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ABSTRACT Recently, renewable energy sources (RESs) have increasingly being integrated into the power
grids as a result of environmental and governmental perspectives. In this regard, the installation of RESs as
potential power sources in active distribution systems would benefit the grid by decreasing the power losses,
as well as addressing the fossil fuel shortages, and their environmental aspects. Nevertheless, the high-level
integration of RESs as well as the development of distributed formations in local systems could challenge
the reliable operation of the grid. In this context, conventional approaches could not optimally mitigate
the regulation-voltage issue; therefore, utilities have to exploit the scheduling of local responsive sources
to address the regulation-voltage issue in systems with high-level penetration of RESs. Consequently, the
offered scheme in this paper enables the system operator to activate flexibility service from local responsive
sources with the aim of addressing the regulation-voltage issue in the grid. Respectively, the system operator
as the leader provides incentive control signals to ensure collaboration of the independent agents in voltage
regulating procedure. Finally, the developed framework is applied on the 37-bus IEEE test network to
investigate its application in mitigating the regulation-voltage issue in the active distribution systems with
multi-agent formations.

INDEX TERMS Active distribution system, renewable energy, voltage issue, flexibility, multi-agent systems,
DER, responsive sources.

I. INTRODUCTION
Active distribution systems (ADSs) are developed by the
introduction of small-scale power generation units as well
as storage units and responsive loads in power net-
works. In this regard, the installation of distributed energy
resources (DERs) in ADSs has resulted in changing the con-
ventional operating procedures in the grid [1]. In this context,
renewable energy sources (RESs) would play a key role in
supply the loads in ADSs. Respectively, installation of RESs,
i.e. photovoltaic (PV) and wind power units, in ADSs is
supported based on reducing the fossil fuel consumption and
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environmental aspects as well as decreasing the power loss
in the grid. Nevertheless, the high-level penetration of RESs
could cause operating issues in the system. In this regard,
over-power generation by RESs could result in regulation-
voltage issues in the ADS. Consequently, a new managing
scheme should be established in order to enable the ADS
operator (ADSO) to address the potential regulation-voltage
issues in ADSs.

In recent years, several research works have focused
on optimizing the scheduling of local sources in ADSs
in order to address the regulation-voltage issue in the
grid. Respectively, a hierarchical managing scheme is pro-
posed in [2] in order to ensure the coordinated operational
scheduling of storage units, which would finally facilitate

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 152585

https://orcid.org/0000-0003-4770-7778
https://orcid.org/0000-0002-4683-9747
https://orcid.org/0000-0002-4115-5784
https://orcid.org/0000-0002-5507-9938
https://orcid.org/0000-0002-9979-7333
https://orcid.org/0000-0002-8483-5501


S. Fattaheian-Dehkordi et al.: New Framework for Mitigating Voltage Regulation Issue

regulation-voltage in ADSs with the high installation of PV
units. In this context, independent aggregators optimize the
scheduling of storage units in the lower level; while, the
upper level aims to coordinate the operation of aggregators
in order to ensure the regulated voltage in the grid. Moreover,
authors in [3] have conducted a thorough review of the effects
of the distributed generation units on the operation of the
system from the protection and regulating voltage point of
view. Furthermore, in [4], a chance-constrained centralized
optimization formulation is proposed to address the over-
voltages in ADSs with the high-level integration of PV units.
In addition, Aryanezhad [5] has developed a scheme for
managing and coordinating of scheduling of local sources
to regulate the voltage as well as minimizing the power loss
in ADSs, which indicates the application of storage units in
improving the voltage magnitudes of the ADS. Moreover,
a coordination framework is proposed in [6] in order to opti-
mize the scheduling of storage units with the aim of regulating
the voltage in ADSs with the high-level integration of PV
units.

Based on the above discussions, ADSOs as entities respon-
sible for the reliable operation of ADSs have to exploit the
scheduling of local sources to address the regulation-voltage
issue in systems with high-levels of RESs. In other words,
the outcome of the day-ahead market in power grids may not
be associated with the limitation of ADSs. In other words,
the constraints of local grids are not taken into account in
the day-ahead wholesale markets, which could result in the
regulation-voltage issue in ADSs with high-level integration
of RESs. As a result, ADSO would rely on the re-scheduling
of local responsive sources in order to regulate the voltage in
the system without causing RESs/demands curtailment. Nev-
ertheless, the distributed formation ofmodernADSs, which is
developed as a result of privatization and restructuring would
impede the direct access of the ADSO over the scheduling
of the local sources. In other words, while the multi-agent
formation of modern systems facilitates the installation of
independently operated sources into the power grids; system
operators could not directly change their scheduling to reg-
ulate the voltage in the ADS. In multi-agent systems, local
sources would be operated by independent agents, which
could provide system operators with the flexibility service to
efficiently operate the ADS. Consequently, novel managing
schemes should be developed to enable the ADSOs to activate
flexibility service from the local responsive sources in order
to regulate the voltage in the ADS. Respectively, system oper-
ators could provide incentive control signals for independent
agents in order to exploit their power scheduling. In this
context, authors in [7] have developed a scheme, in which
the system operator provides incentives for energy storage
systems to manage the variable power flows in the power
grids. Furthermore, a case study for activation of residential
flexibility in ADSs in exchange of a reward in order to
manage the peak power in the system is investigated in [8].

As mentioned, ADSO would be able to employ a reward-
based model in order to incentivize the involvement of

independent agents in the regulating voltage procedure in the
ADS, which would finally mitigate the potential RESs cur-
tailment due to the regulation-voltage issue in systems with
high-level integration of RESs. In this context, hierarchical
formations based on the Stackelberg game could be employed
to enable the ADSO to exploit the operating scheduling of
independently operated responsive sources. Correspondingly,
hierarchical modeling is taken into account in [9] to activate
the demand response flexibility to address the variability of
the wind power agent while participating in the power market
model. Nevertheless, the offered model has not investigated
the network modeling and overlooked the regulation-voltage
issue in the ADS. Moreover, a review over the application of
the Stackelbeg game model as well as the cooperative and
non-cooperative games for managing the integrated energy
systems is conducted in [10]. Furthermore, authors in [11]
have studied the application of the hierarchical Stackelberg
game in modeling the incentive demand response in energy
systems.

