
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 24, 2023

An integrated market solution to enable active distribution network to provide reactive power
ancillary service using transmission–distribution coordination

Chen, Houhe; Li, Haoyuan; Lin, Chuqiao; Jin, Xiaolong; Zhang, Rufeng; Li, Xue

Published in:
IET Energy Systems Integration

Link to article, DOI:
10.1049/esi2.12051

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Chen, H., Li, H., Lin, C., Jin, X., Zhang, R., & Li, X. (2021). An integrated market solution to enable active
distribution network to provide reactive power ancillary service using transmission–distribution coordination. IET
Energy Systems Integration, [esi2]. https://doi.org/10.1049/esi2.12051

https://doi.org/10.1049/esi2.12051
https://orbit.dtu.dk/en/publications/443bfc40-79dc-46f4-af10-84a39e9d2e3d
https://doi.org/10.1049/esi2.12051


Received: 26 September 2021 - Revised: 19 November 2021 - Accepted: 29 November 2021 - IET Energy Systems Integration
DOI: 10.1049/esi2.12051

OR I G INAL RE SEARCH

An integrated market solution to enable active distribution
network to provide reactive power ancillary service using
transmission–distribution coordination

Houhe Chen1 | Haoyuan Li1 | Chuqiao Lin1 | Xiaolong Jin2 | Rufeng Zhang1 |
Xue Li1

1Department of Electrical Engineering, Northeast
Electric Power University, Jilin, China

2Department of Electrical Engineering, Technical
University of Denmark (DTU), Lyngby, Denmark

Correspondence

Xiaolong Jin, Department of Electrical Engineering,
Technical University of Denmark (DTU), 2800 Kgs.
Lyngby, Denmark.
Email: xiajin@elektro.dtu.dk

Funding information

National Natural Science Foundation of China,
Grant/Award Numbers: 51877033, 52007026,
52077028

Abstract
The active distribution network (ADN) can provide the reactive power ancillary service
(RPAS) to improve the operations of the transmission network operations (such as
voltage control and network loss reduction) as distribution generation grows. In this
context, an RPAS market is required to motivate the ADN to provide the RPAS to the
transmission network since the transmission system operator (TSO) and the distribution
system operator (DSO) are different entities. Hence, to obtain the TSO–DSO coordi-
nation in the RPAS market, this study proposes a two-stage market framework on the
basis of the successive clearing of the energy and RPAS markets. Additionally, a
distributed market-clearing mechanism based on an alternating direction method of
multipliers (ADMM) is adopted to guarantee TSO's and DSO's information privacy.
Furthermore, a binary expansion (BE) method is used to linearise the non-convex
bilinear terms in the market-clearing model. The effectiveness of the proposed RPAS
market framework and distributed market-clearing mechanism is validated using two
different test systems with different system scales.
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1 | INTRODUCTION

To continuously satisfy the increasing electricity demand, the
transmission system operator (TSO) is required to operate the
transmission system at higher loads and lower capacity [1, 2].
Concurrently, a shortage of the reactive power will occur in the
overload nodes (particularly, the boundary nodes between the
transmission system and the distribution system) because of
the reduction of traditional generators. Consequently, the
voltage problem becomes critical for the boundary nodes in
the transmission network [3, 4], and the reactive power ancil-
lary service (RPAS) is required to address the voltage issues.

Distributed generations (DGs) such as photovoltaic (PV)
and wind turbines (WT) can enable the active distribution

network (ADN) to satisfy its load by itself. When the ADN has
a high DG penetration [5, 6], there is an increased power
interaction between the transmission network and the ADN.
Additionally, the DGs can inject the reactive power into the
power grid via the grid-connected inverter [7–9]. Hence, the
ADN can provide the RPAS to the transmission network and
help the TSO to address its voltage issues [10, 11].

In this context, an effective coordination mechanism must
achieve the coordination between the TSO and the distribution
system operator (DSO) in the RPAS market. The coordination
between the transmission network and distribution networks
has been studied extensively. The authors in [12] proposed a
coordinated transmission and distribution alternating current
(AC) optimal power flow method to improve economic
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operations of the whole system. The authors in [13] proposed a
new decentralised restoration scheme to achieve efficiently
coordinated restoration of the coupled transmission and dis-
tribution system (TS–DS). A multilevel overload relief method
for the transmission network using the capability from an
ADN is proposed in [14] under the coordinated transmission
and distribution management framework. The authors in
[15–17] presented different coordination schemes between the
TSO and the DSO in the ancillary service markets. The authors
in [18] proposed a methodology that improves reactive power
management by taking advantage of the full capabilities of the
distributed energy resources (DER) and by reducing the in-
jection of reactive power in the distribution network and
reducing losses. Another methodology using a stochastic AC-
OPF for the reactive power management by the DSO under
renewable energy sources forecast uncertainty was proposed in
[19], and the DSO is allowed to coordinate and supply reactive
power services to the TSO. Similarly, the authors in [20]
considered the provision of the voltage support as an ancillary
service to the TN and proposed a centralised tractable OPF-
based control scheme that optimises the real-time operation
of ADNs. The authors in [21] demonstrated how small-scale
photovoltaic systems in distribution systems can provide
reactive power services to other networks. A dedicated voltage
ancillary service strategy is achieved by the combined usage of
DG and traditional resources to temporarily satisfy the sys-
tem's requirement for voltage stability temporarily [22]. The
authors in [23] studied an RPAS market framework from the
energy market perspective to encourage DGs to participate in
reactive power optimisation. The authors in [24] proposed a
reactive power optimisation strategy with the objective func-
tion of minimising network loss, voltage deviation, and reactive
power cost. In [25], an alternative method was demonstrated
how to provide an RPAS for the transmission network by using
existing parallel transformers in the distribution network.
However, the DSO privacy is not well protected in the
aforementioned studies and the flexibilities of DGs are un-
derused. An optimal way was presented to control a steady-
state voltage in distribution feeders using the RPAS that is
provided by synchronous DGs [26]. The studies of the reactive
power pricing have also received widespread attention. The
authors in [27, 28] used the locational marginal price (LMP) as
the reactive power pricing. Nonetheless, they were not feasible
because of the reactive power's localised nature. Few studies
adopt the distribution LMP for reactive power pricing in the
distribution network because the network length of the dis-
tribution network is relatively shorter than the transmission
network [29, 30]. Nevertheless, reactive power compensation is
not considered in these studies.

