THESIS

AN OPEN SOURCE INTERFACE FOR DISTRIBUTION SYSTEM MODELING IN POWER
SYSTEM CO-SIMULATION APPLICATIONS AND TWO ALGORITHMS FOR

POPULATING FEEDER MODELS

Submitted by
Rahul Kadavil

Department of Electrical and Computer Engineering

In partial fulfilment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Spring 2017

Master’s Committee:
Advisor: Siddharth Suryanarayanan

Howard J. Siegel
Thomas H. Bradley



Copyright by Rahul Kadavil 2017

All Rights Reserved



ABSTRACT

AN OPEN SOURCE INTERFACE FOR DISTRIBUTION SYSTEM MODELING IN POWE

SYSTEM CO-SIMULATION APPLICATIONS AND TWO ALGORITHMS FOR

POPULATING FEEDER MODELS

The aging electric infrastructure power system infrastructure is undergoing a
transformative change mainly triggered by the large-scale integration of distributed resazhrces su
as distributed generation, hybrid loads, and home energy management systems at the end-use level.
The future electric grid, also referred to as the Smart Grid, will make use of these distributed
resources to intelligently manage the day to day power system operations with minimum human
intervention. The proliferation of these advanced Smart Grid resources may lead to coordination
problems to maintain the generation-demand balance at all times. To ensure their safe integration

with the grid, extensive simulation studies need to be performed using distributed resources.

Simulation studies serve as an economically viable alternative to avoid expensive failures.
They also serve as an invaluable platform to study energy consumption behavior, demand
response, power system stability, and power system state estimation. Traditionally, power system
analysis has been performed in isolated domains using simulation tools for the transmission and
distribution systems. Moreover, modeling all the power system assets using a single power system
tool is difficult and inconclusive. From the Smart Grid perspective, a common simulation platform
for different power systems analysis tools is essential. A co-simulation framework enables the
interaction of multiple power system tools, each modeling a single domain in detail, to run

simultaneously and provide a holistic power system overview.



To enable the co-simulation framework, a data exchange platform between the
transmission and distribution system simulators is proposed to model transmission and distribution
assets on different simulation testbeds. A graphical user interface (GUI) is developed as a front-
end tool for the data exchange platform and makes use of two developed algorithms that simplifies

the task of:

1. modeling distribution assets consisting of diverse feeder datasets for the
distribution simulator and balanced three-phase level assets for the transmission
system simulator, and

2. populating the distribution system with loads having stochastic profiles for time-

step simulations.

The load profiles used in the distribution system models are created using concepts from
one-dimensional random walk theory to mimic the energy consumption behavior of residential
class of consumers. The algorithms can simulate large scale distribution system assets linked to a

transmission system for co-simulation applications.

The proposed algorithms are tested on the standard test syR@nBillinton Test System
(RBTS) to model detailed distribution assets linked to a selected transmission node. Two open
source power system simulatermMATPOWER® and GridLAB-IF are used for the transmission
and distribution simulation process. The algorithms accurately create detailed distribution
topology populated with026 residential loads expanded from the transmission node, bus 2 in

RBTS.

Thus, an automated modeling of power system transmission and distribution assets is

proposed along with its application using a standard test system is provided.
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CHAPTER 1

INTRODUCTION

1.1 A PRIMER ON THE SMART GRID INITIATIVE AND MOTIVATION FOR
RESEARCH WORK

The electric grid is undergoing a paradigm shift towards a complex cyber-physical entity,
also known as the Smart Grid, to automate and manage the growing needs for electricity demand
in the 2% century [1, 2]. The Smart Grid refers to the class of advanced digital technologies that
only will allow for bidirectional communication between grid operators and consumers but also
be spatially aware for quick and efficient management of the changing electricity demand [3]. The
transformation has the potential to enable consumers to have more choice and control to better
manage their energy demand and also reliably maintain grid security while minimizing the
operational cost [4]. Additionally, the Smart Grid will be resilient enough to automatically detect
and isolate contingencies at the physical and cyber level before they exacerbattatbyansic
cascade [5].

Smart Grid technologies will be able to take advantage of the large number of distributed
energy resources (DER) to supply energy when power is not available from traditional sources [6].
While technology on both sides of the meter is advancing, the interaction of large number of DERs
at the grid interface to mitigate the energy demand-supply imbalance may prove to bgicizplle
to coordinate due to the number of involved entities [7]. The integration of these new technologies
along with their control algorithms requires complex control strategies and extensive testing with
respect to power quality and grid stability. To this effect, simulation testbeds offer an economically

viable alternative to test the large-scale deployment of DER in a simulated Smart Grid setting [8].



Before the advent of the Smart Grid, the tools used for power system analysis modeled the
transmission and the distribution network in isolated domains. With the penetration of more Smart
Grid technologies such as distributed photovoltaics (PV), and electric vehicles (EV) at the
distribution level, their complex interaction with the bulk power network cannot be satisfactorily
analyzed by modeling them in a single power system domain [9]. This necessitates the
development of a co-simulation environment where multiple power system modeling tools, each
modeled to great detail in their specific domain, can interact and run simultaneously to analyze the
impact of the new Smart Grid distribution system on the transmission grid [10].

The research work aids to facilitate the reader with easy comprehension of ideas,
procedures, and algorithms pertaining to the modeling and simulation of detailed distribution
topologies linked to a transmission system for power system co-simulation applications. The tools
presented in this work cater to the distribution network creation and population for the co-
simulation environment. As a part of the network creation process, the distribution level feeders
are populated with detailed end-use assets and load profiles. The distribution system created can
be used as a simulation testbed to integrate different DER technologies and perform long term co-
simulations over a wide time horizon to study their impacts and develop new reliability metrics
that will evaluate system performance.

1.2 OBJECTIVE OF THE RESEARCH

The main objective of this research is to develop the tools to automate the swift creation of
detailed power system network models in the transmission and distribution domain. The tool
presented in this research work is called the Data Exchange Model or DEX.py (pronounced as dex
dot py) that combines a top-down approach for distribution network model creation and bottom-

up approach for populating the network with load profiles to aid in the co-simulation process. The



other important objectives also include the application of DEx.py on a standard IEEE test system
that serves as the candidate system and the demonstration of the results. Figure 1.1 depicts the

research time-line for the milestones achieved in this thesis work.
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Figure 1.1: Time-line of research

1.3 ORIGINAL CONTRIBUTIONS

The research work performed in this thesis is original and contributes to multiple
domains—power system modeling, power flow studies, power system operations, and random
walk theory applications to develop tools to model the distribution system asset in the emerging
Smart Grid. Two articles based on the research work have been published at the time of writing

this thesis [11, 12]. The following is a summary of the contributions of the work performed in the

thesis:



1. Comparison of existing tools for modeling distribution system assets that include
stochastic load models over a wide time range
2. Development of a distribution network modeling algorithm that uses abstract
mathematical approach for network creation
3. Development of a stochastic load models that can use real or synthetic load profiles
for modeling the residential load class in the distribution system
4. Development of a graphical user interface for easy configuration of user inputs to
perform the distribution asset population
5. Application of the proposed research work on a standard test system are outlined
1.4 SOFTWARE TOOLS
The Roy Billinton Test System (RBTS) serves as the candidate system [13]. To set up the
co-simulation variables, the candidate test system modeled in PowefNatdmmercial three
phase load flow analysis platform serves as the physical network [14]. Using open source tools,
the physical network is simultaneously modeled at the transmission level for use in MATFOWER
and at its load points at the distribution level to run in GridLAB-8n agent-based distribution
system simulator [15, 16]. The network information in PowerWoikl extracted using its
Auxiliary File Scripting tool to serve as an input to DEx.py [17]. Three phase network information
in the form of IEEE common data format (CDF) is asnpported input to DEx.py [18]. The dat
exchange model script written in Python 3.0 then proceeds forward to create the runtime
configuration scripts for the transmission and distribution simulator [19]. The instructions and the
source codes to run these tools are made available in the public domain at the following webpage:

http://www.engr.colostate.edu/sgra/



http://www.engr.colostate.edu/sgra/

1.5 ORGANIZATION OF THESIS

The work in this thesis is organized into four chapters. Chapter 2 provides an overview of
the power system model creation tool developed in Python for setting up the co-simulation
environment.

Chapter 3 explains the two-step algorithm developed for creating scalable distribution
system in a bottom-up approach to match a connected load at a transmission bus and populating
the distribution system with active power loads possessing time varying load profiles. The
application of the developed algorithms on a selected bus in the candidate syisterRoy
Billinton Test System (RBTS) is presented.

Chapter 4 provides the conclusion and recommendations for future work.



CHAPTER 2

DEX.py - DATA EXCHANGE PLATFORM BETWEEN POWER SYSTEM SIMULATORS

This chapter presents an overview of the data exchange tool and provides detailed features
and methodologies followed for rapid customization of distribution network parameters linked
from a transmission system.

2.1 END-USER AND POWER NETWORK MODELING USING DEXx.py

In the emerging Smart Grid, many new technologies are being introduced at the
distribution-level [20]. These new end-user assets, such as distributed PV solar, smart appliances,
and smart heating, ventilation and air conditioning (HVAC) systems, may impact the transmission
grid and wholesale market level unlike in the past. To properly determine the impact of these
technologies and their controls on power system network and market operations, we need methods
for populating distribution feeders with differing amounts of these technologies stochastically
while still maintaining a realistic aggregate load curve at the point of common coupling (PCC)
with the transmission level. To that end, we developed the data exchange model (DEx.py) in the
programming language Python, shown in Figure 2.1. The developed tool can accept customized
network configurations to create distribution topologies and custom load profile data to base the

profiles for each of the connected loads.

1 This chapter is a verbatim reproduction of portions of a co-authored article published in the IEEE
Electrification Magazine as cited in the reference [11]. The required permissions for re-use of the
material have been obtained from the copyright holders and are included in the Appendix A. The
numbering of the figures and tables has been modified to satisfy the formatting requirements of
the thesis.
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Figure 2.1 DEx.py as a pre-simulation network and end-user model generator

2.2 THE DEx.py INTERFACE

DEX.py provides a graphical user interface, as shown in Figures 2.2-2.6, developed in the
Python environment for rapid creation of distribution network parameters linked from a
transmission system. Figure 2.3 shows the format of the transmission and distribution network
models created by DEX.py. The output file formats are limited to MATPOYABR GridLAB-

D®simulators due to their open-source nature. In the initial phase, DEXx.py performs the following

two functions:

1. distribution network creation, and

2. populating the network with end-use loads.



The distribution network thus created, forms an input to GridLAB-dhd is linked to a

transmission bus present in a transmission system modeled in MATPQWER

B DEx.py Ul ? X

Read Three phase network data

-_—
— Load Data I
—
-
Clear Data
-
Data Processing File Process Progress

2,

Configuration

DEx Console Log

11:42:16: Processing the IEEE file [l

11:42:16: Progress - 25%
11:42:16: Found 45 buses

11:42:16: Progress - 50%
11:42:16! Found 50 line branch

11:42:16: Progress - 75%
11:42:15: Found 11 Generators

11:42:16: Progress - 100%
11:42:16: Found 9 Loads

Close

Figure 2.2 Main user interface of DEX.py

The distribution topology is created by setting the upper bounds for the number of primary

feeders, sub-feeders per primary feeder, the load points, distribution transformers, and cables per



load point for each transmission bus. Figure 2.4-2.5 presents an overview of the detailed
customization options available to the user for creating a distribution topology. DEXx.py currently

populates the distribution system with residential load class.

B DEcpy Ul ? X

File Configuration Setup
Run MATPOWER file
Run GridLAB-D file

p

-/

Data Processing Set System Base MVA @ | 100

Distribution Metwork Setup
Configure

Build Runtime Files
Configuration Build

DEx Console Log

11:48:48: Graphical distribution model for Bus4 created. ]

11:43:54: Bus4,L-40MW,F-7,LP-38,H-8052: Loaded
11:49:01: Graphical distribution model for BusS created.

11:49:06: Bus5,L-20MW F-4,LP-25,H-4025: Loaded
11:49:08: Bus 2 added to the creation list.,

11:49:08: Bus 4 added to the creation list.

11:49:09: Bus 5 added to the creation list.

11:49:48; Distribution parameters applied!! w

Close

Figure 2.3 Generating the run time simulation files for MATPOWE&hd GridLAB-I¥



2. Line Configuration

Line Spacing Overhead Line Conduct
AB: 25 |frBCif4s  |foac|zo | f Library: i
AN: [5.657 | ft. BN: [4.272 | ft. cN: [s5.0 | f

Load Data GMR:

Triplex Line Conductor

or

Resistance: |0.304519

0.0244 Amp Rating:

Library: Load Amp Rating: Amps Resistance: Loading (%&): 88
GMR: 0.0308 Cont. Rating Amps Diameter:

7 Conductor Data ? >

Size Strand Material Dia GMR R EEtoRS

11 75TRND Copper 0.328 0.000992 0.765

2 336400 25/7  ACSR  0.721 00244 0304518

3 700000 37STRD Copper 0.963 0.0308  0.0947

Update
< >

Figure 2.4: Line

3. Load Configuration

parameter configuration for distribution modeling in DEX.py

Distribution Network Modelling

Residential House Properties

Default Load Schedule

Base Load (kw): 5

Mean Area (sq.ft.): == |[] 1000.0 Std. Dew. @

*0-2** *0.500;
*3-5% % *0.250;
E6-BF T 0,750;
915 F% 2 1.000;
*16-17 = = * 0.500;
*18-20 F * * 0.750;
* 2403 TG00

Mean Storey Count: ﬁj__‘. 2 Std. Dew.
Distribution Feeder Generation
Load Bus Select: |5 = | Installed Load: 20 MW - Load Network Data

Visualize Network

Stochastic Load Profile Generation
Load Schedule Setup
Import

Load Bus: 5
Residential Houses: 4026 ol

Scale (%)

Distribution Network Model Summary

| |ss.a

4
26

Total Feeders:
Total Load Points:

Confirm Model

Apply

Reset

Bus Load Feeders Load Points Houses DFGA SLPGA Max. MW Create

14 4 22 4000 4026 yes 7.0 2
2 7 38 8000 8052  yes 340 4
20 |4 26 4000 4026 yes 170 5