Taking into account the above discussions regarding the
necessity of considering the re-scheduling of responsive
sources in systems with the high-level integration of RESs
to address the regulation-voltage issue, this paper aims to
develop a hierarchical managing model to facilitate the
involvement of the independent agents in the regulating volt-
age procedure in multi-agent ADSs with high-level penetra-
tion of RESs. In this regard, while the conventional manners
for regulating the voltage in the ADS are not effective, the
ADSO would offer rewards to the system agents in order
to incentivize their collaboration in regulating the voltage
in the grid. It is noteworthy that the traditional regulating
voltage techniques may hardly adapt to the new operating
condition of the system and could not regulate the volt-
age without exploiting the active power transactions of the
agents. Respectively, ADSO as the leader strives to miti-
gate the regulation-voltage issue in the grid by exploiting
the scheduling of independently operated responsive sources,
which would finally minimize the probable RESs curtailment
in the system. Furthermore, each agent as a follower aims to
maximize its profit while providing operating service for the
ADSO. Note that the ADSO, as the entity responsible for the
operation of the grid, would prefer to address the regulation-
voltage issue with the minimum reward payment. Based on
the offered approach, while most of the previous research
works have merely considered the operating scheduling of
storage units in a central manner to address the regulation-
voltage issue in the grid, the offered scheme in this paper
strives to investigate the role of different types of responsive
sources as well as considering the multi-agent formation of
the system. In this regard, the information exchange between
the ADSO and agents is limited to the reward signals and the
changes in the accumulated power requests to cope with the
multi-agent formation of the system.

In this paper, a reward-based managing scheme is devel-
oped in order to activate flexibility service from local respon-
sive sources to address the regulation-voltage issue in the
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grid. In this regard, modeling of the ADS with a multi-
agent formation is illustrated in Section. II.A. Moreover, the
offered framework for mitigating the regulation-voltage issue
in the grid by re-scheduling the local responsive sources in
the ADS is explained in Section. II.B. In this regard, the
mathematical formulations of the optimizations employed
by the independent agents of the system as well as the
ADSO to respectively maximize/minimize their profit/cost
are presented in Section. II.C. Furthermore, the derived one-
level optimization formulation for determining the optimal
rewards as well as re-scheduling of agents is presented in
Section. II.D. Note that the iterative algorithm for mitigat-
ing the regulation-voltage issue in the grid considering the
rebound effects of the energy-limited sources is presented
in Section II.D. Finally, simulation results associated with
employing the offered scheme for mitigating the regulation-
voltage issue in the IEEE-37 bus test network are presented
and discussed in Section. III, followed by the conclusion in
Section IV.

II. METHODOLOGY
A. MODELING OF MULTI-AGENT ADSs
Privatization in ADSs which is introduced to facilitate the
installation of DERs has resulted in the development of multi-
agent formations. In this formation, ADSO would not have
direct access to the operating scheduling of each of the local
sources to address the privacy concerns of the independent
prosumers. Respectively, this paper conceives active ADSs
with multi-agent formation as shown in Fig. 1, in order to
facilitate the high-level integration of RESs and responsive
sources into the grid. As a result, as presented in Fig. 1,
without loss of generality, it is conceived that each agent
of the system would merely operate a type of local sources
(i.e. responsive loads, storage units, conventional distributed
generation units, and RESs) to completely investigate the role
of each responsive sources in regulating the voltage in the
grid. In this context, R-Agent i, DG-Agent i, D-Agent i, and
ESS-Agent i present the agents responsible for scheduling of
RESs, conventional distributed generation, responsive loads,
and storage units in node i of the network, respectively.

FIGURE 1. The considered model for ADSs with multi-agent formation.

B. HIERARCHICAL REWARD-BASED REGULATING
VOLTAGE FRAMEWORK
In multi-agent ADSs, ADSO would act as the responsible
entity for operating the grid in a reliable manner; while,

each agent schedules their sources independently. As men-
tioned, conventional regulating voltage procedures may not
adapt to the new operating condition in active ADSs with
the high-level integration of RESs. Respectively, ADSO aims
to acquire operating service from local responsive sources
in order to regulate the voltage in the grid. ADSO should
therefore exploit the scheduling of local responsive sources
after clearing the day-ahead market to ensure that the sys-
tem would not confront the regulation-voltage issue. Conse-
quently, a reward-based mechanism is developed in this paper
in order to enable the ADSO to incentivize the involvement
of responsive sources in mitigating the regulation-voltage
issue in the grid to ensure the reliable operation of the grid.
As a result, a hierarchical formation based on the Stackelberg
game is developed to determine the optimal re-scheduling of
independent agents as well as their received rewards from
the ADSO. In this context, ADSO has the leader role in
the offered scheme, while agents as followers re-schedule
their sources based upon the received rewards. Furthermore,
the strong duality concept is taken into account in order
to recast the bi-level operating formulation into a one-level
optimization, which would determine the optimal outcomes
of the model for regulating the voltage in the grid. In addition,
considering the rebound effect in the re-scheduling of energy-
limited responsive sources, an iterative algorithm is proposed
to apply the one-level optimization formulation for address-
ing the regulation-voltage issue in the grid. Finally, it is
noteworthy that the operating service provided by responsive
sources would mitigate the over-voltage issue caused by the
over-power generation of RESs in the system, which would
facilitate the high-level integration of RESs in ADSs with-
out compromising the reliability of the system. A simplified
model of the interaction between entities in the system is
presented in Fig. 2. In this regard, the information exchange
between the ADSO and agents is limited to the reward signals
and to the changes in the accumulated power requests, which
copes with the multi-agent formation of the system.

