 focontrol scenaridl

(CS 1), with no PV curtailment. As shown in this figure, the stetadly vdues of bus voltages did not
settle in the permissible range. In other words, without any power curtailment, both reverse power
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issue and overvoltage issue could not be successfully resolved fdodolwvhighgeneration conditions.
The power of the tie sitch andreclosersCCR2ZR and CCRIU7R during the entire test is plotted in

Figure2-53. It can be observed that the tie switch remains open during the test.

On theother hand, undecontrol scenari@ (.e., when ARC/SLT function is run in thaster
controller), the reverse power flow along the circuit was detected byrtiaster controller Since the
ARC couldot fully resolve the circuit violations without poweurtailment, the possibility of the

synchronized load transfer was evaluated by the SLT function. Once the SLT engine confirmed the load
transfer could be executed, the close command was issued to the tie switch. Once the voltages on both

sides of the tieswitch were synchronized.¢., the synchcheck command was received from the tie
switch relay), the close command was applied, followed by openinggeream isolating switch
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Figure2-51. Voltageprofile of circuit CCR1or case 21 (CS 1yvithout power curtailment
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Figure2-54 shows the voltage profile afircuit CCR1 focase2.2 control scenarid®). The instant at

which the SLT was performed is also illustrated in the figure. As can be obseRigdra?-54, the
steadystate values of bus voltages stayed in the permissible range after the load transfer. Further, the
load transfer resolved the reverse power flow issueimuit CCR1. The powdpWw through the tie
switch,recloserCCR2ZR andecloserCCRAL7R are plotted ifrigure2-55 before and after the SLT. It is
evident that, subsequent to the SLTethctive power flowing through both reclosers became
zero/positive.
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Control Scenario 2
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Figure2-54. Voltageprofile of circuit CCR1or case 2.CS2)
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Figure2-55. Power flow through tie switch and reclosers CCERR and CCRI17R under CS 2 (Case 2.2)

Figure2-56 shows the voltage profile aircuit CCR1 focase2.3 €ontrol scenarid). The instant at
which the SLT was performed is also indicated in this figure. Simidas2.2, the steadystate values
of bus voltages stayed in the permissible range after the load transfelF{gaes2-56). However,
compared to Case 2.2, the accumulative number of asset operation increased under CS 3 as the
substation controlledid not has the same observability/access asrttaster controller

In addition to the voltage profile, the load transfer resolved the reverse power flow isstieuit CCR1.
Figure2-57 shows the power flow through the tie switctecloserCCR2R, andecloserCCRAL7R
undercontrol scenari, before and after the SLT. As shown in the figure, subsequent to the SLT, the
active power flowing through both reclosdoscame zero/positive.
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Control Scenario 3
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Figure2-57. Power flowthrough tie switch and reclosers CCRR and CCRI7R under CS 3 (case 2.3)

The test cases listed Table2.20 were executed, and the SLT was performed successibiy it was
necessary. The results show that the SLT could help with reverse power flow management in
distribution circuits with high penetration of DERs. Further modifications are possible to ensure a
smooth transition, by making corrective actions ptieithe SLT initiation (beyond the scope of this

project).
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2.4.6 Usecase3: Automatic protection setting changes

Use Cases

Automatic resource contro Synchronized load transfer Adaptive protection settings

The APS was tasked with determinifithe forecasted or realime distribution system
condition'topology requiredchangingprotection settinggroups. It would then determine the correct
protection settinggroups based onhe prevailing system condition/configuratiomheAPSwould finally
send command$o appropriateprotectivedevicesor IEDs in order tahange protection settings

The APS praded the following functionalities:

A Dynamically receivibstate of switching devices for any changes in system;
A Determina the global topology of the system based on the received data;

A Determinal whether or not the protection setting groups should change for the new system
condition/configuration;

A Identifiedappropriate protection setting groups for the new system condition/configuration
(from the settingtopology database);

A As required, senprotection setting changes to the corresponding protective devices;

A Receive confirmation on active protection settings from protective devices or IEDs; and

A Defauledto safe condition in the event of failures.

In the event of a circuit reconfiguration, the 8Rould immediately evaluate the new configuration,
determine theproper setting groupand requesthe changes if necessaryhe APS processimgcured
centrally which requiredisibility and access tarotective deviceslEDs and switching deviceJomlogy
algorithm in the AP8rocessordynamicallydeterminedthe electric configuration of the distribution
system. Every time a changéstate of a switching device wandicated, the topologglgorithm was

run to determineif there was aneed for praection setting changeTtus, the APS system requirede
current state of switching deviceand protection IED® detect changes in system configuration and to
trigger the protection setting changgi§ it was necessary

Once the need foa protection setting chang was established, commandagould be sent to specific
protective devices ofEDs tachangetheir settinggroup. When a protective device dED receivethe
command to change its settingt was requiredo send back confirmation indicating tha change ad
occured as well as the active protection setting group in plddee APSvouldtrigger alarms or flag an
issue if:

A Security and/or dependability of thergtection system (fault detectiorisolation, and
coordination) wadully/partially vidated due to the system changes;

A Communication networkadfailed:
Communication with a specifieqtective device(s) olED(s) hadhiled; and
A Target settingsouldnot be applied.