Figure 2.5 Load configuration for distribution system modeling in DEX.py
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1. General Options

Load Climate Data Clock

L]

Climate Data: CO—Coloradu_springs.tmyE|| Load | e zone:F [

Start Time: |?_DDEI-01-01 00:00:00

Ak 4r

Iteration Solver Select Stop Time: |2000-01-02 00:00:00
Solver Method: |yr =

Iterations limit:

Figure 2.6 General options for distribution modeling in DEX.py

2.3 DISTRIBUTION TOPOLOGY CREATION USING DEx.py

As an example, case scenario, each load bus in RBTS is modeled by DEx.py as a
distribution system in GridLAB-B[13, 16]. RBTS has a peak connected load of 185MW. The
end use loads connected in the distribution system aggregate to the installed capacity at each
transmission bus in the RBTS. Figure 2.7 provides the operational flowchart of the data exchange

tool. An overview of the major steps involved in using DEXx.py is as follows:

a) DATA PROCESSING

In this stage, the balanced three phase network data is synthesized to store information
about the generation, buses, transmission lines, and load points. The Powernioildry
Script File is used to extract the power system data as an input to DEXx.py [17]. Alternatively,
DEx.py can read case information data from power system simulators that supports the IEEE
common data format [18]. As shown in Figure 2.5, DEx.py automatically populates information
about the load points such as the transmission node where the load point is present and the power
of the connected load in megawatts (MW) or kilowatts (kW). Load point data extracted from the

power system case are used by DEXx.py to model the distribution assets.

11
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Figure 2.7 The operational flowchart for DEX.py

Figure 2.7 shows three-bus test case system modeled in a commercial three phase

simulator PowerWorltl and saved in the IEEE common format. DEx.py parses the three bus test

12



case data to filter out the generators (connected at bus 1 and 3) and load points (connected at bus

2), as shown in Figure 2.9, for further perusal.

T-L2RHERERE-- 3busonline - Case: test_casel.CF Status: Initialized | Simulator 19 Evaluation - [
Caselnformation | Draw  Onefines  Tools  Options  AddOns  Window @
5% SOk ot C * . =
e & ? i Network [R— Case Description... | Power Flow List.. %} ‘:_‘ Qﬁﬂi
s o Aggregation - AX Case Summary... Quick Power Flow List.., L i i
RunMade | Model  AreaZone Limit Difference  Simulator Bus  Substation  Onmeline Open
Explorer. Filters Monitoring... ~ Solution Details = | “plows+  Optiens., =~ Custom Caselnfo., | AUX Export Format Descu | yiew, e Viewer..  Windows *
Mode Case Information Case Data Views
1.000 pu A .955 pu
PQ
Slack i Hrar 5 200 MW
A A
50 Mvar
0.000 Deg MVA MVA
100 MW -6.907 Deg
52 Mvar Save As X
4 « Desktop > Read Case v|&| | SearchRead Case »
Organize v New folder = @
A" Name ) Type Size D
7 Quick access
| ] test_casel.CF CF File 2KB 1,
1B Desktop e
1.000 pu 3 3.380 Deg & Downloads
= PO P >
PV File name; | test_casel.cf v
Save a5 type: |IEEE Commaon Format (*.cf) v
PowerWarld Binary (*.pwb)
PTI Raw Data (*.raw) (with options)
4 Hide Folders GE EPC Format (".epc) (with options)
|EEE Common Format (".cf)

PowerWorld Binary v19 (*.pwh)
PowerWorld Binary v18 (*.pwh)
PowerWorld Binary v17 (*.pwh)

PowerWorld Binary v16 (“pwh)
100 MW 31 Mvar PowerWorld Emazvﬁ I zwh)
PowerWorld Binary v14 (“pwh)
PowerWorld Binary (*.pwb) (with options)
PowerWorld Ausiliary Dats (*.aux)
PowerWorld Ausiliary Dats - Secondary Keys (*.aux)
PowerWorld Ausiliary Dats - Labels (*.2ux)
PowerWorld Ausiliary Dats - Network Only (*.au)
BPA IPF Format (".net)
MatPower (*.m)

Figure 2.8 Three bus test system case saved as IEEE common format data in PowerWorld

Bython 3.4.4 (v3.4.4:737efcadfSa6, Dec 20 2015, 20:20:57) [M5
De4)] on win3z

Type "copyright™, "credits" or "license ()" for more informati

Bus ID: 1, HName: Slack
Bus ID: 3, Hame: FV

Figure 2.9 DEX.py console output from parsing an IEEE common format file for three-bus test system
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L&
File Edit Shell Debug Options Window Help
——————————————————————— Generator Buses---

Bus ID: 1, Name: GlenLynl3Z2
Bus ID: 2, Name: Claytorl3z2il
Bus ID: 3, Name: Humisl3Zl
Bus ID: 4, Name: Hancockl3Zl
Bus ID: 5, Name: Fieldalel3Z21l
Bus ID: &, Name: Roanokel3Z2l
Bus ID: 7, Name: Blainel32l
Bus ID: 8, Name: Reusensl1321

Bus ID: 9, Name: Roancokel.(1

Bus ID: 10, Name: Roanoke33l

Bus ID: 11, Name: Roanokelll

Bus ID: 12, Hame: Hancock33l

Bus ID: 13, Hame: Hancocklll

Bus ID: 27, Hame: Cloverdle33l
Bus ID: 28, Name: Cloverdlel3Z2ll

Bus ID: 2, Name: ClayvtorliZl
Bus ID: 3, Name: Kumisl3Z2l
Bus ID: 4, Name: Hancockl3Zl
Bus ID: 5, Name: Fieldalel321l
Bus ID: 7, Name: Blainel32l
Bus ID: 8, Name: Reusensl1321
Bus ID: 10, HName: Roanoke331
Bus ID: 12, HName: Hancock33l
Bus ID: 14, Name: Bus1433
Bus ID: 15, MHame: BuslS533
Bus ID: 16, Name: Busle33
Bus ID: 17, Hame: BuslT33
Bus ID: 18, Name: Busl833
Bus ID: 19, Name: Bus1933
Bus ID: 20, MName: Bus2033
Bus ID: 21, Mame: Bus2133
Bus ID: 23, MName: Bus2333
Bus ID: 24, Name: Bus2433
Bus ID: 26, Hame: BusZe33
Bus ID: 29, Name: Bus2933
Bus ID: 30, HName: Bus3033
i

GUE ON (TK)

Figure 2.10DEXx.py console output from parsing an IEEE common format file for 30 bus test system [21]

Figure 2.10 shows an additional example of the power system data parsed by DEX.py for
an IEEE 30 bus test case made available in the public domain [21]. Figure 2.11 shows the three-
phase network for the RBTS system modeled in PowerWahdt serves as the candidate system
for DEx.py. The details of the loads present at RBTS buses in Powef\Weitiown in Table

2.1.
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Table 2.1 The RBTS load points modeled in PowerW6iiti3]

Bus Transmission Node Load Points | Connected Load (MW)

2 38 22 20
344 30

3 346 44 40
347 15

106 10

4 107 38 10
108 20

5 180 26 20
6 263 31 20
Total MW 185

b) DISTRIBUTION NETWORK CONFIGURATION

The parameters associated with the selection of the distribution system-asaieis of
the cables, distribution transformers, load points are configured here. DEX.py uses the Distribution
Feeder Generation Algorithm (DFGA) to create the distribution topelaggl or synthetie-
linked to each transmission node in a three-phase power system. Detailed implementation for

DFGA is explained in Chapter 4.