Furthermore, information privacy is particularly important
for both market participants (TSO and DSO). Moreover, the
DSO system data are not fully accessible by the TSO. In
summary, the traditional centralised solution of the TSO–DSO
coupling operation problem does not apply to the aforemen-
tioned situation. Conversely, the distributed optimisation so-
lution method that has the characteristics such as ensuring the
independence of regional optimisation, information privacy,

and reducing the amount of information transmission, is
widely used in solving TSO–DSO and multiparty transactions.
For example, the master–slave splitting method is used to solve
the transmission and distribution network's distributed power
flow problem [31]. In [32], the benders decomposition method
is used to solve the distributed active power and reactive power
optimisation problems of the transmission and distribution
network, respectively. In [33–35], the generalised master–slave
method is used to solve the transmission and distribution
network's distributed dispatch and active power optimisation
problems. The alternating direction method of multipliers
(ADMM) method can control a few information interactions
between adjacent regions using global variables. Additionally,
ADMM has the characteristics of good convergence and sig-
nificant robustness. Thus, ADMM has become a crucial
method for solving the power systems distributed optimisation
problems [36–38].

Hence, this study proposes a two-stage market framework
to realise the coordination between the TSO and the DSO in
the RPAS market to address the aforementioned challenges. In
the proposed market framework (the energy market and RPAS
market), TSO, DSO, and independent market operator (IMO)
are the market participants. The DSO is responsible for the
balancing of the distribution grid and has priority to use re-
sources (DGs) from the local grid. The DSO selects the
necessary bids for local use and aggregates and transfers the
remaining resources to the market. Similar to the DSO, the
TSO needs to balance the transmission grid and integrates bids
from power generation companies. The IMO is introduced to
manage a third-party market to protect TSO's and DSO's in-
formation privacy. The TSO and the DSO submit their market
information to IMO and IMO will handle exchanged infor-
mation from the TSO and the DSO. The IMO has the benefit
that the market will be operated by an entity that might already
have experience in this field. The presence of the IMO must
guarantee neutrality, which is essential for each market partic-
ipant. Only in this way can IMO be qualified to share market
information with market participants and handle exchanged
information during the market-clearing process.

Furthermore, a distributed market-clearing mechanism
based on ADMM is adopted to protect TSO's and DSO's
privacy. Moreover, the non-convex bilinear terms in the model
are linearised using the binary expansion (BE) method. The
main contributions of this study are summarised as follows:

1. An RPAS market-clearing framework, which enables the
ADN to provide the RPAS to the transmission network is
proposed. The proposed market framework can not only
make full use of the DGs' capabilities in the ADN but can
also promote the interaction between the transmission
network and the ADN.

2. A distributed market-clearing mechanism is proposed to
protect TSO's and DSO's information privacy under the
framework.

3. The transmission system operator and the DSO are in the
same position in the market mechanism when compared
with other traditional TSO–DSO coordination schemes. The
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clearing price and purchased quantity are jointly decided by
the TSO and the DSO during the transaction process.

This study is structured as follows. Section 2 introduces the
issues and frameworks of the energy and RPAS markets.
Section 3 presents the clearing model of the energy and RPAS
markets. This section also mentions the solution of the non-
linear term of the product of two variables. Section 4 in-
troduces the scheme-solving algorithm. Section 5 discusses the
clearing results of the energy and RPAS markets. Furthermore,
this section demonstrates the effectiveness of the RPAS market
and the proposed market mechanism by comparing whether
the DSO participates in the RPAS market. Finally, Section 6
presents the conclusions.

2 | PROBLEM DESCRIPTION

The operation state of the distribution network becomes more
flexible as the new energy power generation grows. The power
flow between the transmission network and the ADN coupling
progressively changes from one-way to two-way, which
significantly enhances the coupling relationship between them.
The ADN with strong coordination ability can provide the
RPAS to the transmission network [13]. In this study, the RPAS
market is different from several conventional TSO–DSO
decentralised RPAS market models [15].

Assuming that DSOs and DGs are integrated, the TSO
cannot access the DGs of the ADN. The DGs do not only
take responsibility for local network constraints but also pro-
vide the RPAS for the transmission network as the main body
[39]. To address the different clearing periods between the
energy market and RPAS markets, the energy market-clearing
results are taken as the active power generation plan and the
input data of the RPAS market. Additionally, the power ca-
pacity in the RPAS market is determined using the active po-
wer output of the DG supply in the energy market.

In this study, an IMO is introduced to protect the infor-
mation privacy of the participants (TSO and DSO). The IMO is
a third-party entity that handles exchanged information from
the TSO and the DSO. The TSO and the DSO only provide the
boundary information of their systems to the IMO to ensure
information transmission privacy. The aforementioned market
framework is applied to the energy market and RPAS markets.

Figure 1 shows the market framework. The RPAS market is
cleared based on the basis of the energy market's clearing
result. The active power outputs of the transmission generation
units, the active power outputs of the DGs, and the purchased
quantity in the energy market will be the initial RPAS market
data. Moreover, the reactive power interaction between the
transmission network and the ADN is determined using a
constant power factor after clearing the energy market. Addi-
tionally, the DSO calculates the capacity of the conventional
DGs in the RPAS market on the basis of the determined power
factor combined with the energy market output data, whereas
the capacity of PVs is based on the inverter capacity and the
energy market output data.

2.1 | Framework of the day-ahead energy
market

The power generation companies' bid on the TSO is the first
step in the energy market framework (shown in Figure 2), and
the TSO and the DSO perform optimisation calculations
based on their system constraints. The TSO calculates its po-
wer demand on the basis of the lowest price combined with the
bid from power generation companies and subsequently sub-
mits to IMO with the lowest expected price. The DSO should
adjust DG's power outputs and purchase power on the basis of
the expected TSO price. Afterwards, the DSO reports its po-
wer demand and bidding price to IMO. The aforementioned
information is exchanged only by IMO to protect the TSO's
and DSO's privacy. This action is repeated until both the TSO
and the DSO agree on the price and the purchased quantity.
Moreover, the market-clearing process is iterative. The TSO
and the DSO interact and modify the clearing price and the
purchased quantity until the difference between two adjacent
iterations is less than a threshold. Finally, the market is cleared
successfully (i.e. both the TSO and the DSO agree with the
market's price and the purchased quantity).

2.2 | Framework of the RPAS market

The framework of the RPAS market shown in Figure 3 is
similar to that of the energy market. This study assumes that

Energy Market-Clearing Model

Objective function: Maximize the social welfare of the
transmission network and minimize the power purchasing 
cost of DSO.