.«
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Entities requesting th APServiceincluded the APS Processor (automatlly) or the System frator
(manually) It should benoted that, in thetest system architecture, the control walistribued within

the system, and theubstaion Controller wagesponsible for executing some control functions.

Therefore, in the case of a single processor failure (e.g., communication failure to central controller) the
lower-level distributed controllersouldmanage the execution of some control functions to eesiail

safe functions.

2.4.6.1 Performancecriteria

Subsequent to a system reconfigurati@nd, due to a load transfer), the AR@ctionwas tasked with
changinghe protection setting group of specified protective devices if it was essential to do so. The APS
function was continuously monitoring the status of the distribution system and would change the

setting group based on the defined lookup table. The defined topologies/configurations for the system
under study are shown ihable2.21. For each topology, a set protection setting group waalso

defined for specified protective assets as showmable2.22. As soon s.one of the system topologies

was sensed by the logic, proper protection setting grawgre communicatedo the corresponding

protective device.

Table2.21. Definedtopologies for the test system

Switch/breaker status

Configuration Configuration —e] e
# name T2—CCRJj T1-972 CCRA1l7R CCR2ZR CSY4370R
1 Normal Open Open Closed | Closed Closed
2 Transfer 1 Closed Open Closed Open Closed
3 Transfer 2 Closed Open Closed | Closed Open
4 Transfer 3 Open Closed Open Closed Closed
5 Transfer 4 Closed | Closed Open Open Closed

Protectionsetting group

Table2.22. Definedprotection setting group for each system topology

CBCCR1 CBCSY1 :ll-'gc(::i\l(?ll TT81C ;:731 CCR4L7R| CCRRR CSY4370R CB972
1 1 asis (1) | asis (1) 1 1 1 1
2 2 1 asis (1) 2 asis (1) 2 1
3 3 2 asis (1) 3 2 asis (1) 1
1 1 asis (1) 1 asis (1) 1 1 2
1 2 1 2 asis(l) | asis(1) 2 3
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Figure2-58. Identification of devices referenced in use casdest cases
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2.4.6.2 Testresults

The purpose of this test category was to verify that thaster controllerand substation controllers

would take proper action in response to the system reconfiguration and/or alarms. In particular, it was
expected that the protection setting group of certain protective devices would change when the system
configuration changed (e.gdue to a load transfer). The performance of the APSC function was

evaluated for the same test cases as those considered for the SLT function to ensure proper operation of
the application (se@able2.20for a list of test cases).
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Under normal system configurationd., when all tie switches are open and circuit reclosers are closed), the protection setting groups of all
protectiverelays were set to be at Group 1. This is shown in the first row of both lookup taltegiie2-59. This figure shows that all

meaningful systemanfigurations/topologies are listed in a lookup/event table along with the proper protection setting groups for each
configuration/topologyl4. The APSC function was continuously monitoring the states of (major) switching devices in both circuits and
performing a reatime matching to determine the most appropriate setting group for the protective devices. For the majority of the test cases
of Table2.20, the system operated with its normal configuration and, thus, the setting group of all devices remained at 1 as sfigum in

2-59.

Dis Protection Settina Gronn
L, — Switch/Breaker Status =]
Config. # Config. CSY1-T2-CCR1 CCR1-T1-CCR2 CCR1-17R CCR1-2R (3\'1-1370R_
i mm | —r
[
)
1 ° Normal Open Open Close Close Close
o
2 o Transfer 1 Close Open Close Open Close
®
3 Q Transfer 2 Close Open Close Close Open
w
4 Qo Transfer 3 Open Close Open Close Close
S o Transfer4 Close Close Open Open Close
o Config, Protection Setting Group
L #
g Name CB CCR1 CB CSY1 CSY1-T2-CCR1 CCR1-T1-CCR2 CCR1-17R CCR1-2R CSY1-1370R CB CCR2
®
1 o Normal 1 1 1 1 1 1 1 1
®
2 (®] Transfer 1 2 2 1 1 2 1 2 1
©
3 Q Transfer 2 3 3 2 1 3 2 1 1
()
4 (»] Transfer 3 1 1 1 1 1 1 1 2
]
s © Transfer4 1 2 1 2 1 1 2 3
Active Protection Setting Group ISG: 1 18G: 1 1SG: 1 1SG: 1 ISG: 1 ISG: 1 1SG: 1 1SG: 1

14 The determination of suitable protection settings for each system topology/configuration is done through a selra fetiltand protection coordination analyses.
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Figure2-59. Protection setting group of CCR1 and C8¥ticesunder normal system configuratiofas displayed on Master Controller HMI)

When the system topology/configuration changedq, when the SLT fution performed a load transfer and changed the states of some
switching devices), the change was detected by the APSC function. This function then found the most appropriate pratecgignose for
each protective device through a search of the lgokable.

Figure2-60 shows the selected protection setting group for the system configuration/topology subsequent to the SLT. The figure ghows tha
when the systentonfiguration changed to Transfer 1 (due to the change in the status of ZXYQR1 and CCRR), the protection setting

group of four protective devices (i.e., CB CSY1, CB CCRI,TR;RAd CSYIBE60R) changed from 1 to 2. It is worth noting that thetpction
setting group change can also be triggered by a system operator commandiuring fire season (not shown kigure2-60).

