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Abstract

Proliferation of distributed energy resources (DERs) calls for a coordinated transmission
and distribution (T&D) scheduling at the day-ahead stage. The problem becomes more
complicated dealing with the variability of stochastic parameters. Also, privacy and com-
plexity are two barriers to the development of such coordinated platforms. This paper
addresses these issues by introducing a hybrid centrally-supported decentralized stochastic
framework for the day-ahead energy and reserve market with minimum complexity and the
need for data-sharing between system operators. The proposed model is able to calculate
the bidirectional power exchange at the T&D interface and the separated costs, dispatches,
and reserves of all market participants. The proposed model does not consider any priority
for operators and increases the liquidity by facilitating participants’ access to the market
platform. Also, the second-order cone programming (SOCP) formulation is used for cal-
culating the AC power flow of distribution grids, and the model is validated and compared
with other implementation strategies. The proposed model is implemented on a modified
IEEE 24-bus test system, and results show that the model can schedule resources for sup-
plying energy and reserves in both transmission and distribution levels in an acceptable
computation time.

1 INTRODUCTION

The active role of distribution system operators (DSOs) is
highlighted with increasing renewable energy resources (RES)
installed at the distribution grids and uncertainties dealing with
the system operation at the day-ahead stage [1–3]. The use of
distributed energy resources (DERs) by DSOs for local appli-
cations and congestion management or balancing by the trans-
mission system operator (TSO) should be coordinated by a
proper strategy to enhance economic performance and to pre-
vent any interruptions [4]. This strategy should consider distri-
bution grid constraints while violations of voltage constraints
and lines’ thermal limits jeopardize the economy and security of
the operation. However, DSOs are reluctant to share detailed
operational data [5, 6]. This paper develops a stochastic plat-
form for the collaborative scheduling of energy and reserve for
TSO and DSOs with the minimum complexity and operators’
data-sharing.
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1.1 Literature survey

The NTSO-E and CEER reports emphasize that the system
operators (SOs) should prepare a level play-field for all parties
to access the market platform [7, 8]. So, neutrality and liquidity
are two important features in developing platforms for coor-
dinated energy markets [9]. Reference [10] analyzes four pio-
neering market implementing projects considering TSO-DSO
cooperation. The assessment of TSO-DSO interactions devel-
oping in 9 countries is conducted in [11], where DERs are
used for relieving congestion of the transmission and distribu-
tion (T&D) interface, congestion of transmission lines, balanc-
ing, and voltage support. Reference [12] compares conventional
grid architecture with the new one with interactions between
SOs and different new actors of the active distribution networks
(ADN).

Different schemes are suggested for TSO-DSO coordina-
tion in the literature that can be classified into centralized,
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164 HABIBI ET AL.

decentralized, and hybrid types [13]. Reference [14] presents a
centralized TSO-DSO dispatch considering mobile energy stor-
age systems transferring between energy systems. The central-
ized models are straightforward and usually lead to the most
optimal solutions. But, they have two significant drawbacks: (i)
the unified model of T&D becomes very complex, (ii) sharing
information between SOs is a big deal for this approach [5].
The privacy restrictions are issued in the grid topology, technical
constraints, bid information etc. On the other hand, decentral-
ized schemes can address privacy issues; however, the optimality
and technical constraints must be preserved by solutions. In this
regard, [15] and [16] determine P-Q flexibility maps at the T&D
interface using a decentralized prequalification platform. How-
ever, that method only guarantees feasible service procurement,
and the economic aspect of the solution has not been incorpo-
rated. The qualification procedures for resources located at the
distribution level can be assigned to DSOs. The INTERFACE
project evaluates the qualification procedures, including grid
prequalification for accepting bids submitted by DERs, prod-
uct prequalification based on specification and type of services,
and bid qualification (market phase) [5]. Reference [17] consid-
ers a decentralized bid prequalification process based on the
traffic light concept. However, the boundaries operation points
are only evaluated for T&D power flow, and re-dispatches with
additional cost may be needed. The hybrid frameworks use
the advantages of both centralized and decentralized strate-
gies [13]. Reference [18] calculates several 24-h power pro-
files at T&D interfaces and the prices to be used by the TSO
for centralized dispatching. That hybrid method only consid-
ers reserves for potential projection of load and the output of
RES in a deterministic model but does not lead to the optimal
solution.

The decentralized and hybrid coordination schemes employ
distributed optimization methods for scheduling T&D
networks, which these methods can be classified into three
categories: (i) the methods based on Lagrangian relaxation,
including the alternating direction method of multipliers
(ADMM) [19] and the analytical target cascading (ATC) method
[20–22], (ii) optimality condition decomposition (OCD) meth-
ods such as heterogeneous decomposition methods [23–26],
(iii) Benders decomposition methods [27, 28]. The coordination
of T&D operators after major blackouts is investigated in [19],
and the ADMM method is used to restore both networks by
sharing limited information of border nodes within an iterative
process. The optimal power flow optimization of TSO and
DSOs is studied in [20] using the ATC method, in which the
magnitude and angle of boundary buses are shared as interme-
diary variables. The execution time is not reported in that paper,
but the algorithm convergence significantly depends on the
estimated initial values for the decision variables. A distributed
bi-level optimization based on parallelized ATC method is
used in [21] for the unit commitment (UC) problem with the
DC power flow formulation, in which the robustness of the
solution against cyber-attacks and communication failures is
investigated. Also, ref. [22] evaluates a decentralized framework
for optimal scheduling of the independent system operator

and DSOs, in which the ATC method is used based on the
concept of the system of systems. The market platform is fully
decomposed in ATC methods, and the energy network will be
managed by the own market operator and the corresponding
cost function; however, the specification of energy piece at
T&D interface would be an issue, especially if different SOs
may calculate various locational marginal prices (LMPs) for
the boundary nodes. As ref. [23] claimed, the complicated
parameter setting process and the low convergence rate are
other disadvantages of ATC methods.

The distributed optimization of T&D systems based on het-
erogeneous decomposition is described in [23]. In that study,
the TSO calculates LMPs at boundary nodes, and ADNs calcu-
late the amount of power injection to upstream networks. So,
the proposed method of [23] is applicable for selling redun-
dant capacity of distribution systems only in one direction to
the TSO; however, in practice, a bidirectional power flow is
expected between T&D networks. A similar basis is used in
[24] and [25] to perform a multi-objective optimization and
address the impact of communication delays on the conver-
gence efficiency of the algorithm in the actual operation, respec-
tively. Also, the distributed scheduling of the integrated heat and
power energy systems is studied in [26] using heterogeneous
optimization.

The Benders decomposition method is used in [27] for opti-
mizing the reactive power for T&D networks and investigating
the voltage problems and power loss; however, the deterministic
model does not focus on market platform and optimal schedul-
ing of energy or reserves. Reference [28] investigates optimal
power flow of T&D systems to schedule energy and reserve
using Benders decomposition. However, the deterministic case
studied in that paper considers the outage of the largest gener-
ator as the criterion of supplying reserve capacities, and uncer-
tainties are not evaluated. In addition, the model used in [27] and
[28] investigates the optimal power flow problem at a snapshot
of the system operation (not the UC problem at the day-ahead
stage), and the share of market players is not calculated in that
studies.

The active and reactive power flow of distribution net-
works are highly interdependent; hence, simultaneous control
is needed [29]. A TSO-DSO coordination scheme for reactive
power procurement from distribution networks, including wind
farms, is proposed in [30], which does not optimize the active
power trading between SOs. A local market for reactive power
procured by DERs is presented by [31], and redundant val-
ues are submitted to be used by the TSO. The justification of
second-order cone programming (SOCP) for AC power flow of
ADNs is conducted in [32], and the accuracy of the model is
compared to other methods.

