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Abstract—This paper reports on the development of an agent- performance evaluation of smart-grid market designs at bot
based distribution test feeder with smart-grid functionality. The \wholesale and retail levels.

test feeder is based on an actual distribution feeder with vaous The IEEE Distribution Test Feeder Working Group and
additional features incorporated, including rooftop photovoltaic

generation and price-responsive loads (e.g., plug-in eleic vehi- the CIGRE Task Force C6.04.02 have developed severa! test
cles and intelligent air-conditioning systems). This workaims feeders and network benchmarks [3]-[6]. However, the high-
to enable the integrated study of wholesale electric power fidelity modeling of load is beyond the scope of these stydies
markets coupled with detailed representations of the retdiside \whose purpose has been to provide common data sets to test
distribution systems. and validate new algorithms for the analysis of distribatio

Index Terms—Air conditioning, electric vehicles, multi-agent systems. For example, typically only load values or generic

systems, photovoltaic systems, power distribution, smargrid. profiles are provided, but the load’s dependence on the time o
day or the weather is not accurately modeled. Environmental
. INTRODUCTION (e.g., temperature) and house parameters (e.g., ceiligithe

ODAY most consumers of electric power face fixed retafnd area) are not accessible either. In consequence, #sise t
T rates, hence their demands are independent of day-i@eders are not detailed enough for the evaluation of sgraft-
day variations in wholesale power prices. Consequently, fenarket designs.
many purposes, wholesale power market researchers can trelResearchers at the Pacific Northwest National Laboratory
demands for power as fixed inputs, avoiding the need fd?NNL) have developed a taxonomy of 24 prototypical feeder
any detailed modeling of distribution systems. Nevertgle models that contain the fundamental characteristics ofkad
the validity of conducting decoupled studies of wholesale a distribution feeders found in the U.S., based on 575 distri-
retail power system operations could be dramatically reducbution feeders from 151 separate substations from differen
in the near future with the development of smart-grid fessur Utilities across the U.S. [7], [8]. Each prototypical feed®
such as demand response, dynamic-price retail contractifgaracterized by climate region, primary distributiontage
distributed generation, and energy storage systems. Thé€l, and other features. The feeder information is predid
developments will lead to increased feedbacks betweeii retd & form that can be directly used in GridLAB-D [9], which
and wholesale power system operations that must be captife@n open-source software platform developed by DOE at
if empirical verisimilitude is to be attained. Realizingith PNNL for the simulation of electric power distribution sys-
need, an agent-based test bed has been developed for the {gt8s. Nevertheless, smart-grid technologies such asigretet
grated study of retail and wholesale power markets opeyatift/C systems, PEV and PV generation (with a consideration
over transmission and distribution networks with smaitigrOf cloud-passing effects) are still under development Fer t
functionality [1], [2]. The current study reports on one esp PNNL feeder models and are not yet available. Moreover, the
of this ongoing research: the development of an agent-bad@dNL feeder models are missing geographical coordinates of
distribution test feeder (ABDTF) for evaluating the immaof the feeder components important for the realistic rendeoin
smart-grid market designs on distribution feeders. dispersed PV generation units with a consideration of cloud

The ABDTF will implement a detailed model of aPatterns.

distribution feeder with smart-grid functionality, inding ~ The ABDTF uses GridLAB-D to simulate a distribution
rooftop photovoltaic (PV) generation and price-respomsijeeder that incorporates various smart-grid technologtes
loads such as plug-in electric vehicles (PEV) and intaﬂtgebased on an actual feeder from an electric utility in lowahwi
air-conditioning (A/C). The ABDTF will thus facilitate the detailed specifications for distribution feeder equipmsoth
study of the impacts of smart-grid technologies on distitou  @s fuses, switches, overhead and underground conductors,

feeders. More broadly, however, the ABDTF will permit th@nd service transformers) as well as for residential and/or
commercial customers. Houses are virtually equipped with

