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Overview of Thesis Research: Motivation

¢ Why studylIntegrated Transmission and Distribution (ITD3ystems?

i Increasing penetration of variable energy resources in both transmission a
distribution systems

i Increasingly active demar@sponse participation by distributed resources ir
transmission system operations

i Ensuring continual balance of grid supply & demand is increasingly challet
i Design changes thus needed at both transmission and distribution levels

¢ Why developlransactive Energy System (TE8gsigns?

i TES designs are collections of hybrid econenoatrol mechanisms for power
systems that permit a balancing of power demands and supplies vidoaatce
transactions, consistent with system reliability

i TES designs use economic incentives to encourage and support efficient
demandside participation, subject to system reliability constraints

¢ Need for an ITD platform permittingfficiency and reliability performance
evaluationof ITD TES designs in advance of implementation
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Overview of Thesis Research: Scope

4 Transmission System Y Distribution System h
C AMES V5.0 Platfornfor performing C Household modePermits bidbased
DAM and RTM operations. Used for: TES design participation
ERCOT Test SystemTransmission G Distribution system modeLV grid

component for ITD test cases A populated by households y

Integrated Transmission and Distribution (ITD) System \

Modeling ofan IDSO functioning as aD linkage agent
Formulation ofanew IDSGmanaged TES desidar ITD systems
Dynamic successivday modeling of ITD operations

Modification of wholesale power market implementatioAMES V5.0 platformto
permit IDSO market participation

Development of affD TES Platformpermitting careful evaluation of TES design/s

Ko O O O O \/"ﬂ

AMES: AgentBased Modeling of Electricity System&SO: Independent Distribution System Operato
DAM : Day-Ahead MarketRTM : ReatTime Market; ERCOT: Electricity Reliability Council of Texas
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Review of Re

ated Literature

Category

Sub-Category

Literature

Day-Ahead &
RealTime Market
Operations over an H\
Transmission Grid

Simulation Platform,
Conceptual Design

AMES Wholesale Power Market Test Bed
[10], MATLAB [11], Linked SwingContract
Market Desigri12]

Simulation Platform

Huang et al. (2018), Refl3]

Retail Market

Fuller et al. (2011)Hao et al. (2016), Nazir
andHiskens(2017),Ramdaspallet al.

Operations \&Y- _
Conceptual (2016), Adhikari et al. (2016Behboodiet
al. (2016), Hu et al. (2016Koen Kok
(2013); Refs[14-22]
General Overview | Rahimi andAlbuyeh(2016), Ref[23]
Modeled DayAhead | Parandehgheilat al. (2017)Renaniet al.
Integrated ITD operations (2017),Lezama et al. (2018); RefR4-26]

Transmission &
Distribution (ITD)
System Operations

ITD TES design, one
way communication

Thomas and Tesfatsion (2018), Reéf/]

ITD TES Platform V1

Nguyen, Battula et al. (2019), R3]
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of

Rel at ed LI

Category

Literature

Brief Description

TCL*
Control

Wu (2018), Ning Lu

Sty | (2012, 2013, zhang | §6 SHenon s Pt penet otained or o
(2013); Refs[28-31]
Nguyen et al. (2019), D_|fferent variantsof linear bid functlc_)ns,e_.g.,
bid value based on average retail price,
Fuller et al. (2011), : )
: : proportional difference between actual and
Nazir ancHiskens desiredtemperaturelevels, etc, are proposed
Price | (2018),Kok (2013); Thesebid function forms are justified basedon
Based | Refs.[3, 14, 16, 18] .
Control generaheuristicgrounds

Li et al. (2015),
Radaide(2017);
Refs.[32-33]

Benefitobtaineddueto thermalcomfortis taken
Into considerationHowever,bid function is not
optimally derived

*TCL T Thermostatically Controlled Load
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Research Objectives and Approach

Formulate an IDSO-managedbid-basedTES designfor ITD systems Developand usean
ITD TES platform to evaluatedesignperformance by meansof empirically -basedtest cases

¢ Approach Stepsanvolved

i Construct anndependentDistribution System Operator Transmission
(IDSO) as a TD linkage agent System

i Develop a biebased IDS@nanagedransactive Energy
System (TES) desigfor a distribution system

i Model distribution systersrid-Edge Resources (GERap
TES design participants operating to meet their local goals [ IDSO J

i Develop an ITD TES platform for TES design evaluation

i Develop test cases for TES design evaluation, using the
Electric Reliability Council of Texas (ERCOT) energy reqi

as the principal empirical anchor Distribution

i Conduct systematic test cases and analyze test case results SyStem

Fig. 1. ITD System
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Research Completed