Although the T&D interference more frequently appears in
balancing and congestion management, involving DSOs in day-
ahead scheduling will reduce the need for ancillary services in
real-time operation [33]. The UC problem is usually applied for
day-ahead scheduling of energy and reserves [34]. Reference
[35] calculates LMPs of distribution networks in a centralized
UC problem for T&D networks.
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HABIBI ET AL. 165

TABLE 1 Taxonomy of existing publications in the field

Power flow Uncertainty handling features

Considered issues by the

T&D coordination

Reference

Organization

strategy Active Reactive BTDFa RES Load Model Reserve

Formulation

(Solver)

Horizon of

scheduling PDSb HMCc OFSd SSAe

[2] Decentralized ✓ — — ✓ — Stochastic ✓ MILP Day-ahead — — — —

[3] Decentralized ✓ — — ✓ — Stochastic ✓ MILP Day-ahead — — — —

[6] Centralized ✓ — — — — Deterministic – MILP Day-ahead — — ✓ —

[14] Centralized ✓ — ✓ — — Deterministic – MILP Day-ahead — — ✓ ✓

[15] Decentralized ✓ ✓ — — — Deterministic ✓ MINLPf Real-time ✓ ✓ — —

[16, 17] Decentralized ✓ ✓ — ✓ ✓ Deterministic ✓ MINLP Real-time ✓ ✓ — —

[18] Hybrid ✓ — — ✓ ✓ Deterministic ✓ MILP Day-ahead ✓ ✓ — —

[20] Decentralized ✓ ✓ ✓ — — Deterministic — NLP Balancing ✓ — — —

[21] Decentralized ✓ — ✓ — — Deterministic — MILP Day-ahead ✓ — — —

[22] Decentralized ✓ — — — — Deterministic — MISOCP Day-ahead ✓ — — —

[23, 26] Decentralized ✓ — — — — Deterministic — MILP/MINLP Day-ahead ✓ ✓ — ✓

[24, 25] Decentralized ✓ ✓ — — — Deterministic — MINLP Real-time ✓ ✓ — ✓

[27, 28] Hybrid ✓ ✓ ✓ — — Deterministic — SOCP Balancing ✓ ✓ — —

[29] Centralized ✓ ✓ ✓ — — Deterministic — MINLP Real-time — — — —

[30] Hybrid — ✓ — — — Deterministic — MINLP Day-ahead ✓ ✓ — —

[31] Decentralized — ✓ — — — Deterministic — MINLP Real-time ✓ ✓ — ✓

[34] Decentralized ✓ — — ✓ — Stochastic ✓ MILP Day-ahead — — — —

[35] Decentralized ✓ ✓ — — — Deterministic — MINLP Day-ahead ✓ — — ✓

[36] Decentralized ✓ — — ✓ ✓ Stochastic ✓ MILP Day-ahead — — — —

This paper Hybrid ✓ ✓ ✓ ✓ ✓ Stochastic ✓ MISOCPg Day-ahead ✓ ✓ ✓ ✓

aBTDF = Bidirectional T&D power flow.
bPDS = Privacy of data-sharing.
cHMC = Handling mathematical complexity.
dOFS = Optimality of feasible solutions.
eSSA = Specifying share of agents (precise amount and cost trading per SOs).
fMINLP = Mixed-integer non-linear programming.
gMISOCP = Mixed-integer SOCP.

1.2 Research gaps

Table 1 classifies the existing publications developing the
TSO-DSO coordination platforms, and features are compared
with the presented model of this paper. Based on the lit-
erature review, the bidirectional energy trading between sys-
tem operators, the calculation of fair values for the price
of energy trading, and the incorporation uncertainties deal-
ing with various networks are the gaps of previous stud-
ies. Hence, a platform is needed for scheduling energy and
reserve in the day-ahead phase considering stochastic parame-
ters and grid constraints for T&D systems with minimum data-
sharing of SOs, in which a non-complex framework should
specify the precise values of the operational costs for mar-
ket participants and guarantee the liquidity and optimality of
solutions.

1.3 Contributions

This paper proposes a hybrid centrally-supported decentralized
model for collaborative TSO-DSO stochastic scheduling of
energy and reserve for the day-ahead market. The fluctuation
of wind power generation and load forecasting errors at T&D
systems are considered stochastic parameters. The Benders
decomposition method was applied to solve the stochastic
UC problem for the TSO in our previous studies [2, 3, 36].
This paper simultaneously reduces the complexity of the T&D
integrated model and addresses the privacy issues by decompos-
ing DSOs’ level problems. As a result, the proposed platform
requires minimum data exchange between SOs and incorporates
the uncertainties associated with different SOs independently.
The AC power flow is considered for distribution grids based
on SOCP formulation, and the optimality of the feasible
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166 HABIBI ET AL.

solution is validated for both TSO and DSOs. The model
employs a bidirectional power flow between T&D grids and
calculates the exact share of SOs in the operational cost using
LMPs. A modified IEEE 24-bus test system integrated with
distribution grids is used to evaluate the performance and
efficiency of the proposed model. The main specifications and
the novel aspects of this paper are summarized as follows:

∙ The complexity of the TSO-DSO day-ahead stochastic
scheduling is reduced by applying a decomposition method,
while the constraints of distribution grids and the associated
uncertainties are handled independently by individual system
operators;

∙ The privacy issue is addressed by minimizing the need for
data-sharing between market operators. The TSO and DSOs
can directly, independently, and coordinately hold their mar-
kets to schedule energy and reserves optimally;

∙ The active and reactive power flow constraints are checked
for DSOs using convex relaxation. Also, the calculated loca-
tional marginal prices at the transmission level reflect the cost
of both the transmission and distribution systems. Hence,
the precise charges of energy trading and the cost for every
SOs are calculated using locational marginal prices and power
exchange at boundary nodes of grids;

∙ The economic performance of the proposed framework is
compared with other platforms, and the feasibility of the
obtained decision variables for energy and reserve is validated
based on network constraints.

1.4 Organization of the paper

The rest of the paper is organized as follows. The proposed
model of privacy-preserving TSO-DSO scheduling of energy
and reserve is described in Section 2, and Section 3 evaluates
results obtained by implementing the proposed platform on the
test system. Finally, Section 4 concludes this paper.

2 THE PRIVACY-PRESERVING MODEL
TO DAY-AHEAD TSO-DSO
COORDINATED STOCHASTIC
SCHEDULING FOR ENERGY AND
RESERVE

This section describes the model of the proposed stochas-
tic privacy-preserving scheduling of TSO-DSO for the day-
ahead energy market. The scenarios are considered to reflect the
uncertainties in wind output and load forecasting errors. The
original problem is decomposed into a master problem and two
sub-problems using the Benders algorithm.

2.1 Model of the TSO (master problem)

The master problem considers the TSO’s grid constraints, while
the sub-problems schedule the DSOs’ level problem. In this

way, the TSO level problem is solved using intermediary vari-
ables without access to the downstream network’s topology or
any details of distributed generations. In the master problem,
scenarios s ≥ 1 identify uncertainties at the transmission level,
and s0 represents the base case scenario. The base case sce-
nario obtains the basic schedule of the units to reflect the non-
anticipativity constraint for the system operating point, and it
will be used to ensure the feasibility of dispatches using the
expected values of stochastic parameters. The objective func-
tion of the master problem is presented by Equation (1), and
constraints are Equations (2)–(26). The objective function con-
sists of the costs of energy and reserves supplied transmis-
sion level and the operating cost of DSOs. The energy cost
includes charges to conventional generators (CGs), demand-
side response (DSR) programs at the transmission level. Also,
reserve costs incorporate the costs of reserve capacities in
upward and downward directions provided by CGs, DSR pro-
grams, and wind farms. The axillary positive variable “𝛾D,t ”
incorporates lower bounds of DSOs’ cost; hence, the objective
cost function of the master problem considers the overall cost
of T&D power systems.

min(
p,𝛾,R,i,
dsr ,st ,sd

)∑
g,t

[∑
j ,s≥1

(
𝜋t ,sC

En
j ,g p

j ,s
g,t

)

+C Fx
g ig,t +C ST

g stg,t +C SD
g sdg,t

]

+
∑
b,t

∑
s≥1

(
𝜋t ,sC

En
b

dsr s
b,t

)
+
∑
g,t

(
C

Re,↑
g R↑

g,t +C
Re,↓
g R↓

g,t

)

+
∑
b,t

(
C

Re,↑
b

R↑
b,t
+C

Re,↓
b

R↓
b,t

)