RPAS Market-Clearing Model

O bjective function : Minimize the operation cost of the
transmission network consisting of the penalty term of 
network loss, the cost of reactive power generation , the
purchasing cost of the RPAS and maximize the RPAS profit
of each DSO.

Ppcc&Qpcc

SO(TSO)

IMO

SO(DSO1) SO(DSO2) SO(DSOs)

Bid

Maximum reactive power 
capacity of DGs

Active power output of
generation units and DGs

Purchased
quantity

Bid Purchased
quantity

F I GURE 1 Schematic of the market framework
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the boundary reactive power is balanced after the energy
market clears and the reactive power capacity of DGs in the
RPAS market is determined.

First, the TSO calculates the RPAS reactive power based
on the system data and submits a bidding price to IMO.
Concurrently, the DSO submits the reactive power capacity of
DGs and the expected price to the IMO. After the IMO
exchanged the information with the TSO and the DSO, they
update their trading information based on the return infor-
mation and submit it again to the IMO. The two parties
alternate repeatedly to form an iterative process. Finally, when
they agree on a clearing price and purchased quantity of the
RPAS, the iteration stops and the market clears (the clearing
process is the same as in the energy market).

3 | MATHEMATICAL MODEL

3.1 | Energy market-clearing models

(1) Market-Clearing Model of Distribution Network

The distribution network's market clearing is modelled
using a second-order cone programing [40] (SOCP)-based AC

optimal power flow (ACOPF) model, and the objective func-
tion is to minimise each distribution network's operating cost.

min
X

e∈A

�
cDpcc;tP

D
pcc;t þ c

P
e Pg

DA
e;DG;t

�
ð1aÞ

s.t.

X

i∈yðjÞ

�
PDAij;t − iDAij;t rij

�
þ PgDAe;DG;t þ P

D
pcc;t − Pdj;t ¼

X

s∈vðjÞ
PDAjs

ð1bÞ

X

i∈yðjÞ

�
QDAij;t − iDAij;t xij

�
þQgDAe;DG;t −Qdj;t ¼

X

s∈vðjÞ
QDAjs ð1cÞ

uDAj;t ¼ u
DA
i;t − 2

�
rijPDAij;t þ xijQ

DA
ij;t

�
þ
��
rij
�2
þ
�
xij
�2
�
IDAij;t

ð1dÞ

V 2
i;min ≤ uDAi;t ≤ V 2

i;max ð1eÞ

PgDAe;DG;min ≤ PgDAe;DG;t ≤ PgDAe;DG;max ð1fÞ

QgDAe;DG;min ≤QgDAe;DG;t ≤QgDAe;DG;max ð1gÞ

�
�
�
�
�
�
�
�
�

2PDAij;t
2QDAij;t
IDAij;t − uDAi;t

�
�
�
�
�
�
�
�
�
2

≤ IDAij;t þ u
DA
i;t ð1hÞ

Equations (1b) and (1c) impose the active power and
reactive power balance in the transmission system, respectively.
Equations (1d) and (1f) are the voltage drop equation of
branch ij and upper and lower limits of the voltage amplitude
of node i. The active and reactive power output constraints of
DGs are described in Equations (1f) and (1g). Equation (1h) is
the line flow constraint after SOC relaxation. Since the branch
current, i2, and node voltage amplitude v2 are quadratic

SO
(TSO)

SO
(DSO1)

Energy bid
Purchased quantity

IMO
SO

(DSO2)

SO
(DSOn)

Day-ahead Energy Market

Gencos

DGs

Dispatch

Centralized market

F I GURE 2 Framework of the energy market

SO
(TSO)

SO
(DSO1)

Var bid

Purchased quantity 

Centrailized market

IMO
SO

(DSO2)

SO
(DSOn)

RPAS Market

F I GURE 3 Framework of the reactive power ancillary service (RPAS)
market
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variables of strongly non-convex forms, they are replaced with
the primary variables IDAij and uDAij .

(2) Market-Clearing Model of Transmission Network

The transmission network part in the energymarket-clearing
model adopts the direct current optimal power flow (DCOPF)
model. The objective function is to maximise the social welfare
of the transmission network, which is expressed as
Equation (2a).

max
X

h∈G

�
cTpcc;tP

T
pcc;t − cPhPg

T
h;t

�
ð2aÞ

s:t:
X

h∈G
PgTh;t −

X

w∈PCC
PTw;t −

X

d∈D
PdTdd;t ¼ 0 ð2bÞ

PgTh;min ≤ PgTh;t ≤ PgTh;max ð2cÞ

RateAl;min ≤
X

h∈G
GSFl-h ⋅ PgTh;t −

X

d∈L
GSFl-d ⋅ PdTd;t

−
X

w∈PCC
GSFl−w ⋅ PTw;t ≤ RateAl;max

ð2dÞ

Equation (2b) imposes the power balance in the trans-
mission system. Equation (2c) shows the output limit of each
generator. Equation (2d) represents the transmission capacity
limits of each line.

3.2 | RPAS market-clearing models

(1) Market-Clearing Model of Distribution network

In this model, the distribution network's market clearing is
modelled using an SOCP-based ACOPF model, and the
objective function is to maximise each DSO's RPAS profit.

max
X

e∈A

�
bDas;tΔQ

D
pcc;t − bQe Q

Var
e;DG;t

�
ð3aÞ

s.t.

X

i∈y2ðjÞ

�
PVarij;t − iVarij;t rij

�
þ PDAe;DG;t þ P

ϕ
pcc;t − Pdj;t ¼

X

s∈y1ðjÞ
PVarjs

ð3bÞ

X

i∈y2ðjÞ

�
QVarij;t − iVarij;t xij

�
þQVare;DG;t þQgz;pv;t −Qdj;t

þQDpcc;t − ΔQDpcc;t ¼
X

s∈y1ðjÞ
QVarjs

ð3cÞ

uVarj;t ¼ u
Var
i;t − 2

�
rijPVarij;t þ xijQ

Var
ij;t

�
þ
��
rij
�2
þ
�
xij
�2
�
IVarij;t

ð3dÞ

�
V i;min

�2 ≤ uVari;t ≤
�
V i;min

�2
ð3eÞ

�
�
�
�
�
�
�
�
�

2PVarij;t

2QVarij;t

IVarij;t − uVari;t

�
�
�
�
�
�
�
�
�
2

≤ IVarij;t þ u
Var
i;t ð3fÞ

In the RPAS market, the active power of DGs is
considered to be fixed values based on the energy market's
clearing results. Equations (3b) and (3c) impose the active
power and reactive power balance in the distribution system,
respectively. Equation (3d) describe the voltage drop equa-
tion and Equation (3e) represents the nodal voltage limit.
The DGs could independently adjust active and reactive
power using power electronic devices or conventional rotary
motor interfaces. In this context, the reactive residual ca-
pacity of DG participating in the RPAS market can be
calculated by the fixed power factor and its active power
output in the energy market as shown in Equations (3g) and
(3h). Similarly, Equation (3i) represents PV's reactive power
capacity in the RPAS market calculated from its active power
output in the energy market.