IDSO-Managed BidBased TES Design
foran ITD System

Conceptual Formulation

[OWA STATE UNIVERSITY 9



IDSO-Managed TweNay Communication Networl

IDSO

Fig. 2: lllustrative two-way communication network ofLocal Intelligent Software Agents (LISAS)
for an IDSO-managed bidbased TES design withGrid-Edge Resource (GER)articipants

Requirements
A Scalability

= Interior LISA
LISA3
/\ = Edge LISA
LISA1 LISA?2
LISA | | LISA LISA | | LISA LISA | | LISA
¥ ¥ v ¥ ¥ 3
GER | GER 2 GER 3| | GER 4 GER 5 GER 6

A GERprivacyprotection

A Alignmentof systemgoalsandconstraintsvith local GER goalsandconstraints

[OWA STATE UNIVERSITY

10




Design Implementation

Five-Step BidBased TES Desi

Stepl: EdgeLISA for eachGER(g collectsdataon
the stateof eachsmartdevicev(g) ownedby g ata
Data CheckRateandusesthesedatato form state
conditioneddevicebid functionsB, ().

A

Step2: EdgeLISA for eachGER g usesdevicebid
functionsB,(g) to form a stateconditionedvector
Bid(g) of bid functions for g and communicates
Bid(g) to theIDSO ataBid RefreshRate

Step3: IDSO combinedatestbid functionsBid(g)
receivedfrom all GERsg into a vector AggBid of
one or more aggregate bid functions at an
AggregateBid RefreshRate

Step 4: IDSO uses AggBid to determine and
communicateprice signalsbackto edgelLISAs ata
Price Signal Rate

Step5 (Control Step) EdgeLISA for eachGER g
Insertsits latestreceivedprice signalsinto its latest
refreshed stateconditioned device bid functions
B,(g) at a Power Control Rate which triggersa
powerresponsdrom eachsmartdevicev(g).

[OWA STATE UNIVERSITY

GER

GER Edge LISA IDSO IDSO Edge LISA
. (Control Step)
. Collect Data g‘grmdBI;id Form Send Price | pmnlement
0 t1, end Bi t) AggBid 5 Signals Control
2 t, > Action
t4 Cl
t
wer Step 2 Step 3 )
P Step 4
ty+ At > Step 5
t, +At -
At t,+AL >
3 t+AL >
Step 1 tstAL
Step 2 Step 3
Step 4
ty+ 2At > Step 5
t, T2At C12At
2+ “ ~
t;+2At tt2AL tr2At

Fig. 3. Staggered implementation of an IDSO
managed bidbased FiveStep TES design
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Wholesale Power Market Modeling

LTM Operating Period

LTM(OP) LAH(OP) < OP >
— | | —H=— —e
time
LMs LMe t,s P t ©
Longer-Term LTM /,” \\\
Forward Market Look-Ahead Horizon 7 \\\
STM(T) LAH(T) Se— T —

— : 2 +—e
SMs  sMme ts® te" fime
Shorter-Term STM STM

Forward Market Look-Ahead Horizon Operating Period

Fig. 4. Typical wholesale power market timing of a longem forward market LTM(OP)
operating in relation to a shorttsrm forward market STM(T), where T lies within OP

[OWA STATE UNIVERSITY
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Timing coordination between Fivgtep TES Design for contrgltep T
during Day D+1 and the operations of DAM(D+1) and RTM(T)

Look-Ahead Operating

Day-Ahead Real-Time
Market Market Horizon Period
DAM({D+1) RTM(T) LAH(T) T
/\?“\/ | | | | | |
S— 1 ] ] ] ] ] ]
/ . ™
Distribution /  Day D: Step 1: Step 2: Step 3: Step 4: Step 5:
System IDSO can submit GERdata  EdgeLISAfor IDSO forms AgoBid(T) IDSO setsretail  Edge LISA for
t  demand bids and collection each GER R N prices for GERs each GER R
supply offers to forms & sends E{iﬂ c‘.ja.gzuhrri; and sends retail insers price
DAM(D+1) for Bid(R) to IDSO and kias *',:1 price signals to signals into
period T. for period T. Hn““pp*‘-; Offer Slo . edoelisés, Bid(R) that
(T} for peri given its info, trigger period-T
DS submits AggBid(T)  objectives, & povwer control
to ITSO to facilitate constraints actions for R's
ITS0's dizpatch of bids smart devices
| & offers cleared in
i DAM{D+1) and RTM(T) |
\\ for period T /f
) ) .ll..-.. —— o o e o I o L = "\-\‘l'.
System | DAM{D+1)and RTM(T) and demand bids and
| posts demand postsdemand g oy offers cleared
:  bids and supply bids and supply in DAM(D+1) and
offers cleared offers cleared RTM(T) for period T
for day D+1 forperod T

[OWA STATE UNIVERSITY
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ITD Timing Coordination: Multiple Forward Market

M(OP) LAH(OP) OP
o— : : —
MS T Me T s T te time
Market L ook-Ahead-Horizon Operating Period

Multiple shorter-term

/ forward markets \

(£ ~.