+
∑
w,t

(
C

Re,↑
w R↑

w,t +C
Re,↓
w R↓

w,t

)
+
∑
D,t

𝛾D,t (1)

where ps
g,t and dsr s

b,t
are the power generation of the CG g

and the active power procured by the DSR program at trans-
mission bus b within scenarios, respectively. The variables of
start-up “stg,t ” and shut-down “sdg,t ” are calculated using the
online/offline status of CGs “ig,t ” as presented by Equation
(2). Constraints in Equations (3) and (4) count the minimum
up/down-time duration for CGs, in which T min

g,on and T min
g, o f f

are the limits in hours (h). The ramp rates, including hourly
upward/downward regulation limits “Rug/Rdg” and the limit
of ramping from/to offline status “RSg/RDg” are checked by
Equations (5) and (6), respectively. The generation bounds
“min/max” of CGs are reflected by Equation (7). Constraints
in Equations (8) and (9) calculate the dispatch values for inside
blocks of CGs that have various generation costs. The dispatch
limits of wind farms based on the maximum available wind
energy within scenarios are considered by Equation (10), and

 17518695, 2022, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.12286 by N

H
S E

ducation for Scotland N
E

S, E
dinburgh C

entral O
ffice, W

iley O
nline L

ibrary on [06/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



HABIBI ET AL. 167

Equation (11) calculates the corresponding value for wind out-
put at the base case scenario.

ig,t − ig,(t−1) = stg,t − sdg,t (2)

stg,t ≤ ig,𝜏, ∀t ≤ 𝜏 ≤ t + T min
g,on − 1 (3)

sdg,t ≤ 1 − ig,𝜏, ∀t ≤ 𝜏 ≤ t + T min
g,o f f

− 1 (4)

p
s0
g,t − p

s0
g,(t−1) ≤ RSgstg,t + Rugig,(t−1) (5)

p
s0
g,(t−1) − p

s0
g,t ≤ RDgsdg,t + Rdgig,(t−1) (6)

Pmin
g ig,t ≤ ps

g,t ≤ Pmax
g ig,t (7)

p
j ,s
g,t ≤ p

j ,max
g ig,t (8)

ps
g,t =

∑
j

p
j ,s
g,t ig,t (9)

0 ≤ ps
w,t ≤ P

s,max
w,t (10)

P
s0,max

w,t =
∑
s′≥1

𝜋t ,s′P
s′,max

w,t (11)

The DSR program within scenarios of uncertainties and at
the base case scenario, operated by the demands located at
the transmission level, is reflected by Equations (12)–(15).
The parameter Γb,t is the coefficient of the maximum allowed
demands’ participation. It should be noted that this paper incor-
porates demand-side resources and curtailable demands as the
DSR program; however, other options, i.e. the demand-shift,
can be considered in the same way. Constraint in Equation (13)
computes the demand of the base case scenario, and Equation
(15) calculates the values of the procured active power by the
DSR programs.

p
Dem,s
b,t

≤ P
Dem,s

b,t
(12)

P
Dem,s0

b,t
=

∑
s′≥1

𝜋t ,s′P
Dem,s′

b,t
(13)

P
Dem,s

b,t
− p

Dem,s
b,t

≤ Γb,t P
Dem,s

b,t
(14)

dsr s
b,t
= P

Dem,s
b,t

− p
Dem,s
b,t

(15)

The required reserves in upward and downward directions
(compared to the dispatches of base case scenario) supplied
from CGs, wind farms, and DSR programs for covering the

uncertainties are determined by Equations (16)–(21).

R↑
g,t ≥ ps

g,t − p
s0
g,t (16)

R↓
g,t ≥ p

s0
g,t − ps

g,t (17)

R↑
w,t ≥ ps

w,t − p
s0
w,t (18)

R↓
w,t ≥ p

s0
w,t − ps

w,t (19)

R↑
b,t

≥ dsr s
b,t
− dsr

s0
b,t

(20)

R↓
b,t

≥ dsr
s0
b,t
− dsr s

b,t
(21)

Since the operational cost of DSOs is shifted to the optimal-
ity check sub-problem, the model sets the free variable of active

power export to the distribution grids “p
Exp

D,t
” to the maximum

negative variable during the initial iterations. So, constraint in
Equation (22) limits the calculated active power exchange at the
T&D interface based on a range of possible values to reduce the
infeasible solution based on the thermal limit of electrical tie-
lines. The sets To(l ) and From(l ) are the forwarding and receiving
buses of lines l , while Sbase and Xl are the base power of the per-
unit system and lines’ reactance (p.u.). The active power flow of
transmission lines “pl s

l ,t
” is calculated by Equation (23) using

the DC description, and the limits are reflected by Equation
(24). Equation (25) describes the constraint on the voltage angle
“𝛿t , s

b
(rad )” of the reference bus. Also, Equation (26) considers

the active power balance of buses located at the transmission
grid for all scenarios, including of the base case scenario (s0), in
which K , 𝜑, and T are the sets of generators, wind farms, and
lines connected to the transmission bus b. The set 𝜈 contains
border buses exporting power to distribution grids.

P
Exp,min

D,t
≤ p

Exp

D,t
≤ P

Exp,max
D,t

(22)

pl s
l ,t
= Sbase

(
𝛿

t ,s
To(l ) − 𝛿

t ,s
From(l )

)
∕Xl (23)

−Pl max
l

≤ pl s
l ,t

≤ Pl max
l

(24)

𝛿
t ,s
Re f

= 0 (25)

∑
g∈K

ps
g,t +

∑
w∈𝜑

ps
w,t −

∑
l∈T

pl s
l ,t
−

∑
D∈𝜐

p
Exp

D,t
= p

Dem,s
b,t

(26)

2.2 Model of the DSOs (sub-problems)

As stated, solving the UC problem at the distribution level
can be performed by DSOs using the value of intermediary
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variables of export power to distribution grids. It should be
noted the negative values for intermediary free variables of
exported power to DSOs indicate reverse active power flow
from distribution to the upstream network. The distribution
grid constraints are invisible to the TSO, and the obtained
values for active power trading between networks can lead to
an infeasible solution and power curtailments. The feasibility
check sub-problems remove the power curtailments. After
removing infeasibilities, the optimality check sub-problem
measures the impact of TSO’s decision on the operational cost
of distribution grids and sends feedbacks of selected values for
the intermediary variables to the TSO. It should be noted the
complete separation of the TSO and DSOs’ markets make the
proposed model capable of considering various uncertainties
per DSOs (specified by a different index of k) independent of
the transmission level scenarios.

2.2.1 Feasibility check sub-problem

The feasibility of the master solution is evaluated by this sub-
problem and solved per DSOs. The obtained values for inter-
mediary variables can violate constraints of distribution systems;
however, the range of violations cannot be determined by an
infeasible solution. This sub-problem defines positive variables
for power curtailments and solves a feasible model to obtain
violation ranges. In the objective function Equation (27), SD,t is

the sum of positive variables S
k,↑
m,t and S

k,↓
m,t (sum of the expected

value of scenarios and the base case scenario), which reflect cur-
tailments of load and curtailments of power generation, respec-
tively. In Equation (28), the probability of the base case scenario
“𝜋D

t ,k0
” is equal to one, and DBD

m is the connectivity matrix of
bus m to distribution system D. So, the non-zero values of SD,t

indicate the infeasibility of the master solution, and it is calcu-
lated per DSOs. Constraints of this sub-problem include Equa-
tions (28)–(37), and (41)–(47).

min
(S↑, S↓ )

∑
t

SD,t (27)

SD,t =
∑

k

𝜋D
t ,k

∑
m

DBD
m

(
S

k,↑
m,t + S

k,↓
m,t

)
(28)

Constraints of Equations (29) and (30) check the ramp rate
limits of DGs at the base case scenario, while Equation (31)
limits pk

dg,t
as the generation of DGs. The Qmin

dg
and Qmax

dg
are the

limits of qk
dg,t

as the reactive power generation of DGs, which is
reflected by Equation (32). Constraint in Equation (33) defines
the bounds for the production of wind farms pk

wd ,t
within sce-

narios (including the base case scenario k0), and Equation (34)
calculates the available wind power at the base case scenario.
The DSR program at the distribution level is checked by Equa-
tions (35) and (37). Also, Equation (36) determines the distribu-
tion expected load at the base case scenario.