C. MATHEMATICAL MODELING OF THE SCHEME
Based on the offered bi-level scheme for regulating the
voltage in a multi-agent ADS, ADSO strives to induce
re-scheduling of independent agents by offering rewards
(i.e. ρAgent × 1PAgent ) to them. In this respect, indepen-
dent agents as followers in the developed model re-schedule
their responsive sources with the aim of maximizing their
profits while providing the ADSO with operating ser-
vice for mitigating the regulation-voltage issue in the
grid. In this regard, the following sub-sections illustrate
the formulation from each entity’s perspective, as well
as the one-level formulation to determine the optimal
re-scheduling of the agents as well as the offered rewards
by the ADSO. In this context, as the developed scheme
conducts after clearing the day-ahead market, ρAgent,Pos

presents the reward offered by the ADSO to incentivize the
respective agent to increase/decrease its demand/generation.
Similarly, ρAgent,Neg indicates the offered reward for
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FIGURE 2. The hierarchical distributed managing scheme for mitigating
the regulation-voltage issue in the grid.

decreasing/increasing the power demand/generation by the
respective agent. In other words, ρAgent,Pos presents the
offered reward to compensate the increase in the power
request of the respective agent, while, ρAgent,Neg models
the offered reward to incentivize the decrease in the power
request of the agent. Furthermore, the agents would be able to
participate in the power market while conducting the offered
scheme. In this regard, as the developed scheme would be
conducted after clearing the day-ahead market to address
the regulation-voltage issues raised by the market outcome,
without loss of generality, it is conceived that the agents
would be able to participate in the intra-day market. In this
regard, λbuyt shows the price of the power purchase from the
market, while λsellt models the price of selling power to the
upper-level network. Note that the model could be conducted
at any time interval to address the regulation-voltage issue,
and therefore the power prices would be associated with the
power market at the respective time interval.

1) RE-SCHEDULING OF RESPONSIVE LOADS
Responsive loads could provide the operating service to the
ADSO in case of receiving the reward offers that compensate
their loss of profit. In this regard, the formulation associated
with the re-scheduling of responsive loads operating by the
load agent at node i is as follows:

Max ψD
i =

∑
t∈T

(ρD,Posi,t − λ
buy
t

)
1PD,Posi,t

+

(
ρ
D,Neg
i,t + λsellt

)
1PD,Negi,t

 (1a)

Subject to 0 ≤ 1PD,Posi,t ≤ 1PMax,D,Posi,t (1b)

0 ≤ 1PD,Negi,t ≤ 1PMax.D,Negi,t (1c)∑
t

(
1PD,Posi,t −1PD,Negi,t

)
= 0 (1d)

where, ρD,Posi,t /ρD,Negi,t , λbuyt /λsellt present the rewards offered
to the responsive load agent at bus i and the price of energy

exchange with the upper network at the time interval t ,
respectively. Moreover, 1PD,Posi,t , 1PD,Negi,t , 1PMax,D,Posi,t ,

and 1PMax.D,Negi,t , correspondingly, show the increase and
decrease in the power consumption by load agent in node i at
time t as well as their associated maximum boundaries. In the
formulation, the objective function in (1a) strives to maxi-
mize the profits of the load agent, while, (1b)-(1c) enforce
the operating constraints associated with the changes in the
power consumption of responsive loads.Moreover, constraint
(1D) ensures the energy requirement by the responsive loads
would be supplied during the optimization period.

2) RE-SCHEDULING OF ENERGY STORAGE SYSTEMS
The optimization associatedwith agents, operating the energy
storage systems (ESSs), in order to maximize their profits
while providing the flexibility service to the grid for regu-
lating the voltage is formulated as follows:

Max ψESS
i =

∑
t∈T



(
ρ
ESS,Pos
i,t − λ

buy
t

)
1PESS,Ch,Posi,t

+

(
ρ
ESS,Neg
i,t + λsellt

)
1PESS,Ch,Negi,t

+

(
ρ
ESS,Neg
i,t + λsellt

)
1PESS,Dis,Posi,t

+

(
ρ
ESS,Pos
i,t − λ

buy
t

)
1PESS,Dis,Negi,t


(2a)

Subject to

0 ≤ 1PESS,Ch,Posi,t ≤ 1PMax,ESS,Ch,Posi,t (2b)

0 ≤ 1PESS,Ch,Negi,t ≤ 1PMax,ESS,Ch,Negi,t (2c)

0 ≤ 1PESS,Dis,Posi,t ≤ 1PMax,ESS,Dis,Posi,t (2d)

0 ≤ 1PESS,Dis,Negi,t ≤ 1PMax,ESS,Dis,Negi,t (2e)

DEESS,Mini,t ≤ DEESSi,t ≤ DE
ESS,Max
i,t (2f)

DEESSi,t+1 = DEESSi,t

+

 ηESS,Chi

(
1PESS,Ch,Posi,t −1PESS,Ch,Negi,t

)
−

(
1PESS,Dis,Posi,t −1PESS,Dis,Negi,t

)/
η
ESS,Dis
i

 (2g)

where, ρESS,Posi,t and ρESS,Negi,t represent the rewards offered
by the ADSO to incentivize increasing/decreasing the
power request by the ESS agent at node i, while

re-scheduling of ESS units. Furthermore, 1PESS,Ch,Posi,t ,

1PESS,Ch,Negi,t ,1PMax,ESS,Ch,Posi,t , and 1PMax,ESS,Ch,Negi,t show
the increase and decrease in the power charging of the
storage units as well as their respective maximum limitations.
Moreover, the increase and decrease in power discharging of
the storage units, as well as their maximum bounds, are rep-
resented by 1PESS,Dis,Posi,t , 1PESS,Dis,Negi,t ,1PMax,ESS,Dis,Posi,t ,

152588 VOLUME 9, 2021



S. Fattaheian-Dehkordi et al.: New Framework for Mitigating Voltage Regulation Issue

and 1PMax,ESS,Dis,Negi,t . In addition, the stored energy of
the ESS units and their operating bounds are presented by
DEESSi,t , DEMax,ESSi,t and DEMin,ESSi,t , respectively. Note that
in the developed formulation, objective (2a) strives to maxi-
mize the profits of the agent considering the rewards offered
by the ADSO. Moreover, the limitations over the changes in
the charging/discharging of the storage units are enforced by
(2b) – (2e). Finally, the stored energy in the storage units,
as well as its bounds, are shown in (2f) – (2g).