Fn Protection Settina Groun (o]
Dis Protection Settina Groun
Switch/Breaker Status
Config. # Config. CSY1-T2-CCR1 CCR1-T1-CCR2 CCR1-17R CCR1-2R CSY1-1370R
: Name
g open 1 [
Transfer 1
. . 1 o Normal Open Open Close Close Close
configuration L
active, so 2 o Transfer 1 Close Open Close Open Close
settings group |
gsg p / o Transfer 2 Close Open Close Close Open
change on relays o
4 o Transfer 3 Open Close Open Close Close
\ i 5 o Transfer4 Close Close Open Open Close
Confi Config. Protection Setting Group
e Name CB CCR1 CB CSY1 CSY1-T2-CCR1 CCR1-T1-CCR2 CCR1-17R CCR1-2R CSY1-1370R CB CCR2
1 o\ Normal 1 1 1 1 1 1 1 1
)
2 o Transfer 1 2 2 1 1 2 1 2 1
)
3 (®) Transfer 2 3 3 2 1 3 2 1 1
)
4 (® ) & Transfer 3 1 1 1 1 1 1 1 2
(]
s © \\ Transfera 1 2 1 2 1 1 2 3
Active Protection Setting Group 1SG: 2 1SG: 2 18G: 1 1SG: 1 1SG: 2 1SG: 1 1SG: 2 1SG: 1
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Figure2-60. Protection setting group o€CR1 and CSY1 devitastransfer 1 configuration(as displayed ormaster controllerHMI).
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2.4.7 Distributed control functions

For as long as the master controller was active, the substation controllers were working as gateways, collecting
data from downstream IEDs and sending them to the master controller, as well as processing control command
from the master controller and seimy them to the downstream IEDs.

However, if the master controller stopped functioning, communications were lost, or control permission was
toggled to local control, the substation controllers assumed the control responsibility for their own local area,
including the associated substation and the circuits. The logic diagrams for the main control functions for each
substation are illustrated ifigure2-61.

Substation A Substation B
Substation Controller Substation Controller
Main Logic (CCR1 circuit) hain Logic [C5Y1 Circuit)
- MHM - MHM
" Comm. with ™, _~""Comm. with ",
_~Taster Controller is Lost?~.__ No _~Taster Controller is LOS??‘"H No
r Permission from Maste r Permission from Maste
Controller? Controller?

Put all devices in Local Mode Put all devices in Local Made
Run Autonomous Resource Run Autonemous Resource
Control Logic Control Logic
Change the mode from Local to Change the mode from Local to
Rernote for the devices should Remote for the devices should
be commanded by controller be commanded by controller
and send out the command and send out the command
‘__d_f-" "“-\-\._\_\H _,__.—-" ""-\-\._\_H

___,.-"" = Na ___,.-’"f o No
< CCR1Outage? =7 CSY1 Outage?
v v
Run Autonomous Sync Load Run Autonomous Sync Load
Transfer Logic Transfer Logic
Change the mode from Local to Change the mode from Local to
Remote for the devices should Rernote for the devices should
be commanded by controller be commanded by controller
and send out the command and send out the command
I I

Figure2-61. Main logic diagrams for each substation controller
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Similar to the master controller, there were three control functions in each substation:

A AutonomousAutomaticResource Contrd AARC)
A Autonomous SyriwonizedLoad TransfefASLT)

A AutonomousAutomatic Protection Setting Change (AAPSC)

Since the AAPSC was executed in a very similar manner to the APS (except being performed in substation leve
it is not explained again. The following two subsections idies/more details on the first two autonomous
functions,i.e, AARC and ASLT.

2.4.7.1 Autonomous Automatic Resource Control

Figure2-62 shows theAARC schemén the evenbf the Master Controller being unavailable, or having issued
the appropriate permissions to the substation controllers, logic was initiated in the substation controllers to
adjust the active and reactive power generation of the DERSs for proper load maaagem

Substation A Substation B
Substation Controller Substation Controller
Autonomous Resource Control Logic Autonomous Resource Control Logic
From Main Logic d From Main Logic o
Check Feeder Active Check Feeder Active
and Reactive Power and Reactive Power
{@ Bus02 @ Bus0&
P-CCR1Max is a T "‘“—-x__x N P-C5Y1Max is a - "‘*-le N
) ) e = o ) ) o = o
Setpoint coming (_/"ﬁ Feeder > P~ Setpoint coming (_/’f* Feeder » P~
from substation “~.__ CCRIMax -~ from substation “HRCS‘:‘J.Max —
HMI . /‘/ HML - //
Yes Yes
Change P setpoint of Change P setpoint of
DERs to cover the DERs to cover the
difference difference
(PV1, PV2,BESS1) (PV3, BES52)
o ~ ’/( ~
./’/ \“\ e \H“x.
~Q-Feeder <> 0~ No ~D-Feeder <= Q-~__No
{\\\CCR'LMax P x%\c:svmﬂﬂxﬂ/’
-~ -
\'\ - -~
I Yes Yes
Change Q setpoint of DER P
and command Caps to Change O setpaint.o
match the Q DER and command Caps
(PV1, PV2,BESS1, Caps) olpatchithcll
(PV3, ,BESS2, Caps)
[

Figure2-62. Substation Autonomous ARC Logic
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The Substation Controllers compared thaiae andreactive power of the feeder against the maximum active
and reactive power setpoints (which could be difeed via the Local HMI).