p
k0
dg,t

− p
k0
dg,(t−1) ≤ Rudg (29)

p
k0
dg,(t−1) − p

k0
dg,t

≤ Rddg (30)

0 ≤ pk
dg,t

≤ Pmax
dg

(31)

Qmin
dg

≤ qk
dg,t

≤ Qmax
dg

(32)

0 ≤ pk
wd ,t

≤ P
k,max

wd ,t
(33)

P
k0,max

wd ,t
=

∑
D,(k′≥1)

𝜋D
t ,k′

DW D
wd

P
k′,max

wd ,t
(34)

p
Dem,k
m,t ≤ P

Dem,k
m,t (35)

P
Dem,k0

m,t =
∑

D,(k′≥1)

𝜋D
t ,k′

BDD
m P

Dem,k′

m,t (36)

P
Dem,k

m,t − p
Dem,k
m,t ≤ Γm,t P

Dem,k
m,t (37)

The description of the AC power flow is reflected by Equa-
tions (38) and (39), in which the conductance “G n

m” and the sus-
ceptance “Bn

m” are the real and imaginary parts of the admit-
tance matrix (Y n

m = G n
m + jBn

m). The variables of pl
t ,k
m,nand ql

t ,k
m,n

are the active and reactive power flow of distribution lines con-
necting buses m and n (member of set Z ). Also, the limits of the
voltage magnitude “V k

m,t ” are considered by Equation (40).

pl
t ,k
m,n = Sbase

(
G n

m

(
V k

m,t

)2
− G n

mV k
m,t V

k
n,t cos

(
𝛿

t ,k
m − 𝛿

t ,k
n

)
− Bn

mV k
m,t V

k
n,t sin

(
𝛿

t ,k
m − 𝛿

t ,k
n

))
, ∀m, n ∈ Z (38)

ql
t ,k
m,n = Sbase

(
−Bn

m

(
V k

m,t

)2
+ Bn

mV k
m,t V

k
n,t cos

(
𝛿

t ,k
m − 𝛿

t ,k
n

)

− G n
mV k

m,t V
k

n,t sin
(
𝛿

t ,k
m − 𝛿

t ,k
n

))
, ∀m, n ∈ Z (39)

V min
m ≤ V k

m,t ≤ V max
m (40)

The non-linear constraints of Equations (38) and (39)
are non-convex and make the model complex. In this
regard, a transformation into SOCP formulation is applied

by defining axillary variables uk
m,t = (V k

m,t )
2
∕2, H

t ,k
m,n =

V k
m,t V k

n,t cos(𝛿t ,k
m − 𝛿

t ,k
n ), and I

t ,k
m,n = V k

m,t V k
n,t sin(𝛿t ,k

m − 𝛿
t ,k
n )

[37]. So, the constraints Equations (38)–(40) become:

pl
t ,k
m,n = Sbase

(√
2G n

muk
m,t − G n

mH
t ,k
m,n − Bn

mI
t ,k
m,n

)
,

∀m, n ∈ Z (41)

ql
t ,k
m,n = Sbase

(
−
√

2Bn
muk

m,t + Bn
mH

t ,k
m,n − G n

mI
t ,k
m,n

)
,

∀m, n ∈ Z (42)

(
V min

m

)2

2
≤ uk

m,t ≤
(V max

m )2

2
(43)
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HABIBI ET AL. 169

where H
t ,k
m,n = H

t ,k
n,m and I

t ,k
m,n = −I

t ,k
n,m . Also, Equation (44)

describes the relationship between H
t ,k
m,n and I

t ,k
m,n.

2uk
m,t uk

n,t ≥

(
H

t ,k
m,n

)2
+
(

I
t ,k
m,n

)2
, ∀m, n ∈ Z (44)

The convex Equation (45) considers the thermal limit
“Sl max

m,n ” for distribution lines.

(
pl

t ,k
m,n

)2
+
(

ql
t ,k
m,n

)2
≤ (Sl max

m,n )2
, ∀m, n ∈ Z (45)

The reactive power balance is considered by Equation (46),
in which 𝜂 and 𝛽 are the sets of DGs and T&D interface con-
nected to distribution bus m. The balance of the active power is
evaluated by Equation (47), in which 𝜆k

m,t is the dual variable (so-

called shadow prices), and the fixed value of p̂
Exp

D,t
is the solution

of the master problem. Also, p
Dem,k
m,t and q

Dem,k
m,t are the active and

reactive demands located at distribution buses.

∑
dg∈𝜂

qk
dg,t

−
∑
n∈Z

ql
t ,k
m,n +

∑
D∈𝛽

q
Exp

D,t
= q

Dem,k
m,t (46)

∑
dg∈𝜂

pk
dg,t

+
∑

wd∈𝜓

pk
wd
−
∑
n∈Z

pl
t ,k
m,n +

∑
D∈𝛽

p̂
Exp

D,t
+ S

k,↑
m,t − S

k,↓
m,t

= p
Dem,k
m,t , ∀m ∈ 𝜒(D) → (𝜆k

m,t ) (47)

As illustrated, if the objective function of the feasibility check
sub-problem is positive for each distribution system, it reveals
that the solution (the obtained values for intermediary variables
by the master problem) is infeasible. Consequently, a Benders
infeasibility cut will be generated by Equation (48). The infeasi-

bility cut will limit the variables of p
Exp

D,t
in the master problem

based on the measured infeasibility and values of shadow prices
at the corresponding buses.

ŜD,t −
∑

m

DBD
m

∑
k

�̂�k
m,t

(
p

Exp

D,t
− p̂

Exp

D,t

)
≤ 0 (48)

2.2.2 Optimality check sub-problem

This problem evaluates the operating cost of distribution sys-
tems based on the calculated values for power trading with the
TSO. The objective function Equation (49) obtains an upper
bound of the overall cost for distribution systems. Constraint
Equation (50) calculates the expected value of cost per distribu-
tion system (the weighted sum of values incurred within scenar-
ios), and it consists of the cost of energy and reserves provided
by different resources. The GDD

dg
is the connectivity matrix of

distributed generators dg to the distribution system D. Con-
straints of this sub-problem are Equations (29)–(37), (41)–(46),

and (50)–(58).

min(
p,q,dsr ,
R,u,H ,I

) ∑
t

FD,t (49)

S.t. Equations (29)–(37), (41)–(46), and (50)–(58)

FD,t =
∑

dg, t ,(k≥1)

𝜋D
t ,k

GDD
dg

C En
dg

pk
dg,t

+
∑
dg,t

GDD
dg

(
C

Re,↑
dg

R↑
dg,t

+C
Re,↓
dg

R↓
dg,t

)

+
∑

m,t ,(k≥1)

𝜋D
t ,k

DBD
m C En

m dsrk
m,t

+
∑
m,t

DBD
m

(
C

Re,↑
m R↑

m,t +C
Re,↓
m R↓

m,t

)

+
∑
wd ,t

DW D
wd

(
C

Re,↑
wd

R↑
wd ,t

+C
Re,↓
wd

R↓
wd ,t

)
(50)

The required reserve capacities in upward and downward
directions and for dispatching the various resources within all
scenarios of uncertainties are determined by Equations (51)–
(56).

R↑
dg,t

≥ pk
dg,t

− p
k0
dg,t

(51)

R↓
dg,t

≥ p
k0
dg,t

− pk
dg,t

(52)

R↑
wd ,t

≥ pk
wd ,t

− p
k0
wd ,t

(53)

R↓
wd ,t

≥ p
k0
wd ,t

− pk
wd ,t

(54)

R↑
m,t ≥ dsrk

m,t − dsr
k0
m,t (55)

R↓
m,t ≥ dsr

k0
m,t − dsrk

m,t (56)

The values of active power procured by DSR programs at
distribution grids “dsrk

m,t ” are calculated by Equation (57). Con-
straint of Equation (58) evaluates the active power balance of
distribution buses, in which 𝜇k

m,t is the dual variable. Since the
feasibility check sub-problems have removed all power curtail-
ments, the power balance constraint Equation (58) will always
be feasible.

dsrk
m,t = P

Dem,k
m,t − p

Dem,k
m,t (57)

∑
dg∈𝜂

pk
dg,t

+
∑

wd∈𝜓

pk
wd
−
∑
n∈Z

pl
t ,k
m,n +

∑
D∈𝛽

p̂
Exp

D,t

= p
Dem,k
m,t , ∀m ∈ 𝜒(D) →

(
𝜇k

m,t

)
(58)
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170 HABIBI ET AL.