For creating a distribution topology, the user can set the upper bounds on the number of
feeders Ky), its associated set of load point®£), and sub-load points¢b — LP;) in a text file.
Each line in the text file will be read as a feeder configuration for a distribution network at a
particular transmission b(EN;). The general format for defining a feeder topology with its set of

load points and sub-load points at a bus is as follows:

[[Fy: [LPy: [Sub — LPy, Sub — LP,, -+, Sub — LP;; |, LPy, LP3, -+, LPy1]],]
[FZ: [LP,: [Sub — LPy,Sub — LP,,-+,Sub — LP;,|,LP,, LPs, -+, Lsz]],
TN; '

[Fo: [LPy: [Sub — LPy, Sub — LP,, -+, Sub — LPj3], LP;, LPs, -+, LP;s]],

| [Fy: [LPy: [Sub — LP;, Sub — LPZ,'---,Sub — LP,|,LP,, LPs, -+, LP(]] |
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The above feeder configuration format represeNts number of primary feeders per
transmission bus. Each feeder can have ug, teet of load points where = 1,2,3,-:-, K andK
is the total number of load points. Sub-load poisish, — LP; can be placed at any load poi®,
per feederFy. To elucidate the feeder configuration format further, let us consider the first element

in the feeder list:
[Fl: [LPl, LP2, LP3, “‘,LPkl]]

The first element defines the first feed@rfor a transmission bug)N; having1 to k, load
points which is basically the length of the connected sub-elements on that feeder. Each sub-element
or load point inside the feeder object defines the number of load points attached to that node of the
feeder. For example, consider the upper bounds of the load points for a single feeder configuration

(F,) at a bus saved in a text file as shown:
[[2,2,2,1],[1,1]]

The list shown above defines that the primary feeBe@t a bus consists of two sub-
feeders. The first sub-feeder hasiodes and the second sub-feederhasdes. The first sub-
feeder hag load point connected at the first 3 nodes amolad point connected at the last node.
The second sub-feeder hhdoad point connected at each of 2Asodes. The total load points

(LP¢oiqr) Present inf; is,
LPiptay =2+2+24+1+14+1=9 (2.1)

DEx.py reads the feeder configuration from the text file to customize the distribution
system topology. Using the information presented in Table 2.1, the feeder configuration for each

bus in RBTS is defined in the text file as follows:
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i. Bus2with 4 feedersand 22 load points:
[[2,2,2,1],[1,1],[1,2,2,1],[2,2,1,2]]

ii.  Bus3with 8 feedersand 44 |load points:
[[1,1,1,2,2],[1,1,1],[1,1,2,1,2],[1,1,2,1,2], [1,1,1,2,2],[2,2,1,2], [1,1,1], [1,1,1]]
iii.  Bus4with 7 feedersand 38 load points:

[[1,1,1,2,2],[1,1,1],[1,1,2,1,2],[1,2,2,1,2], [1,1,1], [1,1,1],[1,1,2,1,2]]

iv. Bus5with 4feedersand 26 load points:

[[2,2,2,1],[1,1,1,1,2],[1,2,1,2],[2,2,1,2]]

v. Bus6with 4 feedersand 31 load points coupled with 8 sub-load points:
[[1,1,1,1,1,1], [1,1,1,1,1,1,1],[1,1,1,1],[1,1,1,1,1,1,[[1], [1,1,1,1]], 1,1,1, [[1,1,1,1,1]],1,1,1]]]

A representation of the data input to DEXx.py to read the feeder and load points for a
transmission bus is shown in Figure 2.12. The tree diagram of the distribution topology for RBTS
bus 2 consisting of feeders, sub-feeders, and its load points created using DFGA is shown in Figure
2.13. The tree diagram is generated in the DEx.py GUI and serves as a feedback to test with
different user defined feeder configurations. The DFGA method built into DEXx.py optimally
arranges the load points to be created at each feeder for the user defined feeder configuration.
ensures that the total load points will always match the total load connected at a particular

transmission bus. The constraints set into the DFGA method is further detailed in Chapter 4.
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Figure 2.12Feeder configuration format for DEX.py to parse RBTS bus 2 network model
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Figure 2.13Tree diagram of the distribution topology for RBTS bus 2 created by DEXx.py
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After defining the feeder configuration for the distribution topology, DFGA proceeds with
populating the distribution system with residential class of loads. The peak demand for each
residential house object follows a schedulable ZIP load with its base (Py,i:) Set at SkW.

ZIP load refers to the coefficients of a load model comprised of constant impedance, constant
current, and constant power loads [22]. The peak power consumption for the residential load or a
house object can be datthe DEx.py GUI’s configuration window as shown in Figure 2.5. At

present, the HVAC cooling or additional house object randomization parameters introduced by
GridLAB-D® are kept off. Thus, the load at each RTBS bus is represented in terms of house objects

connected at that busrdm Table 2.1, total connected load at RBTS bus 3 is 85MW and thus,

85MW
Higear = G—— oy = 17,000. (2.2)

So, 17000 residential house objects will be connected at RBTS bus 3 distribution system.
The line configuration for the distribution system is setrugne DEx.py GUI line configuration
window as shown in Figure 2.4. The details of the line parameters selected are shown in Table 2.2.
The data sheet for the line configurations built into DEx.py are obtained from [23#&tlines
represent the link between the distribution elemeitisses, meters, and transformers to the

residential house objects

Table 2.2: Distribution system line configuration set up in DEX.py

Size | Material | Stranding | GMR Resistance Capacity
(ft.) (ohm/mile) (A)
700,000/ Copper | 37 STRD | 0.0308 0.0947 1040

Each residential house object can have a maximum current consuofption

S5kw

2V — 41674 (2.3)
120V
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From the line parameter information in Table 2.2, each distribution line can hold a

maximum of,

[1040A

] = 25 houses (2.4)
41.67A

Considering a safe margin for the amount of load to be placed on the line, we define a line
loading factoly € (0,1), which can be varied. Settity = 0.88, a constraint is created to place a
maximum of22 residential house objects per distribution line per phase for each load point. Thus,

each load point in the feeder will be constrained to have a maximum of,
22 X 3 = 66 houses. (2.5)

Thus, house objects are equal split at each load point to create a balanced load at the feeder

head. This also ensures that distribution lines are never overloaded.

With the number of house objects and the distribution topology defined at each RBTS bus,
DFGA proceeds with to create the distribution system with the constraints as defined earlier to
place a maximum allowable LP,,,, = 22 house objects per distribution line per phase for each
load point in the feeder. If the constraint is violated, DFGA will add additional lines per phase in
parallel to complete the full placement of house objects across the total load points in the feeder
for each RBTS bus. The logic for the placement of parallel connections used by DF@liisazk

using RBTS bus 2.