3) RE-SCHEDULING OF CONVENTIONAL DISTRIBUTED
GENERATION UNITS
Conventional distributed generation (CDG) units could bene-
fit the grid by providing operating services for system opera-
tors to address operating issues in the grid. In this regard, the
formulation employed by agents, responsible for the opera-
tion of the conventional distributed generation units, based
on the received reward offers from the ADSO is formulated
as follows:

Max ψCDG
i =

∑
t∈T


(
ρ
CDG,Pos
i,t − λ

buy
t

)
1PCDG,Negi,t

+

(
ρ
CDG,Neg
i,t + λsellt

)
1PCDG,Posi,t

+

(
1PCDG,Negi,t −1PCDG,Posi,t

)
CCDG
i,t


(3a)

Subject to 0 ≤ 1PCDG,Posi,t ≤ 1PMax,CDG,Posi,t (3b)

0 ≤ 1PCDG,Negi,t ≤ 1PMax,CDG,Negi,t (3c)

where, ρCDG,Posi,t , ρCDG,Negi,t , and CCDG
i,t , respectively, present

the offered rewards to the agent as well as the operating

costs of the CDGunits. Furthermore,1PCDG,Posi,t ,1PCDG,Negi,t ,

1PMax,CDG,Posi,t , and 1PMax,CDG,Negi,t show the increase and
decrease in the power production by the CDG units as well
as their respective maximum limitations. In the offered for-
mulation, the objective function in (3a) strives to maximize
the profits of the agent at node i, while the constraints over
the changes in the power production by the conventional-DG
units are represented in (3b) – (3c).

4) ADSO FORMULATION MODELLING
As discussed in previous sections, it is conceived that the
conventional procedures such as reactive power injections
and the tap changers could not completely mitigate the
regulation-voltage issue in the ADSs with the high-level
penetration of RESs. As a result, ADSO would rely on
exploiting the scheduling of local responsive for improv-
ing the voltage magnitudes in the ADS. Respectively, the
formulation conducted by the ADSO considering the convex-
form of DistFlow model [12]–[14] to prevent the prob-
able curtailment of RESs in the system due to the
high-voltage issue is shown in (4). It is noteworthy
that the ADSO would provide the reward to incentivize
re-scheduling of responsive sources for regulating the volt-
age in the grid; which would finally minimize the RESs

curtailment and power losses.

Min CVoltage_Regulation

=

∑
t∈T

∑
i



ρ
D,Pos
i,t 1PD,Posi,t

+ ρ
D,Neg
i,t 1PD,Negi,t

+ ρ
ESS,Pos
i,t 1PESS,Ch,Posi,t

+ ρ
ESS,Neg
i,t 1PESS,Ch,Negi,t

+ ρ
ESS,Neg
i,t 1PESS,Dis,Posi,t

+ ρ
ESS,Pos
i,t 1PESS,Dis,Negi,t

+ ρ
CDG,Pos
i,t 1PCDG,Negi,t

+ ρ
CDG,Neg
i,t 1PCDG,Posi,t

+CRES,curtail
i,t 1PRES,curtaili,t



+ CNetwork
Dloss

(4a)

Subject to 1Pi,t = 1P
D,Pos
i,t −1PD,Negi,t +1PESS,Ch,Posi,t

− 1PESS,Ch,Negi,t +1PESS,Dis,Negi,t

− 1PESS,Dis,Posi,t +1PCDG,Negi,t

− 1PCDG,Posi,t −1PRESi,t (4b)

Hi(P,Q,V, θ ) = 0 (4c)

VMin
i,t ≤ Vi,t ≤ V

Max
i,t (4d)

0 ≤ 1PRES,curtaili,t ≤ 1PMax,RES,curtaili,t (4e)

where, CRES,curtaili,t , and 1Pi,t , respectively, show the cost
associated with the curtailment of RESs as well as the total
changes in the power injection in node i at time t . Fur-
thermore, 1PRES,curtaili,t and 1PMax,RES,curtaili,t represent the
changes in the power generation by RESs in node i at time t as
well as its maximum limitations. Moreover, CVoltage_Regulation

and CNetwork
Dloss present the cost of alleviating the regulation-

voltage issue in the network by exploiting the scheduling of
local sources as well as the cost associated with the changes
in the network power losses. In the developed optimization
formulation, the objective function in (4a) strives to minimize
the cost associated with the re-scheduling of local sources
for regulating the voltage in the grid. In this respect, the cost
associated with the offered rewards to agents and the curtail-
ment of RESs, as well as the cost associated with the changes
in the power losses are modeled in the objective function.
Moreover, the change in the power injection of each node of
the system at each time interval is presented in (4b), while, the
operating modeling of the grid is presented in (4c). Finally,
the limitations over the voltage magnitudes in the grid are
enforced by (4d), whereas, the bounds associated with the
curtailment of RESs are indicated by (4e).

