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A B S T R A C T

This paper proposes a novel approach to TSO–DSO coordination in day-ahead operation planning for the
procurement of ancillary services (AS) such as congestion management and voltage control. The approach
overcomes two major issues hindering practical applicability of existing TSO–DSO coordination mechanisms,
namely the computational complexity due to the large number of times the TSO and DSO problems are resolved
as well as the inability to map analytically the cost and amount of flexibility at DSO level into TSO problem.
To this end, a two-fold novelty of our approach consists of the decomposition of the overall AS problem
into two sequential stages, which seek the procurement of: (i) ‘‘active power related’’ AS (i.e., for congestion
management) and then (ii) the ‘‘reactive power related’’ AS (i.e., for voltage support), respectively as well
as a fast approximation of the cost of aggregated active and reactive power flexibilities of active distribution
systems (ADSs). Unlike existing mechanisms, the proposed approach considers real-world challenging aspects
such as the N-1 security at TSO level and operation uncertainties at both TSO and DSO levels. Accordingly,
the approach relies on tailored versions of stochastic multi-period AC security-constrained optimal power flow
(S-MP-SCOPF) at TSO level and stochastic multi-period AC optimal power flow (S-MP-OPF) at DSO level,
which are formulated as non-linear programming (NLP) problems. The importance and performance of the
proposed approach are illustrated on a power system connecting a 60-bus transmission system (under 33 N-1
contingencies) with five 34-bus ADSs.
1. Introduction

1.1. Motivation

Decarbonization of power systems worldwide entails an accelerated
penetration of variable renewable energy sources (RES), such as wind
and solar, in both active distribution systems (ADSs) and transmission
system (TS). The variability of RES power production threatens the task
of distribution system operators (DSOs) and transmission system oper-
ator (TSO) to meet operation limits (e.g., voltage magnitude, branch
current). Mitigating such challenges requires power adjustments of RES
and additional flexibility options, e.g., electrical energy storage (EES)
systems and flexible loads (FLs).

Furthermore, the fact that a huge number of these flexibility sources
are located in ADSs, hence not visible or directly controllable by the
TSO, has two implications: (i) the operation of TS becomes increasingly
dependent on the operation of ADSs and (ii) the TSO controllability of
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secure operation diminishes (e.g., some dispatchable power plants may
be displaced by RES). At the same time, DSO, which in the past (passive
distribution network era) was exclusively dependent on the TSO, is
generally not self-sufficient in electricity and will still remain heavily
dependent on the power supply from the TSO. Consequently, for a cost-
effective utilization of flexible resources at system level and avoiding
the risk of entire system blackout, that will affect both TSO and DSOs,
there is a stringent need to enhance the cooperation between TSO and
DSOs. Specifically, the coordination should ensure the DSO-controlled
procurement of flexibility by TSO from ADSs, e.g., for ancillary ser-
vices (AS) such as congestion management and voltage control [1–3].
Accordingly, the topic of coordinating optimal operations of TSO and
DSOs has gained momentum, being rightfully perceived as the key
enabler for massive integration of RES in power systems.
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Nomenclature

𝐸 Set of electrical energy storages (EES)
indexed by 𝑒

𝐹 Set of flexible loads (FLs) indexed by 𝑓
𝐺 Set of conventional generation units in-

dexed by 𝑔
𝐾 Set of operation states indexed by 𝑘, in-

cluding normal operation (𝑘 = 0) and
contingencies (𝑘 ≥ 1)

𝐿 Set of lines indexed by 𝑙
𝑁 Set of nodes indexed by 𝑛
𝑂 Set of on-load tap changers (OLTCs) in-

dexed by 𝑜
𝑅 Set of renewable energy sources (RES)

indexed by 𝑟
𝑆 Set of uncertainty scenarios indexed by 𝑠
𝑇 Set of time periods indexed by 𝑡
𝛼𝑘𝑜,𝑠,𝑡 Ratio of OLTC transformer 𝑜
𝜅𝑘
𝑜,𝑠,𝑡 Auxiliary variable representing the devia-

tion of transformer 𝑜 ratio from its initial
value

𝜙𝑘
𝑟,𝑠,𝑡 Angle defining RES power factor cos(𝜙𝑘

𝑟,𝑠,𝑡)
𝑒𝑘𝑛,𝑠,𝑡 Real part of complex voltage 𝑒𝑛,𝑠,𝑡+𝑗𝑓𝑛,𝑠,𝑡 at

bus 𝑛
𝑓𝑘
𝑛,𝑠,𝑡 Imaginary part of complex voltage at node

𝑛
𝑃 𝑐ℎ,𝑘∕𝑑𝑐ℎ,𝑘
𝑒,𝑠,𝑡 Active power charging/discharging of EES

𝑒
𝑃 𝑓𝑜𝑑,𝑘∕𝑓𝑢𝑑,𝑘
𝑓 ,𝑠,𝑡 Active power over-/under-demand of FL 𝑓

𝑃 𝑘
𝑔,𝑠,𝑡 Active power production of generator 𝑔

𝑃 𝑐,𝑘
𝑛,𝑠,𝑡 Active power curtailment of load at node 𝑛

𝑃 𝑐,𝑘
𝑟,𝑠,𝑡 Active power curtailment of RES unit 𝑟

𝑃 𝑇𝐷
𝑠,𝑡 /𝑄𝑇𝐷

𝑠,𝑡 Active/reactive power flow at TSO–DSO in-
terface for active distribution system (ADS)
optimization problems (OPs)

𝑃 𝑇𝐷
𝑡 /𝑄𝑇𝐷

𝑡 Active/reactive power flow at TSO–DSO
interface for transmission system (TS) OPs

𝑄𝑘
𝑔,𝑠,𝑡 Reactive power production of generator 𝑔

𝑄𝑐,𝑘
𝑛,𝑠,𝑡 Reactive power curtailment of load at node

𝑛
𝑆𝑜𝐶𝑘

𝑒,𝑠,𝑡 State-of-Charge (SoC) of EES 𝑒
𝛥𝑃𝑔 Ramp rate limit of generator 𝑔
𝜂𝑐ℎ𝑒 ∕𝜂𝑑𝑐ℎ𝑒 Charging/discharging efficiency of EES 𝑒
𝜙𝑟,𝑠,𝑡 Angle defining the maximum power factor

cos(𝜙𝑟,𝑠,𝑡)

𝑃
𝑇𝐷

∕𝑃 𝑇𝐷 Active power limits at TSO–DSO interface
for ADS OPs

𝑃
𝑇𝐷
𝑡 ∕𝑃 𝑇𝐷

𝑡 Bounds on active power flow at TSO–DSO
interface for TS OPs

𝑄
𝑇𝐷

∕𝑄𝑇𝐷 Reactive power limits at TSO–DSO inter-
face for ADS OPs

1.2. Related works

The coordination between TSO and DSOs has been the topic of
recent research [4–10]. These works look in a system-holistic way
(i.e., modeling both TS and ADSs) at minimizing overall system op-
eration cost. They employ various decomposition methods (e.g., hier-
2

archical [5], generalized master–slave splitting method [9], surrogate w
𝑄
𝑇𝐷
𝑡 ∕𝑄𝑇𝐷

𝑡
Bounds on reactive power flow at TSO–DSO
interface for TS OPs

𝜋𝑠 Probability of occurrence of scenario 𝑠
𝑥∕𝑥 Minimum/maximum value of 𝑥 (e.g., 𝑉 ,

𝑆𝑜𝐶, 𝑃𝑔)
𝜑𝑓,𝑠,𝑡 Angle defining FL 𝑓 power factor cos(𝜑𝑓,𝑠,𝑡)
𝑐𝑓𝑙𝑥𝑡 Flexibility cost during time period 𝑡
𝑐𝑒 Cost (e/MWh) of usage of EES 𝑒
𝑐𝑓𝑙 Cost (e/MWh) of demand flexibility 𝑓
𝑐𝑔 Cost (e/MWh) of power re-dispatch of

generator 𝑔
𝑐𝑐𝑛 Cost (e/MWh) of curtailed load at node 𝑛
𝑐𝑜𝑙𝑡𝑐 Cost (e) of OLTC transformer operation
𝑐𝑣𝑖𝑜𝑙𝑝∕𝑞∕𝑣 Cost (e/(MW/MVAr/V)) of

active/reactive/voltage shift from defined
schedule at TSO–DSO interface

𝑐𝑐𝑟 Cost (e/MWh) of curtailed active power of
RES 𝑟

𝐷 Demand flexibility factor as % of available
FL

𝑔𝑛𝑚∕𝑏𝑛𝑚 Conductance/susceptance of the branch nm
𝑃 𝑐ℎ,𝑟𝑎𝑡
𝑒 Rated active power charging of EES 𝑒

𝑃 𝑑𝑐ℎ,𝑟𝑎𝑡
𝑒 Rated active power discharging of EES 𝑒

𝑃 𝑓𝑑
𝑓 ,𝑠,𝑡 Total active power of FL 𝑓 at bus 𝑛

𝑃⋆
𝑔,𝑡 Active power of generator 𝑔 cleared in

energy market
𝑃 𝑑
𝑛,𝑡/𝑄

𝑑
𝑛,𝑡 Active/reactive power demand at bus 𝑛

𝑃 0
𝑟,𝑠,𝑡 Active power production of RES unit 𝑟

𝑃 𝑇𝐷∗
𝑡 /𝑄𝑇𝐷∗

𝑡 Optimum active/reactive power set-point at
TSO–DSO interface

𝑉 𝑇𝐷∗
𝑡 Optimum voltage set-point at TSO–DSO

interface

Lagrange relaxation [10]) that require a substantial number of iterations,
e.g. tens to hundreds [11], between TSO problem and DSOs problems,
and are thereby computationally burdensome. Another shortcoming of
these works is that they optimize a single (common) goal for the
entire system, i.e., the summation of operation costs of TSO and DSOs,
which is inadequate as TSO and DSOs have not only their own cost
goals, limited to their jurisdiction, but also do not share them with
other entities, and hence compete with each other to minimize their
cost. Finally, convex relaxations are often employed (e.g., second order
cone programming [4,5,10]) which do not guarantee returning feasible
solutions. The three issues of these works hinder their practical application
and are the key motivations of our methodology.