FIGURE 1 Flowchart of the solving process in the privacy-preserving
platform of TSO-DSO coordinated scheduling for energy and reserve

The optimality cuts will be generated using Equation (59)
until the convergence criterion Equation (60) is met, and the gap
between the upper bound and lower bound values for DSOs’
cost reduce lower than a predefined threshold. In fact, optimal-
ity cuts are the feedback of the obtained values for intermediary
variables and set constraints (using obtained values of DSOs’
cost and shadow prices at the T&D interface) on calculating the
lower bound of 𝛾D,t by the master problem in the next itera-
tion. Further explanation of the mathematical basis on shaping
Benders cuts can be found in [38, 39].

𝛾D,t ≥ F̂D,t −
∑

m,(k≥1)

DBD
m �̂�

k
m,t

(
p

Exp

D,t
− p̂

Exp

D,t

)
(59)

2
(
F̂D,t − �̂�D,t

)
∕
(
F̂D,t + �̂�D,t

)
≤ 𝜀 (60)

2.3 The proposed privacy-preserving
platform

The master problem will be solved by the TSO, or independent
market operator (IMO) based on regulatory rules, while DSOs
can solve the sub-problems. The flowchart of Figure 1 presents
the solving algorithm of the proposed model. The algorithm is
initiated by solving the master problem. After that, feasibility
check sub-problems evaluate the master solution to be feasible
for distribution grid constraints. The infeasibility cuts are added
to the master problem to remove power curtailments, and the
iterative process is continued to eliminate all curtailments. After
that, the algorithm solves the optimality check sub-problem and
shapes the optimality cuts. The master problem is solved again
considering the added cuts, and these steps are repeated until
the convergence criterion is met. After solving the model, the

cost of energy trading is calculated using the intermediary vari-
ables of power exchange at the T&D interface and the corre-
sponding LMPs. Here, the LMPs are the dual variables (shadow
prices) of the power balance constraints Equations (26) at the
transmission level.

3 NUMERICAL RESULTS

This section evaluates the proposed hybrid centrally-supported
decentralized scheme for TSO-DSO coordination on a mod-
ified IEEE 24-bus test system. Five distribution systems are
installed at buses 6, 13, 15, 18, and 19. Figure 2 presents a single-
line diagram of the proposed test system, and data of the pro-
posed test system is prepared in [40]. Also, the scenarios of load
curves and available wind energy are presented in the Appendix.
The proposed model and all experiments are performed using
General Algebraic Modelling System (GAMS) on a laptop with
Intel i7-core 2.4 GHz and 8 GB of RAM. The master mixed-
integer linear programming problem (MILP), the SOCP of the
feasibility check sub-problem, and the SOCP model of optimal-
ity check sub-problem are solved using the CPLEX, GUROBI,
and MOSEK solvers of the GAMS, respectively. Although all of
these solvers can solve both the MILP and SOCP models, they
have different accuracy, speed, and options. Based on our exper-
iment, the used combination of solvers result in the best perfor-
mance in accuracy and solution time for the master problem and
sub-problems. The duality gaps of the master and sub-problems
are selected equal to zero.

3.1 Scenario generation

This section will describe the scenario generation method used
for addressing the fluctuation of wind output and the load fore-
casting errors. The proposed sampling method is started with
generating a large number of random numbers. In this paper, the
samples of wind power fluctuation and load forecasting errors
are generated using Weibull and normal distribution functions,
respectively. Also, the standard deviation of sampling increases
uniformly (between 0 and 0.1) to reflect the increase in predic-
tion error based on the remaining time interval to the scenario
realizations. The prediction of uncertain parameters is beyond
the scope of this paper; hence, the mean value of samples for
wind is selected based on meteorological prediction, and orig-
inal load curves of grids are assumed as the mean value for
sampling hourly demand. Since the consideration of too many
scenarios complicates the stochastic model, a scenario reduc-
tion based on probability distance, which is described in [2, 3],
is applied to select the most effective scenarios. The index of
probability distance is defined as the absolute difference to all
other scenarios multiplied by its probability. The scenario with
the minimum value for the index of probability distance will be
omitted, and its probability is added to the corresponding sce-
narios with the maximum similarity. In this paper, 1000 sam-
ples are generated for each wind farm and hourly load, and
each scenario has an equal probability of 0.001. After that, the
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HABIBI ET AL. 171

FIGURE 2 Single-line diagram of the modified IEEE 24-bus test system with five downstream distribution systems

number of scenarios is reduced by combining samples with the
maximum similarities. For simplicity, we assume the samples of
various stochastic parameters related to the same energy sys-
tem are arranged in a string, and then the scenario reduction is
performed.

3.2 Results

Different aspects of the results, including operational costs,
TSO-DSO interactions, costs of agents, generation mix of the
units, and other outputs of the UC problem, are analyzed in the
remaining of this section. Here we consider two following cases
for evaluating the proposed model: (a) Case-1: a deterministic
formulation with no uncertainties (b) Case-2: a stochastic model
considering uncertainties of load and wind.

3.2.1 Case-1

Since previous models do not consider uncertainties and
reserves, a deterministic implementation (scheduling for the
base case scenario with the expected values of the stochastic
parameters) is used to evaluate the advantages of the proposed
platform compared to other implementations. The proposed

four strategies include fully centralized, centralized with prior
dispatching of DSOs, decentralized, and the proposed hybrid
model of this paper. Strategy-A considers the integrated central-
ized scheduling of TSO and DSOs without any priority of SOs
in using resources. Strategy-B presents the centralized model
with a hierarchical organization, in which DSOs first manage
their grid using local resources. Then, joint T&D scheduling is
run with the remaining capacity of DERs. Strategy-C is imple-
mented based on the decentralized model of [17]; however, this
can be extended to all platforms that use the merit-order list of
qualified bids based on prices. In that model, boundaries for
the power flow at the T&D interface are obtained consider-
ing constraints of distribution grids (based on ranges of DERs’
generations). After that, the calculated bounds of DERs and all
demands are assumed to be available at the transmission bus,
and central dispatching is performed using the qualified bids
without considering DSOs’ grid constraints. Strategy-D is the
proposed hybrid model presented by this paper, and it uses
the decomposition-based framework to address restrictions of
the model complexity and data-sharing. The description of the
defined strategies is itemized in Table 2.

Table 3 presents and compares the operational costs evalu-
ated by different strategies. Strategy-A operates the integrated
model of T&D systems and calculates the best optimal solu-
tion for overall system scheduling. Since Strategy-B considers a
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172 HABIBI ET AL.

FIGURE 3 Dispatches of suppliers in transmission and distribution systems for Strategy-D

TABLE 2 Model specifications of different strategies

Strategy-A Strategy-B Strategy-C [17] Strategy-D*

Type Centralized Centralized Decentralized Hybrid

Prior-dispatch No By DSOs No No

DS-grid Integrated Integrated Pre-qualified Decomposed

Complexity High High Low Medium

Privacy issue Yes Yes No No

*Proposed platform proposed by this paper.

priority for DSOs in the utilization of local resources, the grid
local management does not lead to the best optimal solution for
the system. The reason is that considering the power exchange
with the upstream network alleviates the tied constraints of
radial AC power flow. For Strategy-C, the validation of the cal-
culated values of DERs’ dispatches is performed based on dis-
tribution grid constraints. As it can be seen, the calculated values
for DERs are not meet the distribution constraints; so, an opti-
mal re-dispatch is applied based on contracted power flow at
the T&D interface. Hence, the calculated, realized, and devia-
tions of operational cost per SOs are reported for this strategy.
In this regard, DSOs are obligated to clear the contracted value,
where the higher charges for regulation services can further
increase the operational costs. As it can be seen, considerable
deviations are obtained compared to the calculated operational
costs of four DSOs, and a 5.6% deviation in the overall cost
is obtained by applying this strategy. This issue does not hap-
pen in other structures, where the calculated and realized values
are the same. As it can be seen, the operational costs obtained
by the decomposed model of Strategy-D for the overall system
and DSOs are very close to the values of Strategy-A as the most
optimal solution. In addition, it is revealed the proposed coor-
dinated platform reduces the operational costs for all SOs (up
to 19.4% for DS-5) compared to the isolated operating case of
T&D networks, while a 3.3% reduction is achieved for the sys-
tem overall cost.