In the offered formulation for regulating the voltage in
a multi-agent ADS, the ADSO would offer rewards to the
agents in case of their involvement in regulating the voltage
process. In this respect, the cost of rewards as well as the
cost associated with the changes in the network power losses
due to the re-scheduling of agents are taken into account
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by ADSO; while each agent considers the price of power
exchange with the upper-network as well as the received
reward offers from the ADSO. In this regard, agents are
responsible for the cost associated with the rescheduling of
their sources. Respectively, the developed formulation com-
plies with the multi-agent formation of future ADSs. In this
regard, to solve the model with the efficient computation, the
Strong duality theory is taken into account in the following
section to recast the bi-level model into a one-level optimiza-
tion issue [10], [15]. In other words, the developed one-level
formulation would converge to the optimal solution of the
regulation-voltage issue by determining the optimal reward
signals as well as the re-scheduling of local sources in the
system.

D. DEVELOPMENT OF THE ONE-LEVEL FORMULATION
As mentioned, for efficient computation, the developed
bi-level model is recast into a one-level formulation to deter-
mine the optimum rewards as well as the re-scheduling
of the system agents. In this regard, the constraints of
the lower formulations (i.e. mathematical formulations of
the agents), as well as the constraints of their dual for-
mulations, are added to the optimization of the ADSO to
ensure that the developed one-level optimization would con-
verge to the optimal outcome of the bi-level issue. Respec-
tively, the obtained one-level formulation could be modeled
as follows:

Min CVoltage_Regulation (5a)

subject to (1b)-(1d), (2b)-(2g), (3b)-(3c), constraints

of (4) and

3
D,Pos
i,t +3

D,ED
i ≥ ρ

D,Pos
i,t − λ

buy
t (5b)

3
D,Neg
i,t −3

D,ED
i ≥ ρ

D,Pos
i,t + λsellt (5c)∑

t∈T

(
3
D,Pos
i,t ×1PMax,D,Posi,t

+3
D,Neg
i,t ×1PMax,D,Negi,t

)
= ψD

i (5d)

3
ESS,E
i,t −3

ESS,E
i,t+1 +3

Max,ESS
i,t −3

Min,ESS
i,t = 0 (5e)

3
ESS,E
i,t × q− ηESS,Chi +3

ESS,Ch,Pos
i,t ≥ ρ

ESS,Pos
i,t − λ

buy
t

(5f)

3
ESS,E
i,t × η

ESS,Ch
i +3

ESS,Ch,Neg
i,t ≥−ρ

ESS,Neg
i,t +λsellt (5g)

3
ESS,E
i,t ×

1

η
ESS,Dis
i

+3
ESS,Dis,Pos
i,t ≥ −ρ

ESS,Neg
i,t + λsellt

(5h)

3
ESS,E
i,t ×

−1

η
ESS,Dis
i

+3
ESS,Dis,Neg
i,t ≥ρ

ESS,Pos
i,t − λ

buy
t (5i)

∑
t∈T



3
ESS,Ch,Pos
i,t ×1PMax,ESS,Ch,Posi,t

+3
ESS,Ch,Neg
i,t ×1PMax,ESS,Ch,Negi,t

+3
ESS,Dis,Pos
i,t ×1PMax,ESS,Dis,Posi,t

+3
ESS,Dis,Neg
i,t ×1PMax,ESS,Dis,Negi,t

+3
Max,ESS,E
i,t × DEMax,ESSi,t

−3
Min,ESS,E
i,t × DEMin,ESSi,t


=ψESS

i (5j)

∑
t∈T


3
CDG,Pos
i,t 1PMax,CDG,Posi,t

+3
CDG,Neg
i,t 1PMax,CDG,Negi,t

−

(
ρ
CDG,Pos
i,t − λ

buy
t

)
1PCDG,Negi,t

 = ψCDG
i (5k)

3
CDG,Pos
i,t ≥ −ρ

CDG,Neg
i,t + λsellt − C

CDG
i,t (5l)

3
CDG,Neg
i,t ≥ ρ

CDG,Pos
i,t − λ

buy
t + C

CDG
i,t (5m)

0 ≤ PDA,ESS,Chi,t +1PESS,Ch,Posi,t

−1PESS,Ch,Negi,t ≤ PMax,ESS,Chi,t · α
ESS,Ch
i,t (5n)

0 ≤ PDA,ESS,Disi,t +1PESS,Dis,Posi,t

−1PESS,Dis,Negi,t ≤ PMax,ESS,Disi,t · α
ESS,Dis
i,t (5o)

α
ESS,Ch
i,t + α

ESS,Dis
i,t ≤ 1 (5p)

In the developed one-level optimization issue, con-
straints (5b) – (5d), (5e) – (5j), and (5k) – (5m), corre-
spondingly, represent the dual models of the optimizations
associated with the agents operating load, energy storage sys-
tems, and conventional distributed generation units. Respec-

tively, 3D,Pos
i,t , 3D,Neg

i,t , 3D,ED
i , 3ESS,Ch,Pos

i,t , 3ESS,Ch,Neg
i,t ,

3
ESS,Dis,Pos
i,t , 3ESS,Dis,Neg

i,t , 3ESS,E
i,t , 3Max,ESS,E

i,t , 3Min,ESS,E
i,t ,

3
CDG,Pos
i,t , and 3

CDG,Neg
i,t indicate the Lagrangian multi-

plier variables of the constraints (1b)- (1d), (2b)- (2g), and
(3b)- (3c). Furthermore, in order to ensure that the charging
and discharging of the storage units would not simultaneously
occur in the system, constraints (5n)- (5p) are taken into
account in the developed optimization formulations. In this

regard, αESS,Chi,t and αESS,Disi,t show the binary variables, which
present the active operating mode of the storage units at the

respective time step. In this context, PDA,ESS,Chi,t ,PDA,ESS,Disi,t ,
PMax,ESS,Chi,t , and PMax,ESS,Disi,t show the scheduled day-ahead
charging and discharging of the storage units, as well as the
maximum limitations of the charging and discharging of the
units.
In the offered reward-based scheme for the voltage pro-