Another research idea, as a prerequisite to TSO–DSO coordination
mechanisms, consists of quantifying the flexibility of ADSs to support
TSO procurement of AS. A first class of approaches focuses on either
active [12,13] or reactive power [14,15] flexibility at TSO–DSO inter-
face, to tackle specific operation issues (e.g., economic dispatch [12],
frequency regulation [13], voltage instability [14] or voltage sup-
port [15]).

A broader class of approaches relies on the concept of PQ flexibility
charts,1 generated by the DSO at its interface with the TSO for a
iven hour of the next day [16–19]. Although PQ charts provide the

1 The PQ chart of a given ADS (see Fig. 1) is the region in the space of
ctive and reactive power flows at the TSO–DSO interface, which maps all
ossible power values of flexible resources from that distribution system for
hich ADS operation constraints are met.
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Fig. 1. Conceptual illustration of the proposed AS procurement methodology at a given time step and difference compared to PQ charts.
nformation about possible flexibility availability in ADSs, computing
n accurate approximation of a PQ chart requires large computation
ffort. Even worse, the key limitation of PQ charts is that they are only

feasibility regions and cannot be applied alone to TSO–DSO coordination
because it is not yet known how to map analytically the cost associated
to any point in the PQ chart (each cost reflects individual costs of
various distributed energy resources employed and it is not known
beforehand what point will be selected by the TSO) into a reasonable
number of constraints, which can be incorporated in TSO tools to com-
pute flexibility requests at the TSO–DSO interface. This key limitation
of PQ charts is another motivation and rationale for our methodology.
Ref. [20] is the first work proposing an approach that integrates simple
PQ chart box constraints at TSO/DSO interface into TSO tools, enabling
the latter to solve power balance issue in short-term.

Finally, there are other works in the domain of TSO–DSO coor-
dination that look at the different aspects of TSO–DSO coordination
(e.g., markets and pricing for flexibility procurement [21,22] or ICT
architectures for data exchange between TSO and DSO [23]). However,
these use over-simplified models as regards network operation. For ex-
ample, [21] focuses on market issues and uses linear DC model without
contingencies for TSO problem and second order cone relaxation in
DSO problem.

1.3. Paper contributions

The proposed multi-stage TSO–DSO coordination approach circumvents
the above issue of mapping the amount of aggregated flexibility to its cost by
developing a fast approximation of the cost of flexible active and reactive
power flows at TSO–DSO interface (i.e., cost as a function of amount of
active/reactive power flows re-dispatch) to be embedded as bids in TSO
AS procurement tools. The salient feature of the proposed approach
is that the DSO provides successively the range of flexible active and
eactive powers flows at the TSO–DSO interface along with their costs,
hich are then embedded in AS markets at TSO level. Consequently,

he proposed methodology decomposes the overall problem of joint AS
rocurement into two sequential stages, which seek the procurement
f: (i) ‘‘active power related’’ AS (i.e., for congestion management) and
hen (ii) the ‘‘reactive power related’’ AS (i.e., for voltage support),
espectively. As compared to existing classical decomposition mechanisms
which may require hundred of iterations), the proposed coordination mech-
nism requires maximum one iteration between TSO and DSO to remove
ongestion, and another one to remove voltage issues. Accordingly, it reduces
3

the number of iterations between TSO and DSOs problems to maximum two,
one per stage.

Further motivation and advantages of the proposed sequential procure-
ment of AS and power ranges instead of PQ chart are: (i) in general the
control means to relieve congestion (e.g., generators active power) are
ineffective to improve voltages while the means to control reactive
powers (e.g., generators terminal voltage) are ineffective in relieving
congestion, (ii) if congestion and voltage issues do not occur simulta-
neously in a TS, the approach solves tailored problems of smaller size
and hence is faster, and (iii) tremendous reduction of the computation
burden as, for each power range, one can compute at least three
intermediate points (e.g., the initial point and two extreme points of
the range) and derive accordingly a linear function approximating the
flexibility cost.

Accordingly, the paper original contributions are as follows:

1. a novel methodology for optimal TSO–DSO coordination in a
day-ahead operation framework, which allows both TSO and
DSOs to maintain a reliable and cost-effective operation of their
networks by procuring AS from the available flexibility options
in ADSs;

2. a fast approximation of aggregated active/reactive power flexi-
bility cost of ADS, easy to embed in TSO tools;

3. unlike existing TSO–DSO coordination mechanisms, our
approach includes additional computationally challenging fea-
tures: consideration of N-1 security and utilization of non-linear
AC power flow model in TSO OP, and modeling of uncertainties in
both TSO and DSO OPs.

Following-up the third contribution, Table 1 clearly highlights that
this work is much more detailed in modeling complexity and features
than the state-of-the-art; such a detailed (stochasticity, inter-temporal,
contingencies, flexibility cost) TSO–DSO coordination model is studied
here for the first time.

2. Proposed multi-stage TSO-DSO coordination methodology

The proposed approach assumes the existence of: (i) a local AS
market for flexible resources connected at distribution level and (ii)
a global market for both flexible resources connected at transmission
level and flexibility from ADSs aggregated at each substation inter-
facing TSO and DSOs. As the topic of TSO–DSO coordination is new,
market mechanisms to share flexibility between TSO and DSOs are
under investigation [2]; hence, the best way to establish such markets
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Table 1
Key features of existing approaches versus this work.

Ref Flexibility (PQ Flow) System models Features Flexibility cost TS/ADS Comparison

P Q TS ADS S MP N-1 P Q size

[4] ✓ ✓ DC SOCP 3/3
[5] ✓ ✓ SOCP SOCP 6/336
[6] DC NLP 118/2
[7] NLP NLP ✓ 118/69
[8] ✓ DC LP 118/33
[10] ✓ ✓ DL SOCP 118/34
[11] ✓ ✓ NLP NLP 14/38
[24] ✓ NLP NLP ✓ ✓ ✓ 60/34
[20] ✓ ✓ NLP N/A ✓ ✓ 60/–
[12] ✓ N/A NLP ✓ ✓ N/A –/22
[13] ✓ N/A NLP N/A ✓ –/11
[14] ✓ N/A BFS ✓ N/A –/34
[15] ✓ N/A NLP ✓ N/A –/37
[25] ✓ N/A SOCP ✓ N/A –/77
[16] ✓ ✓ N/A ICPF N/A –/861
[17] ✓ ✓ N/A NLP ✓ N/A –/34
[18] ✓ ✓ N/A LP ✓ N/A –/33
[19] ✓ ✓ N/A NLP N/A –/33

This work ✓ ✓ NLP NLP ✓ ✓ ✓ ✓ ✓ 60/34

S: stochasticity; MP: multi-period; SOCP: second-order cone programming; DL: dynamic linear; LP: linear programming; BFS: backward forward sweep; ICPF: interval constrained
power flow.
is out of our scope. We also assume that energy and reserves markets
(e.g., unit commitment) have been cleared before these AS markets and
hence, the grid-unconstrained market-desired active and reactive power
flows between TSO and DSOs are known.

Fig. 1 illustrates conceptually the rationale of the proposed ap-
proach when both congestion and voltage issues occur simultaneously,
for the sake of simplicity, focusing on one TSO–DSO interface, one time
step and ignoring uncertainties. The main outcomes of TSO computa-
tion steps are colored in red while DSO’s ones in blue. The upper part
of the figure shows the sequence in which the common variables of
TSO and DSO at the interface (active and reactive power flows and
voltage) are agreed, starting from the electrical state corresponding to
market clearing (i.e., 𝑃 0, 𝑄0, 𝑉 0) to eventually converge to the optimal
values (𝑃 𝑇𝐷⋆ , 𝑄𝑇𝐷⋆ , 𝑉 𝑇𝐷⋆ ). The lower part of the figure shows the
sequence of these steps in the DSO space of PQ charts (depicted with
green color), each number corresponding to the computation step at
either TSO or DSO. Note that the proposed approach avoids the effort
to compute the full PQ chart, computing instead only four points of it:
the active power range (step 1 and its two associated points) and, for
a given active power flow 𝑃 𝑇𝐷⋆ , the reactive power range (step 3 and
its two associated points). Observe that the active power range fully
exploits the PQ chart capability while the reactive power range could
be sub-optimal as is done for a fixed 𝑃 𝑇𝐷⋆ . This is the price to pay for
establishing the cost of ADS aggregated flexibility.