Table 4 compares the obtained values for the total import and
export active energy at the T&D interface for different strate-
gies. Based on the features of the applied schemes, Strategy-C
is expected to set the power flow of the T&D interface to the
maximum values; because the values in this strategy are obtained

only based on prequalification with minimum restrictions. In all
cases, DS-1 and DS-5 export considerable amounts of energy,
while the TSO imports the sum of exported power of distribu-
tion systems.

3.2.2 Case-2

The stochastic implementation of the proposed model for
privacy-preserving scheduling of T&D grids is evaluated in
this section. The trend of dispatches of various sources is pre-
sented for Strategy-D in Figure 3. This figure maps the scale of
using various technologies in supplying demands. The adjusted
demand values after the DSR program compared to the load
profile are presented with negative signs. As it can be seen, the
DSR participation in both levels reduces variations of the load
profile. The main power supplier at the transmission and distri-
bution systems are CGs and DGs, respectively. Also, wind farms
participate in energy supply in both T&D networks.

The total values of energy generation and trading of SOs are
presented in Table 5 for Strategy-D. As it can be seen, DS-
1 and DS-5 export active energy, while DS-2, DS-3, and DS-
4 import energy from the upstream grid. The net of active
energy exchanges with distribution grids obtains a 275 MWh
of energy import for the TSO. The maximum value of energy
exchange between systems is 3712 MWh calculated for DS-5.
The total reactive energy import of distribution grids is posi-
tive for all DSOs, and the total reactive energy supply is 2205
MVarh for the TSO. The presented values of active and reac-
tive energy loss show acceptable ranges, and the maximum val-
ues of active energy loss are calculated for DS-1 and DS-5 with
159 MWh (1.95%) and 196 MWh (1.58%), respectively. Also,
the total active and reactive energy of CGs, DGs, and wind
farms are reported in Table 5. The highest values of DSR pro-
grams have been calculated for DS-1 with 1160 MWh and DS-3
with 591 MWh. Besides, the value of the DSR program at the
transmission level is 26,184 MWh.

Figure 4 compares the energy prices at the T&D interfaces
with the average energy price of the transmission grid. As it can
be seen, for DS-1 and DS-5, the electricity prices at the T&D
interface are lower than the average price of the transmission
grid. The active power generation of distribution grids DS-1
and DS-5 is exported to use by the TSO. The electricity prices
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HABIBI ET AL. 173

TABLE 3 Comparison of the total values of cost obtained by different strategies

Strategy-A Strategy-B Strategy-C Strategy-D

Isolated operation Realized ($) Realized ($) Calculated ($) Realized ($) Dev. (%) Realized ($) CIO* (%)

DS-1 122,434 107,697 93,287 144,146 129,058 11.7 107,698 13.7

DS-2 149,388 138,780 149,388 15,071 181,652 91.7 138,782 7.6

DS-3 128,952 125,592 128,952 209,739 141,814 47.9 125,593 2.7

DS-4 171,058 147,929 171,058 48,511 179,738 73.0 147,936 15.6

DS-5 105,615 88,485 60,519 182,709 119,709 52.6 88,487 19.4

TR 1,961,084 1,945,004 1,989,835 1,954,663 1,954,663 0.0 1,945,004 0.8

Overall cost 2,638,531 2,553,487 2,593,039 2,554,839 2,706,634 5.6 2,553,498 3.3

*CIO = Compared to the isolated operating case.

TABLE 4 Comparison of active energy import (Imp.) and export (Exp.)
of system operators in MWh calculated by different strategies

Strategy-A Strategy-B Strategy-C Strategy-D

Imp. Exp. Imp. Exp. Imp. Exp. Imp. Exp.

DS-1 0 2452 0 1941 561 3270 0 2446

DS-2 1887 0 0 0 92 2619 1887 0

DS-3 1335 0 0 0 268 1869 1334 0

DS-4 2274 0 0 0 0 500 2269 0

DS-5 0 3892 0 3708 1121 1863 0 3895

TR 6344 5496 5649 0 10,121 2042 6341 5490

TABLE 5 Total energy in different SOs for Strategy-D—the units of
active energy (P) in MWh and reactive energy (Q) in MVarh

System operators

DS-1 DS-2 DS-3 DS-4 DS-5 TR

Exp.* (P) −2318 2040 1448 2267 −3712 −275

Exp. (Q) 330 438 576 356 506 −2205

Loss (P) 159 74 32 85 196 —

Loss (%P) 1.95 1.49 0.79 1.83 1.58 —

Loss (Q) 39 28 11 21 54 —

Gen (P) 7005 2064 1994 2115 12,091 44,508

Gen (Q) 1375 1267 1129 1348 631 —

Wind 0 679 0 0 0 4873

DSR 1160 167 591 266 284 26,184

Load (P) 5688 4875 4000 4563 8468 75,877

FIGURE 4 The average value of energy prices of the transmission and
distribution systems in Strategy-D

FIGURE 5 The voltage profile related to different buses of distribution
systems in per-unit (p.u.) for Strategy-C

at the T&D interface of distribution systems DS-2 and DS-4
are higher than the average transmission electricity price, and
DSOs import active power from the upstream network. Also,
the energy price of the DS-3 interface is lower than the aver-
age value of the upstream network; however, energy enters from
the transmission system to the distribution system. The reason
is that DS-3 is near two wind farms at the transmission system,
and the model optimizes the scheduling of the whole energy sys-
tem without any priority of SOs; consequently, low price energy
is imported to be used the DSO.

The voltage profiles of distribution networks are presented in
Figure 5 during 24 h of the operation horizon. The distribution
reference buses 1, 7, 13, 19, and 25 are points of connection to
the upstream network, and the value of one per-unit is assumed
for their voltage magnitudes. So, due to the consideration of DC
power flow at the transmission level, coordination of voltage
magnitude and angles between different SOs is not reflected in
this paper. However, capacitor banks, installed at the transmis-
sion level, and tap-changing transformers can be employed to
regulate the voltage of boundary nodes; hence, the complemen-
tary actions will be coordinated through balancing and real-time
markets. As it can be seen, the voltage profiles of all distribu-
tion systems are maintained within the feasible range of 0.95–
1.05 (p.u.) during the whole operation period. Also, distribution
bus 3 in DS-1 and bus 28 in DS-5 have the highest voltage mag-
nitude because of the significant power generation dispatches at
the locations.

Figure 6a,b shows the hourly active and reactive power
exchange between distribution systems and the transmission
grid, while the positive and negative values present DSO’s
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174 HABIBI ET AL.

FIGURE 6 Hourly DSOs’ import of active and reactive power from
TSO’s grid in Strategy-D (negative values indicate the reverse flow as the
export)

TABLE 6 Costs of supplying energy and reserves per SOs and different
resources in Strategy-D

Energy ($) Reserve ($)

Gen DSR Trade Gen Wind DSR Total

DS-1 150,434 33,724 −73,851 1732 0 3247 115,286

DS-2 66,008 3050 73,965 3414 1853 1598 149,888

DS-3 61,519 20,494 47,131 4476 0 0 133,620

DS-4 64,191 3929 82,395 639 0 1271 152,425

DS-5 206,321 1851 −118,776 4320 0 1467 95,183

TR 1,156,323 822,428 −10,864 18,975 8628 80,588 2,076,078

Total 1,704,796 885,476 0 33,556 10,481 88,171 2,722,480

import and export from the transmission level power system
in both figures. The results show that DS-2, DS-3, and DS-
4 import, while DS-1 and DS-5 export active power to the
upstream network during the operation period. The maximum
values in import and export active power belong to DS-4 and
DS-5, respectively. The DSR program and the large installed
capacity of DGs play vital roles in distribution grids DS-1 and
DS-5 for supplying active power to the transmission network,
respectively. Figure 6b shows that the reactive power flow direc-
tion is from the transmission grid to distribution systems, and
the maximum reactive power import is 37 MVar and calculated
for DS-5.

