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h i g h l i g h t s

� A market framework is presented for a proactive DISCO (PDISCO).
� Two-stage wholesale markets and stochastic distributed energy resources are involved.
� A one-leader multi-follower bilevel model is proposed.
� Continuous strategic offers and bids are achieved.
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a b s t r a c t

This paper proposes a methodology to address the trading strategies of a proactive distribution company
(PDISCO) engaged in the transmission-level (TL) markets. A one-leader multi-follower bilevel model is
presented to formulate the gaming framework between the PDISCO and markets. The lower-level (LL)
problems include the TL day-ahead market and scenario-based real-time markets, respectively with
the objectives of maximizing social welfare and minimizing operation cost. The upper-level (UL) problem
is to maximize the PDISCO’s profit across these markets. The PDISCO’s strategic offers/bids interactively
influence the outcomes of each market. Since the LL problems are linear and convex, while the UL prob-
lem is non-linear and non-convex, an equivalent primal–dual approach is used to reformulate this bilevel
model to a solvable mathematical program with equilibrium constraints (MPEC). The effectiveness of the
proposed model is verified by case studies.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Distributed energy resources (DERs) tend to occupy a high share
in the distribution-level (DL) network [1,2]. In a deregulated envi-
ronment, this stimulates the distribution company (DISCO) to pref-
erentially procure DERs’ generations at low prices. In the U.S., the
recent initiative named the New York Reforming Energy Vision
(NY REV) [3] has addressed the regulatory changes to liberate a

DL market for cost-effective use of DERs. As indicated in the NY
REV, a Distributed System Platform Provider (DSPP) will modernize
its distribution system to create a flexible platform for new energy
products and services, to improve the overall system efficiency.
Resources provided could include distributed generation (DG),
energy efficiency, predictive demand management, demand
response (DR), microgrids (MGs), and more. This paper is partially
motivated by the NY REV and aims to establish a real-time market
framework for the PDISCO procuring the DL DERs and trading in
the transmission-level (TL) wholesale markets. The DL resources
are selected as stochastic DERs, such as wind turbines (WTs) and
photovoltaic systems (PVs), while the proactive DISCO (PDISCO)
can be considered as a DSPP to play an essential role in the
hierarchical trading framework. To this end, the PDISCO gets an
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opportunity to strategically engage in the TL markets by rationally
purchasing electricity from the DL DERs. In this situation, the DIS-
CO’s trading framework becomes more complex.

Associated with the smart grid technology, to participate in the
day-ahead and real-time markets, for each time t, the DISCO has to
make a trade-off on acquiring DERs’ portfolio and trading strategy
(offer/bid) to maximize its profit. Crossing the two-stage markets,
the transactions between the DISCO and markets are characterized
in a bidirectional fashion, implying the DISCO behaves as an active
producer when providing offers, but as an active consumer when
submitting bids. To highlight these features, this kind of DISCO is
defined as a PDISCO in this paper. On the other hand, the PDISCO’s
trading strategies (offering/bidding prices and power quantities)
are endogenously interrelated with the markets’ outcomes (loca-
tional marginal prices (LMPs) and production/consumption quanti-
ties). Thus, the trading between the PDISCO and markets follows a
typical gaming structure.

In order to capture the PDISCO’s trading strategies, the PDISCO
trading within markets can be formulated as a one-leader

multi-follower game model, realized in a bilevel structure.
Market-clearing procedures are indicated as the stage-based LL
problems through DC power flow. The LL day-ahead market prob-
lem is to maximize the TL social welfare. In particular, in the real-
time process, scenario-based methods [4] can be used to represent
the stochastic outputs of individual DERs. Accordingly, an LL real-
time market problem seeks to minimize the TL operation cost per
scenario x. The UL problem represents the profit maximization of
the PDISCO, with the strategic offers/bids constrained by AC power
flow. Note that the LL problems are linear and convex, while the UL
problem is non-linear and non-convex. The primal–dual approach
[5] is applied to reformulate the proposed bilevel model to a solv-
able mathematical program with equilibrium constraints (MPEC).