A If the active power of the feeder was more than the maximum power set point, the optimal setpoints
for the configured distributed energy resources for each circuit were calculated and transmitted to the
appropriate IED controlte

A Reactive power of the feeder was also checked and if different from the Q setpoint, the Q setpoints of
the distributed energy resources were changed. The scheme also controlled substation shunt capacitor
banks to adjust the reactive power, if neededprder to maintain power factor at the circuit level.

2.4.7.2 Autonomous Synchronous Load Transfer

Figue 2-63 showsthe ASLT logior each circuit. This logic was desigrie serve the loads by monitoring the
power flow of recloser R2 and recloser R3 and, if necessary, triggering a load transfer to manage reverse powe
flow in both circuits.

To perform the load transfer, the Substation Controller sends the sync check cairimthe tie switch and
then waits for a response.

A If the voltages on both sides of the tie switch were in sync, the tie switch controller would close the
switch. Subsequently, the upstream isolating switch would be closed by the Substation Congroller a
soon as the closure confirmation was received from the tie switch.

A If not, the substation controller would receive a sync error message from the tie switch controller. In
the event of receiving an unsuccessful sync message from the tie switch, or not hearing back from tie
switch within a specific time period, the substat controller would run additional logic to curtail DER
resources to prevent reverse power flow, if needed.

It is worth noting that the substation controller would not provide the same level as control as the master
controller, mainly due to the limitedisibility over the entire system. However, if an adequate communication
infrastructure is available and the substation controller has sufficient processing power, it should be able to
provide the same control functionality as the master controller.
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Substation A Qubstation B
Qubstation Controller SQubstation Controller
AST Logic AST Logic
P 4 v
‘ From Main Logic ‘ ‘ From Main Logic ‘
Yes

Check the power flow Check the power flow
@R[ORI-2R and |« @R[ORI-2R and |«

@ R3[CSY1-13770R] @ R3[CSY1-13770R]

CSY1_Rev_PF Thr =-1MW QR1_Rev_PF_Thr =-4MW

OORL_Fwd_PF_Thr = +AMW CSY1_Rwd_PE Thr =+1IMW

Send the Sync-Check Send the Sync-Check
Command to Tie Switch Command to Tie Switch

[TSCSY1-T2-CCR1] [ TSCSY1-T2-CCR1]
Wait for Tie Switch Wait for Tie Switch

to reply (1 min) to reply (1 min)

T~ No Check PVs " T~ .
~ AnyReply? »| generation —P 0";/62] IeP\/U;'Txnd p| Check P[\/Rgg?eranon —»  Qurtail PV3
[PVL, Pv2] P No
Yes
Grcuit are Sync? No

Tieis Qosed? Tieis Qosed?

Open Recloser R3 Open Recloser R2
[CSY1-1370R [TSCSY1-T2-CCR1]

Figue 2-63. Substation Autonomous SLT Logic
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3 KEYFINDINGS

Thispre-commercial demonstratioinvestigated the implementation of three advanced distribution automation
(ADA)applications in a distributedontrol architecture The performance of these threADAapplications (use
cases) was evaluated through a comprehensive set of teiitsactual protection, control, and power hardware
devices To ensure the accuracy of conclusions, three sets of system perfoentkata were analyzed for the
assessmendf the proposed control architecturdhese sets of data were collected for three control scenarios
as follows

A Controlscenariol (CS I)No remote control oflistribution system resourcesas available, i.g.
capadtor banks,voltageregulators,Joadtap controllers,smart inverters,and other resourcewere all
working autonomously and in isolation to optimize the portions of the system they could monitor.

A Controlscenaria2 (CS 2)Distribution system resourcesere intelligently controlled by anaster
controllercapable ofmonitoringand controlingthe resources at the two substations modelled in the
test system

A Controlscenario3 (CS 3)Distribution system resourcesere intelligently controlled by theubstaton
controllersfor each of the substations, autonomously anith limited access teach other.

The resultsof this projectshowed that althougha multi-tiered control architectures required fora distributed
control system, sucla design offes several advantages over conventional control schemes commonly used in
distribution systems.The following paragraphdiscussa summary for the three different use cases.

3.1 Automatic Resource Control

The test result$or ARC use caggoved conclusively thantelligent control ofdistribution system resources
improves system performance. They demonstrated thatasster controllemwith the ability to control and

monitor multiple substations that are electrically interconnected provides the greatest amdurarefit (CS2).

They furthermore confirmed that even when the control is limited to a single substation and downstream
distribution system resourcd€3), significant improvements in system performance are recognized in contrast
to the case where theris no remote contralCSL).

Several performance criteria were defined and analyzed to accurately evaluate the performance of a distributed
control approach.The following conclusion was made throughout the course of this study:

1 The response time of theontrol system significantly improves when the distribution controllable
resources can ke remotely controlled by an engine embedding an optimal (or sgptimal) control
logici.e,CS2and CS 3

1 Inalmost all cases, the system voltage profile was imgadaunderCS 2 and CSI8.particular, the
voltage profile can beegulatedmore preciselyhroughfine tuning of DERetpoints.

1 Optimized remote control of DERs (CS 2 and CS 3) can reduce the system loagbsathinanced
contribution of DERs.

1 Under C2 and CS 3, DERs provide mmaa&ctivepower supportwhich, in turn, enableseaurate
adjustment ofthe power factor(e.qg., close to unityat the circuit or substation level.