In a nutshell, based on this figure, the proposed five stage TSO–DSO
coordination works in the following way:

1. The DSO computes the active power flexible range (𝑃 , 𝑃 ) and
the associated cost (cost P).

2. If the TS is congested, the TSO procures from the global market
at minimum cost AS for congestion management including active
power ranges and costs provided by the DSOs. This step estab-
lishes the agreed active power flows scheduled at the TSO–DSOs
interfaces (𝑃 𝑇𝐷⋆ ).

3. The DSO computes the reactive power flexible range (𝑄, �̄�) and
the associated cost (cost Q).

4. If the TS experiences voltage issues, the TSO procures from the
global market at minimum cost AS for voltage support including
reactive power ranges and costs provided by the DSOs. This step
establishes the agreed reactive power flows and voltages (as a
by-product) at the TSO–DSOs interfaces (𝑄𝑇𝐷⋆ and 𝑉 𝑇𝐷⋆ ).

5. The DSO procures and dispatches, at minimum cost from the
local market, flexible resources internally so that to maintain the
4

active and reactive power flows agreed with the TSO at steps
2 and 4 (𝑃 𝑇𝐷⋆ and 𝑄𝑇𝐷⋆ ) and voltage 𝑉 𝑇𝐷⋆ while satisfying
distribution system constraints. Note that the presence of OLTC
at TSO–DSO interface is an additional powerful means to easily
comply with the voltage 𝑉 𝑇𝐷⋆ , the OLTC basically ‘‘decoupling’’
the voltage between TSO and DSO.

The complete flow chart of this 5-step approach is shown in Fig. 2.
Note that the sequence of AS procurement is not strict and to be decided
by the TSO, meaning that a TSO can first procure the reactive power
and then the active power. In such a case, modules 𝑃 and 𝑄 will
replace each other in the presented flow chart. Furthermore, TSO does
not need to procure both active and reactive powers if it experiences
either congestion or voltage issue in the TS. In the case of congestion
(no voltage issues) in a TS, only active power AS is required by the
TSO. Hence under such scenario, the proposed methodology will consist
only of modules 𝑃 and 𝑂𝑃𝑅𝐷. However, for the sake of describing
completely the proposed methodology, this work assumes that TSO
procures both active and reactive powers in the sequence shown in
Fig. 2. Finally, the OP formulation of each of the five steps are presented
in sections III and IV.

Before proceeding further, note that the proposed coordination
scheme does not have a feedback loop per se; hence the terminology
‘coordination’ might mislead the readers. However, as stated above,
we have assumed that energy and reserve markets are cleared before
AS markets and as such, grid unconstrained market-desired active and
reactive power flows between TSO and DSOs are known. As such,
the proposed coordination scheme computes the possible deviations
of active/reactive power flows, with respect to the grid-unconstrained
market-desired ones at TSO–DSO interface, if network constraints are
violated in either transmission or distribution system. These devia-
tions are calculated by ensuring that all constraints are met in both
transmission and distribution systems. Accordingly, the coordination
scheme implies intrinsically the feedback loop, which has maximum two
iterations (one per stage for active and reactive power, respectively)
between TSO and DSOs.

Furthermore note that the proposed coordination approach does not
give direct access to TSO to schedule DER, which are hosted in distri-
bution systems. Rather, TSO and DSO only schedule the power flows
(active/reactive) at their interface (substation) based on the ranges of
active and reactive powers calculated by the DSO and for which the
operation of the distribution system is feasible. In nutshell, both TSO
and DSO have access to the DER flexibility but only through DSO.
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Fig. 2. Flowchart of the proposed coordination methodology.

owever, under stressed operating condition, DSO has the priority to
tilize DER locally in a best possible way to satisfy ADS constraints,
hich can reduce the available range of flexibility to TSO. To summa-

ize, the proposed approach is a straight forward coordination mechanism
ince TSO supports and is supported by the DSO, while the DSO uses
ER flexibility to meet the constraints of ADS and, if requested and
as sufficient remaining flexibility on DER, also supports the TSO.
ccordingly, both TSO and DSO benefit from this coordination. Finally,
ote that to fully release the potential flexibility from DER, there
s still need to properly coordinate the access of resources and data
anagement between TSO and DSO as reported in [23].

We opt for the proposed five-stage coordination mechanism due to
ts affordable overall computational burden, which fosters its possible
ractical implementation in real world. This is aligned with current
fforts in Germany that also emphasize the importance of a small
umber of iterations between TSO and DSOs [26]. In comparison to
5

the proposed coordination approach, other approaches in the literature
use sophisticated decomposition techniques such as ADMM [11]) or
Nash-games [21] to solve sequentially OPs at either TSO or DSO levels,
which requires solving an OP at either level a significant number
(possibly tens to hundreds of times [11]), provided the OP at either
level converges. Accordingly, their practical implementation in the
day-ahead network operation is difficult, if not impossible, to achieve.

3. Optimization problems of ADSs

The OPs of ADSs are divided into three sub-modules. The first
two modules (module P and module Q) compute the range of most
probable active and reactive power flexibility at TSO–DSO interface,
respectively. Each module in turn handles two OPs computing the
lower and upper bounds of a power range by solving minimization
and maximization OPs, respectively. The third module i.e., OPRD, com-
putes the optimal flexibility re-dispatch of distributed energy resources
(DER) once optimum active and reactive set-points are set at the TSO–
DSO interface through a minimization OP. Note that the proposed
coordination approach is uncertainty-aware, which means the provided
flexibility range of active/reactive power flows is the most probable
outcome regarding flexibility potential of considered DERs.

3.1. Module P: DSO active power flexibility range

This module determines the range of active power flexibility at
TSO–DSO interface by solving, possibly in parallel, two separate OPs
(OP1 and OP2), which compute the lower and upper bounds of active
power flexibility range, respectively.

3.1.1. OP1 (minP)
Lower P flexibility limit is defined as:

min
∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝑃 𝑇𝐷
𝑠,𝑡 (1)

subject to (10)–(26). After solving OP1, (2) estimates the lower bound
of active power flexibility during each time period 𝑡.

𝑃 𝑇𝐷
𝑡 =

∑

𝑠∈𝑆
𝜋𝑠 ∗ 𝑃 𝑇𝐷

𝑠,𝑡 (2)

3.1.2. OP2 (maxP)
Upper P flexibility limit is defined as:

max
∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝑃 𝑇𝐷
𝑠,𝑡 (3)

subject to (10)–(26). After solving OP2, (4) estimates the upper bound
of active power flexibility during each time period 𝑡.

𝑃𝑡
𝑇𝐷

=
∑

𝑠∈𝑆
𝜋𝑠 ∗ 𝑃 𝑇𝐷

𝑠,𝑡 (4)

3.2. Module Q: DSO reactive power flexibility range

This module determines the range of reactive power flexibility at
TSO–DSO interface by solving, possibly in parallel, two separate OPs
(OP3 and OP4), which determine the lower and upper bounds of
flexibility range, respectively. Furthermore, this module also maintains
the committed active power flow with TSO at TSO–DSO interface, see
step 3 in Fig. 2.

3.2.1. OP3 (minQ)
Lower Q flexibility limit is defined as:

min
∑

𝑠∈𝑆

∑

𝑡∈𝑇

{

𝑄𝑇𝐷
𝑠,𝑡 + 𝑐𝑣𝑖𝑜𝑙𝑝 (𝑃 𝑇𝐷

𝑠,𝑡 − 𝑃 𝑇𝐷∗
𝑡 )2

}

(5)

ubject to (10)–(26). After solving OP3, (6) estimates the lower bound
f reactive power flexibility during each time period 𝑡.
𝑇𝐷
𝑡

=
∑

𝜋𝑠 ∗ 𝑄𝑇𝐷
𝑠,𝑡 (6)
𝑠∈𝑆
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3.2.2. OP4 (maxQ)
Upper Q flexibility limit is defined as:

max
∑

𝑠∈𝑆

∑

𝑡∈𝑇

{

𝑄𝑇𝐷
𝑠,𝑡 − 𝑐𝑣𝑖𝑜𝑙𝑝 (𝑃 𝑇𝐷

𝑠,𝑡 − 𝑃 𝑇𝐷∗
𝑡 )2

}

(7)

ubject to (10)–(26). After solving OP4, (8) estimates the upper bound
f reactive power flexibility during each time period 𝑡.