SMI(TY LAH(TY «— T6 —

! ( \
| :
'| I I L
|
|
i

[ _
| SMUT® LAHT® T

. . .|
M sme o T Bk ' ' N time
. ) |\ SM 2s SMm2e ts® tem,l:
Real-Time Operations
® e o )
Sepl Sep2 | ' l ' ! I |
RTM(T) LAH(T) Operating Period T
Sep3 Sep4 Sep5

Fig. 6. Timing coordination of multiple forward markets with real-time market operations
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Research Compl e

Development of the ITD TES Platform V2.0 for
testcase study of the proposed ITD TES desigr

[OWA STATE UNIVERSITY 15




ITD TES Platform V2.0

C Developed the ITD TES Platform V2.0 to evaluate the proposed ITD TES desi

ITD TES Platform V2.0
|

Regulatory Transmission _l_ Distribution ﬁ
m |IDSO/LSE — -Weather
Agency ‘ System (AMES) / System

J ! Y

Local Intelligent Distribution Utility f=={ Distribution Grid
Software Agent

|
Grid-Edge Resource (GER) I l l
'L * |Tran5fc-rmer " Regulator I Bus

A 4
Structure Thermal Dynamics Owner
v * Bid Welfare
Equipment Building | —
| |
v v 4 v
Conventional Location Size Thermal Interior-

Integrity Exterior

Fig. 7. Partial agent hierarchy for the ITD TES Platform V2.0
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Key Software Components

AMES [ GenCo, || LSE,
] |

Transmission i ;
System

Geacor ) (o5 )

Distribution
Svstem

{G{'idLAB—D

Fig. 8: Key software components for the ITD TES Platform V2.0
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Research Compl e

Development of the ERCOT Test System

A specialization of AMES V5.0 used as the
transmission system component for the
ITD TES Platform V2.0 in testase studies
of the proposed ITD TES design

[OWA STATE UNIVERSITY 18




AMES V5.0 Transmission System: Specialized to ERCOT
/ [AMESW MS“POVIVMMr — ] gstem constraints for SCUC/SCED in DAM & RT

l " ) : .
\’ A ] —‘—]Marketpamdpam (erid {150 | market | A Transmi ssi on ' i ne power [|f
e | ——f—— 1 re— A Power balance constraints
> lohue [Dgg:g;g:jeIvafggz'g_g?;'ggcgggf;fceI iDSOLSE } e (o = A Generator capacity constraints
S| — A Dispatchable generator ramp constraints for-stast
Attributes: mpedance 3 ttributes: . ",
e — - tocatin " e | |r mener normal, and shutdown operating conditions
= oy | 2SS0 | e Methods: | | s A Dispatchable generator min up/dotime constraints
«  Min & oreca Xe: . un } X L . K
o | |0 i souc B A Dispatchable generator hstart constraints
« Ramp rate ethods: responsive; , . . )
" bemm® ||+ outpurcurve demand A Systemwide reserve requirement constraints
- Dishaack cost mapping local *  Make bids &/or < . .
e weather into offers A Zonal reserve requirement constraints
o R offer power output *  Update bids
+ Update offer &for offers
(learn) (learn)

w 9.Partial agent hierarchy for AMES V5.0, from Tesfatsion/Battula [5]\\ J
/ (@) _ DAM(D+1)  LAH(D+1) Operating Day D+1 \
Fig. 10.AMES market timing specialized to ERCOT. c ' ' — e ' time

0 6:00 13:30 24:00 JHour B 48:00
a) ERCOT Test System timing configuration for a DAM | l | | [\\ J
conducted on day D to facilitate net load balancing during DAM L, DayD+1
the following day D+1 l |
b) ERCOT Test System default timing configuration for an Day D
RTM whose purpose is to facilitate net load balancing for a
nearterm operating hour T RTM(T) LAH(T) R — T —
b) : : +—e
(b) M 1 min 59 min " One Hour (¢ time
Market Look-Ahead Horizon Operating Period
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AMES V5.0 Transmission Grid: Specialized to ERCOT