1 The cumulative number of controllable asset operation decreases under CS 2 and CS 3, due to the
increased contribution of DERs as well as enhanced system observability (control coordination).
However, sincenaster substationController aims abptimal voltage regulation, there were some test
cases that show minimum or no improvement in the total asset operations.
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1 With CS 2 and CS 3 in place, DER integration into distribution system can be facilitated. In other words,
intelligent remote control of DERs caddress some of the challenges associat#ti high penetration
of DERs.

1 Implementing a distributed control approach requires a minimum communication infrastructure being
available to enable remote control of distribution resourcesadidition, the distibution voltage
regulators capacitor bankcontrollers, IEDs, etc. should support a standard communication protocol.
These are considerations that need to be taken into account for developing a distributed control
architecture in distribution systems.

1 Some of the existing DERs in the field do not supgmrt inverter features and control modes. As an
example, the battery used in this study does not suppeniote power factor adjustment an®-Q
droop modes. In the proposed control architectureat isessential thatertain DERs to suppompscific
control modes.

Table3.1 belowprovides a summary dindingsfor test cases 1.10, 1.11 and 1, ¥hich wereexplairedin
Section2.4.4.2 Thedarkcells show improvement while tHeghter shadectellsindicate no enhancemenihe
resultsfor the remaining test cases are captured in Appendix A.

Table3.1. Summary of ARC test results

Delta Delta
between between
Scenarios 1  Scenarios 1
and 2 and 3

7% less 5% less

Scenario 1 Result

Parameter

Maximumvoltage magnitude (rms)

8.04 kV (1.16pu)

Maximum out-of-range value with respect t{ 765.4 V (0.11pu) 78% less 48% less
maximum allowable voltage (rms)

Out-of-range duration (seconds) 115 seconds 78% less 30% less
Power Loss 1.04MW 26% less 17% less
Active Power (DER Involvement/Contribution| 31.8 kW 4% less 3% less

Asset Operations

35% less 6% more

52 operations

Improvement ‘

No improvement

3.2 Synchronized Load Transfer

The Synchronized Load Trangf8LT) is a unique ADA application that can help with load and power flow
management in distribution systems dominated with DERsventional controtechniquesin distribution
systems cannot manage reverse power flow without curtailing renewable DBESLT provide the possibility
of transferring the partial load/generation to another circuihile the maximum energy is extracted from
renewable resources.

The SLTests were able to show that theaster controllerand substation controllergould collecively perform
load transfer between two circuits from two different substations when excessive reverse powevrdlew
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measured along the feedee,g, when the DERenetration/injection was highMore importantly, the transfer is
performed while the systens energized, that isyith no customerinterruption. The following is the main
findings and recommendatiorfer the SLTise case:

9 SLT is an effective solution to reverse power flow management under high penetration of DERs, with the
maximum power beinglatained from renewable resources.

1 SLT will resolve the reverse power issue without any interruption being imposed to customers.

1 The SLT requires the voltage on both sides of the tie switch to be cophasal. If this condition is not met,
the SLT can commarsdme of the controllable assets to bring the voltages (magnitudes) to an
acceptable range. However, the control of voltage phase angles is not an easy task and, in some cases
is impossible. Nonetheless, it is acknowledlg®at the synchronization critgon for voltage phase angle
in distribution systemss most of the time met (no violation was observed during the course of this
project).

9 To ensure a smooth transition during a transfer, it is recommended thatidester substation
controller takes someorrective actions prior to the SLT initiation, based on the NR=adTime Power
flow analysis. This was not systematically studied in this project (beyond the project scope), but try and
error showed potential for further improvement during the transitio

3.3 Automatic Protection Setting Change

The requirements for performance improvement of the protection system under different system conditions
and or configurationshas led to the idea outomatic Protection Setting Change (AP3G¢ APSsts

demonstrated that protection settings could be dynamically changed to adapt to changing system configuration:
triggered by unplanned system events or ARC and SLT systamfigurationsThe following is the main

findings and recommendations for the SISE wase:

1 The APSC can ensure that the system is always protected regardless of the system t@ifogy,
penetration level, and prevailing DER statuses.

1 The realime matching algorithm of the APSC is easily and fully implementabtahnmaster controlle
and substation controller

1 The proposed APSC algorithm need offline studies to be run for all meaningful system
configurations/conditionsn order to calculate proper protection settings. This mpayentiallybecome
a time-conauming task, considerintpat new system configurations/conditions wié frequently
introduced to the system with the increasing penetration of DERs and application of new ADA
applications.

1 Fuses, electromechanical relays, and standard -stéitk relays that are common in dliution systems
do not provide the flexibility of changing protection settings, limiting the efficiency of the ARG
(microprocessobased) relays with flexible protection settings as well as communication capabilities are
requiredfor the AP&.The trend of utiling of advanced digital relays is expected to address this
concern in the future.
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4 RECOMMENDATIONS ANEXT STEPS

Asdetailedin the precedingsectionsthe use casesotnprehensively demonstratkthat real, quantifiable
benefits areachievedwhena distributed control schemis implementedthat allowshigh-speed, localized
control of IEDs and DER in substations and feeders

As such, the concept deserves additioim&kstigations in the field and realorld environment. It is
recommendedhat SDG&E plan and implement a pilot projaxtest reatworld performanceof the distributed
controls as the next stepAlthough not part of this project, the use of the IEC 61850 communication standard
holds the promise of allowing data exchange betweubstations without central SCADA intervention, thereby
offering additional opportunities for system optimizatioihe pilot project should be planned such that
sufficient time exists to work through amgalworld andinteroperability issues. Asideoin exploring the
deployment of the technology, the pilot project should have several other objectives:

Quantify costs and benefits, and then develop a dmstefit analysis for wide scale deployment
Examinewhat changes to standard operating proceduree aecessary to fully leverage the benefit of
the distributed control system design

9 Use the pilot project as a training platform for engineeramgl operational prsonnel

T
1

The integration of feedebased IEDs and DERs$nore complex thafor those insidehe substation boundary,
and highspeed and reliable communications are a prerequisite.