𝑄
𝑇𝐷
𝑡 =

∑

𝑠∈𝑆
𝜋𝑠 ∗ 𝑄𝑇𝐷

𝑠,𝑡 (8)

3.3. Module OPRD: Optimal flexibility re-dispatch for DSO

This module, defined in (9), optimally re-dispatches the flexible
DER, once active and reactive powers are set at TSO–DSO interface,
to ensure the safe operation of ADS.

min
∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝜋𝑠{(

∑

𝑟∈𝑅
𝑐𝑐𝑟𝑃

𝑐
𝑟,𝑠,𝑡 +

∑

𝑒∈𝐸
𝑐𝑒(𝑃 𝑑𝑐ℎ

𝑒,𝑠,𝑡 − 𝑃 𝑐ℎ
𝑒,𝑠,𝑡)+

∑

𝑓∈𝐹
𝑐𝑓𝑙(𝑃

𝑓𝑜𝑑
𝑓 ,𝑠,𝑡 + 𝑃 𝑓𝑢𝑑

𝑓 ,𝑠,𝑡) + 𝑐𝑣𝑖𝑜𝑙𝑝 (𝑃 𝑇𝐷
𝑠,𝑡 − 𝑃 𝑇𝐷∗

𝑡 )2+

𝑣𝑖𝑜𝑙
𝑞 (𝑄𝑇𝐷

𝑠,𝑡 −𝑄𝑇𝐷∗
𝑡 )2 + 𝑐𝑣𝑖𝑜𝑙𝑣 (𝑉 𝑇𝐷

𝑠,𝑡 − 𝑉 𝑇𝐷∗
𝑡 )2)𝛥𝑇

+ 𝑐𝑜𝑙𝑡𝑐 ⋅ 𝜅𝑜,𝑠,𝑡} (9)

ubject to (10)–(26). The objective (9) minimizes the expected cost of
ER deviation from the market schedule in each scenario 𝑠 and time
eriod 𝑡 meeting ADS constraints.

Note that in (5), (7) and (9), 𝑃 𝑇𝐷∗
𝑡 is the procured active power

the output of Section 4.1), and 𝑄𝑇𝐷∗
𝑡 /𝑉 𝑇𝐷∗

𝑡 in (9) corresponds to the
rocured reactive power/agreed voltage at TSO–DSO interface (the
utput of Section 4.2).

.4. Active distribution system constraints

The ADS OP obeys the following constraints (∀𝑡 ∈ 𝑇 , 𝑠 ∈ 𝑆):
𝑇𝐷
𝑠,𝑡 +

∑

𝑟∈𝑅
(𝑃 0

𝑟,𝑠,𝑡 − 𝑃 𝑐
𝑟,𝑠,𝑡) +

∑

𝑒∈𝐸
(𝑃 𝑑𝑐ℎ

𝑒,𝑠,𝑡 + 𝑃 𝑐ℎ
𝑒,𝑠,𝑡) − {𝑃 𝑑

𝑛,𝑡

+
∑

𝑓∈𝐹
(𝑃 𝑓𝑜𝑑

𝑓 ,𝑠,𝑡 − 𝑃 𝑓𝑢𝑑
𝑓 ,𝑠,𝑡)} = −

∑

𝑚∈𝑁
{𝑔𝑛𝑚(𝑒𝑛,𝑠,𝑡𝑒𝑚,𝑠,𝑡 + 𝑓𝑛,𝑠,𝑡

𝑓𝑚,𝑠,𝑡) + 𝑏𝑛𝑚(𝑓𝑛,𝑠,𝑡𝑒𝑚,𝑠,𝑡 + 𝑒𝑛,𝑠,𝑡𝑓𝑚,𝑠,𝑡)} ∀𝑛 ∈ 𝑁 (10)

𝑇𝐷
𝑠,𝑡 +

∑

𝑟∈𝑅
tan(𝜙𝑟,𝑠,𝑡)𝑃 0

𝑟,𝑠,𝑡 − {tan(𝜑𝑓,𝑠,𝑡)
∑

𝑓∈𝐹
(𝑃 𝑓𝑜𝑑

𝑓 ,𝑠,𝑡−

𝑓𝑢𝑑
𝑓 ,𝑠,𝑡) +𝑄𝑑

𝑛,𝑡} = −
∑

𝑚∈𝑁
𝑏𝑛𝑚(𝑒2𝑛,𝑠,𝑡 + 𝑓 2

𝑛,𝑠,𝑡) +
∑

𝑚∈𝑁
{𝑏𝑛𝑚

𝑒𝑛,𝑠,𝑡𝑒𝑚,𝑠,𝑡 + 𝑓𝑛,𝑠,𝑡𝑓𝑚,𝑠,𝑡) − 𝑔𝑛𝑚(𝑓𝑛,𝑠,𝑡𝑒𝑚,𝑠,𝑡 − 𝑒𝑛,𝑠,𝑡

𝑚,𝑠,𝑡)} ∀𝑛 ∈ 𝑁 (11)
𝑇𝐷 ≤ 𝑃 𝑇𝐷

𝑠,𝑡 ≤ 𝑃
𝑇𝐷

(12)

𝑄𝑇𝐷 ≤ 𝑄𝑇𝐷
𝑠,𝑡 ≤ 𝑄

𝑇𝐷
(13)

≤ 𝑃 𝑐
𝑟,𝑠,𝑡 ≤ 𝑃 0

𝑟,𝑠,𝑡 ∀𝑟 ∈ 𝑅 (14)

− tan(𝜙𝑟,𝑠,𝑡) ≤ tan(𝜙𝑟,𝑠,𝑡) ≤ tan(𝜙𝑟,𝑠,𝑡) ∀𝑟 ∈ 𝑅 (15)

0 ≤ 𝑃 𝑓𝑜𝑑
𝑓 ,𝑠,𝑡∕𝑃

𝑓𝑢𝑑
𝑓 ,𝑠,𝑡 ≤ 𝐷 ⋅ 𝑃 𝑓𝑑

𝑓 ,𝑠,𝑡 ∀𝑓 ∈ 𝐹 (16)
∑

𝑡∈𝑇
𝑃 𝑓𝑜𝑑
𝑓 ,𝑠,𝑡 ⋅ 𝛥𝑇 =

∑

𝑡∈𝑇
𝑃 𝑓𝑢𝑑
𝑓 ,𝑠,𝑡 ⋅ 𝛥𝑇 ∀𝑓 ∈ 𝐹 (17)

− 𝑃 𝑐ℎ,𝑟𝑎𝑡
𝑒 ≤ 𝑃 𝑐ℎ

𝑒,𝑠,𝑡 ≤ 0 ∀𝑒 ∈ 𝐸 (18)

0 ≤ 𝑃 𝑑𝑐ℎ
𝑒,𝑠,𝑡 ≤ 𝑃 𝑑𝑐ℎ,𝑟𝑎𝑡

𝑒 ∀𝑒 ∈ 𝐸 (19)

𝑆𝑜𝐶𝑒,𝑠,𝑡 − 𝑆𝑜𝐶𝑒,𝑠,𝑡−1 =
𝛥𝑇
𝐸𝑟
𝑒
(−𝜂𝑐ℎ𝑒 𝑃 𝑐ℎ

𝑒,𝑠,𝑡 −
𝑃 𝑑𝑐ℎ
𝑒,𝑠,𝑡

𝜂𝑑𝑐ℎ𝑒
) (20)

𝑆𝑜𝐶𝑒 ≤ 𝑆𝑜𝐶𝑒,𝑠,𝑡 ≤ 𝑆𝑜𝐶𝑒 ∀𝑒 ∈ 𝐸 (21)

𝑆𝑜𝐶 = 𝑆𝑜𝐶 ∀𝑒 ∈ 𝐸 (22)
6

𝑒,𝑠,𝑡𝑛 𝑒,𝑠,𝑡0
2
𝑛 ≤ (𝑒2𝑛,𝑠,𝑡 + 𝑓 2

𝑛,𝑠,𝑡) ≤ 𝑉
2
𝑛 ∀𝑛 ∈ 𝑁 (23)

𝛼𝑜 ≤ 𝛼𝑜,𝑠,𝑡 ≤ 𝛼𝑜 ∀𝑜 ∈ 𝑂 (24)

|𝛼𝑜,𝑠,𝑡 − 𝛼0𝑜,𝑠,𝑡| ≤ 𝜅𝑜,𝑠,𝑡 ∀𝑜 ∈ 𝑂 (25)
(𝑔2𝑛𝑚 + 𝑏2𝑛𝑚){(𝑒𝑛,𝑠,𝑡 − 𝑒𝑚,𝑠,𝑡)2 + (𝑓𝑛,𝑠,𝑡 − 𝑓𝑚,𝑠,𝑡)2} ≤

𝐼
2
𝑙,𝑠,𝑡 ∀𝑙 ∈ 𝐿 (26)

where (10) and (11) are the active and reactive power balance con-
straints, (12) and (13) are the limits on active and reactive power flows
at TSO–DSO interface, (14) models the active power curtailment of
RES units, (15) represents the adaptive power factor constraint on RES
units, (16) is the limit on over/under demand of active power of FLs,
(17) maintains the energy balance of FLs over whole horizon, (18) and
(19) are limits on active power charging and discharging of EES, (20)
models the EES energy balance, (21) constraints the state-of-charge
(SoC), (22) maintains the SoC of EES equal on the first and last time
periods, (23) is the limit on each bus voltage magnitude, (24) models
the tap-ratio constraint (not explicitly shown in (10) and (11) to lighten
the formulation), (25) models the absolute of deviation of transformer
ratio from its initial value in the objective function (i.e., |𝛼𝑜,𝑠,𝑡 − 𝛼0𝑜,𝑠,𝑡|)
and (26) represents the branch current limits. Finally, the presence of
EES’ charging and discharging terms in objective (9) prohibits anytime
its simultaneous charging and discharging [27].