This material is based upon work supported in part by thetfiteBower \grious smart-grid enabled technologies, such as roofip P
Research Center of lowa State University and the NationahSe Foundation . d pri ive d ds in the f f PEV
under Grant No. 0835989. generation and price-responsive demands In the form o S

P. Jahangiri, D. Wu, W. Li and D. C. Aliprantis are with the Bement of and intelligently controlled A/C systems. Effects of cleud
Electrical and Computer Engineering, lowa State Univgrgimes, IA 50011 passing on PV generation output are also considered. Realis
USA (e-mail: {pedramj, dwu, wanningl, dali}@iastate.edu) | d btained f 2009 Nati IH hold

L. Tesfatsion is with the Department of Economics, lowa &tahiversity, travel pattern data obtained from a ational Househo

Ames, IA 50011 USA (e-mail: tesfatsi@iastate.edu). Travel Survey [10] are used to model PEV load.
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The ABDTF is agent-based in the sense that some of the

distribution feeder components are modeled as interacting " ey
agents whose actions are determined by individually sjekifi Caane  cenertapped
objectives or purposes subject to financial and/or physical 3132330
constraints. For example, the actions of a household resi- _ ACSR

. . . . . . 25 kVA OH line, BN
dent agent might involve the determination of optimal inter @ wcu g
temporal comfort/cost trade-offs conditional on retaibrgy
prices, environmental conditions, and equipment linoiagi i’;gf,‘f
The actions of a PEV agent might involve the minimization of 50kVA  OH line, AN

. . . . 1/0 ACSR

energy costs subject to feasible travel routes, time cains, _
and charger rating. The actions of a PV agent might involve Cj\';g’,‘f

the maximization of harvested solar power subject to panel
surface area and weather conditions (e.g., cloud cover).

The remainder of this paper is organized as follows. Sec-
tion Il describes the ABDTF topology and its main charactel‘:-ig' 2. One-line diagram of a small representative sectiothe feeder.
istics. Section Il provides more details about the agehth®
test feeder. In Section IV, an example is provided to illastr
how the developed test feeder can be used in a market analysis

with emphasis on the distribution system variables. Sacd#io )
concludes the paper. medium voltage (13.2 kV) lines; 301 are overhead and 15 are

underground. In terms of overhead lines, the feeder camitain
7 different types of conductors, and has 98 three-phase plus
neutral (ABCN) lines, 2 two-phase (ACN) lines, and 73 AN,

The distribution feeder is providing electricity to a remid 60 BN, and 68 CN single-phase lines. In terms of underground
tial neighborhood in the state of lowa. Its technical dataewecables, there are 2 different conductor types, and 13 ABCN,
obtained from the electric utility that operates it. Fig.dpitts 1 AN, and 1 CN cable. The main parameters of the overhead
a schematic of the feeder’s topology that includes all bnasc lines and underground cables are listed in Table I. The kengt
at the medium voltage level. Exact geographic coordinatet the lines varies between 5 and 522 feet. There are 175
of its components are also known, but are not reflected single-phase center-tapped transformers rated 7621/20V
the figure. Fig. 2 shows a small representative section of thB to 75 KVA, mounted on utility poles or concrete pads,
feeder, including part of the substation. The other brascheith parameters listed in Table Il. (Some of these parameter
have similar characteristics. Therefore, the feeder isefeal were obtained from [11].) Finally, the end-load consists of
with as much accuracy as possible, including asymmetryan th370 houses. For the modeling of the PV and A/C systems,
lines and the loads. The feeder’s electrical componentatata it is necessary to know the floor area and number of stories
entered into a GLM file for use by GridLAB-D, which solves &or each house, as well as the area of the south-facing part
sequence of three-phase power flows throughout the sindulaté the roof of each house (where PV panels are typically
time period at a user-defined time step. installed). To this end, these parameters were estimaiad us

The feeder's peak power at the substation is reported Bpogle earth [12] based on the geographic coordinates of the
the utility to be approximately 14 MVA. It consists of 316distribution transformers.