Qge;DG;t ¼ Pg
ϕ
e;DG;t tan φ ð3gÞ

Qge;DG;min ≤Qge;DG;t þQ
Var
e;DG;t ≤Qge;DG;max ð3hÞ

PgDAz;pv;t
2
þQgz;pv;t

2 ≤ S2z;pv;max ð3iÞ

(2) Market-Clearing Model of Transmission Network

In this section, the SOCP-transformed ACOPF model
[41] is used in the transmission network clearing model.
This study discusses establishing the penalty factor of to-
tal network loss and forming the penalty term of total
network loss to achieve the economic benefits of the RPAS
market to the TSO. The multi-objective function in Equa-
tion (4a) is to minimise the operating cost of the trans-
mission network comprising the network loss penalty term,
reactive power generation cost, and the RPAS. Equa-
tion (4h) is the loop phase angle constraint of the trans-
mission network.

min
X

h∈G

X

d∈D

�
bQh Qg

T
h;t þ blossPloss;t þ b

T
as;tΔQ

T
pcc;t

�
ð4aÞ

s.t.

X

m∈v2ðnÞ

�
PTmn;t − imn;trmn

�
þ PgTh;t

−
X

w∈PCC
PTw;t − Pdd;t þ ΔPt ¼

X

k∈v1ðnÞ
PTnk ð4bÞ
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X

m∈v2ðnÞ

�
QTmn;t − imnxmn

�
þQgTh;t −Qdd;t þ ΔTpcc;t −QTpcc;t

¼
X

k∈v1ðnÞ
QTnk

ð4cÞ

uTn;t ¼ u
T
m;t − 2

�
rmnPTmn;t þ xmnQ

T
mn;t

�

þ
�
ðrmnÞ2 þ ðxmnÞ2

�
ITmn;t

ð4dÞ

V 2
m;min ≤ uTm;t ≤ V 2

m;max ð4eÞ

QgTh;min ≤QgTh;t ≤QgTh;max ð4fÞ

�
�
�
�
�
�
�
�
�

2PTmn;t
2QTmn;t
ITmn;t − uTm;t

�
�
�
�
�
�
�
�
�
2

≤ ITmn;t þ u
T
m;t ð4gÞ

CxmnPTmn;t − CrmnQTmn;t ¼ 0 ð4hÞ

3.3 | Solution of the non-linear term of the
product of two variables

Since it is difficult to solve the product form of clearing
price and purchased quantity in the objective function of the
entire model, so the BE method [42] is used to solve this
problem in this study. We can use bTasΔQ

T
pcc in Equation (4a)

as an example. First, the continuous decision variable bTas will
be approximated by a set of discrete values {bm, m = 0, 1,
2, …, M1}, where M1 = 2K1 and K1 are non-negative integer
variables. Then, assuming the clearing price bTas is in the
range of [b

�
b], bTas can be replaced by Equation (5a).

bQas ¼ b
�
þΔb

XK1

k¼0

2kxk ð5aÞ

where Δb¼
�
b − b

�

�
=M1 and xk is a binary variable. Log2(M1)

variables are also required here.
By multiplying both sides of Equation (5a) with another

decision variable, ΔQTpcc, we can replace xkΔQTpcc with a new
variable zk ¼ xkΔQTpcc as shown in Equation (5b).

bQasΔQ
T
pcc ¼ b

�
ΔQTpcc þ Δb

XK1

k¼0

2kzk ð5bÞ

Furthermore, two inequality constraints Equations (5c) and
(5d) must reflect the relationship zk ¼ xkΔQpccT .

0 ≤ ΔQTpcc − zk ≤Gð1 − xkÞ ð5cÞ

0 ≤ zk ≤Gxk ð5dÞ

where the constant, G, must be large enough for the con-
straints in (5c) and (5d) to be relaxed when xk = 0 and xk = 1,
respectively.

4 | SOLUTION METHOD

4.1 | System decoupling

In this study, the general ADMM consistency optimisation
method [43] is used to solve the market-clearing model to
further achieve the privacy protection of both the TSO and the
DSO. It is necessary to decouple the constraints of coupling
lines between the transmission and distribution systems since
they are connected by substations. Using the global variable in
ADMM to ensure consistency before and after the boundary
interactive power replication, the transmission lines between
adjacent subregions can be copied to adjacent subregions,
respectively, and then, the constraints of transmission lines
between regions can be decoupled. Figure 4 shows that the
interactive active and reactive powers are considered coupling
variables in the energy and RPAS markets, respectively.

Figure 5 shows that the coupling variables cTpcc, P
T
pcc, b

T
as,

and ΔQTpcc of the TSO, and cDpcc, P
D
pcc, b

D
as, and ΔQDpcc of the

Trasmission
Network(T)

PCC l

PCC k Ppcc,T

Ppcc,K

Ppcc,T

Ppcc,l

PDk,pcc

PDi,pcc

PCC l

Trasmission
Network(T)

PCC l

PCC k

PCC k Qpcc,T

Qpcc,K

Qpcc,T

QDk,pcc

QDi,pcc Qpcc,K

Distribution 
Network(k)

Distribution
Network(i)

The Energy Market

The RPAS Market

PCC k

Distribution 
Network(k)

Distribution
Network(i)

PCC l

F I GURE 4 Transmission and distribution
network coupling diagram
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DSO is obtained from the clearing results in the energy
market and RPAS markets, respectively. Coupling variable
values are obtained after optimisation in the subregion, and
the updated global variables Z1–Z4 are the mean values of the
coupled variables connected to them. Each subregion receives
the modified global variables, which are used in the sub-
region's next optimisation. Cycling the information interac-
tion between the optimisation within the region and the
subregions until the variables meet the ADMM convergence
conditions.

4.2 | Applying ADMM to the market-
clearing problems

The ADMM algorithm for market clearing is described in
Algorithm 1. The interaction process of the energy and RPAS
market are the same. Therefore, this subsection only uses the
RPAS market as an example. The overall objective function for
the RPAS market is to minimise the entire system's operating
cost. The augmented Lagrangian form of the objective func-
tion is shown in Equation (6a).