From Table 2.1 and usin@.2), RBTS bus 2 has a connected load of 20MW which is the
equivalent of 4000 connected houses, with each house object having a peak load of 5kW. As

defined in the feeder configuration earlier, bus 2 has 4 feedersRyjth; = 22 load points. Using
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this available data, we determine the number of parallel distribution lines to be added per phase

across the 4 feeders to distribétg,,; = 4000 number of houses.

The parallel connectior(p) at each load point for all three phases will be,

Hi ea
p=—\deal (2.6)

LPtotaiXLPmax X3’

Therefore, the parallel connections to be created at each load point of bus 2 will be,

4000
T 22x22x3

= 2.75. 2.7)

The number2.75 is rounded off to the next greatest integer,Thus,p = 3, parallel
connections are placed at each phase of the distribution line at each load point. This process is then
replicated for the rest of the RBTS load bus. Table 2.3 represents the setup of the feeders, load

points, and the parallel configuration created for each RBTS load bus.

Table 2.3: Setup of feeders, load points, and parallel configurations for each RBTS bus

Ideal House . ParaII(_eI

RBTS Connected Objects Total Total Load Pointg connectloqs
Bus Load (MW) Feeders (LP¢otar) per load point

(Hideal) (p)

2 20 4000 4 22 3

3 85 17000 8 44 6

4 40 8000 7 38 4

5 20 4000 4 26 3

6 20 4000 4 39 2

Placingp parallel connections per load point to distriblitg,.,; house objects at each
feeder will lead to round-offs: the total house objects distributed across the total load points will

be much greater thadt ;.-
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This problem is illustrated by extending the parallel connection logic using (2.6) across all

load buses in the RBTS network in Table 2.4.

Table 2.4: Deviation frontl;4.,; Created by parallel connection round-offs at each load point

RBTS | Connected IdeaI.House Actua! House % Increase in

BUS Load (MW) Objects Objects Hquse
(Hideal) (Hactual) ObJeCtS

2 20 4000 3X22X%X66=4356 8.9

3 85 17000 6 X 44 X 66 = 17424 2.5

4 40 8000 4 x38x66=10032 25.4

5 20 4000 3X26X66=5148 28.7

6 20 4000 2X39 X 66 =5148 28.7

With the parallel configuration approach defined using (2.6), the exact value of the parallel
lines to be connected at each phase of the load point at RBTS bus 2 c@rfies Rounding off
this to the next nearest integer valdegives rise to the round-off error that gets replicated
throughout the total load points present at a given load bus. As indicated in Table 2.4, the
percentage deviation féf,.,,; house objects placed at the load bus iy, varies between
8.9% to 28.7% for the RBTS network model. This implies that at RBTS bus 6, with a connected

load of 20MW, 5148 house objects will have a peak demand of,

5148 X 5kW = 25.74MW (2.8)

The effect of these round-offs become more dominant as the total house objects and load

points varies with each bus configuration.

To minimize the effect due to round-offs, DFGA optimally refines the numbepafallel
connections to be placed at each load point. This is achieved by initially placing an equal number

of parallel connections at a certain number of load points for a given load bus. DFG&-then
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distributes the parallel connections among the remaining load points depending on the number of
parallel connections left to be created. The objective here is to place the parallel conneations in
manner that constrains the maximum deviatioH;gf,; at a given load bus to be less than or equal

to LP,,4x- A generalized equation formed to meet this constraint is as shown:

new

actual — [((Lptotal - 1) x p) + pl] X LBnax (2.9)
Where,

i. H}EY .1 1s the maximum number of house objects that can be placed at a given
load bus
il. p' represent the load point count fomparallel connections to be placed. The

value ofp should be less thari else (2.9) is computed again by incrementing

p

The proposed approach is explained for distribufifag.,; = 17000 house objects at

RBTS bus 3 havingP;,;,; = 44 load points using the following steps:

I. Total house objects to be placed at each load point:

17000
il Parallel connections to be placed at each load point:

383|
=|=5 (2.11)

iii. 5 parallel connections will be placed till the4®ad point at RBTS bus 3. The

44" load point will have the following parallel connectiqr,
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) [Hideaz—(wmaz—1)prLPmax] (2.12)

LPmax

— [17000—(4:6—1)><5><66] (2.13)
p' =43 (2.14)
V. Using (2.9), the maximum house objects that will be placed at RBTS bus 3 will
be:
new = [((44 — 1) X 5) + 43] x 66 (2.15)
= 17028 house objects (2.16)

Using the above approap = 5 parallel connections will be created till thé48ad point
andp’ = 43 parallel connections at the®bad point to plac&%" ., = 17028 house objects at
RBTS bus 3. The parallel connections at each load point are further re-arranged usingjit#t9) to

their large numbers at any one load point. The re-arrangement is performed using (2.9) as shown:
17028 = [p X x 4 LP,yeq — x] X 66 (2.17)

Using (2.17), the equation is solved wp = 5 to get,x = 53 which is greater than the
total number of load points present at RBTS bus 3. Equation (2.17) is solved again by incrementing
p 10 6 to getx = 42, which is less thaiP;,;,; = 44, present at RBTS bus 3. Thus, the final
arrangement of parallel connections comé fmarallel connection placed till the ¥2oad point
at RBTS bus3. At the remaining two load points, the distribution of the parallel connection will

take place as follows:
Total parallel connection at RBTS k3is

(5 x 43) + 43 = 258 (2.18)
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Total parallel connection till the 42load point:

6 X 42 = 252 (2.19)

Total parallel connections to be distributed among the remaining two load points (43 and

44):

258 — 252 = 6 (2.20)

6 parallel connections can be distributed among the remaining two load points by placing
3 parallel connections per load point. This parallel connection re-arrangement approa@nhas be
extended to all the remaining RBTS load buses to ci#8 ,, house objects for each bus. The
result of this re-arrangement is detailed in Table 2.5. The change in the house objects created for

each RBTS bus before and after the application of DFGA is shown in Figure 2.14.

Table 2.5 Final house object&H [ ei4;) Placed at each RBTS bus by re-arranging the number of parallel
connections at each load point

RBTS | Connected IdeaI.House Actua_l House FinaI.House % Increase

BUS Load (MW) Objects Objects Objects in Hpuse
(Hideal) (Hactual) (Hc?ceglvtal ObJeCtS

2 20 4000 4356 4026 0.65

3 85 17000 17424 17028 0.164

4 40 8000 10032 80521 0.65

5 20 4000 5148 4026 0.65

6 20 4000 5148 4026 0.65

c) SIMULATION RUNTIME FILES
In this stage, DEX.py creates the configuration script files for the RBTS system at the
transmission level in MATPOWER and the distribution topology for each RBTS bus in

GridLAB-D®. Figure 2.15 shows the successful execution of the distribution topology for each
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RBTS bus from the GridLAB-B log output. A synthetic system load profile is used for indicating

the peak demand of the connected house objects for each RBTS bus.
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Figure 2.14Before and after count of house objects or residential loads placed at each RBTS load bus
using DFGA

2.4 CONCLUDING REMARKS

The proposed data exchange tool employees abstract mathematical processesyto reliabl
create the transmission and distribution assets for power system simulation studies. The application
of the tool for creating a user defined distribution topology populated with 17028 residential house
objects linked to bus 3 in RBTS is shown. The tool acts as an interface for setting up the co-
simulation variables, in this case, modeling the transmission and distribution assets for running in
transmission and distribution simulators. The two key algorithms that are built into DEXx.py for

simplifying the modeling of distribution assetshe distribution feeder generation algorithm

27



(DFGA) and stochastic load profile generation algorithm (SLPGA) are elucidated in the following

chapter. Further, details on the implementation of the synthetic system load profile is also
explained in Chapter 4.
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Figure 2.15Simulation output of the distribution topologies created for each RBTS bus in GridCAB-D
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CHAPTER 3

AN ALGORITHMIC APPROACH FOR CREATING DIVERSE STOCHASTIC FEEDER

DATASETS FOR POWER SYSTEM CO-SIMULATIONS

This chapter describes the methodologies adopted to create distribution network assets
linked from a transmission system and to populate the distribution network with stochastic end-
use loads. Algorithms to model distribution system assets and its application using a standard test
system are presented.