Hence, it is recommended théte pilot projectalsoexplorer various communication technologimsd allow for
realworld testing. Additional testing on a carefullyelected substation and feeder combination and the results
analyzed over a period of timeill ensure the maturity of the technology is such that system performance is
consistent and reliable.

The project provided a good platform for SDG&E personneldease their familiarity with the different
technologies. It is recommended that as far as possible, the same team remain engaged in the pilot projects to
build uponthe experience gained to date.

It is recommended that this project be followed by thevd®dpment of a strategic roadmap for deployment of
distributed controls which identifies ADMS functions that can be implemented in substation and feeder based
controllers.

4.1 Technology/Knowledgeransfer plan for applying results into practice

During the couse of the project, several workshops and project demonstration sessions were held with the
involvement of SDG&E stakeholders to share the project approach, major findings and to showcase the specific
use cases.

SDG&E plasto communicate he results of lhe projectwith the industry at largelt is therefore recommended
that appropriate venues such asnferences and industry evertte selectedor papersubmission and
presentationto summarizeand sharehe key findingwith the industry. Bydoing sothe experience gainedn

this project can baehared with as many stakeholders as possibMhich includes anyondealing with the need

to integrateDERs and other IEDs the distribution systemSDG&E will also widely announce the availability of
this find report.
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5 METRICS AND VALUEOPRSITION

5.1 ProjectMetrics

The project tracking metricacluded the milestones in the project plan. Technical metrics for this project were
based on comparing the performance of distribution system operations when various new control schemes are
in place with the performance of the same operations when the mrs#ichemes are not in place. These
performance metrics included measures of power quality, electrical loss reductions, asset health maintenance,
and adaptability to new device types in the distribution system.

Also, major project results were submitted technical papers and presentations for consideration by major
technical conferences and publications.

The following metrics were identified for this project:

1 Economic benefits:

a. Reduction in electrical losses in the transmission and distribution system.

b. Number of operations of various existing equipment types (such as voltage regulation) before
and after adoption of a new smart grid component, as an indicator of possible equipment life
extensions from reduced wear and tear.

c. Improvements in system operaticefficiencies stemming from increased utility dispatchability
of customer demand side management.

1 Safety, Power Quality, and Reliability (Equipment, Electricity System):
a. Outage number, frequency and duration reductions.
b. Forecast accuracy improvement.
c. Rediced flicker and other power quality differences.
d. Increase in the number of nodes in the power system at monitoring points.

9 Identification of barriers or issues resolved that prevented widespread deployment of technology or
strategy:

a. Description of the sues, project(s), and the results or outcomes.

b. Dynamic optimization of grid operations and resources, including appropriate consideration for
asset management and utilization of related grid operations and resources, witleifestive
full cyber securitfPU Code § 8360)

c. Deployment of coseffective smart technologies, including real time, automated, interactive
technologies that optimize the physical operation of appliances and consumer devices for
metering, communications concerning grid operations atadus, and distribution automation
(PU Code § 8360).

1 Effectiveness of information dissemination:
a. Number of information sharing forums held.
b. Stakeholders attendance at workshops.
c. Technology transfer.
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1 Adoption of EPIC technology, strategy, and reseagela/results by others
a. Description/documentation of projects that progress deployment, such as Commission approval
of utility proposals for wide spread deployment or technologies included in adopted building
standards.

5.2  Value Proposition: Primary and Secdary Guiding Principles
The value proposition was to address how the project met the EPIC principals.

Table 5.1summarizes the specific primary and secondary EPIC principles advanced by the Distributed Control fe
Smart Grids Project:

Table5.1: EPI®Primary and Secondary Guiding Principles

Primary Principals Secondary Principals
Safe, -
Loadin LowEmission| Reliable & Economic EfflCI;[]t e
Reliability| Lower Costy Safety g Vehicles / Affordable
Order . Development| Ratepayers
Transportation| Energy .
Monies
Sources
Vv Vv

The Distributed Control for Smart Grids Project covers the following primary EPIC principals:

1 Reliability: The results of this project demonstrates several scenarios and options that dynamically
adjust protection settings to increase reliability. The demonstrated benefits of the distributed control
approach in the areas of DER integration, improved grid gtgbibliability and power quality and better
utilization of controllable assets.