file improvement of the grid, ADSO would offer rewards to
the agents at time intervals that the grid confronts with the
regulation-voltage issue in order to incentivize their involve-
ment in providing the flexibility service for regulating the
voltage of the grid. Nevertheless, due to the rebound effect,
re-scheduling of energy-limited sources at time intervals that
the grid confronts with the regulation-voltage issuemay cause
the violation of the voltage limitations at other time intervals.
As a result, an iterative algorithm is developed in this paper to
ensure the rebound effects associated with the re-scheduling
of energy-limited sources would not cause regulation-voltage
issues at other time intervals in the grid. In this regard,
as shown in Fig. 3, the time intervals that the grid confronts
with the regulation-voltage issue are included in the one-
level formulation in an iterative manner to ensure the opti-
mum results would not violate the grid’s regulation-voltage at
other time intervals. Respectively, the offered iterative algo-
rithm would continue until the step that the outcome of the
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optimization copes with the regulation-voltage limitations at
all time intervals.

It is noteworthy that the information exchange between the
agents and the ADSO in the offered model is limited to the
accumulated possible changes in the power injection of each
agent as well as the offered reward signals. In this respect, the
developed algorithm for improving the voltage profile of the
grid inmulti-agent ADSs copeswith the distributed formation
of the system. Finally, the non-linear terms (i.e. ρAgent ×
1PAgent ) in the offered one-level optimization formulation
are linearized utilizing the SOS2 algorithm shown below:

τAgent = ρAgent ×1PAgent (6a)

τAgent ≥ ρAgent,max
×1PAgent + ρAgent ×1PAgent,max

− ρAgent,max
×1PAgent,max (6b)

τAgent ≥ 0 (6c)

τAgent ≤ ρAgent,max
×1PAgent (6d)

τAgent ≤ ρAgent ×1PAgent,max (6e)

In this regard, by including equations (6a)-(6e) and replac-
ing ρAgent × 1PAgent by τAgent in the developed one-level
formulation, the linearized model would be obtained.

FIGURE 3. The offered iterative algorithm for mitigating the
regulation-voltage issue in the grid.

III. CASE STUDY
The offered algorithm for regulating the voltage in the grid
considering the re-scheduling of the responsive sources is
implemented on the IEEE-37 bus test network [16], [17],
which is shown in Fig. 4, to investigate its application for

improving the voltage profile of the systems with the high-
level integration of RESs. Note that the system is considered
to be structured as a multi-agent network represented in
Fig. 1. As discussed, in the conceived multi-agent system,
each agent would optimize its scheduling, while ADSO offers
rewards to incentivize their involvement in mitigating the
regulation-voltage issue in the grid. As a result, the agents
operating the conventional distributed generation units, loads,
as well as storage units would re-schedule their sources to
maximize their profits. Note that the operating character-
istics of the test system as well as the local sources are
presented in [18].

FIGURE 4. The considered IEEE-37-bus test network.

As mentioned, it is conceived that as the conventional
manners have failed to address the regulation-voltage issue
in the grid; therefore, ADSO has to exploit the operating
scheduling of responsive sources to prevent probable curtail-
ment of RESs. In other words, the grid would be confronted
with the over-voltage issue due to the high penetration of
RESs in the multi-agent system. Respectively, the voltage
magnitude of the grid at nodes 15, 25, 30, and 35 before
and after employing the offered algorithm for improving the
voltage magnitudes is presented in Fig. 5. In this regard,
the offered algorithm addresses the high-voltage issue in the
grid at hours 9-16. Moreover, the voltage profile of the grid
before and after the implementation of the offered scheme at
hour 12 is shown in Fig. 6. Based on the obtained results,
the developed approach enables the ADSO to incentivize the
involvement of local responsive sources to address the high
voltage issue in the grid, which is occurred due to the high-
level integration of RESs in modern ADSs. Note that, based
on the offered algorithm in Fig. 3, the algorithm is conducted
for two iterations to mitigate the regulation-voltage issue
in the grid. In other words, due to the rebound effects of
energy-limited sources, the obtained results in the first step
violate the regulation-voltage in nodes 34, 35, and 36 at
hour 16. Nevertheless, the results of the developed one-level
optimization in the second iteration considering the high-
voltage issue at hours 9 – 16 address the voltage constraints
of the grid at all time intervals. Based on the obtained results,
the changes in the power scheduling of agents operating the
responsive loads, conventional distributed generation units,
and storage units are shown in Figs. 7 - 10. In this context,
the power request of storage units and loads are increased at
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FIGURE 5. The voltage profile of the grid at different nodes with/without
considering the developed scheme.

FIGURE 6. The voltage profile of the grid at hour 12 with/without
considering the developed scheme.

FIGURE 7. Reduction in consumption of responsive loads in ADS.

FIGURE 8. Increase in consumption of responsive loads in the ADS.

hours 9 – 16 to address the high power production by RESs;
while, their power request is increased at other time intervals
in order to ensure their energy requests would be addressed.
Furthermore, to decrease the power injection at each node

FIGURE 9. Reduction in the power generation of conventional distributed
generation units in the ADS.

FIGURE 10. Changes in the charging/discharging of storage units in the
ADS.

FIGURE 11. Offered rewards to load agents for increasing their power
consumption.

of the grid, the power generation by conventional distributed
generation units is decreased at hours 9 – 16 that the ADSO
offered rewards to incentivize their involvement of indepen-
dent agents in mitigating the regulation-voltage issue in the
grid. In addition, the rewards received by the agents oper-
ating the responsive loads, storage units, and conventional
distributed generation units are represented in Figs. 11 – 13.
Respectively, the rewards offered by the ADSO would incen-
tivize the increase in power requests of storage units and
responsive loads in the system to alleviate the regulation-
voltage issue. In this regard, as shown in Figs. 5 and 6, the
regulation-voltage issue is more severe at nodes far from the
common coupling point of the distribution and transmission
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FIGURE 12. Offered rewards to the storage unit agents in each node of
the ADS.