3.1 INTRODUCTION

The traditional method of performing three-phase power system studies assumes that the
connected load is static and balanced in each of the three phases. The simulations studies pertaining
to stability, reactive power flow, load flow, system planning, and contingency analysis are
performed with this underlying assumption, and do not consider the time-varying loads. Title Xl
of the Energy Independence and Security Act (EISA), passed by the United States Congress in
December 2007, set the framework for coordinating national grid modernization efforts towards
the Smart Grid Initiativ§25]. From a Smart Grid perspective, integration of distributed generation,
hybrid loads, home energy management systems, and real-time pricing models pose a significant
risk in compromising power grid dynamics. Extensive simulation studies are needed to determine
the performance of these advanced Smart Grid technologies to ensure their safe operation in the

envisioned modern grid.

2This chapter is a verbatim reproduction of the work accepted and published to a peer reviewed
conference proceedings as cited in the reference [12]. The required permissions for re-use of the
material have been obtained from the copyright holders and are included in the Appendix B. The
numbering of the figures and tables has been modified to satisfy the formatting requirements of
the thesis.
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Agent-based power system modeling tools, such as GridLAFIB], provide a detailed
modeling environment at the end-use level for performing distribution simulation studies over
disparate timescales that are not possible with commercial or open source three-phase balanced
network solvers [14, 15]. Performing distribution simulation requires detailed information about
the connected loads at the end-use level. Using this information, we can aggregate the individual
distribution level loads to perform load scheduling, electric vehicle integration, and other Smart

Grid technology integration studies.

To the knowledge of the authors, no direct tool exists for creating detailed distribution
models that include stochasticity over a wide time range. In [26], the GridMat MATLAB tool box
developed for GridLAB-D provides a basic interface for configuring the end-use residential
models available within GridLAB-D. If27], the stochastic demand profile for residential loads is
implemented using a bottoms-up approach by performing power measurement studies on different
types of appliances. In contrast, our algorithm, developed on an open source platform, can create
complex distribution models populated with residential loads having stochastic demand profiles to

simulate a large distribution system linked to a transmission, sub-transmission, or substation node.

Our algorithm simplifies the topology creation process for GridLAB-D users. Obtaining
valid and consistent load profile data of low voltage residential consumers is difficult due to
privacy concerns. To overcome the problem of modeling the residential loads, two popular
approaches exist: namely, top-down and bottom-up. We deploy the bottom-up approach to
generate a physical layer of the distribution system to match the installed capacapstréstsion
node. We employ the top-down approach to generate low voltage residential load profiles using
one-dimensional random walk process that matches the substation load curves [28]. Any

transmission node consisting of a static load in a power system model, createdemphdlke
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power flow software, can be expanded to incorporate our distribution model for performing co-
simulation studies using transmission and distribution simulators. In this paper, we make the

following contributions:

1. Creation of diverse feeder datasets for simulating large number of residential loads
in a distribution network, and

2. Design of stochastic demand patterns for residential loads.

Section Il in this paper describes the abstract skeleton model that is used for the creation
of distribution elements that can be linked with a transmission node for performing co-simulation
studies. In Section Ill, the use of random walk theory for the generation of the stochastic demand
patterns for residential loads is presented. The setup and results of the simulation study using a

candidate test system is described in Section IV. Section V concludes.

3.2 A MATHEMATICAL MODEL FOR CREATING THE DISTRIBUTION SYSTEM
TOPOLOGY

a) TOPOLOGY OF THE DISTRIBUTION NETWORK

Figure 3.1 depicts the distribution topology that is linked from a transmissiori poekent
in a three-phase power system model. It is assumed that the transmission node has a static load,
represented by an installed capadityconnected to it. Each transmission node can be expanded
into a hierarchal distribution network of up to 4 levels. For each transmissionindde
distribution hierarchy consists of..., n feeders or primary feeders (Level 1). Each primary feeder

will have at least one sub-feeder (Level 2).

Each primary feeder and sub-feeder consists of at least one load pdirevel 3). Each

load point may consist of additional sub-load points (Level 4). The upper bounds for the number
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Figure 3.1 The distribution topology linked from a transmission node

of primary feeders, sub-feeders per primary feeder, load points per feeder, and additional sub-load
points per load point per feeder for each transmission node set by the user to create a new
distribution topology. Alternatively, the user can re-create an existing distribution network
topology for this purposéd.P;,:4; represents the sum of the total load points and sub-load points

in the distribution network for each transmission nodéhe link between the primary feeders and
sub-feeders can be configured as an overhead line or an underground cable. The load points and
sub-load points in the distribution topology represent the connection points for the low voltage
(LV) network where the residential loads are connected as shown in Figure 3.2. The LV network
consists of step down distribution transformers, triplex nodes, and triplex lines for each of the three
phases. The residential loads are connected at the end points of each phase of the LVtnetwork a
distribution voltage level. The residential loads to be distributed across the distribution topology

made up oLP;,,; IS determined by, at a transmission node
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b) PARAMETERS FOR THE DISTRIBUTION TOPOLOGY

For the correct operation of the distribution topology, the LV network at ERainust
adequately the supply its connected residential I0Rég, RLg, RL.-) without overloading any of
the distribution elements at each phase. At the lowest level, the distributiofingesLg, TL.)
represent the weakest link, each having a maximum current carrying cdpagaghLP out of
LP,,:q: IS therefore constrained by design to only connect the maximum residential loads that can

be safely powered by the connected three phase distribution lines and is given by,

3yV1t]’ (3.1)

Plimit

LPygyx = [

where V is the distribution voltage levely represents the loading factor for each
distribution line ang € (0,1), andP;;,,,;; is the peak power consumption limit for each residential
load. The electrical parameters associated with the distribution elements in the LV network shown

in Figure 3.2 can be configured using the IEEE test distribution feeder data [23, 29].
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c) DISTRIBUTION FEEDER GENERATION ALGORITHM
The Distribution Feeder Generation Algorithm (DFGA) translates the installed capacity
at a transmission node to residential loads distributed atRpgs; in a user defined distribution

topology.H; 4.4 represents the total residential loads frilogiven by,

Higear =( ’ ), (3.2)

Plimit

and LP, ., represents thH,,.,; residential loads to be connected at daklgiven by,