The breakdown of operating costs, including the values for
energy and reserve, is shown in Table 6 for different SOs and
various suppliers. The cost of active power trading between SOs
is calculated using LMPs at the T&D interfaces and the val-
ues of power exchange. Also, the net energy trading costs of
DSOs obtain the TSO’s share equals −$10,864. Although we
have seen that the net of TSO energy exchange with distribu-

TABLE 7 Comparison of the operational costs per SOs calculated for the
Strategy-D with Strategy-A

Centralized (Strategy-A) Hybrid (Strategy-D)

Op.* cost Trade Total Op.* cost Trade Total

DS-1 189,443 −74,671 113,230 189,137 −73,851 115,286

DS-2 73,550 75,545 147,737 75,923 73,965 149,888

DS-3 83,361 50,267 132,205 86,488 47,131 133,619

DS-4 69,677 82,709 152,563 70,031 82,395 152,426

DS-5 218,919 −124,226 94,654 213,959 −118,776 95,183

TR 2,087,309 −9,624 2,081,869 2,086,942 −10,863 2,076,079

Overall 2,722,258 0 2,722,258 2,722,480 0 2,722,480

*Operational cost.

tion grids was 275 MWh (based on Table 5), the obtained net
value of the energy trading cost for the TSO is negative. The
reason is that LMPs are changing during the operation period,
and the model optimizes the overall T&D systems rather than
optimizing individual SOs.

The highest DSOs’ operational cost is $152,426 obtained for
DS-4, and the minimum value is $95,183 calculated for DS-5
(with the highest value of negative energy trading cost). The
breakdown of reserve cost shows that the highest value of
reserve costs are obtained for DSRs in DS-1, DS-4, and the
TSO, and the highest values dedicate to DGs in DS-2, DS-3,
and DS-5. Besides, the highest value of reserve cost is $6,865
obtained for DS-2. The TSO’s operational cost is $2,076,078,
and the system’s overall cost is $2,722,480, calculated for sup-
porting energy and reserves for the whole energy system.

Table 7 compares the costs obtained by the hybrid model of
Strategy-D developed by this paper to the centralized model of
Strategy-A as the most optimal solution to evaluate the perfor-
mance of the proposed stochastic implementation. As it can be
seen, the obtained values by hybrid model for the operational
cost, trading costs, total costs per SOs, and the overall cost
of the system are very close to the centralized implementation
of Strategy-A. The difference in the overall operational cost of
T&D systems is about $222, which is ignorable in comparison
to the most optimal value of $2,722,258 calculated for Strategy-
A. So, this evaluation reveals that the proposed stochastic model
can also obtain the results economically very close to the most
optimal solution.

The values of deployed reserves in the transmission and five
distribution systems are presented in Figures 7 and 8, respec-
tively. At the transmission level, both CGs and DSRs supply a
large share of reserves in the upward direction, and the down-
ward reserve capacities are mostly provided by DSRs. The par-
ticipation of the wind farm in the distribution system DS-2 is
more highlighted in supplying upward reserves. As it can be
seen, based on the selected strategy of shared balancing respon-
sibility, the operators of T&D systems provide the required
reserve capacities from their network resources. However, set-
ting the base operation point for the energy exchange between
networks and the expected cost of energy supply in various
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HABIBI ET AL. 175

FIGURE 7 Reserves at the transmission system and distribution systems DS-1 and DS-2 (U: upward direction/D: downward direction)

FIGURE 8 Reserves at distribution systems DS-3, DS-4, and DS-5 (U: upward direction/D: downward direction)

scenarios of uncertainty can perform a preventive role to reach
an optimal solution regarding the deployed reserves in T&D
networks.

The power supply within scenarios is described in Tables 8
and 9 for the transmission and distribution systems, respec-
tively. It can be seen, the values of active power generations
meet the corresponding demand plus the power loss (for DSOs’

grids) in each scenario in both transmission and distribution
systems. Also, the changes to the base dispatch are lower than
the deployed reserves for each resource, which shows the
corresponding values are sufficient for covering all scenarios
in both upward and downward directions. In Table 8, it can
be seen that the base dispatches are calculated close to the
first scenario, which is predicted to have a high probability of
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176 HABIBI ET AL.

TABLE 8 Active power dispatches in the transmission system within
scenarios at hour 20

Scenarios Reserve

s0 s1 s2 s3 U D

Probability — 0.485 0.225 0.29 — —

Generators 2102 2189 2189 2102 87 0

Wind farms 175 188 157 158 13 18

DSR 1682 2066 1547 941 384 741

Exp. to DSOs 33 33 33 33 — —

Load 3925 4410 3860 3168 — —

TABLE 9 Active power dispatches of distribution systems within
scenarios at hour 20

Scenarios Reserve

k0 k1 k2 k3 k4 k5 U D

DS-1 Probability — 0.235 0.13 0.16 0.31 0.165 — —

DG DS-1 285 285 290 300 300 300 15 0

DSR DS-1 106 90 90 90 93 116 10 16

Loss 6.5 5.9 6.1 6.5 6.2 5.9 — —

Exp. to TSO 90 90 90 90 90 90 — —

Load 294 279 284 293 297 320 — —

DS-2 Probability — 0.29 0.2 0.315 0.085 0.11 — —

DG DS-2 79 91 79 100 100 79 21 0

Wind DS-2 18 26 24 29 20 18 11 0

DSR DS-2 46 25 25 27 46 25 0 21

Loss 2.5 2.4 2.5 2.4 2.1 3.2 — —

Exp. to TSO −111 −111 −111 −111 −111 −111 — —

Load 252 251 237 265 275 230 — —

DS-3 Probability — 0.16 0.205 0.09 0.285 0.26 — —

DG DS-3 74 61 76 100 74 78 26 13

DSR DS-3 111 111 111 111 111 111 0 0

Loss 0.9 0.9 0.9 1.1 6.9 1.0 — —

Exp. to TSO −24 −24 −24 −24 −24 −24 — —

Load 207 195 210 233 201 211 — —

DS-4 Probability — 0.14 0.235 0.145 0.16 0.32 — —

DG DS-4 88 93 100 88 100 100 12 0

DSR DS-4 18 0 7 0 0 20 2 18

Loss 6.3 6.3 6.3 6.2 6.2 6.4 — —

Exp. to TSO −137 −137 −137 −137 −137 −137 — —

Load 236 224 238 219 231 251 — —

DS-5 Probability — 0.145 0.155 0.185 0.175 0.34 — —

DG DS-5 574 574 571 591 600 591 26 3

DSR DS-5 21 0 0 0 3 24 3 21

Loss 8.7 9.5 9.6 9.9 9.3 9 — —

Exp. to TSO 148 148 148 148 148 148 — —

Load 438 417 413 433 445 458 — —

FIGURE 9 Convergence of the proposed model in (a) deterministic case
(b) stochastic case

occurrence. As Table 9 illustrates, this is not necessarily hap-
pening in all scenarios, and the corresponding expected costs
and other constraints play vital roles in setting the base value of
the energy and reserves in both transmission and distribution
systems.

Figure 9 presents the convergence trend of the proposed
model in the term of algorithm execution time and for both
the deterministic and stochastic cases. The value of the lower
upper bounds corresponds to the objective function of the
master problem, and the upper bound is calculated using the
costs obtained by the optimality check sub-problems (available
only after removing all infeasible solutions). As it can be seen,
the execution time for the deterministic case was 78 seconds
in 21 iterations, while the stochastic model converged in 584 s
and 32 iterations. It should be noted, the initial iterations
of the solving process are dedicated to achieving a feasible
solution that can be improved by using acceleration techniques
presented in [2, 3]. Since the solution time is more critical
in balancing and near real-time market the incorporation of
acceleration techniques and comparison of solution time with
other decentralized platforms will be investigated in future
studies.

