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Decentralized Active Power Management
in Multi-Agent Distribution Systems
Considering Congestion Issue

Mahyar Tofighi-Milani
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Abstract—Recently, due to the restructuring of power systems
and the high penetration level of local renewables, distribution
systems have encountered with the complexity of power man-
agement. Therefore, the modern systems would be operated in a
multi-agent structure which facilitates the power management as
well as privacy protections of independent entities. In this struc-
ture, the distribution system is assumed to compose of several
agents who independently schedule their local resources in order
to maximize their own profits. Consequently, this paper pro-
vides an efficient peer-to-peer (P2P) active power management
framework in a multi-agent distribution system while considering
network constraints (i.e., line loadings and losses). In this context,
in the proposed P2P scheme, the distribution system opera-
tor (DSO) model the network constraints in the form of line-usage
costs within the transactive signals. Respectively, the developed
transactive control signals enable the DSO to model the power
loss as well as alleviate the congestion in the grid. Therefore, the
agents automatically consider the network constraints in their
power transactions management procedure without any direct
interferences of the DSO in their resource scheduling. Finally,
the proposed model is implemented on the modified-IEEE-37-
bus-test system in order to investigate its effectiveness in the
energy management of multi-agent systems.

Index Terms—Active power management, peer-to-peer man-
agement, congestion management, multi-agent system, distribu-
tion system, renewable energy, flexible resources, energy storage
systems.

I. INTRODUCTION

D ISTRIBUTION systems have in recent years been mod-
ified in various operational and planning aspects owing
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to the introduction of restructuring and privatization in power
systems. In this regard, one of the developments in the
power system structure is the advent of multi-agent-based
management, where agents schedule their local resources,
independently [1]. Furthermore, multi-agent system (MAS)
structures facilitate the privacy protection of agents [2]; there-
fore, the development of MASs is going to be more preva-
lent in future distribution systems. In addition, implementing
the MAS structure would enable avoiding the necessity of
central management of a large number of local resources
(i.e., renewable energy sources (RESs), storage units, and
demands) as well as collecting and analyzing a huge amount
of system data; which are indispensable in a centrally managed
system [1], [2].

The increasing trend of RESs integration in distribution
systems has enabled local agents to partially supply their
respective local demands. In this new environment, agents
would have the opportunity to exchange power with each other
at a lower price in comparison with the price of purchasing
power from the upstream grid. In this context, these kinds
of energy exchanges in the future distribution systems with
MAS structures would lead to forming a power market in
local energy systems [3]. It is noteworthy that the development
of local power markets not only provides the opportunity for
sellers and buyers to achieve more benefits but also increases
the independency of distribution systems from the upstream
network as well as the efficiency of the power grid [4].

A decentralized peer-to-peer (P2P) framework is well suited
to meet the preliminary conditions required for the develop-
ment of local power markets [5]. In a P2P framework, agents
would be able to determine their power exchanges with each
other without any need for a central server. In this regard,
agents would employ intelligent software platforms that would
analyze the market information and consequently make the
best decision based on the agents’ favorite settings [6].

Developing local power markets in multi-agent structures
has been taken into account in previous research works. In
this respect, Table I presents the comparison between research
works primarily conducted on operational management of dis-
tribution systems from different perspectives. It is noteworthy
to mention that developed approaches in [4], [7]-[13] have
missed the technical constraints associated with the network
(i.e., lines loading and lines losses) or merely considered
one of them in their models. In [14], although the authors
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TABLE I
SUMMARY OF REVIEWED PAPERS

Line : .
Refs P2pP Game ADMM | usage Line L1r}e
market | theory losses | loadings
costs
[4] v v
[7] v v v v
(8] v v v v
[9] v
[10] v v
[11] v v v
[12] v v
[13] v
[14] v v v
[15] v v
[16] v v
[17] v v

have considered the technical constraints of the grid in their
model; they have aimed to block the power transactions that
have high risks to the network, which eliminates the related
households’ opportunity to modify or revise their transactions.
Furthermore, the models described in [15]-[17] have investi-
gated the power losses issue of the network, but they have not
considered an effective manner to control the line loadings.

This paper provides a new framework for running a decen-
tralized P2P market considering line loadings and losses,
as technical constraints in the management of multi-agent
distribution systems. Furthermore, the model predictive con-
trol (MPC) technique is deployed in the active power manage-
ment scheme in order to connect the future decision variables
to those of the current time interval for maximizing the profit
of the agents.

It is noteworthy that while [14] blocks the power trans-
actions that risk the network constraints, this paper aims
to incentivize the agents to revise their operational schedul-
ing based on the received transactive signals in order to
ensure converging into optimum operational point of the
system. Accordingly, this paper strives to exploit the schedul-
ing of agents based on the operational constraints of the grid.
Moreover, unlike ADMM frameworks [18], [19] in which the
information transactions between agents in a distribution grid
is limited to the neighbor entities, this paper aims to develop
an efficient P2P framework that facilitates the interaction of
independent agents to determine their respective power trans-
actions in the next time interval. As a result, power transactions
in the system would be determined without limitations over the
information/power exchanges between agents.