4. Optimization problems of transmission system

The OPs of TS consist of two modules, see steps 2 and 4 in Fig. 2. The
module P finds the optimal active power re-dispatch of conventional
generators and optimal active power flow at TSO–DSO interface for
congestion management. Likewise, the module Q determines the opti-
mal reactive power set points of conventional generators and optimal
reactive power flow at TSO–DSO interface for voltage control purposes.

4.1. Module P: TSO active power optimization problem

The TSO active power OP minimizes the expected cost of AS pro-
curement (congestion management), cost of deviation of conventional
generators, EESs and FLs from market schedule, and cost of RES and
load curtailment in each scenario 𝑠 and time period 𝑡 under both normal
and post contingencies states as shown in (27).

min
∑

𝑠∈𝑆

∑

𝑡∈𝑇
𝜋𝑠{

∑

𝑔∈𝐺
𝑐𝑔

(

𝑃 0
𝑔,𝑠,𝑡 − 𝑃⋆

𝑔,𝑡

)

+
∑

𝑘∈𝐾
(
∑

𝑒∈𝐸
𝑐𝑒(𝑃

𝑑𝑐ℎ,𝑘
𝑒,𝑠,𝑡 − 𝑃 𝑐ℎ,𝑘

𝑒,𝑠,𝑡 ) +
∑

𝑓∈𝐹
𝑐𝑓𝑙(𝑃

𝑓𝑜𝑑,𝑘
𝑓 ,𝑠,𝑡 + 𝑃 𝑓𝑢𝑑,𝑘

𝑓 ,𝑠,𝑡 )

+
∑

𝑟∈𝑅
𝑐𝑐𝑟𝑃

𝑐,𝑘
𝑟,𝑠,𝑡 +

∑

𝑛∈𝑁
𝑐𝑐𝑛(𝑃

𝑐,𝑘
𝑛,𝑠,𝑡) +

∑

𝑛∈𝑁
𝑍𝑝,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 )} (27)

he problem is subjected to (16)–(22) & (26) and the following con-
traints (∀𝑡 ∈ 𝑇 , 𝑠 ∈ 𝑆, 𝑘 ∈ 𝐾):
𝑇𝐷
𝑛,𝑠,𝑡 +

∑

𝑔∈𝐺
𝑃 𝑘
𝑔,𝑠,𝑡 +

∑

𝑟∈𝑅
(𝑃 0

𝑟,𝑠,𝑡 − 𝑃 𝑐,𝑘
𝑟,𝑠,𝑡) +

∑

𝑒∈𝐸
(𝑃 𝑑𝑐ℎ,𝑘

𝑒,𝑠,𝑡

− 𝑃 𝑐ℎ,𝑘
𝑒,𝑠,𝑡 ) − {(𝑃 𝑑

𝑛,𝑡 − 𝑃 𝑐,𝑘
𝑛,𝑠,𝑡) +

∑

𝑓∈𝐹
(𝑃 𝑓𝑜𝑑,𝑘

𝑓 ,𝑠,𝑡 − 𝑃 𝑓𝑢𝑑,𝑘
𝑓 ,𝑠,𝑡 )}

= −
∑

𝑚∈𝑁
{𝑔𝑛𝑚(𝑒𝑘𝑛,𝑠,𝑡𝑒

𝑘
𝑚,𝑠,𝑡 + 𝑓𝑘

𝑛,𝑠,𝑡𝑓
𝑘
𝑚,𝑠,𝑡)+

𝑛𝑚(𝑓𝑘
𝑛,𝑠,𝑡𝑒

𝑘
𝑚,𝑠,𝑡 − 𝑒𝑘𝑛,𝑠,𝑡𝑓

𝑘
𝑚,𝑠,𝑡)} ∀𝑛 ∈ 𝑁 (28)

∑

𝑔∈𝐺
𝑄𝑘

𝑔,𝑠,𝑡 − (𝑄𝑑
𝑛,𝑡 −𝑄𝑐,𝑘

𝑛,𝑠,𝑡) = −
∑

𝑚∈𝑁
𝑏𝑛𝑚(𝑒𝑘

2
𝑛,𝑠,𝑡+

𝑘2
𝑛,𝑠,𝑡) +

∑

𝑚∈𝑁
{𝑏𝑛𝑚

(

𝑒𝑘𝑛,𝑠,𝑡𝑒
𝑘
𝑚,𝑠,𝑡 + 𝑓𝑘

𝑛,𝑠,𝑡𝑓
𝑘
𝑚,𝑠,𝑡

)

− 𝑔𝑛𝑚
(

𝑓𝑘
𝑛,𝑠,𝑡𝑒

𝑘
𝑚,𝑠,𝑡 − 𝑒𝑘𝑛,𝑠,𝑡𝑓

𝑘
𝑚,𝑠,𝑡

)

} ∀𝑛 ∈ 𝑁 (29)

(𝑄 ) ≤ 𝑃 𝑘 (𝑄𝑘 ) ≤ 𝑃 (𝑄 ) ∀𝑔 ∈ 𝐺 (30)
𝑔 𝑔 𝑔,𝑠,𝑡 𝑔,𝑠,𝑡 𝑔 𝑔
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𝑃 𝑇𝐷
𝑡 ≤ 𝑃 𝑇𝐷

𝑛,𝑠,𝑡 ≤ 𝑃
𝑇𝐷
𝑡 ∀𝑛 ∈ 𝑁 (31)

|

|

|

𝑃 0
𝑔,𝑠,𝑡−1 − 𝑃 0

𝑔,𝑠,𝑡
|

|

|

≤ 𝛥𝑃𝑔 ∀𝑔 ∈ 𝐺 (32)
|

|

|

𝑃 𝑘
𝑔,𝑠,𝑡 − 𝑃 0

𝑔,𝑠,𝑡
|

|

|

≤ 𝛥𝑃𝑔 ∀𝑔 ∈ 𝐺, 𝑘 ≠ 0 (33)

≤ 𝑃 𝑐,𝑘
𝑛,𝑠,𝑡 ≤ 𝑃 𝑑

𝑛,𝑠,𝑡, ∀𝑛 ∈ 𝑁 (34)

≤ 𝑃 𝑐,𝑘
𝑟,𝑠,𝑡 ≤ 𝑃 0

𝑟,𝑠,𝑡, ∀𝑛 ∈ 𝑁 (35)
2
𝑛 ≤ (𝑒𝑘

2
𝑛,𝑠,𝑡 + 𝑓𝑘2

𝑛,𝑠,𝑡) ≤ 𝑉
2
𝑛 ∀𝑛 ∈ 𝑁(𝐺) (36)

𝑠𝑙𝑝𝑝,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 𝑃 𝑇𝐷
𝑛,𝑠,𝑡 + 𝑑𝑝,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 ≤ 𝑍𝑝,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 (37)

𝑠𝑙𝑝𝑝,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 𝑃 𝑇𝐷
𝑛,𝑠,𝑡 + 𝑑𝑝,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 ≤ 𝑍𝑝,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 (38)

where (28) and (29) represent the active and reactive power balance
constraints, (30) is the hard physical limits on active (reactive) power
of a generator, (31) restricts the active power flexibility, needed to be
procured, by the TSO at TSO–DSO interface between the lower and
upper bounds, which are provided by the DSOs OP1 and OP2, (32)
restricts the ramping of a generator in two successive time intervals
under normal operation, (33) couples the active power of a generator
between normal operation and post-contingency states, (34) limits the
load curtailment, (35) restricts the RES curtailment, (36) is the limit on
each bus voltage magnitude, and (37) and (38) represent the V-shaped
linear approximated cost function of active power flexibility through
an auxiliary variable 𝑍𝑝,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 (see Section 5 for details on 𝑠𝑙𝑝𝑝,𝑓 𝑙𝑥,1∕2𝑛,𝑠,𝑡 and
𝑝,𝑓 𝑙𝑥
𝑛,𝑠,𝑡 ).

.2. Module Q: TSO reactive power optimization problem

The reactive power OP minimizes the expected cost of AS procure-
ent (voltage control) in TS operation under both normal and post

ontingency states as shown in (39).

min
∑

𝑠∈𝑆

∑

𝑡∈𝑇
{
∑

𝑘∈𝐾
𝜋𝑠

∑

𝑔∈𝐺
|𝑄𝑘

𝑔,𝑠,𝑡| +
∑

𝑛∈𝑁
𝑍𝑞,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 } (39)

he problem is subject to the following constraints (∀𝑡 ∈ 𝑇 , 𝑠 ∈ 𝑆, 𝑘 ∈
𝐾):