LPgctyar = lMJ (3.3)

LPtotai

If LP,.tuai > LPnax, then the number of parallel distribution lines have the same fating

created in each phase in LV connected at daklis given by,

p, = |Fractuat| (3.4)

LPmax

Introducing the parallel connections creates rounding-off errors atl/daemd causes

H;4.4; to deviated by a value,
Higeai = LPyax X LPiotar X Do, (3.5)

which would translate to a value greater thaihe deviation betweet; ;.,; andH ;ct4,q1

is represented by,
0 <68 < LPgy X LPiotar- (3.6)
The DFGA tries to minimize the deviatidnto 0 < § < LP,,,, using parallel connections

by finding H}'¢%. . such that,
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( gcet‘fml - Hideal) =4 (3.7)
The variables instantiated by DFGA for ih@ninimization process are:

I. p, which represents the parallel distribution lines created at each LV phase up

to (LP;ytq; — 1) and is given by,

p = lLPacmalJ’ (3.8)

LPmax

and
il. p', which represents the parallel distribution lines created at each LV phase up

to the lastLP given by,

P’ = [Hideal_(LPtotal_DXPXLPmax]_ (3.9)

LPmax

Then,H]Y . represents the total residential loads correspondihg;tg,; load points to

yield §' given by,

gcetvzvzal = [((Lptotal - 1) X p) + p,] X LPmax- (3-10)

The value ofp may tend to be unrealistically high; we implement a further optimization,

as explained in Algorithr.1, to maintainH¢ _, by re-distributingp andp’.

actual

3.3 STOCHASTIC LOAD PROFILE GENERATION FOR RESIDENTIAL LOADS

a) OVERVIEW

The distribution topology creation in Section 3.2 describes the physical network model
based on Figure 3.1 using an abstract mathematical algorithm subject to user-defined constraints
for each of its constituent distribution elements. For the topology thus created using DFGA, we

devise a methodology that will create time-varying stochastic load profiles over a defined time
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period forH]'$% ,; residential loads distributed acrdd3,;,; 10ad points from an installed capacity

L present at a transmission nade

Algorithm 3.1 Algorithm to re-distributep(+ p") parallel

connections acrosfP,,.q; l0ad points maintainingl ey, 41

L[1, ..., LP;ytq:] is row vector such thdfi] denotes the

L parallel connections needed for load paint
2: Initialize L[1, ..., LP;y¢q1] = {0}

3 0= [H% 0 — LPnax X LProra)]/ (P = 1)LPrgx
4:  while® > LP,,, do

5: p=p+1

6: recomput@

7:  end while

8 q= (H(Zlcegtal/LPmax) - @Xxp

9:  AssignL[1,...,LPiy:ai] = {p}

100 k=0+1

11: whileq > 0 do

12: Llk] =L[k] +1

13: gq=q-—1

14: k=k+1

15: if k > LP,yeq then

16: k=0+1

17: end if

18: end while

b) STOCHASTIC LOAD PROFILE GENERATION FQR'3) ., RESIDENTIAL
LOADS USING THE RANDOM WALK PROCESS

Residential loads on a distribution network seldom have the same load profile. Generating
load profiles forH &, ,; residential loads on a distribution network requires a stochastic approach,

while still aggregating to a realistic system load. One-dimensional random walk theory is used to
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generate the load profile for the residential loads that are distributed across a distribution feeder

network.

To generate the time-varying load profile that can accurately depict a daily, momthly, o
yearly variation in energy usage for tH&Z" ,, residential loads, a top-down load distribution
methodology is employed. Here the load profile for each residential load is scaled from a time-
varying system load at the transmission nadeys(t), and used as the input for the one-

dimensional random walk process as defined by }3.11

y(@) =yt —1)+€e(t), (3.11)

wheree(t) is the random variable distributedMéu, o) representing a normal distribution
with a mearu and a standard deviatian y(t) is the current position of the random walk curve,
t is the time step, and the initial position is defined to be zero. The vajye)ofaries randomly
at each time instamtbased on the sampled values¢f). Equation (3.11) is used to create the load
distribution vecto;(t) that generates load profiles fHES) ,; residential loads which will sum
to sys(t) and also ensure that none of #) ,; residential loads exceeds the Bgt,;; for all

times.

c) STOCHASTIC LOAD PROFILE GENERATION ALGORITHM

The Stochastic Load Profile Generation Algorithm (SLPGA) generates the time-varying
stochastic load profiles fdi] s, residential loads. The profiles are scaled from an existing or
custom-definedys(t) by g;(t) over a defined time horizdh say 24 hours. The random variable
e(t) is used to generate thE'S” , random time series ov@rdistributed av(0,1) and inputted
to the one-dimensional random walk process shown in (3.11) to generate the random walk curves

for H}SY ., residential consumers. The time-varying random walk curves generated using (3.11)
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normalized in the interva(0,1) is represented bg?"“(t), known as the pre-load distribution

factor such that the(t) = ij{“‘“l PT® = 1. Because of the random walk process, if we directly
scale the values stored " (t) with sys(t), the resulting residential load profiles may exceed
the set peak limit of the residential lo&y,,;;, at any timet. To ensure that the constraint set by

Pimic is always met at ang, we re-distribute thg?"(¢) vector to create the load distribution

vectorp; as explained in Algorithm 3.2.

3.4 SIMULATION STUDY

a) OVERVIEW

To demonstrate the creation of stochastic demand profiles using SLPGHA} {4,
residential loads distributed across a defined distribution topology consistiBgQf load points
created using DFGA, we select a single transmission node consisting of an installed ¢apacity

from the candidate system.

b) THE CANDIDATE SYSTEM

The candidate system used in this simulation study is the Roy Billinton Test System
(RBTS) that is shown in Figure 3.3. RBTS consists of generation, transmission, and distribution
subsystems, and has a peak loatl83%MW [13]. Each load point in RBTS has a fixed number of
residential, industrial, and commercial consumers. However, for the purpose of this study, we
assume that all loads are residential, thus accounting for approxirBai@f0 consumers, each

having a maximum rate®};,,,;; of S5kW.

c) SIMULATION PARAMETERS
In this paper, bus 2 of the RBTS system is selected as the transmission node for which the
detailed distribution topology is created. Bus 2 has an installed capicy20MW; this
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Algorithm 3.2 Algorithm to re-distributg?"*(¢) to B;(t) subject to
the B (¢) constraint at each time instant

BPTé(¢t) is an array sized x N consisting of(3;, S, ..., Bn]
1 for eacht whereN = H'¢% ,,, T = total time period ofys(t),

andt € [0,T)

Btk (t) is a row vector consisting diB{™*, 5", ..., BEM]

wherep™ = Py;,.../sys(i) for eacht

6 is a user defined tolerance or threshold set to 1e-6 ir
simulation study

4:  for each t in g do

5 if max(ﬁipre(t)) > ﬁChk(t) then

6: Bsum = Sum([ﬁi - ﬁchk]) Only if ﬁi > BChk(t)
7 count = Count(ﬁi) Only if Bi < BChk(t)