Il. DISTRIBUTION FEEDERDESCRIPTION



TABLE |

PARAMETERS OFOVERHEAD LINES AND UNDERGROUNDCABLES retail energy prices are allowed to vary throughout the day.
They are transmitted to the A/C controller each day (say, at
'? OHT)XJCQSR AWSGS/('S‘ZV"" Ra%ggg(/*) 6pm daily), thus allowing the controller to schedule its reye
> OI-I-AL 336.4 a5 consumption for 24 hours in advance (starting at midnight).
3 OH-CU 170 291 should be noted that the entity (e..g, utility or A/C aggtega
4 | OH-ACSR 1/0 285 that is responsible for providing the retail prices to theCA/
2 og;"fgSR i fég systems (different from the fixed retail price that convenil
= T OHR-CU 5 116 uncontrollable loads pay) is another (profit-maximizinggat
8 | UG-CU 750 550 which could be modeled within the wholesale power market
9 | UG-AL 1/0 200 simulation software.
TABLE I
PARAMETERS OFSINGLE-PHASE CENTER-TAPPEDTRANSFORMERS B. Plug-in Electric Vehicles
Type Rating (KA Zseriedpl) | Zenun(PU) Plug-in electric vehicles can help reduce dependence on
Pole mounted 25 0.016+0.023]339.6+331.8 petroleum and transportation costs. In addition, they can b
Pole mounteff 50 | 0.014+0.024)391.8+428. 1 aggregated to provide an array of ancillary services to the
Pole mounted 75 0.0135+0.030j470.0+454.6) id with iat trol [141. Th f thewtd
Pad mounteq 25 0.016+0.023]339.6+295 5 power grid with appropriate control [14]. Therefore, they

be an important ingredient in tomorrow’s smart distribatio
systems, but they represent a substantial additional load t
I1l. DESCRIPTION OFAGENTS the system. In the ABDTF, PEV load is estimated using

Th d loads of the h hold divided int a stochastic formulation that takes into account spatia an
€ end-use loads of the housenolds are divided Into Qﬂporal diversity [15]. When developing the PEV power

groups. The first group includes loads such as ConVem'o'aglrlsumption, various factors are modeled, for example, PEV
t_hermostat|cally controlled A/C, water heatgrs, TV seiss] fleet characteristics such as charge-depleting range aciibin
Ilghts,_ ovens, and other common electng devices. Theﬁ?tractive energy from electricity in charge-depleting aao
constitute a background non-price-responsive load, wigch [16], [17], charging circuits [18], travel patterns [1017]
determined automatically by GridLAB-D’s internal load mod d’ PEV’ load control and man:;\gement strategies [19]’_[21].
eling algorithms. The second group contains two kinds imilar to the A/C system, the PEV aggregator entity (or

|hnteII|gent Ioags, n(;’:lmely: M anew C""?ISS (.)f A/C_: CO:‘ltIﬂm(; ntities) could be modeled as a separate agent (or agents) in
that operates based on a varying retail price signal and the, |+ oiesale market simulation.

household resident’s cost-comfort tradeoff preferenees]

(i) PEVs whose charging is performed overnight based on

the same retail price signal as the A/C. The feeder also Has Rooftop Solar Generation

a large penetration of distributed generation in the form of Each house can have installed rooftop PV panels. The
rooftop PV panels. It should be noted that the electric powgfaximum amount of PV capacity is determined by the house’s
and energy consumption of A/C systems and PEVs accoustfuthern roof area. Each PV installation is represented as a
for a substantial portion of the total feeder load. If inkstibn  separate agent with its own attributes and methods (rules of
costs continue to decline, it is also possible that rooftiprs operation). The attributes include power rating and itesiah