𝑃 𝑇𝐷∗
𝑛,𝑠,𝑡 +

∑

𝑔∈𝐺∕𝑠𝑙𝑎𝑐𝑘
𝑃 𝑘∗
𝑔,𝑠,𝑡 + 𝑃 𝑘

𝑠𝑙𝑎𝑐𝑘,𝑠,𝑡 +
∑

𝑒∈𝐸
(𝑃 𝑑𝑐ℎ,𝑘∗

𝑒,𝑠,𝑡 −

𝑃 𝑐ℎ,𝑘∗
𝑒,𝑠,𝑡 ) +

∑

𝑟∈𝑅
(𝑃 0

𝑟,𝑠,𝑡 − 𝑃 𝑐,𝑘∗
𝑟,𝑠,𝑡 ) − {(𝑃 𝑑

𝑛,𝑡 − 𝑃 𝑐,𝑘∗
𝑛,𝑠,𝑡 ) +

∑

𝑓∈𝐹

𝑃 𝑓𝑜𝑑,𝑘∗
𝑓,𝑠,𝑡 − 𝑃 𝑓𝑢𝑑,𝑘∗

𝑓,𝑠,𝑡 )} = −
∑

𝑚∈𝑁
{𝑔𝑛𝑚(𝑒𝑘𝑛,𝑠,𝑡𝑒

𝑘
𝑚,𝑠,𝑡 + 𝑓𝑘

𝑛,𝑠,𝑡

𝑘
𝑚,𝑠,𝑡) + 𝑏𝑛𝑚(𝑓𝑘

𝑛,𝑠,𝑡𝑒
𝑘
𝑚,𝑠,𝑡 − 𝑒𝑘𝑛,𝑠,𝑡𝑓

𝑘
𝑚,𝑠,𝑡)} ∀𝑛 ∈ 𝑁 (40)

∑

𝑔∈𝐺
𝑄𝑘

𝑔,𝑠,𝑡 +𝑄𝑇𝐷
𝑛,𝑠,𝑡 − (𝑄𝑑

𝑛,𝑡 −𝑄𝑐,𝑘
𝑛,𝑠,𝑡) = −

∑

𝑚∈𝑁
(𝑏𝑛𝑚)

𝑒𝑘
2

𝑛,𝑠,𝑡 + 𝑓𝑘2
𝑛,𝑠,𝑡) +

∑

𝑚∈𝑁
{𝑏𝑛𝑚

(

𝑒𝑘𝑛,𝑠,𝑡𝑒
𝑘
𝑚,𝑠,𝑡 + 𝑓𝑘

𝑛,𝑠,𝑡𝑓
𝑘
𝑚,𝑠,𝑡

)

− 𝑔𝑛𝑚
(

𝑓𝑘
𝑛,𝑠,𝑡𝑒

𝑘
𝑚,𝑠,𝑡 − 𝑒𝑘𝑛,𝑠,𝑡𝑓

𝑘
𝑚,𝑠,𝑡

)

} ∀𝑛 ∈ 𝑁 (41)

𝑇𝐷
𝑡

≤ 𝑄𝑇𝐷
𝑛,𝑠,𝑡 ≤ 𝑄

𝑇𝐷
𝑡 ∀𝑛 ∈ 𝑁 (42)

𝑔
≤ 𝑄𝑘

𝑔,𝑠,𝑡 ≤ 𝑄𝑔 ∀𝑔 ∈ 𝐺 (43)

𝑉 2
𝑛 ≤ (𝑒𝑘

2
𝑛,𝑠,𝑡 + 𝑓𝑘2

𝑛,𝑠,𝑡) ≤ 𝑉
2
𝑛 ∀𝑛 ∈ 𝑁 (44)

(

𝑔2𝑛𝑚 + 𝑏2𝑛𝑚
) [

(

𝑒𝑘𝑛,𝑠,𝑡 − 𝑒𝑘𝑚,𝑠,𝑡
)2

+
(

𝑓𝑘
𝑛,𝑠,𝑡 − 𝑓𝑘

𝑚,𝑠,𝑡

)2
]

≤ 𝐼
2
𝑙,𝑠,𝑡 ∀𝑙 ∈ 𝐿′, 𝑠 ∈ 𝑆′, 𝑡 ∈ 𝑇 ′, 𝑘 ∈ 𝐾 ′ (45)

𝑠𝑙𝑝𝑞,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 𝑄𝑇𝐷
𝑛,𝑠,𝑡 + 𝑑𝑞,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 ≤ 𝑍𝑞,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 (46)

𝑙𝑝𝑞,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 𝑄𝑇𝐷
𝑛,𝑠,𝑡 + 𝑑𝑞,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 ≤ 𝑍𝑞,𝑓 𝑙𝑥

𝑛,𝑠,𝑡 (47)

here (40) is the active power balance constraint set by fixing the
ctive power (TSO module P results) at: TSO–DSO interface, conven-
ional generators in all states (except slack generator), charging state
7

c

f EESs, FLs, generation and load shedding under the same scenario
fixed values are marked by ∗), (41) is the reactive power balance for
ll operation states, (42) restricts the reactive power flexibility, needed
o be procured, by the TSO at TSO–DSO interface between the lower
nd upper bounds provided by the DSOs OP3 and OP4, (43) limits the
eactive power of generators, (44) limits the voltages at all nodes, (45)
epresents the branch current limit for a limited subset of congested
ases (TSO module P results), and (46) and (47) are the V-shaped linear
pproximated cost function of reactive power flexibility being procured
y the TSO (see Section 5 for details on 𝑠𝑙𝑝𝑞,𝑓 𝑙𝑥,1∕2𝑛,𝑠,𝑡 and 𝑑𝑞,𝑓 𝑙𝑥𝑛,𝑠,𝑡 ).

. Cost of active and reactive power flexibility

Apart from the range of flexibility that DSOs can make available at
SO–DSO interface, they also need to provide the cost of this flexibility
o allow TSO to procure the optimal amount of flexibility from ADSs.

To approximate the cost of active and reactive power flexibility, we
ssume that the initial active power set-points of DER and associated
nitial cost to these set-points are known after energy market clearing.
ased on this, the cost of lower and upper bounds of active (48) and
eactive (49) power flexibility, determined in OP1-OP4, are computed
s:

𝑐𝑃 ,𝑓𝑙𝑥𝑠,𝑡 =
∑

𝑒∈𝐸
𝑐𝑒|𝑃

𝑠𝑡𝑟⋆
𝑒,𝑠,𝑡 − 𝑃 𝑠𝑡𝑟

𝑒,𝑠,𝑡| +
∑

𝑎∈𝐴
|𝛼⋆𝑜,𝑠,𝑡 − 𝛼𝑜,𝑠,𝑡|

+
∑

𝑓∈𝐹
𝑐𝑓𝑙|𝑃

𝑑⋆
𝑓,𝑡 − (𝑃 𝑑

𝑓 ,𝑡 + (𝑃 𝑜𝑑
𝑓 ,𝑠,𝑡 − 𝑃 𝑢𝑑

𝑓 ,𝑠,𝑡))|

+
∑

𝑟∈𝑅
𝑐𝑐𝑟 |𝑃

0⋆
𝑟,𝑠,𝑡 − (𝑃 0

𝑟,𝑠,𝑡 − 𝑃 𝑐
𝑟,𝑠,𝑡)| (48)

𝑄,𝑓𝑙𝑥
𝑠,𝑡 = 𝑐𝑃 ,𝑓𝑙𝑥𝑠,𝑡 + 𝑐𝑣𝑖𝑜𝑙𝑝 |𝑃 𝑇𝐷∗

𝑡 −
∑

𝑠∈𝑆
𝜋𝑠 ⋅ 𝑃

𝑇𝐷
𝑠,𝑡 | (49)

here ⋆ in the superscript indicates the values of relative terms
𝑃 𝑠𝑡𝑟⋆
𝑒,𝑠,𝑡 , 𝑃

𝑓𝑑⋆
𝑓,𝑠,𝑡 , 𝑃

0⋆
𝑟,𝑠,𝑡, 𝛼

⋆
𝑜,𝑠,𝑡) obtained after energy market clearing. Based

n (48) and (49), two costs {𝑐𝑃∕𝑄,𝑓𝑙𝑥
𝑠,𝑡 (𝑃 ,𝑄), 𝑐𝑃∕𝑄,𝑓𝑙𝑥

𝑠,𝑡 (𝑃 ,𝑄)} per time
period and scenario are available; they correspond to the lower and
upper active/reactive power bounds, after solving module P and module
Q ADS OPS, see Fig. 2. Finally, (50) provides the resultant weighted
costs per time period which are embedded in the global AS market.

𝑐𝑥,𝑓 𝑙𝑥𝑡 =
∑

𝑠∈𝑆
𝜋𝑠 × 𝑐𝑥,𝑓 𝑙𝑥𝑠,𝑡 (50)

where 𝑥 ∈ (𝑃 ,𝑄). The two calculated costs lead to a V-shaped cost
function (see Fig. 1), where the middle point represents the operation
cost of DER after energy market clearing, and two extreme points
represent the calculated cost terms of lower and upper bounds of active
and reactive power range. Note that, the V-shape cost function is used
to avoid the computation burden of a more accurate (piece-wise) linear
approximation, where the desired number of problems for active and reactive
power should be solved by the DSO. Nevertheless, an approximation of
improved accuracy can be easily utilized at the expense of computation time
increase.

After availability of cost values (50) of active/reactive power flexi-
bility, TSO can embed 𝑐𝑥,𝑓 𝑙𝑥𝑡 in its OPs to determine the cost optimum
flexibility that it can procure as shown below.