Algorithm 1 ADMM for Market Clearing

procedure ADMM Loop
1: Local optimisation for TSOs/DSOs,

Obtaining the initial value of coupling variables;
2: coupling variables update,

for the TSO:

cTkþ1pcc;i;t=b
Tkþ1
as;i;t;P

Tkþ1
pcc;a;t=ΔQ

Tkþ1
pcc;a;t ¼ arg minLTSO

�
cTkþ1pcc;i;t=b

Tkþ1
as;i;t;P

Tkþ1
pcc;a;t=ΔQ

Tkþ1
pcc;a;t

�

for all DSOs:

cDkþ1pcc;i;t=b
Dkþ1
as;i;t;P

Dkþ1
pcc;a;t=ΔQ

Dkþ1
pcc;a;t ¼ arg minLDSO

�
cDkþ1pcc;i;t=b

Dkþ1
as;i;t;P

Dkþ1
pcc;a;t=ΔQ

Dkþ1
pcc;a;t

�

3: TSO broadcasts cT k+1 pcc,i,t/bT k+1 as,i,t & PT k+1 pcc,a,t/ΔQT k+1 pcc,a,t to all DSOs;
DSOs broadcast cD k+1 pcc,i,t/bD k+1 as,i,t & PD k+1 pcc,a,t/ΔQD k+1 pcc,a,t to the TSO;
TSOs/DSOs obtain new bidding prices and quantity transmitted;

4: Global variable update:
for the energy market:

Zkþ1i;t ¼ 1=2
�
cTkþ1pcc;i;t þ c

Dkþ1
pcc;i;t

�
Zkþ1a;t ¼ 1=2

�
PTkþ1pcc;a;t þ P

Dkþ1
pcc;a;t

�

for the RPAS market:
Zkþ1i;t ¼ 1=2ðb

Tkþ1
as;i þ b

Dkþ1
as;i Þ Z

kþ1
a;t ¼ 1=2ðΔQ

Tkþ1
pcc;a þ ΔQ

Dkþ1
pcc;aÞ

5: Lagrangian multiplier update:
for the energy market:
λkþ1i;t ¼ λ

k
i;t þ ρðc

Tkþ1
pcc;i;t − Z

kþ1
i;t Þ λ

kþ1
i;t ¼ λ

k
i;t þ ρðc

Dkþ1
pcc;i;t − Z

kþ1
i;t Þ

λkþ1a;t ¼ λ
k
a;t þ ρðP

Tkþ1
pcc;a;t − Z

kþ1
a;t Þ λ

kþ1
a;t ¼ λ

k
a;t þ ρðP

Tkþ1
pcc;a;t − Z

kþ1
a;t Þ

for the RPAS market:
λkþ1i;t ¼ λ

k
i;t þ ρðb

Tkþ1
as;i;t − Z

kþ1
i;t Þ λ

kþ1
i;t ¼ λ

k
i;t þ ρðb

Dkþ1
as;i;t − Z

kþ1
i;t Þ

λkþ1a;t ¼ λ
k
a;t þ ρðΔQ

Tkþ1
pcc;a;t − Z

kþ1
a;t Þ λ

kþ1
a;t ¼ λ

k
a;t þ ρðΔQ

Dkþ1
pcc;a;t − Z

kþ1
a;t Þ

6: Convergence conditions:
for the energy market: for the RPAS market:
8
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>>>>>>>>>>>>>>>>>:

�
�skþ11

�
�2
2 ¼

�
�
�cTkþ1pcc;i;t − Z

kþ1
i;t

�
�
�
2

2
≤ ξ1

�
�skþ12

�
�2
2 ¼

�
�
�PTkþ1pcc;a;t-Za;t

�
�
�
2

2
≤ ξ1

�
�skþ13

�
�2
2 ¼

�
�
�cDkþ1pcc;i;t − Z

kþ1
i;t

�
�
�
2

2
≤ ξ1

�
�skþ14

�
�2
2 ¼

�
�
�PDkþ1pcc;a;t - Za;t

�
�
�
2

2
≤ ξ1

�
�rkþ11

�
�2
2 ¼

�
�
�ð−ρÞðZkþ1i;t − Zki;tÞ

�
�
�
2

2
≤ ξ2

�
�rkþ12

�
�2
2 ¼

�
�
�ð−ρÞðZkþ1a;t − Zka;tÞ

�
�
�
2

2
≤ ξ2

8
>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>:

�
�skþ11

�
�2
2 ¼

�
�
�bTkþ1as;i;t − Z

kþ1
i;t

�
�
�
2

2
≤ ξ1

�
�skþ12

�
�2
2 ¼

�
�
�ΔQTpcc;a;t - Za;t

�
�
�
2

2
≤ ξ1

�
�skþ13

�
�2
2 ¼

�
�
�bDkþ1as;i;t − Z

kþ1
i;t

�
�
�
2

2
≤ ξ1

�
�skþ14

�
�2
2 ¼

�
�
�ΔQDpcc;a;t - Za;t

�
�
�
2

2
≤ ξ1

�
�rkþ11

�
�2
2 ¼

�
�
�ð−ρÞðZkþ1i;t − Zki;tÞ

�
�
�
2

2
≤ ξ2

�
�rkþ12

�
�2
2 ¼

�
�
�ð−ρÞðZkþ1a;t − Zka;tÞ

�
�
�
2

2
≤ ξ2

end procedure
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minLρ

¼ bQn Q
DG
n;t þ b

Q
mQg

T
n;t þ blossPloss;t þ λTi;t

�
bTas;i;t - Zi;t

�

þ λTλa;t
�
ΔQTpcc;a;t - Za;t

�
þ λTλi;t

�
bDas;i;t - Zi;t

�

þ λTλa;t
�
ΔQDpcc;a;t - Za;t

�
þ ðρ=2Þ

��
�
�bTas;i;t - Zi;t

�
�
�
2

2

þ

�
�
�ΔQTpcc;a;t - Za;t

�
�
�
2

2
þ

�
�
�bDas;i;t - Zi;t

�
�
�
2

2
þ

�
�
�ΔQDpcc;a;t - Za;t

�
�
�
2

2

�

ð6aÞ

where λT is the Lagrange multiplier transpose and ρ is the
iteration step size.