FIGURE 13. Offered rewards to the conventional distributed generation
agents.

FIGURE 14. Total offered rewards by the ADSO considering different
capacity levels of the RESs in the system.

systems (i.e. node 0), therefore, the over power production
by RESs is tried to be compensated locally by the responsive
sources in these nodes to address the over-voltage issue in the
network. Furthermore, the rewards associated with the agents
operating the conventional distributed generation units incen-
tivize their collaboration in addressing the regulation-voltage
issue in the grid by decreasing their power generation. Finally,
the proportional increase in the overall offered rewards to sys-
tem agents compared with the current condition, in the case
of increasing the installed capacity of RESs in the system is
presented in Fig. 14. Based on the obtained results, the offered

algorithm for activation of local flexibility service to address
the regulation-voltage issue in the grid would facilitate the
high-level integration of RESs. In other words, the offered
model enables the implementation of multi-agent formations
with the high-level installation of RESs in ADSs without
compromising the reliability of the grid. This approach would
finally facilitate efficient managing of flexibility sources,
which plays a key role in facilitating the development of smart
energy systems with high-level penetration of RESs [19].

IV. CONCLUSION
In this paper, a hierarchical model is developed in order
to enable the system operators of the ADS to address the
regulation-voltage issue in the grid. Note that the conven-
tional manners for regulating the voltage in the grid may not
be able to address the regulation-voltage issue in systems
with the high-level penetration of RESs. Respectively, ADSO
should exploit the scheduling of local responsive sources
to efficiently mitigate the regulation-voltage issues without
curtailment of RESs. In this regard, the offered framework
enables the ADSO to incentivize the involvement of local
responsive sources in mitigating the regulation-voltage issue
in the grid. Consequently, ADSO, as the leader, offers rewards
to system agents to compensate for their involvement in
providing operating services for regulating the voltage in
the grid. Furthermore, the preliminary hierarchical model is
re-cast into a one-level formulation, which is implemented in
the system based on an iterative algorithm to determine the
optimal re-scheduling of the power requests by each agent as
well as the offered rewards by the ADSO.

The developed algorithm is applied on the IEEE-37 bus
test network in order to study its effectiveness in the acti-
vation of flexibility service from local responsive sources to
address the regulation-voltage issue in the grid. Finally, the
obtained results show the application of the offered scheme
for incentivizing the involvement of local responsive sources
for mitigating the regulation-voltage issue in the grid; which,
without compromising the reliability of the system, decreases
the probable curtailment of RESs for improving the voltage
profile of the grid.

REFERENCES
[1] M. S. Alam, F. S. Al-Ismail, A. Salem, and M. A. Abido, ‘‘High-level

penetration of renewable energy sources into grid utility: Challenges and
solutions,’’ IEEE Access, vol. 8, pp. 190277–190299, 2020.

[2] D.Wang, K.Meng, X. Gao, J. Qiu, L. L. Lai, and Z. Y. Dong, ‘‘Coordinated
dispatch of virtual energy storage systems in LV grids for voltage regula-
tion,’’ IEEE Trans. Ind. Informat., vol. 14, no. 6, pp. 2452–2462, Jun. 2018.

[3] S.-E. Razavi, E. Rahimi, M. S. Javadi, A. E. Nezhad, M. Lotfi,
M. Shafie-Khah, and J. P. S. Catalz̃o, ‘‘Impact of distributed generation
on protection and voltage regulation of distribution systems: A review,’’
Renew. Sustain. Energy Rev., vol. 105, pp. 157–167, May 2019.

[4] Y. P. Agalgaonkar, B. C. Pal, and R. A. Jabr, ‘‘Stochastic distribution
system operation considering voltage regulation risks in the presence of
PV generation,’’ IEEE Trans. Sustain. Energy, vol. 6, no. 4, pp. 1315–1324,
Oct. 2015.

[5] M. Aryanezhad, ‘‘Management and coordination of LTC, SVR, shunt
capacitor and energy storage with high PV penetration in power distribu-
tion system for voltage regulation and power loss minimization,’’ Int. J.
Elect. Power Energy Syst., vol. 100, pp. 178–192, Sep. 2018.

VOLUME 9, 2021 152593



S. Fattaheian-Dehkordi et al.: New Framework for Mitigating Voltage Regulation Issue

[6] D. Zhang, J. Li, and D. Hui, ‘‘Coordinated control for voltage regulation
of distribution network voltage regulation by distributed energy storage
systems,’’ Protection Control Modern Power Syst., vol. 3, no. 1, pp. 1–8,
Dec. 2018.

[7] K. Hartwig and I. Kockar, ‘‘Impact of strategic behavior and ownership of
energy storage on provision of flexibility,’’ IEEE Trans. Sustain. Energy,
vol. 7, no. 2, pp. 744–754, Apr. 2016.

[8] J. Kiljander, D. Gabrijelcic, O. Werner-Kytola, A. Krpic, A. Savanovic,
Z. Stepancic, V. Palacka, J. Takalo-Mattila, andM. Taumberger, ‘‘Residen-
tial flexibility management: A case study in distribution networks,’’ IEEE
Access, vol. 7, pp. 80902–80915, 2019.

[9] M. Tavakkoli, S. Fattaheian-Dehkordi, M. Pourakbari-Kasmaei, M. Liski,
andM. Lehtonen, ‘‘Bonus-based demand response using Stackelberg game
approach for residential end-users equipped with HVAC system,’’ IEEE
Trans. Sustain. Energy, vol. 12, no. 1, pp. 234–249, Jan. 2021.