/ Data \ /Grid Construction Methdh / Grid Outcome\
\ Ix\

Fuel Types of Generators - ERCOT
Solar 1. Specify the desired number of buses (NB)

Photovoltaie
0,
1% Others

1% 2. Obtain ERCOT generation and load data

Conventional
Steam Coal
20%

3. Use the ERCOT data to specify NN initial

Onshore Wind pure-generation and pwiead nodes, where

Lo NN O NB

4. Use the hierarchical clustering algorithm
developed by Johnsg¢@5] to cluster these
NN nodes into NB buses (node clusters).

Fig. 11.ERCOT 2016 generation

proportions by major fuel types . . B
5. Use Delaunay Triangulatid86] method '

plus ERCOT transmission line data to al/ 1]
construct transmission lines connecting pairs N
of the NB buses formed in step 4. LN

6. Prune the resulting grid to achieve greater \
empirical realism for the application at hand,
e.g., remove lines that traverse areas outsid
the energy region of interest. 7

B 1Based on synthetic grid construction method developgd Fig. 14.8-Bus ERCOT Test Grid
by Gegnery Birchfield, Xu,Shetye & Overbye [34] : .
@ 12.Load and generation nodﬁ/ superimposed on the ERCOT regio

[OWA STATE UNIVERSITY 20
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ERCOT Test System Verification Results

DAM LMP ($/MWh)
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Fig. 16.8-Bus ERCOT Test Grid
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Help?

----Busl

Bus2 --Bus3 —Bus4 —-Busbs — - Busbt

Bus7

Bus8

Last Updated: Aug 12, 2019 20:55

urs and Points ! Points Only / TX Counties / ERCOT Region
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Time (h)

Fig. 15. Demonstration of DAM and RTM LMPs

Real-Time Price Adders
RTORPA  $0.00
RTOFFPA §0.00
RTORDPA $0.00

AR R A AR A A A A KA A A

Bk A A kA AR AR KA AR A A A A K

Fig. 17.Snapshot of ERCOT RTM LMPs
dated 8/12/2019
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Research Compl e

Modeling of household GERs characterized by
physical & preference attributes

[OWA STATE UNIVERSITY 22




Physical & Preference Attributes of a Household

Household

Bid Net Benefit
Appliance
Thermal Interior-
Integrity | | Exterior

HVAC

Fig. 18. Hierarchy of household attributes
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LISA Communication Network for Households

Top LISA IDSO
IDSO - P 3
= Edge LISA o %
= 8
LISA
LISA-1 LISA-2| ... |LISA-N .
! ! l EI Y
h-1 h-2 h-N GER < Smart
Conventional
(a) (b)

Fig. 19: LISA two-way communication network used in ITD household test cases.
(a) Singlelayer network for a collection of household GERs; and (b) communication
links connecting the IDSO, an edge LISA for a household GER, and the household
GE RO s s madgersitive)@amdicanwentional appliances.
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Modeling of Household Attributes: Detalls

C Derived the general optimal statenditional bid form for a household with a sma
TCL appliance, assuming household welfare is measured as comfort minus cc

C This bid is either a demand for power usage or an offer to supply ancillary sen
(power absorption), depending on the state of the household.

C Derived a quantitative representation for this bid form as a function of the base
parameters characteri zing the house
assuming the household has a-peeod lookahead horizon.

C Developed a method for clustering households into representative types by m
their base parameter values

4 Key Differences in Relationship to Existing Literature N

A Form of stateconditioned bid function isptimally derivecbased on an empirically meaningful
parameterization for a househol dds physical
A Bid can beeither a demand for power usagea supply offer for ancillary service, depending on sta

AThe ON/ OFF power mode of a househol do sonsoted r
KbyanlDSOpricesignal based on the househol dos Iatew

[OWA STATE UNIVERSITY 25




Optimalprices ensi t 1 ve bi d
for a household h for each contgikp n

Power Power
(KW) (kW)
P Pn*‘
Service price Usage price
received by h 0 0 paid by h
(¢/kWh) @*(X5) @ (Xu) (¢/kWh)
(a) Bid form in ancillary service state (b) Bid form in power usage state

Fig. 20. Dependingon its stateat the startof a controlstepn, householcdh either(a) is willing to
supply ancillary service (HVAC power absorption) as a function of price receivedor (b) is
willing to demand power for HVAC usageas a function of price paid A negative price
denotesa supplypricereceived a positive price denotesademandpricepaid & P* = HVAC ON
powerusage

[OWA STATE UNIVERSITY 26




lllustration: Optimal Bid Derivation for a Householc

Simplifying assumptions:

(1) Househol d -¢sepsgiveol@lLl vy s
appliance is a smart electric HVAC system.