Zkþ1i;t ¼ 1=2
�
bTkþ1as;i;t þ b

Dkþ1
as;i;t

�
ð6bÞ

Zkþ1a;t ¼ 1=2
�
ΔQTkþ1pcc;a;t þ ΔQDkþ1pcc;a;t

�
ð6cÞ

λkþ1i;t ¼ λki;t þ ρ
�
bTkþ1as;i;t − Zkþ1i;t

�
ð6dÞ

λkþ1i;t ¼ λki;t þ ρ
�
bDkþ1as;i;t − Zkþ1i;t

�
ð6eÞ

λkþ1a;t ¼ λka;t þ ρ
�
ΔQTkþ1pcc;a;t − Zkþ1a;t

�
ð6fÞ

λkþ1a;t ¼ λka;t þ ρ
�
ΔQDkþ1pcc;a;t − Zkþ1a;t

�
ð6gÞ
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�skþ11
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�
�
2

2
¼

�
�
�bTkþ1as;i;t − Zkþ1i;t

�
�
�
2

2
≤ ξ1

�
�
�skþ12

�
�
�
2

2
¼

�
�
�ΔQTpcc;a;t − Za;t

�
�
�
2

2
≤ ξ1

�
�
�skþ13

�
�
�
2

2
¼

�
�
�bDkþ1as;i;t − Zkþ1i;t

�
�
�
2

2
≤ ξ1

�
�
�skþ14

�
�
�
2

2
¼

�
�
�ΔQDpcc;a;t − Za;t

�
�
�
2

2
≤ ξ1

�
�
�rkþ11

�
�
�
2

2
¼

�
�
�ð−ρÞ

�
Zkþ1i;t − Zki;t

��
�
�
2

2
≤ ξ2

�
�
�rkþ12

�
�
�
2

2
¼

�
�
�ð−ρÞ

�
Zkþ1a;t − Zka;t

��
�
�
2

2
≤ ξ2

ð6hÞ

Equations (6b)–(6g) are the alternating iterative calculations
of variables in Equation (6a); k is the number of iterations. After

each variable is updated, Equation (6h) is used to ascertain if
ADMM convergence conditions are satisfied. The two-norm
square of the dual residuals s1–s4 and the original residuals r1–
r2 must be less than the relative stop thresholds, ξ1 and ξ2. ξ1 and
ξ2 are usually set to extremely small numbers, such that they are
approximately equal to zero. When the convergence condition is
satisfied, the two parties can be considered to agree on the
agreement on the clearing price and the purchased quantity.

TSO and DSO subproblems are independent of each other
except for the boundary constraints Equations (6b)–(6h). The
total optimisation problem must satisfy the distribution net-
work's internal constraints.

The RPAS market-clearing problem is divided into sub-
problems of the TSO and the DSO:

(1) TSO Subproblem: Considering the Lagrangian function
Equation (6a), the TSO subproblem can be represented as
follows:

min LTSO ¼ b
T
as;i;tΔQ

T
pcc;a;t þ b

Q
mQg

T
n;t þ blossPloss;t

þ λTi;t
�
bTas;i;t - Zi;t

�
þ λTλa;t

�
ΔQTpcc;a;t - Za;t

�

þðρ=2Þ
��
�
�bTas;i;t - Zi;t

�
�
�
2

2
þ

�
�
�ΔQTpcc;a;t - Za;t

�
�
�
2

2

�

ð6iÞ

s.t. Equations (4b)–(4h)

(2) DSO Subproblem: Considering the Lagrangian function
Equation (6a), the subproblem for the DSO can be rep-
resented as follows:

min LDSO ¼ b
Q
n Q

DG
n;t - bDas;i;tΔQ

D
pcc;a;t þ λTi;t

�
bDas;i;t - Zi;t

�

þ λTλa;t
�
ΔQDpcc;a;t - Za;t

�

þðρ=2Þ
��
�
�bDas;i;t - Zi;t

�
�
�
2

2
þ

�
�
�ΔQDpcc;a;t - Za;t

�
�
�
2

2

�

ð6jÞ

s.t. Equations (3b)–(3i)

5 | CASE STUDIES

The effectiveness of the proposed market-clearing framework
and mechanism is verified using the two test systems. The first
test system, T5-D33, comprises a PJM-5 system and three
modified IEEE 33-bus ADNs at bus 2. The second one, T30-
D33, comprises IEEE 30-bus test system and three modified
IEEE 33-bus ADNs at bus 26. The capacity of the DGs in each
ADN is different, and the specific data [44] are shown in Table 1.
The test applications run on a 64-bit version ofWindows 10. The
CPU is an Intel Core i5-7200Kwith 2.50-GHzmaster frequency
and 8-GB memory. In this section, the clearing results of the
energy and RPAS markets will be reflected through the test
system. The following two cases are conducted for comparison.

F I GURE 5 Market interaction process
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Case 1: Energy market clearing with DSO's participation.
RPAS market-clearing without DSO's participation.
Case 2: Energy market clearing with DSO's participation.
RPAS market-clearing with DSO's participation.

5.1 | Test on T5-D33

Figure 6 shows that all three ADNs set DGs at nodes 3, 6, 10,
and 18. ADN1 and ADN3 connect two DGs, particularly, at
node 13. The reactive power demand is assumed to be 30% of
the active power demand on each node [45]. The voltage
amplitude of each node in the transmission network is set to
0.95–1.05 p.u. and the ADMM convergence conditions, ξ1 and
ξ2 are set to 10−3. The solving time of the energy market and
the RPAS market-clearing model is 4649.699624 s and 442 s,
respectively.

(1) Energy Market-Clearing Result

Figure 7 shows the transmission network's load prediction
curve. The maximum loads for three ADNs are 6.88, 4.99, and
7.35 MW. The power transmission system is in a high load state
during 18:00–21:00. The transmission network requires the
RPAS, and the RPAS market is activated during this period.
The RPAS should address the high network loss and the low
voltage on a transmission grid at the high-load period. In this
context, it is necessary to set up the corresponding high-
capacity generation units to satisfy the system's high-load re-
quirements in this study, and Table 2 shows the data of gen-
eration units.

The clearing price and purchased quantity in the energy
market are set as variables. The clearing price in this study
is not calculated using the LMP, and a reasonable clearing
price range is set based on previous historical data and
references [46, 47]. Moreover, the load and capacity of
DGs in ADN2 are lower than other ADNs. To boost
market competitiveness, DSO2's clearing price is also
cheaper than DSO1 and DSO3. Table 3 shows the bidding
price range.

Figure 8 shows that the clearing prices change mainly at
10:00 and 18:00 because of the time characteristics of PVs.
Compared with the other two ADNs, the purchased quan-
tity of ADN2 is also at a lower level due to its lower load
level.

(2) RPAS Market-Clearing Result

This study assumes that PVs only supply active power
in the energy market because of their characteristics.