Few papers are available in the technical literature to discuss the
DISCO trading within the TL markets. A static bilevel model is pro-
posed in [6] to support a DISCO’s operational decision with DGs and
interruptible loads (ILs) in a competitive market, while the DISCO’s
offers/bids are ignored by the market objective. To optimize the
DISCO’s day-ahead acquisition, a static bilevel model [7] is

Nomenclature

Sets and indices
i; j;BDS

n;m;BTS index and set of distribution-level (DL) and
transmission-level (TL) buses, respectively

ij;KDS

nm;KTS index and set of DL feeders and TL lines, respectively

l; L
d;D

index and set of DL and TL demands, respectively

g;G index and set of TL generators
k;K index and set of DL DERs
t; T index and set of time periods (e.g., hours per day)
x;X index and set of scenarios
ML;MD mapping of the set of DL/TL demands onto the set of

DL/TL buses respectively
MG mapping of the set of TL conventional generations onto

the set of TL buses
MK mapping of the set of DERs onto the set of DL buses

Variables
PG
tg day-ahead offer of generator g at time t

RUP
tg ;R

DN
tg day-ahead up and down regulation reserve capacities

of generator g at time t
rUPtgx; r

DN
tgx real-time up and down regulation power of generator g

at time t for scenario x
kDDAt day-ahead offering/bidding price of the PDISCO at

time t

PDDA
t ;QDDA

t day-ahead offering/bidding quantity of the PDISCO at
time t (non-negative is offer, negative is bid)

kDRTtx real-time offering/bidding price of the PDISCO at time t
for scenario x

PDRT
tx ;QDRT

tx real-time offering/bidding quantity of the PDISCO at
time t for scenario x (non-negative is offer, negative
is bid)

PST
tdx TL load-shedding of demand d at time t for scenario x

h0tn; htnx voltage angles of bus n at day-ahead time t, and at
real-time time t for scenario x

kDAtn ; kRTtnx locational marginal price (LMP) at TL bus n at day-
ahead time t, and at real-time time t for scenario x

PDER0
tk ;QDER0

tk active and reactive power procured from DER k at
day-ahead time t

PSD
tlx;Q

SD
tlx active and reactive power of DL load-shedding for

demand l at time t for scenario x

QC0
ti ;Q

C
tix reactive power from DL shunt compensator at bus i at

day-ahead time t, and at real-time time t for scenariox
PFD0
t;ij ;Q

FD0
t;ij day-ahead active and reactive power flows through

DL feeder i–j at time t
PFD
t;ij;x;Q

FD
t;ij;x real-time active and reactive power flows through

DL feeder i–j at time t for scenario x
d0ti; dtix voltage angles of bus i at day-ahead time t, and at real-

time time t for scenario x
V0
ti;Vtix voltage magnitudes of DL bus i at day-ahead time t, and

at real-time time t for scenario x

Parameters
PDER
tkx ;Q

DER
tkx active and reactive power generation realization of

DER k at time t for scenario x
PG
g ;R

UP
g ;RDN

g maximum production, maximum up and down regu-
lation reserve capacities of generator g

CG
g ;C

UP
g ;CDN

g day-ahead generation cost, up and down regulation
reserve costs of generator g

cUPg ; cDNg real-time up and down regulation cost of generator g

CDS
t operation cost of the PDISCO at time t

kTSDtd ; PTSD
td day-ahead bidding price and consumption of TL de-

mand d at time t
kDERt DER procurement price of the PDISCO at time t

kDSDt DL sale price at time t

PDSD
tl ;QDSD

tl consumption of DL demand l at time t
PDS active power injection limit for the PDISCO
kSTt ; kSDt TL/DL load-shedding price at time t

PTS
nm capacity limit of each TL line nm

S; Sij capacity limits of the DL main substation and each DL
feeder ij

Sk capacity limit of each DER k
QC

i ;Q
C
i reactive power limits of the DL shunt compensator at

bus i
Vi;Vi limits of voltage magnitude at DL bus i
si transformer tap ratio at DL bus i
Bnm susceptance of the TL line nm
Gij;Bij; bij conductance, susceptance and charging susceptance of

the DL feeder ij
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