1 Safety:The project focuses on a decentralized control approach, which gives for faster response times

and deterministic behavior improves personnel safety, since therdwiikss intervention and
therefore less room for human error.
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LIST OF ACRONYMS ANEBREVIATIONS

AAPSC Autonomous Automatic Protection Setti@@hange
AARC Autononmous Automatic Resource Control
ADA Advanced Distribution Automation

ADCS Advancedistributed Control System

ADMS Advanced Distribution Management System
AMI Advanced Metering Infrastructure

AP Application Processor

APS AutomaticProtection Setting

APSC Automatic Protection Setting Change

ARC Automatic Response Control

ASLT Autonomous Synchronized Load Transfer
BESS Battery Energy Storage System

CT Current Transformer

DA Distribution Automation

DCS Distributed ControBystem

DER Distributed Energy Resources

DERMS Distributed Energy Resource Management System
DG Distributed Generation

D-SCADA | Distribution SCADA

DMS Distribution Management System

DRMS Demand Response Management System
DSO Distribution Systen©perator

EMS Energy Management System

EPIC Electric Program Investment Charge

ESS Energy Storage Systems

FAT Factory Acceptance Test

FIT Feeder Injection Test

FLISR Fault Location, Isolation, and Service Restoration
HIL Hardwarein-Loop

HMI HumanMachine Interfaces

IEC International Electrotechnical Corporation
IED Intelligent Electronic Device

ITF { 5 D g |at€yeated Test Facility

kw Kilowatt

LTC Load Tap Changer

NRTPF NearRealTime Power Flow
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OMS Outage Management System

PCC Point ofCommon Coupling

PHIL Power Hardware in the Loop

PMU Phasor Measurement Unit

PT Potential Transformer (aka Voltage Transformer)
PV Photovoltaic

RFP Request for Proposal

RTDS Real Time Digital Simulator

RTU Remote Terminal Unit

SAIDI System Averaghterruption Duration Index
SAIFI System Average Interruption Frequency Index
SAT Site Acceptance Test

SCADA Supervisory Control and Data Acquisition
SDG&E San Diego GasElectric

SIL Softwarein-Loop

SLD Single Line Diagram

SLT Synchronized Loatransfer

VR Voltage Regulator
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8 APPENDIX AADDITIONAL USESARESULTS

Both Use @se 1 andUseCase2 involvedseveral test cases, bior the sake of brevity, only @presentative
sampleof thesewere evaluatedin the preceding sectionsAppendix Alocumensthe results of those test cases
that were omitted from the earlier sectiond/hile the test results are not explained in detail in this section,
they enable the interested reat to observe the difference between various control scenarios

The fgures that follow illustrate the locations of the various SLD elements referenced in the test cases, as well &
the mapping on how values like the P and Q contributions of the DER on the two circuits are constructed.
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8.1 Use Case JAutomatic Resource Control Test Results

8.1.1 TestCase.l

Table8.1. Testcondition for Case 1.1
Case#t Test Conditions

Remark

11 High load (fix), no DERith following initial conditions: Baseline System 1 (No DE
LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3_tap=5, VR#4_| with all controllable deviceg
Cap banks in CCR1 are ON, all Cap banks in CSY1 are OFF, tie switches are o| in Local/Auto mode)
Case 1.1 RMS Voltages (kV-LN) - CCR1 Case 1.1 RMS Voltages (kV-LN) - CSY1
729 ]
~VrmsA_Bus103 | "2 ~VrmsA_Bus202
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? | .
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~CB_CCR1_Qtot B_CSYT (3ph
4000
5000
3500
3000 4000
2500
2000 3000
1500 2000
1000
500 1000
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Figure8-5. Voltage profiles, circuit powers, and DER contributiogfor Case 1.1

It can be observed iRigure8-5 that, under CS1 (Local Contfxtenariy, BESSs do not contribute to the

regulation of the voltage profile.
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8.1.2 Test Case.?

Table8.2. Testcondition for Gase 1.2

Case#t | Test Conditions  Remark
1.2 High load (fix), no DERith following initial conditions: Master controller was
LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3_tap=5, VR#4| responsible to take actions
all Cap banks in CCR1 are ON, all Cap banks in CSY1 ares@tehdéie are open. | through ARC/IVVC algorith

Case 1.2 RMS Voltages (kV-LN) - CCR1 Case 1.2 RMS Voltages (kV-LN) - CSY1
7.2
=\rmsA Busl03 737_/ =VrmsA_Bus202
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72
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Figure8-6. Voltage profiles, circuit powers, and DER contributionfor Case 1.2

Figure8-6 shows that the master controller involvdBESSin the adjustment of bus voltage(CS2)
therebyleading toan improved voltage regulatioand circuit power factofas comparedo Case 1.1).
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8.1.3 Test Case.B

Table8.3. Test condition for Gse 1.3

Case#t | Test Conditions

1.3 Low load (fix), no DERith following initial conditions: Baseline System 1 (No DER
LTCN1_tap=4, LTCSY_tap=4, VR#1_tap=0, VR#2_tap=1, VR#3_tap=5, VR#{ with all controllable devices i
all Cap banks in CCR1 are ON, all Cap banks in CSY1 are OFF, tie switches | Local/Auto mode)

Case 1.3 RMS Voltages (kV-LN) - CCR1 Case 1.3 RMS Voltages (kV-LN) - CSY1
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Figure8-7. Voltage profiles, circuit powers, and DER contributionfor Case 1.3

Similar to Case 1.BESSs are not involvedtire voltage regulatiorand, thus,the bus voltages
experience a jump as shownhigure8-7. This may cause unintentional operation of some of the
protective equipmentFurther, the circuit power factos arenot improved.
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8.1.4 TestCase .2