TABLE 1 Capacity parameters of photovoltaic (PVs) and fossil fuel
distributed generations (DGs) in active distribution networks (ADNs)

ADN1

# PV1 PV2 PV3 DG6

Maximum output (MW) 0.35 0.5 0.25 5

ADN2

# PV1 PV2 DG5

Maximum output (MW) 0.4 0.6 3

ADN3

# PV1 PV2 PV3 DG6

Maximum output (MW) 0.8 0.35 0.25 6

G3L2 L3

G4

L4

1

2 3

45

G1

G2

G5

ADN1

ADN2

1 2 43 5

19 20 21 22

252423

6

26 27 28 29 30 31 32 33

7 8 9 10 11 12 13 14 15 16 17 18

DG2DG1

DG3 DG4 DG6

DG5

F I GURE 6 Topology diagram of the T5–D33 test system
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Furthermore, the reactive power capacity is determined based
on the inverter constraint and the active power output. The
DCOPF model is the transmission network model in the en-
ergy market. Hence, the problem of an active power flow
mismatch exists. This study assumes that the ADNs generate
active power to balance the power flow to address the afore-
mentioned problem. The power factor of the other conven-
tional DGs is 0.95. The reactive capacity of all DGs is
determined using the energy market-clearing results and their
characteristics. Table 4 shows the transmission network's
generation unit data and the generation unit's reactive power
generation cost. The bidding price range in the RPAS market is
set to 0–2 $/MVArh [48].

Figure 9 shows the clearing result. DSO2's clearing price
decreases after period 4 and the other DSOs' are stable.
This is because the ADN2 has the lowest load and more

capacity of DGs to participate in market transactions of the
RPAS market. The purchased quantity of three ADN
changes is the same. Figure 10 shows the comparison of the
total output of DGs in three ADNs between cases 1 and
two; the total output of DGs in case 2 is much higher than
that in case 1.

Figure 11 shows the comparison of system operating costs
in each period under cases 1 and 2. Compared with case 1, the
system operating cost in the RPAS market with DSO's
participation is significantly reduced by approximately 24.88%.
Table 5 also shows the costs and profits of TSOs and DSOs in
the RPAS market in case 1 and case 2. The DSO can reduce
operating costs and even make a profit by participating in the
RPAS market. This implies that the participation of the DSO
in the RPAS market can effectively reduce the system's oper-
ating cost.

TABLE 2 Generation unit data of the transmission network

Number #1 #2 #3 #4 #5

Maximum output (MW) 50 200 320 200 160

Bidding price ($/MWh) 14 15 25 22 20

TABLE 3 TSO-DSO bidding price range in the energy market

TSO–DSO1 TSO–DSO2 TSO–DSO3

Bidding price range ($/MWh) 22–30 20–28 22–30
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F I GURE 8 Clearing result of the energy market in each period
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F I GURE 7 Transmission network load of the
T5–D33 test system
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5.2 | Test on T30-D33

Figure 12 shows the T30-D33 test system, which comprises an
IEEE 30-bus transmission network and three ADNs. The
transmission network has six generation units, and the data are
shown in Table 6. The reactive power demand is also assumed
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F I GURE 9 Clearing result of the reactive power ancillary service (RPAS) market in each period

(a) (b)

(c)

F I GURE 1 0 Comparison of the total output of distributed generations (DGs) in three active distribution networks (ADNs)

TABLE 4 Generation units reactive power data of transmission
network

Number #1 #2 #3 #4 #5

Maximum output (MVAr) 80 150 100 160 120

Bidding price ($/MVArh) 1.4 1.5 2 3 1.6
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to be 30% of the active power demand on each node. The
voltage amplitude of each node in the transmission network is
set to 0.95–1.05 p.u. The same system data used in the T5-D33
test system is applied for the three ADNs. According to the

transmission network's load curve (Figure 13), we set the
clearing period of the RPAS market as 16:00–20:00. The en-
ergy market and RPAS market-clearing models are solved in
5254 s and 1032 s, respectively.

(1) Energy Market-Clearing Result

Figure 14 shows that the clearing prices exhibit a slightly
increasing trend at 8:00 and 18:00–22:00. This is because the
time characteristics of PVs cause insufficient power supply in
the ADN during this period, resulting in higher clearing prices.

Period(15minutes)
1 2 3 4 5 6 7 8 9 10 11 12

800

900

1000

1100

1200

1300

Case 2
Case 1

tsoc
noitarepo

metsy
S

($
)

F I GURE 1 1 Comparison of the system
operating cost in each period

TABLE 5 Costs/profits of the
transmission system operator (TSO) and the
distribution system operator (DSO) in
different cases

TSO ($) DSO1 ($) DSO2 ($) DSO3 ($) Total operating cost (104$)

Case 1 14358/0 0.067/0 1.111/0 2.314/0 14.15

Case 2 14080/0 −11.5/24.1 −9.95/12.6 −21.63/25.7 14.00
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7 8 9 10 11 12 13 14 15 16 17 18
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DG5

ADN1
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F I GURE 1 2 Topology diagram of the T30-D33 test system

TABLE 6 Generation unit data of the transmission network

Number #1 #2 #3 #4 #5 #6

Maximum output of active power (MW) 80 80 50 55 30 40

Bidding price ($/MWh) 25 20 15 10 28 28
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Because of the sufficient power supply of PVs around 13:00–
16:00, ADN2 does not require purchasing energy from the
transmission network in this period. Additionally, clearing
prices remain stable because of the lower load level and po-
wer supply capacity of ADN2 when compared with other
ADNs.

(2) RPAS Market-Clearing Result

The TSO purchases from the three DSOs are roughly the
same trend since the clearing prices of the three DSOs in the
RPAS market remain unchanged (Figure 15). Table 7 shows
that generation units 2, 3, and 4 have relatively low genera-
tion cost and their capacity can satisfy the system's load. The
reactive power output of other units is almost ignored. It is
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F I GURE 1 3 Transmission network load of the T30-D33 test system
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F I GURE 1 5 Clearing result of the reactive power ancillary service (RPAS) market in each period

TABLE 7 Generation unit reactive
power data of the transmission network

Number #1 #2 #3 #4 #5 #6

Maximum output of reactive power (MVAr) 150 60 62.5 48.7 40 44.7

Bidding price($/MVArh) 2.5 2 1.5 1 2.8 2.8
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only necessary to compare the output of generation units 2,
3, and 4 in cases 1 and 2. Figure 16 shows that the output of
each generation unit in case 2 is significantly lower than that
in case 1 after 12 periods. Concurrently, the output of DGs
in the three ADNs of case 2 (Figure 17) is significantly higher
than that in case 1. This demonstrates that DSO's

participation in the RPAS market can reduce the output of
generation units in transmission networks with higher gen-
eration costs by activating DG output. Figure 18 shows that
comparing system operating costs in each period indicates
that DSO's participation in the RPAS market can lower the
system operating cost by up to 15.63%. Table 8 illustrates
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F I GURE 1 6 Reactive power output of
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that the DSO obtains profits by participating in the
RPAS market, which reduces the total system's operating cost
by 9.09%. It is worth mentioning that the T30-D33 test
system's total operating cost is much lower than that of the
T5-D33 test system due to the low-load level of the T30-D33
system.