[10] J. He, Y. Li, H. Li, H. Tong, Z. Yuan, X. Yang, andW. Huang, ‘‘Application
of game theory in integrated energy system systems: A review,’’ IEEE
Access, vol. 8, pp. 93380–93397, 2020.

[11] M. M. Yu and S. H. Hong, ‘‘Incentive-based demand response consider-
ing hierarchical electricity market: A Stackelberg game approach,’’ Appl.
Energy, vol. 203, pp. 267–279, Oct. 2017.

[12] F. Kamrani, S. Fattaheian-Dehkordi, A. Abbaspour, M. Fotuhi-Firuzabad,
and M. Lehtonen, ‘‘Flexibility-based operational management of a micro-
grid considering interaction with gas grid,’’ IET Gener., Transmiss. Dis-
trib., vol. 15, no. 19, pp. 2673–2683, Oct. 2021.

[13] F. Kamrani, S. Fattaheian-Dehkordi, M. Gholami, A. Abbaspour,
M. Fotuhi-Firuzabad, and M. Lehtonen, ‘‘A two-stage flexibility-oriented
stochastic energy management strategy for multi-microgrids consider-
ing interaction with gas-grid,’’ IEEE Trans. Eng. Manage., early access,
Jul. 28, 2021, doi: 10.1109/TEM.2021.3093472.

[14] A. Rajaei, S. Fattaheian-Dehkordi, M. Fotuhi-Firuzabad,
M. Moeini-Aghtaie, and M. Lehtonen, ‘‘Developing a distributed
robust energy management framework for active distribution systems,’’
IEEE Trans. Sustain. Energy, vol. 12, no. 4, pp. 1891–1902, Oct. 2021.

[15] Y. Liu, Y. Xiang, Y. Tan, B.Wang, J. Liu, and Z. Yang, ‘‘Optimal allocation
model for EV charging stations coordinating investor and user benefits,’’
IEEE Access, vol. 6, pp. 36039–36049, 2018.

[16] (2010). D. T. F. D. T. F. W. Group. [Online]. Available:
ewh.ieee.org/soc/pes/dsacom/testfeeders/index.htmi

[17] A. Rajaei, S. Fattaheian-Dehkordi, M. Fotuhi-Firuzabad, and
M. Moeini-Aghtaie, ‘‘Decentralized transactive energy management
of multi-microgrid distribution systems based on ADMM,’’ Int. J. Electr.
Power Energy Syst., vol. 132, Nov. 2021, Art. no. 107126.

[18] Case Network Data. [Online]. Available: https://drive.google.com/
file/d/1D-REYfLxIqq79OVUpdopcjQNrgDKoJ62/view?usp=sharing

[19] S. Fattaheian-Dehkordi, A. Abbaspour, and M. Lehtonen, ‘‘Electric vehi-
cles and electric storage systems participation in provision of respon-
sive ramp service,’’ in Energy Storage in Energy Markets: Uncertainties,
Modelling, Analysis and Optimization. Cambridge, MA, USA: Academic,
2021.

SAJJAD FATTAHEIAN-DEHKORDI (Member, IEEE) received the MS.c.
degree in electrical engineering, power systems from the Sharif University of
Technology, Tehran, Iran, in 2014. He is currently pursuing the dual Ph.D.
degree in electrical engineering, power systems with the Sharif University
of Technology and Aalto University, Espoo, Finland. His research interests
include power systems planning, operations, and economics with the focus
on issues relating to the integration of renewable energy resources into the
systems.

ALI ABBASPOUR received the B.Sc. degree in electrical engineering from
the Amirkabir University of Technology, Tehran, Iran, in 1973, the M.Sc.
degree in electrical engineering from Tehran University, Tehran, in 1976, and
the Ph.D. degree in electrical engineering from the Massachusetts Institute
of Technology (MIT), Cambridge, MA, USA, in 1983. Currently, he is a
Professor with the Department of Electrical Engineering, Sharif University
of Technology, Tehran.

HESAM MAZAHERI received the B.Sc. degree in electrical engineering
from Shahid Beheshti University, Tehran, Iran, in 2015, and theM.Sc. degree
in electrical engineering from the Sharif University of Technology, Tehran,
in 2017. He is currently pursuing the Ph.D. degree in electrical engineering
with the Department of Electrical and Computer Engineering, Texas A&M
University, College Station, TX, USA. His research interests include smart
grid areas, power system planning, operation and optimization, power system
flexibility, renewable energy resources, fundamentals of asset management,
and distributed energy resources.

MAHMUD FOTUHI-FIRUZABAD (Fellow, IEEE) received the B.Sc.
degree in electrical engineering from the Sharif University of Technology,
Tehran, Iran, in 1986, the M.Sc. degree in electrical engineering from Tehran
University, Tehran, in 1989, and the M.Sc. and Ph.D. degrees in electrical
engineering from the University of Saskatchewan, Saskatoon, SK, Canada,
in 1993 and 1997, respectively. Currently, he is a Professor and the President
of the Sharif University of Technology. He is a member of the Center of
Excellence in Power System Management and Control. He serves as an
Editor for the IEEE TRANSACTIONS ON SMART GRID.

MATTI LEHTONEN received the master’s and Licentiate degrees in elec-
trical engineering from the Helsinki University of Technology, in 1984 and
1989, respectively, and the Doctor of Technology degree from the Tampere
University of Technology, in 1992. He was with VTT Energy, Espoo,
Finland, from 1987 to 2003, and since 1999, has been a Professor at the
Helsinki University of Technology. He is currently with Aalto University,
where he is the Head of power systems and high voltage engineering. His
research interests include power system planning and asset management,
power system protection, including earth fault problems, harmonic related
issues, and applications of information technology in distribution systems.

152594 VOLUME 9, 2021

http://dx.doi.org/10.1109/TEM.2021.3093472