𝑠𝑙𝑝𝑥,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 =
𝑐𝑥,𝑓 𝑙𝑥𝑛,𝑡 (𝑥) − 0

𝑥𝑇𝐷𝑛,𝑡 − 𝑥𝑇𝐷,⋆
𝑛,𝑡

; 𝑑𝑥,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 = 𝑠𝑙𝑝𝑥,𝑓 𝑙𝑥,1𝑛,𝑠,𝑡 𝑥𝑇𝐷,⋆
𝑛,𝑡 (51)

𝑠𝑙𝑝𝑥,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 =
𝑐𝑥,𝑓 𝑙𝑥𝑛,𝑡 (𝑥) − 0

𝑥𝑇𝐷𝑛,𝑡 − 𝑥𝑇𝐷,⋆
𝑛,𝑡

; 𝑑𝑥,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 = 𝑠𝑙𝑝𝑥,𝑓 𝑙𝑥,2𝑛,𝑠,𝑡 𝑥𝑇𝐷,⋆
𝑛,𝑡 (52)

In (51) and (52), 𝑠𝑙𝑝1∕2 and 𝑑1∕2 are the first/second coefficient
ultipliers and constant coefficients to determine the slope of linear

ost function associated with 𝑥, 𝑥 ∈ (𝑃 ,𝑄), 𝑥 and �̄� represent the lower
and upper bounds of flexibility (the output of modules P and Q ADS
OPs, which are indexed by 𝑛 in TSO OPs for each flexibility node) and
𝑋⋆ represents the initial flow at TSO–DSO interface after energy market
learing (any deviation from this point will impose an additional cost).
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Fig. 3. Nordic32 60-bus TS connected to five 34-bus ADSs.

. Case study

.1. General assumptions for the TS and the ADSs

The proposed methodology is tested on a power system consisting
f a 60-bus Nordic32 TS [28], to which five flexibility providing ADSs
re connected at nodes 1041, 1042, 1043, 1044 and 1045, as shown
n Fig. 3. These nodes are termed as flexibility nodes. Furthermore, to
ach flexibility node specific number (e.g., 110 at node 1041) of 34-bus
DS [29,30] are connected in parallel to scale down the total load, as
een by the TSO, to a level which does not stress an individual 34-bus
DS. Finally, ADSs connected at different flexibility nodes have distinct

oad profiles, based on the load profiles at each flexibility node, from
ne another.

The proposed approach considers, for both TS and ADSs, 24 time
eriods (hourly resolution) and 10 uncertainty scenarios for solar
nd wind RES which are generated by an ARIMA model [31]. Both
LP S-MP-SCOPF (TS) and S-MP-OPF (ADS) OPs are developed in
ulia/JuMP [32] and are solved using IPOPT [33], executed with
efault settings.
8

Fig. 4. Lower and upper active power bounds from DSO and procured flexibility by
TSO at TSO–DSO interface.

Lastly, in the TS, a set of 33 N-1 line contingencies is assumed.
Moreover, five wind farms with capacity 7.2, 5.4, 6.3, 5.7 and 6.3 GW
are considered. In the ADS, eight RES (1 MW) and three ESSs (1 MWh)
capacity are considered along with two FLs with up to 50% flexible
demand.

6.2. Results of proposed AS procurement methodology

This section presents the results of different stages (steps 1 to 5) of
the proposed AS procurement methodology.

6.2.1. Provision of active power flexibility range by DSO and procurement
of flexibility by TSO

Fig. 4 shows the results of module P of AS procurement algorithm.
Following observations can be made from the presented results.

Under a large active power production by renewable RES, DSOs at
each flexibility node can provide a substantial amount of flexibility as
compared to the active power flow at TSO–DSO interface in the absence
of any DER in the ADS. For example, the maximum available flexibility
that can be provided at each node varies between 85 MW (1043) and
450 MW (1041) for OP1 (i.e., lower limit) and between 30 MW (1043)
and 110 MW (1044) for OP2 (i.e., upper limit). These values indicate
that ADSs can play a very effective role in managing congestion in
their upstream TS by increasing/decreasing the active power flow at
TSO–DSO interface.

It can also be observed that the width of flexibility band varies
at each flexibility node which indicates that different DSOs provide
distinct flexibility range at their point of interconnection; thus imitating
a real-world scenario. Moreover, the shape of flexibility band largely
depends upon the power production profiles of RES. During time-
periods 8 h–16 h, the range becomes wider at all flexibility nodes as
compared to the range during time periods 1 h–8 h and 17 h–24 h. This
is mainly due to the large active power production during time-periods
8 h–16 h from solar RES, which leads to more local utilization and
curtailment when OP1 and OP2 are solved, respectively. This contrasts
with the time periods 1 h–8 h and 17 h–24 h where large share of
active power predominantly flows from the TSO towards DSO (due to
no solar and less wind generation). Moreover, DSOs at nodes 1041
and 1042 can inject/absorb active power to/from the TS, whereas
DSOs at nodes 1043 and 1044 can only absorb active power from the
TS. Nevertheless, the latter DSOs can still provide flexibility by either
increasing or decreasing the total load as seen from the TSO.

To verify the impact of procured flexibility in relieving congestion
in the studied TS, it can also be noticed from Fig. 4 that: (i) during
large time-periods over the complete horizon, TSO procures flexibility
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Table 2
Cost (e) of activation of ADSs flexibility by TSO.

Without activated Flex. Activated Flex.

Operation 151,145 141,437
Normal Gen. curt. 18,425 18,375
Post-contin. Gen. curt. 29,784 29,753
Flexibility – 3268
Total cost 199,354 192,833

Elapsed time (s) 2445 2449

Fig. 5. Lower and upper reactive power bounds from DSO and procured flexibility by
TSO at TSO–DSO interface.

equal to the lower bound of active power range (i.e., active power flow
at TSO–DSO interface is lowered as compared to the initial case after
nergy market clearing), (ii) the procured flexibility does not exceed
he total load seen in the downstream ADSs as it can increase the
hances of congestion in the TS, (iii) the procured flexibility differs
t each flexibility node and (iv) the procurement of flexibility reduces
he total operation cost of the TS. The latter is further corroborated
y the operation cost values, shown in Table 2, with and without
rocurement of active power flexibility from ADSs. It can be observed
hat the major cost reduction of 9708e occurs in normal operation,

whereas the overall cost reduction becomes 6521e when the flexibility
is procured by the TS. This advocates that the procurement of active
power flexibility from ADSs can lead to a more cost-optimal operation
of TS as compared to business as usual (i.e., without DSOs’ flexibility).

6.2.2. Provision of reactive power flexibility range by DSO and procurement
of flexibility by TSO

Fig. 5 shows the results of module Q of AS procurement algorithm.
ollowing observations can be made from the presented results.

Like module P, it can be noticed that DSOs can lower down the
eactive power import in the range of 44 MVAr (1043)–211 MVAr
1041) during OP3, while DSOs can increase the import of reactive
ower in the range of 55 MVAR (1043)–252 MVAr (1041) during OP4.
urthermore, unlike lower and upper active power bounds in Fig. 4,
he minimum and maximum reactive power bounds in Fig. 5 are more
niformly distributed around the initial reactive power demand (seen by
SO after energy market clearing). This indicates that DSOs can offer
he TSO more ‘‘freedom’’ during both over-voltage and under-voltage
cenarios.

Furthermore, during module Q OP, the agreed active power at TSO–
SO interface must be respected as long as the OP of DSO remains

easible. However, under stressed operating condition, DSO is not
bliged to fulfill accurately its commitment and can move away from
he agreed active power flow to maintain the safe operation of its
ystem. In this regard, Fig. 6 compares the committed active power
9

Fig. 6. Active power flow at TSO–DSO interface in OP3 and OP4, and its comparison
with the agreed active power determined in module P TSO OP.

flow (i.e., the output of TSO active power OP) with the obtained active
power flow during module Q ADS OPs at TSO–DSO interface. It can
be seen that at nodes 1041 and 1042, the active power flow slightly
deviates during time-periods 1 h–8 h, whereas in the remaining time-
periods as well as for nodes 1043 and 1044, the active power flow at
TSO–DSO interface is maintained at the committed value.

With respect to the procured flexibility by TSO, the reactive power
export to the downstream DSOs becomes equal to the lower reactive
power flexibility bound at nodes 1043 and 1044. On the other hand,
the export value follows the lower flexibility curve but does not import
reactive power from the downstream DSOs during time-periods 6 h–
14 h at nodes 1041 and 1042. This is due to the fact that the reactive
power flexibility cost is larger than the cost of reactive power from con-
ventional generators, which puts the export/import of reactive power
to/from DSOs in a lower priority than procuring the reactive power
from conventional generators.

We observed that as compared to business as usual (i.e., the absence
of flexibility from DSOs), the reactive power availability from conven-
tional generators is not sufficient to ensure the feasible operation of
the TS. Consequently, the TSO reactive power OP becomes infeasible
as voltage limits cannot be met for some contingencies. However, by
considering reactive power flexibility from DSOs, the TSO reactive
power OP becomes feasible again, which proves the value of flexibility.

6.2.3. Optimal re-dispatch of active and reactive power by DSO
Fig. 7 shows the active and reactive power flows at the interface

when optimal re-dispatch (OPRD) OP (step 5 of proposed approach)
is solved by DSOs under binding and non-binding agreement of main-
taining the active and reactive power flows at their interface with the
TSO.