8 Baaa = Bsum/Bcount

9 Replacg; with Sk (¢t) if B; > (1)

10: InitializeB’ count = Beount

11: while 8’ coune > 0 andfs,, = 6 do

12: Badaa = Bsum/Bcount

13: for each j in BF"°[t] do

14: if BP[¢][j] < B (¢) then

15 if B2 [£10/] + Baaa > B (6) then
16: Bsum = Bsum — B () +B"°[¢11/]
17 BPE[E][f] = B (t)

18: B’ count = Beoune — 1

19: else

20: B [t1l1 = B [t11] + Baaa
2L Bsum = Bsum — Baaa

22: end if

23: end if

24: end for

25: end while

26: end if

27: end for
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Figure 3.3Single line diagram of the RBTS candidate system from [13]

translates td;;., = 4000, as each connected load as,;; = 5kW. As explained in Section

3.2, the total number of residential loads created by DFGA at bus 2 vH[}d#e,, = 4026. The

same setup can be extended to any of the remaining transmission nodes from the RBTS candidate
system or any other transmission systems. The details of the distribution topology for bus 2 of the

RBTS system is shown in Table 3.1. For the distribution topology consisting of a 4-level hierarchy
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created by the DFGA, the stochastic load profilestfiz6 residential loads are generated using

the SLPGA.
Table 3.1: RBTS bus 2 distribution network topology from [13]
Node Installed Capacity | Primary Feeders Load Points
2 20MW 4 22
18
16 17MW 14AMW
s 13MW 13MW
= 12
=
0 10
< 9 MW IMW
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Figure 3.4 System loadsys(t), for bus 2 of RBTS with peak at 177MW

d) SYSTEM LOAD PROFILE
As described in Section 3.3, the one-dimensional random walk process is used to generate

the residential load profile fa026 residences, scaled from a custom-created system load at RBTS
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bus 2,sys(t), which is shown in Figure 3.4. Bus 2 has a peak demandkavi&y between 9:00

to 15:00 for & = 24-hour period. The step sizg,is set as one hour.

e) RESULTS
The results of the DFGA and SLPGA for generating the stochastic load profiles of

randomly selected residential loads fra626 loads at RBTS bus 2 are given below.

(=]
[e)

co

=)}

3]

real power in kW
I

o

time in Hours (t)

Figure 3.5 87" (t) for 5 randomly selected residential loads out of 4026

reference limit:5kW

w &~ U O

N

real power in kKW
'—I

o

time in Hours (t)

Figure 3.6 §;(t) for 5 randomly selected residential loads out of 4026
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The demand profile fof residential loads scaled usifff ™ (¢) at allt is shown in Figure
3.5. The demand profile of the sameesidential loads out @026 scaled usings;(t) at allt is
shown in Figure 3.6. The summation of #0626 residential loads generated usi&ﬂe(t) and
Bi(t) matches the system loags(t) at allt and indicated by the 3D plot in Figure 3.7. All codes

and simulation files are available in the public domain [30].
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Figure 3.7 3D plot of the sum of 4026 residential loads generated y&iht(t) (shown as dotted plot)

andp;(t) (shown as hatched plot) compared with the custom created systesys¢ad(shown as
starred plot)
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3.5 CONCLUSIONS
The algorithms for the creation of the distribution network model consisting of diverse
feeder datasets and generation of stochastic load profiles associated with those feeders were

developed in the Python coding environment.

The developed algorithms demonstrate the abstract mathematical model for the creation of
a detailed distribution topologies consisting of diverse feeders using a limited number of
configurable constraints as well as the application of stochastic time series curves for the
generation of stochastic load profiles for residential loads that can be used as a complete
distribution load model while performing power system studies. By employing a mathematical
approach for distribution network creation, complex distribution load models can be swiftly
created for a wide time range that provides a near approximation of an existing distribution system.
This work is envisioned to enable future studies of detailed co-simulations that link transmission

and distribution grids.
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CHAPTER 4

CONCLUSION AND FUTURE WORK

4.1 CONCLUSION

Some distribution feeder datasets are created using the proposed feeder modeling
algorithms. Design considerations and assumptions for the creation of the distribution assets were
addressed. The creation of detailed distribution topologies populated with residential class of
consumers using a limited number of configurable constraints is presented with the distribution
feeder generation algorithm. The stochastic time series for the generation of load profiles for each
residential house objects connected within the distribution feeder were developed and simulated
by the stochastic load profile generation algorithm. A graphical user interface (GUI) is developed
and implemented for translating the three phase network information stored in a commercial power
system simulator to the open source transmission and distribution simulators. The three phase
network data recreated in MATPOWERas tested and verified with the source model presented
in the commercial simulator. The distribution topologies created using DEx.py were developed

and tested by simulating in GridLABD

The proposed algorithms are demonstrated on the RBTS candidate system. The two-step
algorithms for creation of distribution topologies are modeled and simulated f@ardfuRBTS.
DFGA accurately creates the distribution system populated with 4026 residential house objects
that aggregate to the connected load atbusRBTS. DFGA creates the distribution assets for
RBTS bus2 by limiting the number of residential house objects to be placed at each phase on a
load point based on a user configured distribution line. It also optimally rearranges the parallel
connections to be placed at each load point at RBTS bus 2 for minimizing the deviatjgy, of

residential house objects to a large number. For the same topology, SLPGA creates stochastic load
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profiles for each of th¢026 residential house objects derived from a synthetic system load profile
with the added constraint that the profiles do not exceed the peak power consumption limit

throughout the duration of the time series.

4.2 FUTURE WORK

The immediate scope for future work deals with populating the distribution topologies with
diversified load classes-residential, industrial, and commercial to complete the distribution
system modeling. Incorporating all three load categories will help to perform simulations
pertaining to stability studies and demand response behavior as residential load class has a
disparity in its energy consumption as compared to the commercial and industrial load class. From
the user interface perspective, moving the python code base to a web based platform would
drastically reduce the downtime of compiling the code and provide a single input-output channel
for easy creation of the runtime co-simulation script files. Another future use case scenario presents
itself in the form of modeling multiple GridLAB-Dfeeders as a separate entity and running them
in parallel on a High Performance Computing (HPC) environment for long term time step
simulations at reduced computational burden. The co-simulation platform will enable to study the

impact of the pervasive penetration of the advanced Smart Grid technologies on the electric grid.
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APPENDIX C

APPLICATION OF THE FEEDER MODELING ALGORITHMS ON BUS 2 IN THE ROY

BILLINTON TEST SYSTEM (RBTS)

For the simulation study in Chapter 3, bus~2 from the RTBS system was chosen as the
transmission node withP;,;,; = 22 andL = 20MW. With P;;,,,;; set asskW for a residential

load, the ampacity of a distribution line at each phase in the LV network, aiR&cket att 040

A, andy is set at88% to obtainLPB,,, = 66. For bus 2, we have to distributg;.,; = 4000
residential loads acrog®;,.,; = 22 load points for which.P, ;,,.; (181) is greater thai P,

If we createp, = 3 parallel distribution lines across each phase in LV for daththe total
residential loads becont&,.+,,.; = 4356, which translates t81.78MW and is greater thahh The

DFGA optimizess’ by computing the parallel connections to be placed atkRdbr H}S% . =

4026 residential loads acrog®;,.,; = 22 load points.
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