will become much more prevalent in the near future in thearameters such as tilt angle, cover area, and efficieniograt
United States. Each one of these technologies on its oWRe inverter is assumed to be operating in a quasi steady-
merit has potential to impact distribution feeder reliapito a state, under maximum power point tracking control [22].
significant degree due, for example, to transformer oveit@a |n response to environmental inputs, such as solar radiatio
or unacceptable voltage deviations. In particular, the tesnd ambient temperature, the PV panel reacts by generating
feeder described herein allows us to study the behavior @ifferent amounts of real power. The solar radiation patter
such systems when responding to market-based price signfd each house is generated by moving over the feeder area a
and hence to evaluate the impact of market policies at thgnthesized cloud pattern similar to the one shown in Fig. 3.
distribution level. Additional details about these smgnitt  Also, the PV inverter has the capability to supply or absorb

agents are provided in the following subsections. reactive power from the grid in order to improve the local
distribution system voltage profile. The design of algarith
A. Intelligent Air-Conditioning Systems for determining the appropriate reactive power compeaosati

Households are equipped with a recently proposed intellﬂy the PV inverters is the subject of ongoing work.

gent A/C system with smart-grid functionality [13]. The ¢ua
ifier “intelligent” means that the A/C controller has advadc
computational capabilities and uses an array of enviroamenThe ABDTF is seamed with AMES [23], an open-source

tal and occupancy parameters in order to provide optimadent-based platform previously developed by a team of re-
intertemporal comfort/cost trade-offs for the househadi-r searchers at lowa State University for the study of strategi

dents, conditional on retail energy prices and environalentrading in restructured wholesale power markets with con-
conditions. The term “smart-grid functionality” means tthagestion managed by locational marginal prices (LMPs). The

IV. I LLUSTRATIVE EXAMPLE



collect simulation results (aggregated load data) fromABe

DTF output and transmit these results to the MySQL database
server. The functionality of the DMP basically represehts t
communication between distribution-level componentg.(e.
advanced meters) and entities that exist at a higher level
(e.g., transmission/distribution utilities, load sexyientities,
aggregators of demand response, or aggregators of plug-in
electric vehicles). The MySQL database server maintaims tw
repeatedly-updated information storage tables, one foage

of the LMPs obtained from AMES, and one for storage of the
load data obtained from the ABDTF.

In what follows, simulation results are presented for a
hot and cloudy summer day. The variation of environmen-
tal parameters used for day-ahead scheduling and real-time
= _ simulations is depicted in Fig. 5. A crudely predetermined

50 100 150 ‘200 250 300 350 400 450 s00 Schedule of appliances is used to construct the interndl hea
flow rate for the day-ahead scheduling of the A/C systems. A
Fig. 3. Ex?rr]npﬁ ?f_bsxt’_nthiﬁcddoud COV?f Usetd i'tT thletsr;mﬂmﬁWhiC_f: finer variation of appliances and occupant activity is assdim
ggvgs(glf;ndeor:z rr')i)t‘e'lorr;pfgsgr:t:r;eamztggﬁaeﬂCg?t%mgc:f:: hos o 1O oceur in real-time. The retail price for this day, which is
3.5-km side. The cloud is represented by the gray area. communicated to the smart A/C systems and the PEVSs, is the
day-ahead LMP (this could be obtained from AMES) plus a

mark-up of 5 cents/lkWh, shown in Fig. 6.
MySQL Figs. 7(a) and 7(b) depict the total real and reactive power
Data Management Server AMES load at the substation. The reversal of real power flow at the
Program (DMP) | _ LMPs. EPs, HOPs <L Mps-..- substatlo_n (_1ur|n.g the daytlme. is due to the high penetrat!on
» Aggregated Load > of PV units in this case. For this example, a 100% penetration
level was assumed for the rooftop PV units, where penetratio

Load REPs, Eé,s’ HOPs level is defined as the total PV panel area divided by the total

v available south roof area. Figs. 7(c) and 7(d) show the total
real power consumption from the smart A/C systems and the
Agent-Based PEVs, respectively. The penetration level of PEVs in thiseca
Distribution Test , is 25%, i.e., one out of four vehicles is randomly selected to
Feeder LMP: Wholesale energy price . ..
(ABDTF) REP: Retail energy price be a PEV. Half are charged at off-peak hours with a minimum-
EP: Environmental parameter cost control algorithm, whereas the other half start chmaygit

HOP: Household occupancy parameter

the time when they return home paying the usual flat eletyrici

Fig. 4. lllustration of data flow for the integrated study efail and wholesale Price. Fig. 7(e) presents the total real power generatea fro

power market operations. the PV units. Finally, Fig. 8 shows the real power losses on
the various types of feeder components.