4 CONCLUSION

This paper investigated a stochastic platform for coordinated
scheduling of energy and reserve for the TSO and DSOs. A
hybrid centrally-supported decentralized approach is applied to
relieve the complexity of the model and address the privacy
issue of the system operators. Since active and reactive power
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HABIBI ET AL. 177

flows are highly interdependent, the AC power flow of distribu-
tion grids is calculated using the SOCP relaxation method. The
implementation of the proposed model on the test system leads
to the following conclusions:

∙ The application of a decomposed framework reduces the
complexity of the stochastic scheduling for integrated T&D
systems, in which DSOs can solve the distribution level sub-
problems. The separated platform makes it possible to con-
sider various scenarios of uncertainties in each power system
independently;

∙ The evaluation of results obtained by former strategies
reveals that the centralized type with the hierarchical priority
of DSOs for dispatching local resources can lead to higher
operational costs. Also, the validation of results obtained
by decentralized type (which considers DSOs’ network con-
straints only in the prequalification process) shows a poten-
tial risk of large deviations in costs (up to 91.7% for DSOs
and 5.6% in the overall cost) and state variables. The pro-
posed platform of this paper solves these issues, and the solu-
tion is feasible regarding both T&D grid constraints. Also,
the optimality of results obtained by the decomposed plat-
form is compared and justified to the original centralized
model;

∙ The coordinated model of scheduling TSO and DSOs
improves the operating costs up to 19.4% for DSOs and
3.3% for the overall cost of the system compared to the sep-
arated operation of networks;

∙ The sufficiency of the deployed reserves is validated
per scenarios for T&D systems, where the system oper-
ators are responsible for balancing their grids based
on the selected TSO-DSO coordination scheme in this
paper;

∙ The operational cost per distribution system is calcu-
lated using LMPs at the T&D interface. Also, bidirec-
tional energy trading between SOs is achieved by the pro-
posed model, where two distribution systems export and
three import power from the transmission grid. The TSO
imports energy based on the net value of trading with
DSOs;

∙ The market liquidity is increased by the proposed platform,
which none of the SOs have any priorities in using resources
either in transmission or distribution grids. Also, the result
shows that the model optimizes the overall cost of T&D sys-
tems rather than minimizing charges for individual market
parties;

∙ The voltage profiles are calculated within limits, and
the active power loss is below 2% in all distribution
grids.

The future direction of this study includes the exten-
sion of the proposed model for trading flexibility services
between energy systems based on regulatory frameworks of
different flexibility markets. Also, our future researches will
study the implementation of the proposed model on dif-
ferent test systems and the coordination of various SOs’
voltages.

NOMENCLATURE

Indices and sets

g, dg, j Indices of generators and DGs, and generators
inside blocks

w, wd Indices of wind farms in transmission and distribu-
tion grids

m, D Indices of distribution buses and distribution sys-
tems

b,Re f , l Indices of transmission buses, reference bus, and
lines

En∕Re Indices of labels for energy and reserve
min∕max Indices of minimum and maximum limits of vari-

ables
↑ ∕ ↓ Indices of regulation in upward/downward direc-

tions
o f f , on Indices of offline and online statuses of units

(t∕𝜏), base Indices of time and the base power of per-unit sys-
tem

(s∕s′ ), k Indices of scenarios at T&D levels (s0∕k0= base
case scenario)

TR,DS Indices of labels for T&D systems
Exp Index of export from transmission system
Dem Index of demand

To∕From Sets of forwarding and receiving buses of line l

K , 𝜑,T Sets of generators, wind farms, and lines connected
to bus b

𝜐, 𝛽 Sets of transmission buses exporting and distribu-
tion buses importing power at T&D interface

Z Sets of buses connected through distribution lines
𝜒 Sets of buses connected to distribution system D

𝜂, 𝜓 Sets of DGs and wind farms connected to distri-
bution bus m

Variables
pl s

l ,t
, pl

t ,k
m,n Active flow of transmission/distribution lines

(MW)
ig,t , stg,t , sdg,t Generators’ status for on/off status and start-

up/shut-down
ps

g,t , pk
dg,t

Active power of generators and DGs (MW)

R
(↑∕↓)
g,t ,R

(↑∕↓)
dg,t

Reserve capacities of generators and DGs
(MW)

ql
t ,k
m,n, qk

dg,t
Reactive flow of lines and generation of DGs
(MVar)

ps
w,t , pk

wd ,t
Active power generation of wind farms (MW)

R
(↑∕↓)
w,t ,R

(↑∕↓)
wd ,t

Reserve capacities provided by wind farms
(MW)

p
Exp

D,t
, q

Exp

D,t
Active (MW) /reactive (MVar) power at T&D
interface

𝛿
t ,s
b
, 𝛿

t ,k
m Angle of buses at T&D grids (rad)

dsr s
b,t
, dsrk

m,t Active power procured by DSR program (MW)

V k
m,t , u

k
m,t Voltage magnitude of buses and axillary vari-

able for square of voltage magnitude of buses
(p.u.)

R
(↑∕↓)
b,t

,R
(↑∕↓)
m,t Reserve capacities of DSR programs (MW)
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178 HABIBI ET AL.

p
Dem,(s∕k)
b∕m,t

Active demand after DSR program (MW)

q
Dem,k
m,t Reactive demand after DSR program (MVar)

Sm,t , S
k,↑
m,t , S

k,↓
m,t Slack variables of power curtailment (MW)

𝜆k
m,t , 𝜇

k
m,t Dual variables of power balance constrain of

sub-problems
FD,t , 𝛾D,t Upper and lower bounds of DSOs’ costs ($)
H

t ,k
m,n , I

t ,k
m,n Axillary variables for SOCP relaxation

Constants
C En

j ,g ,C
En
dg

Coefficient of production cost of generators
and DGs ($/MWh)

C En
b
,C En

m Coefficient of energy supplied by DSR pro-
grams ($/MWh)

C ST
g ,C SD

g ,C Fx
g Cost of start-up/shut-down ($) and fixed cost

of generators ($/h)

C
Re,(↑∕↓)
(g∕dg)

Cost of reserve capacity provided by CGs and
DGs ($/MW)

C
Re,(↑∕↓)
(w∕wd )

Cost of reserve capacity provided by wind
farms ($/MW)

C
Re,(↑∕↓)
(b∕m)

Cost of reserve capacity provided by DSR
programs ($/MW)

Ru(g∕dg),Rd(g∕dg) Ramp rate limits of CGs and DGs (MW/h)
Pl max

l
, Sl max

m,n Flow limits of transmission (MW) and distri-
bution lines (MVA)

RSg,RDg Start-up/shut-down ramp rates of generators
(MW/h)

DBD
m Connectivity matrix of buses to distribution

system D

GDD
dg
,DW D

wd
Connectivity matrix of DGs/wind farms to
distribution system D

Xl , Sbase Reactance of transmission lines (p.u.) and
base power (MW)

P
max,(s∕k)
(w∕wd ),t

Forecasted values of absorbable power for
wind farms at transmission/distribution sys-
tem (MW)

P
(max∕min)

(g∕dg),t
Generation limits of generators and DGs
(MW)

Q
(max∕min),k
dg,t

Reactive generation limits of DGs (MVar)

P
Dem,(s∕k)
(b∕m),t

Active demands at transmission/distribution
grids (MW)

T min
g,(on∕o f f )

Minimum online/offline duration of genera-
tors (h)

Γ(b∕m),t Coefficient of demands’ maximum allowed
participation

𝜋t ,s , 𝜋
D
t ,k

Probability of scenarios in T&D systems
Y n

m ,G
n
m,B

n
m Admittance, conductance, and susceptance

of lines (p.u.)
V min

m ,V max
m Voltage magnitude limits of distribution

buses (p.u.)
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APPENDIX A: INPUT DATA OF

STOCHASTIC PARAMETERS

See Figures A1 and A2.

FIGURE A1 Scenarios of available wind power

FIGURE A2 Data of load curves at transmission and distribution systems
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