6 | CONCLUSIONS

In this study, an RPAS market-clearing framework and a
distributed market-clearing mechanism are proposed to
achieve the coordination between the TSO and the DSO in
the RPAS. The RPAS market's role is to promote the ADN
to provide the RPAS to solve the coupling node's voltage
over-limit problem in the transmission network via market
mechanisms. The following conclusions were drawn based
on numerical studies:

(1). The RPAS market with DSO's participation can improve
the usage rate of DGs and activate DGs to generate a
reactive power in the ADN to provide ancillary service for
the transmission network.

(2). The energy and RPAS markets can be cleared using a few
information interactions under the proposed market
framework and distributed clearing mechanism.

(3). The RPAS market with DSO's participation can reduce
the system's operating cost compared with that without
DSO's participation.

In our future works, the clearing method of the RPAS
market considering the overvoltage problem of boundary
nodes between the transmission network and the distribution

network will be studied. Also, to optimise the solution effi-
ciency of the model, an optimal iteration step selection method
will be integrated into the model.
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NOMENCLATURE INDICES AND INDEX
SETS

h Index of the transmission network's generator
nodes

w Index of boundary buses between the trans-
mission network and the ADN

d Index of the transmission network's load nodes
l Index of the transmission network lines
e Index of ADN's DG nodes
v1(n)/v2(n) Set of the initial/terminal node of line with ter-

minal/initial node n in the transmission network
ij Index of ADN branches
a Index of the ADN
z Index of ADN PV nodes
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F I GURE 1 8 Comparison of the system
operating cost in each period

TABLE 8 Cost/profit of the
transmission system operator (TSO) and the
distribution system operator (DSO) in
different cases

TSO ($) DSO1 ($) DSO2 ($) DSO3 ($) Total operating cost (104$)

Case 1 4172/0 1.672/0 3.162/0 2.40/0 0.418

Case 2 3866/0 −0.19/33.7 −2.50/6.28 −64.8/38.34 0.380
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y1(j)/y2(j) Set of the initial/terminal node of line with ter-
minal/initial node j in the ADN

G Set of generators at the transmission level
PCC Set of coupling nodes
D Set of loads at the transmission level
A Set of DGs in the ADN

PARAMETERS
ch
P Genco's active power generation bid
bQn Genco's reactive power generation

bid
ceP A DG's active power generation cost
bQe A DG's reactive power generation

cost
bloss Penalty factor of transmission net-

work's total network loss
PdTd;t=Qd

T
d;t System active/reactive load of node

d in the transmission network at time t
PgTh;min=Pg

T
h;max Minimum/maximum active power

output of a generation unit
RateAl,min/RateAl,max Minimum/maximum flow capacity of

the transmission line l
GSF Generation shift factor
QgTh;min=Qg

T
h;max Generation unit's minimum/

maximum active power output
Pdj,t/Qdj,t Active/reactive load of node j in the

ADN at time t
rmn/xmn Resistance/reactance of line mn in

the transmission network
rij/xij Resistance/reactance of line ij in the

ADN
PDGg;a;t;min=P

DG
g;a;t;max DGs' minimum/maximum active

power output at time t
QgDAe;DG;min=Qg

DA
e;DG;max Minimum/maximum reactive power

output of DG
V 2
m;min=V

2
m;max Minimum/maximum voltage ampli-

tude of node m in the transmission
network

V 2
i;min=V

2
i;max Minimum/maximum voltage ampli-

tude of node i in the ADN
C Loop matrix in the transmission

network
φ DG's power-factor angle
Sz,pv,max Maximum capacity of a PV inverter

VARIABLES
cTpcc;t Expected price of the TSO in the energy

market at time t
cDpcc;t Bidding price of the DSO in the energy

market at time t
bTas;t Bidding price of the TSO in the RPAS

market at time t
bDas;t Expected price of the DSO in the RPAS

market at time t

PT=Dpcc;t =Q
T=D
pcc;t Active/reactive power delivered by the

transmission network to the ADN at
time t

ΔQTpcc;t=ΔQ
D
pcc;t The purchased quantity in the RPAS mar-

ket at time t
ΔPt Active power compensated by the ADN at

time t
PgTh;t Active power output of a generation unit at

time t
Pgz,pv,t Active power output of PV at time t in the

energy market
Qgz,pv,t Reactive power output of PV at time t in

the RPAS market
PTw;t=P

ф
pcc;t Power purchased from the transmission

network by the DSO at time t
Ploss,t Total network loss of the transmission

network at time t
PgTh;t Generation unit’s active power output at

time t
PgDAe;DG;t=Qg

DA
e;DG;t Active/reactive power output of DG at

time t in the energy market
QVare;DG;t Reactive power output of DG at time t in

the RPAS market
PDAij;t =Q

DA
ij;t The branch active/reactive flow of the

ADN in the energy market
PVarij;t =Q

Var
ij;t The branch active/reactive flow of the

ADN in the RPAS market
uTm;t Square of the voltage amplitude of node m

of the transmission network in the RPAS
market at time t

uDAi;t =u
Var
i;t Square of the voltage amplitude of node i

of the ADN in the energy/RPAS market at
time t

ITmn;t Square of the current on line mn of the
transmission network in the RPAS market
at time t

IDAij;t =I
Var
ij;t Square of the current on line ij in the ADN

in the energy/RPAS market at time t
PTmn;t=Q

T
mn;t The branch active/reactive flow of the

transmission network in the RPAS market
PDAjs;t =P

Var
js;t Net active power injection of node j of

the ADN in the energy/RPAS market at
time t

QDAjs;t =Q
Var
js;t Net reactive power injection of node j of

the ADN in the energy market/RPAS
market at time t

PTnk;t=Q
T
nk;t Net active and reactive power injection of

node j of the transmission network in the
RPAS market at time t
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