Firstly, it can be noticed that the deviation in active power with
respect to the set-values is almost negligible at all flexibility nodes,
whereas reactive power deviates to some extent, but still not signifi-
cantly, from its committed value. This fact is further supported by the
low operation cost, presented in Table 3, which lies within (100e–
300e) per ADS (since the cost of violation is 100e/MWh (MVAr), a
significant deviation from the committed value would lead to a large
operation cost, which is not the case in the presented results). Secondly,
it can also be noticed in Table 3 that if there is no agreed active
and reactive power flow at TSO–DSO interface, there is (almost) no
operation cost associated with the OPRD OP due to non-curtailment of
RES generation. This allows DSO to send active power to TSO (with-
out performing generation curtailment) in a large quantity; provided
physical active and reactive power flow limits are observed at the
interface.
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Fig. 7. Active and reactive power flows with and without flexibility provision from
DSO at TSO–DSO interface.

Fig. 8. Flexibility provision cost associated with the active and reactive power range:
a) OP1 (b) OP2 (c) OP3 (d) OP4.

Table 3
Optimal DSO re-dispatch module results.

Flexibility With TSO–DSO flexibility Without TSO–DSO flexibility

nodes Cost
(e)

𝑃𝑐𝑢𝑟𝑡
(MW)

Time
(s)

Cost
(e)

𝑃𝑐𝑢𝑟𝑡
(MW)

Time
(s)

1041 271.7 12.4 386.7 0.00037 1.11 × 10−5 27.4
1042 235.4 9.77 470.6 0.00037 1.11 × 10−5 27.2
1043 157.3 10.14 198.9 0.00037 1.11 × 10−5 27.7
1044 138.5 10.63 837 0.06217 1.11 × 10−5 26.7

6.2.4. Cost of provided active and reactive power flexibility
Fig. 8 shows the cost values associated with the obtained active and

reactive power flexibility range. Firstly, it can be noticed in Fig. 8(a)
and (b) that the lower and upper bounds of active power flexibil-
ity range have very low and high costs, respectively. This is mainly
that almost no active power is curtailed in OP1, whereas full RES
active power is curtailed in OP2. Consequently, the value of 𝑐𝑐𝑟 ∗
𝑃 0⋆
𝑟,𝑠,𝑡 − (𝑃 0

𝑟,𝑠,𝑡 − 𝑃 𝑐
𝑟,𝑠,𝑡)| term goes to zero in (48) in OP1, whereas the

alue of this term becomes equal to 𝑐𝑐𝑟 ∗ 𝑃 0⋆
𝑟,𝑠,𝑡 in OP2. Resultantly, a

arge cost value is associated to the active power bound of OP2.
On the other hand, both lower and upper reactive power flexibility

ounds have almost identical cost values as shown in Fig. 8(c) and (d),
espectively. As the cost of reactive power flexibility procurement is the
ombination of costs of re-dispatch of DER and violation of committed
ctive power flow, two distinct observations can be made: (i) Flexibility
ounds at nodes 1041 and 1042 have higher associated costs than
10

he flexibility range at nodes 1043 and 1044 during time-periods 1
Table 4
Computational details of DSO and TSO OPs.

Flexibility Comp. DSO OP TSO OP

nodes Parm. 𝑚𝑖𝑛𝑃 𝑚𝑎𝑥𝑃 𝑚𝑖𝑛𝑄 𝑚𝑎𝑥𝑄 P Q

Time (s) 111 603 93 2521041 Iter. 141 721 130 270 Time (s)

Time (s) 44 551 199 2371042 Iter. 61 795 266 298

Time (s) 30 444 57 1111043 Iter. 45 612 79 258

Time (s) 28 421 35 801044 Iter. 43 476 56 208

2449 1480

Comp. Parm. → Computational Parameters; Iter. → Iterations.

h–6 h. This stems from the fact that the agreed active power point
is not strictly observed at the former nodes during these time-periods
(see Fig. 6). Consequently, the violation cost term part determines
the overall cost of available flexibility; (ii) During time-periods 8 h–
14 h, the reactive power flexibility cost at all nodes shows a sudden
increase in the form of a peak due to a large curtailment of active
power from RES. Accordingly, DER re-dispatch cost term becomes
dominant and dictates the overall cost of available flexibility during
these time-periods.

6.2.5. Impact of different flexibility options on active power range by DSO
Fig. 9 shows the impact of various flexible options (FOs) on the

active power range at node 1041. The different FOs considered are:
C1 (active power curtailment-APC), C2 (APC + OLTC ratio), C3 (APC
+ adaptive power factor (ADPF)), C4 (APC + OLTC + ADPF), C5 (APC

ESS), C6 (APC + FLs), C7 (APC + ESS + FLs), C8 (APC + OLTC +
SS + FL). The lower active power bound in Fig. 9(a) shows that under
2 and C4 FOs, more active power can be exported from DSOs to TSO

n comparison to the C1 FO. This also suggests that less active power
ill be curtailed by involving more FOs in the flexibility provision

ramework. Similarly, the upper active power bounds in Fig. 9(a) shows
hat under C1, less active power can be exported from TSO to DSO in
omparison to the C3 and C4 FOs.

On the other hand, the upper active power bounds in Fig. 9(a) and
b) show a sharp difference when FOs involving third generation DER
ESS, FL) are used as compared to the first generation DER (APC, ADPF,
LTC ratio). The involvement of former DER in flexibility provision

eads to a sharp increase/decrease in the active power import from TSO;
iving larger room to TSO to manage congestion in the TS.

.2.6. On the V-shape cost function precision
Fig. 10 shows the approximated linear cost function with the pro-

osed 3 points and the more accurate one with 10 points for the
nterface bus 1041. The approximation of active power cost is reason-
bly accurate while the one of reactive power cost is less accurate.
he precision of this linear approximation increases as new points are
omputed but this comes at an increase, roughly more than three times
s compared to the time reported in Table 4, in the computation time
or DSO in both stages 1 and 3. Accordingly, the number of points
hould be decided heuristically as a trade-off between the accuracy and
omputation time, to be agreed by TSO and DSO depending on the
ime constraints of the overall coordination mechanism. One can also
bserve that the cost of reactive power flexibility is relatively low on a
ide range, which is due to the fact that the cost of DER adjustments
re negligible, higher costs being the result of constraints difficult to
atisfy in ADS or implicit large variation of active power losses.
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Fig. 9. Impact of several flexibility option on the active power range at flexibility node 1041.
Fig. 10. Comparison between V-shape (3-points) and 10-points approximation of cost function for the interface bus 1041.
6.3. Computational performance

The computational details (solution time and solver iterations) are
shown in Table 4 for both DSO and TSO OPs.

For DSO OPs, the minimization OPs (OP1 and OP3) take compar-
atively less time than the maximization OPs (OP2 and OP4) for all
flexibility nodes. More specifically, the 𝑚𝑖𝑛𝑃 and 𝑚𝑖𝑛𝑄 can be solved
ery fast i.e., in the time frame of 1–3 min. On the other hand, the 𝑚𝑎𝑥𝑃

and 𝑚𝑎𝑥𝑄 OPs take approximately 7–10 and 2–5 min, respectively and
are slightly computationally less efficient.

For TSO OPs, the computational time of active and reactive OPs
is in the range of 30–45 min. From day-ahead operation framework
point of view, the solution time for both TS and ADSs is moderate.
To achieve scalability for larger real-world power systems, tractable
solutions can be implemented for both systems OPs and are envisioned
in future work.

7. Conclusions

This paper proposes a novel TSO–DSO coordination mechanism
which enables the procurement of AS (congestion management and
voltage control) by TSO from its downstream DSOs in day-ahead oper-
ation. The proposed methodology allows DSOs to provide successively
the range and cost of flexible active and reactive power at TSO–
DSO interface, to be embedded subsequently in the AS markets for
congestion and voltage management at TSO level. Furthermore, the
proposed coordination mechanism contains advanced challenging fea-
tures with respect to the state-of-the-art (e.g., N-1 security in TSO OP
and operation uncertainties at both TSO and DSO levels, see Table 1),
which prevents a direct comparison of the proposed approach with the
existing methodologies.

The presented results show that DSOs can provide a substantial
amount of both active and reactive power flexibility at their point of
interconnection with TSO. The available flexibility can become as large
11
as 450 MW and 211 MVAr in the downward direction (reducing the
power import from TSO to DSO) and can become as large as 110 MW
and 252 MVAr in the upward direction (increasing the power flows
from TSO to DSO). However, flexibility band varies in time from one
node to another according to the operating conditions.

The numerical results also show that TSO procures mostly flexibility
from ADSs in downward direction, often equal to the lower bounds of
active and reactive power range during several time-periods. Utilizing
this flexibility is valuable for the TSO as compared to the business
as usual case (i.e. without flexibility from DSO) because it relieves
congestion and maintains node voltages within the prescribed limits
at lower TS operation cost, but especially it enables the TSO to ensure
the secure operation of TS, which is impossible without DSO flexibility,
as shown for the TSO reactive power OP.

Given day-ahead requirements, the overall computation effort of the
proposed methodology is moderate. However, future work is planned
to develop a tractable version of the proposed methodology to en-
sure its scalability for large size real-world power systems. This will
be achieved by leveraging and adapting recently published tractable
approaches for SCOPF and OPF at both TSO and DSO levels to the
five optimization problems of the proposed TSO–DSO coordination.
Specifically, the two SCOPF like OPs at TSO level and three OPF like
OPs at DSO level can be made affordable if tractable tools are used at
TSO [34] and DSO [35] levels.
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