Fig. 9 illustrates maximum, minimum and average voltages
resulting seamed platform will be used to conduct contdblleat the meters of the residential loads. As can be seen, the
computational experiments to investigate a number of irmaximum voltages become significantly higher than 126 V
portant issues relating to smart-grid developments, sigch far some residential customers due to the reverse power flow
how the penetration of price-responsive demand, PEVs, agglised by the PV units. The ANSI Standard C84.1 [24]
distributed generation (e.g., PV) affects load profilesha trequires that the voltage at residential loads remainsimvith

wholesale level. five percent (114-126 V) from its nominal value (120 V).
Here a simple example that illustrates how the resulting
seamed platform might be used to study feedback effects V. CONCLUSION

between retail and wholesale power system operations iddeally, smart-grid technologies should be thoroughlyl-eva
presented. As shown in Fig. 4, the current implementatiarated prior to their deployment. The primary goal of this
of such a study involves four main components, namely, tipeoject is to supply researchers with an agent-based imple-
ABDTF running in GridLAB-D, a Data Management Progranmentation of a distribution test feeder that provides a high
(DMP), a MySQL database server, and AMES running in Javiidelity representation of electrical topology, environrted
The DMP has the following three tasks: (i) to receive envparameters, and loads arising from households equippéd wit
ronmental parameters (weather data and cloud patterndehowsmart appliances and dispersed generation units. The- avalil
hold occupancy parameters, and 24-hour day-ahead whelesddility of such realistically rendered distribution tesietlers
energy prices (LMPs), and to map this data into retail energhould facilitate the study of market design at the retail
prices (REPSs); (ii) to send all information obtained in ¢iYthe level. Moreover, as discussed in previous sections, thatage
ABDTF in comma-separated values (CSV) format; and (iii) tbased distribution test feeder can be seamed with ageatibas



Outside Temperature

T T T T T T
— — — Day—Ahead Scheduling
Real-Time 7

100 -
2 9%

80

70t . . . . . . . . . . . b

(MVAR)

(KBTU/h)

02 04 06 08 20 22 24

o2
S

Internal Heat Flow Rate
T T T

(KBTU/h)
(5] w ES w [=))

I I I I I I I I I I

02 04 06 08 10 12 20 22
Hour of day

24

(a) Real power at the substation, (b) Reactive potvtreasubstation,

(c) Real power consumption from all smart A/C systems, (dalRmwer
consumption from all PEVs, (e) Real power generation frohP& units.

70
S
~ 60 10
50
o =l
00 02 04 06 08 10 12 14 16 18 20 22 24 =)
Hour of day
Fig. 5. Variation of environmental parameters for day-ahseheduling and %
real-time simulation. The solar irradiation and internabhflow rates differ
for each house.
Fig. 7.
10
=
£ 9
3
58 250
3
£
g 7 200
5
[
6
L L L L L L L L L L L 150+
00 02 04 06 08 10 12 14 16 18 20 22 24 s
Hour of day X
100

Fig. 6. Retail price variation.

50

platforms implementing wholesale power market operations

h AN
F |
V\.‘.«&,.W"""J iy ‘,.‘*"m I

T T
Total
Transformers
Overhead lines
Underground lines
Triplex cables

by,
P ”*’N;L,Llw\u,qltf\n
.

such as the AMES platform [23], thus permitting the integdat o
study of retail and wholesale power market operations.

Fig. 8.
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