(2) Season is summer, so this HVAC system Is running
In cooling mode.

(3) Thelookahead hori zon for hc
singlecontrols t ep, I e., Should
turned (or kept) ON or OFF for the next contstdp?

[OWA STATE UNIVERSITY 27




| | l ustrati on e Cc¢

¢ Comfort function (utils): Maximum thermal comfortG,,.,) is achieved when discomfort is
minimized, where discomfort is measured by the difference between actual inside air t
(T) and the household residentos bliss

"o ) o0 ww i) Y)Y Qi

C Electricity cost (cents) (i) = price (cents/kWh) charged at time s for power P(s) (kW)

0 o “ (1) g0() Qi

Cc Net Benefit(utils) is measured as (comfdrt ddst). Here (utils/ cent ) = hot
marginal utility of money, a standard economic welfare concept:

0 oo ) "qodp) * ¢O o

Note: ¢ (utils/cent) denotes the Lagrange multiplier solution for the KKT-brsler necessary
conditions for a household optimization problem: Maximize utility of consumption subject t
budget constraint. | t-cost gafldofépceferencéesh e h o u s

[OWA STATE UNIVERSITY 28




| | l ustrati on ¢é& Cc

Y6 = Length of each contredtep n

—=Vector ofbaset her mal dynamic (ETP model ) pa
parameter that is not expressible in terms of other parameters

_ = (G, a0 N1, N2, TB, ) = Vector ofbasewelfare parameters

¢ Discretized form of household thermal comfartil§) for controtstep n
Otdh. O (QECECYERD Y)  QACEOYE phy YY) @Yo

c Discretized form of household energy cost for corstep n:0 (¢ - (kW) = Total power
usage of HVAC system, arid (¢) (cents/kWh) = price

OEd) “ (&)gb (EhgYo
¢ Discretized form of household net benetitils) for controtstep n

O &&dh) "AEdh) C gOEd—

[OWA STATE UNIVERSITY 29




| | l ustrati on e Cc

C Control Variable:6(¢) =1 or 0 (i.e., HVAC systenrunning in cooling modé ON or OFF)
c The househol dbés bid function iIs the cont

¢ Problem: Design this bid function so that the control signal u(n) sent to the HVAC system

the beginning of each contrstep n maximizes household expected net benefit for n
¢ A signal u(n) = 1 switches (or leaves) the HVAC system ON for-8tap n, whereas a signal

u(n)=0 switches (or leaves) the HVAC system OFF for tategp n

¢ OPTIMIZATION METHOD:

i Determine whether household is in{sithte X (may-run for usage) oXs (may-run for ancillary service
supply) at start of contredtep n by checking whetheomfortover n is higher with u(n)=1 or with u(n)=0

i If higher with u(n)=1, household is willing to PAY to have HVAC ON (stat® XDetermine the
maximum price the household igilling to payto keep HVAC ON during contredtep n

i If higher with u(n)=0, household must be PAID to have HVAC ON (state Determine theninimum
price the household igilling to acceptin payment to keep HVAC ON during contistiep n

[OWA STATE UNIVERSITY 30




| | 1l ustrationéeCont i nue-Off Pricde r i

Let“ (¢£) denote a possible energy price (cents/kWh) for costep n

¢ Case 0: Calculate household expected net benefitforcentroe p n wi t h HVA
06(Edgh) O @Yo (QFCE(YER YO "QACgOY(E pd iFdg Y9 )¢gYo

¢ Case 1: Calculate household expected net benefitforcantroe p n  wi t h  H\XNA

06EdH) O @0 (QFCEYER YO 'QFCeAY(E pd diDE] "YH ) gYo
L ()P0 (B Y0

¢ Calculate the optimal cuiff price @ (positive or negative) for contrstep n to be the
maximum value of (&) for whichNB° ” 119

“(&)O0

- ) ]
<7 ¢GZ(QFH(('O["Y@ pdd O mBle] Y§ (Y pdd & pfdle] Y9 )

¢ Righthand side of the above expression is the optimabffyirice @* , which can be positive
or negative in value.

"E'EAQOY(E pdb i e , Y(E pd Gi ] denote the expected inside air temp of
house at the start of contrstiep n+1, given Case 0 and Case 1 respectively.
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