Table8.4. Test condition for @se 1.4

Case#t Test Conditions

1.4 Low load (fix), no DERith following initial conditions: Master controller was
LTCN1_tap=4, LTC&Y=4, VR#1 tap=0, VR#2_tap=1, VR#3_tap=5, VR#4_ta| responsible to take actions
all Caphbanks in CCR1 are ON, all Cap banks in CSY1 are OFF, tie switches a through ARC/IVVC algorithm

Case 1.4 RMS Voltages (kV-LN) - CCR1 Case 1.4 RMS Voltages (kV-LN) - CSY1
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Figure8-8. Voltage profiles circuit powers andDER contributiongor Case 1.4

The master controlleutilizes BESSs for system performance improvemastsuch, besides the fine
tuning of busvoltages, the increaskcontribution of DERBnproves systenefficiency and power factor
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Table8.5. Test condition for @se 1.5

Test Conditions

15 High load (fix), Low PV (fix) Baseline System 2 (all controllablg
Initial Conditions: Steady state of case 1.1 devices were if.ocal/Auto mode)
Case 1.5 RMS Voltages (kV-LN) - CCR1 Case 1.5 RMS Voltages (kV-LN) - CSY1
72] ~VrmsA _Bus103 ~VrmsA_Bus202
=VrmsA Bus110 ~VrmsA Bus205
711 =VrmsA_Bus115 | 7.157 =VrmsA_Bus207
] 71
601 7.05
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Figure8-9. Voltage profiles circuit powers andDER contributiongor Case 1.5

Figure8-9 shows that the substation BESS has generated some real power based on its local peak
shaving functionality.
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8.1.6 Test Case.b

Table8.6. Test condiion for Case 1.6

Case#t | Test Conditions

1.6 High load (fix), Low PV (fix) Master controller was responsible to take
Initial Conditions: Steady state of case 1.1 actions through ARC/IVVC algorithm.
Case 1.6 RMS Voltages (kV-LN) - CCR1 Case 1.6 RMS Voltages (kV-LN) - CSY1
1 7.15
71 ~VrmsA_Bus103 ~VrmsA_Bus202
] =~VrmsA Busl110 =VrmsA_Bus205
705 7.1 ~VrmsA Bus207

—\ =VrmsA Busll5
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6.75 T T T T T T T T T ; T
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Figure8-10. Voltage profiles circuit powers andDER contributiongor Case 1.6

Compared to Case 1.the voltage profile has been improveldieto the effective utilization of DERs. It
is also noted that voltageontrol has had more priority over the feedpower factor regulation
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8.1.7 TestCaseX

Table8.7. Test conditionfor Case 1.7

Case#t | Test Conditions

1.7 High load (fix), Low PV (fix) Sub controller was responsible to take actions throu
Initial Conditions: Steadstate of case 1.1 permission or communication loss (prior to event)
Case 1.7 RMS Voltages (kV-LN) - CCR1 Case 1.7 RMS Voltages (kV-LN) - CSY1
73 7.15
=VrmsA_Bus103 =VrmsA_Bus202
=VrmsA_Bus110 =VrmsA_Bus205
72 =VrmsA_Bus115 | 71] =VrmsA_Bus207
717
7.057
-
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68
69

1 2 3 4 5 6 7 8 9 10 11 1z 1 2 3 4 5 6 7 8 9 10 11 1:
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Case 1.7 Circuit P (W) and Q (kVAr) - CCR1 Case 1.7 Circuit P (W) and Q (kVAr) - CSY1
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Figure8-11. Voltage profiles circuit powers andDER contributiongor Case 1.7

The results oFigure8-11 shows that for this test casethe substation controlleis able toregulatethe
bus voltages and feeder power factor almost similath®master controller (Case 1.6).
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Table8.8. Test conditionfor Case 1.8

Case#t | Test Conditions

1.8 Case B: High load (fix), Low PV (fix) Baseline System 2 (albbntrollable
Trip CCR1147CWafter the system gets to the steady state condition. devices were in Local/Auto mode)
Case 1.8 RMS Voltages (kV-LN) - CCR1 Case 1.8 RMS Voltages (kV-LN) - CSY1
7.051 715
ﬁ\_ ~VrmsA_Bus103 ~VrmsA_Bus202
7 =VrmsA_Busii0 | 71 ~VrmsA_Bus205
6.95] VITTSA_BUSIIS =VrmsA_Bus207
69l 7.051
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Figure8-12. Voltage profiles circuit powers andDER contributiongor Case 1.8

As can be seen rigure8-12, following the cap bank trip, the local controllers cannot bring back the
voltage of Bus 110 to the acceptable range. It is also observed that DERsihiwal imvolvement
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8.1.9 Test Case.®

Table 8.9. Test conditionfor Case 1.9

Case#t | Test Conditions
1.9 Case 1.6High load (fix), Low PV (fix) Master controller wasesponsible to take
TripCCRA147CWafter the system gets to the steady state conditio| actions through ARC/IVVC algorithm.

Figure8-13. Voltage profiles circuit powers andDER contributiongor Case 1.9

As opposed to Case 1.8, the master controller effectiuglizes DERS to regulate voltage profile and
improve power factor, while minimizing the renewable energy curtailment.
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