Furthermore, the developed approach strives to address
operational constraints of the grid considering the distributed
nature of the system. In other words, the proposed paradigm
enables the agents to interact in the P2P power market context,
while the system operator strives to relieve the operational con-
straints of the grid utilizing transactive signals. In this regard,
technical constraints of the grid would be considered in the
P2P transactions between the agents without any requirements
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for agents to model the structure of the network and its bottle-
necks in their operational scheduling. It should be noted that
the developed approaches in recently published research works
in the context of the operational management of the distribu-
tion systems considering congestion issue, i.e., [2], [20]-[25],
have all considered a central optimization for scheduling the
transactions between agents and the upper-level network. In
other words, while we have employed the P2P concept to
enable the P2P transactions between agents, previous research
works have not considered the possibility of P2P transac-
tions in the system. Specifically, authors in [20]-[22] have
tried to determine appropriate tariffs in the system to exploit
the power exchange of local resources with the energy grid.
Moreover, in [2], and [23], the proposed schemes merely aim
to alleviate the congestion issue in the grid after clearing the
power market utilizing flexible resources. In [2], and [23], it
is assumed that agents would have participated in the whole-
sale market and the system operator strives to alleviate the
potential congestion issues resulted from the market clearing
results. Accordingly, these works have not considered the pos-
sibility of energy exchanges among agents in the distribution
system. The proposed scheme in [24] has assumed that all the
aggregators would announce their power requests to the dis-
tribution market operator which is a central entity for clearing
the ‘pay-as-bid’ market. As a result, the market-clearing price
is conducted by a central entity in [24]. Furthermore, in [25],
the operator is considered the responsible party for alleviating
the congestion issue. In this regard, the operator would con-
duct a robust optimization based on the prediction of power
request by local resources to optimize the operation of the
system during the day-ahead operation.

The proposed scheme aims to provide a detailed step-wise
algorithm that facilitates the implementation of the P2P mar-
ket concept in the multi-agent distribution systems. In the
proposed framework, it is assumed that each agent besides
its respective load demands could independently operate some
photovoltaic (PV) and/or wind power units as well as energy
storage systems (ESSs), which would improve its respective
flexibility as well as increase its profits. Furthermore, the MPC
methodology is taken into consideration in order to enable the
agents to consider the upcoming operational time periods in
their current operational scheduling optimization.

Based on the literature explorations and the above discus-
sions, the following points could be pointed out:

o The high integration of distributed energy resources as
well as the fit and forget paradigm in the investment
management of distribution grids could result in con-
gestion issue. In this regard, previous research works
in the context of congestion alleviation in distribution
systems [2], [20]-[23] have merely considered the power
exchange of agents/prosumers with the grid; while, the
proposed scheme in this paper facilitates the P2P power
transactions as well as power exchanges with the upper-
level system.

e On one hand, most of previous research works in
the context of P2P energy management in distribution
systems have overlooked network constraints specifically
the potential congestion issue in the grid. On the other
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Fig. 1. The multi-agent structure of the distribution system.

hand, while, the proposed model in [14] blocks the power
transactions that violate the network constraint; this paper
aims to incentivize the agents to revise their operational
scheduling based on the received transactive signals to
maximize the social welfare and converge to the optimal
solution.

o The proposed model provides a step-wise algorithm
for P2P energy management of multi-agent distribu-
tion systems while addressing the network constraints.
Respectively, TE concept is employed to ensure decen-
tralized management of power transactions between inde-
pendent agents. Moreover, as the procedure of updating
the transactive control signals is conducted in an iterative
discontinuous way, ‘finalizing process’ step is developed
to ensure the obtained active power management in the
system addresses the demand-supply balance constraint
in each point of the grid; which is not investigated in
previous research works with the a similar context.

In this paper, the multi-agent structure of the distribution
system and the proposed P2P market framework will be dis-
cussed in Sections II-A and II-B, respectively. Furthermore,
the mathematical modeling of the optimization conducted by
each agent is described in Section II-C. The detailed mathe-
matical modeling of items included in the optimization con-
ducted by each agent are described in this section. The process
of conducting the P2P market is explained in Section II-
D. Finally, the results of the proposed scheme implementation
on the IEEE-37 bus test system and its effectiveness are
demonstrated and discussed in Section III, followed by the
conclusion in Section IV.

II. METHODOLOGY
A. System Modeling

A simplified model of the multi-agent distribution system
is demonstrated in Fig. 1. While this structure could facilitate
mitigating the privacy concerns associated with centrally oper-
ated systems; developing an applicable framework that could
cope with its distributed nature as well as the operational con-
straints of distribution grids seem to be indispensable. Hence,
in this paper, a framework is developed that facilitates P2P
interaction between agents, while distribution system oper-
ator (DSO) utilizes transactive signals to model operational
constraints of the distribution grid. Moreover, a new entity
called the wholesale market aggregator (WMA) is introduced
that enables multi-agent systems to exchange power with the
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upper-level system. In this regard, DSO would be responsi-
ble for the reliable operation of the distribution system, while,
WMA could benefit from participating in the P2P market as
well as the upper-level market. Note that DSO may also act
as WMA in case of regulation permission from authorities.
Additionally, DSO is conceived as the P2P market operator
without any loss of generality to ease the modeling of the
system.

Figure 1 presents a model of the distribution system with a
multi-agent structure that is taken into account in this paper.
In the proposed P2P scheme, it is considered that the system
agents modeled as N = {1,2,3,...,n} are categorized as
B = {by,b,b3,...,b,,} buyers and S = {s1, 52, 53, ..., Sps}
sellers in each time interval; where np and ng are the number
of buyers and sellers, respectively. In other words, agents of
the system in each time interval would be categorized as buy-
ers/sellers in case of purchasing/selling energy from/to other
agents or the upper-level system. It is noteworthy that agents
could contact with each other to receive an offer for purchas-
ing/selling energy in the next time interval, therefore, each
agent would finally act as a buyer or a seller at the equilibrium
point. Furthermore, in the case of communication constraints,
the DSO could also act as a mediator entity that facilitates the
communication between the agents; which could be considered
as an alternative to direct communication between agents.

B. Proposed P2P Market Framework

In this paper, a new step-wise transactive distributed control
framework based on the P2P market concept is developed to
schedule the MAS operation for the next time interval. The
proposed scheme has been developed in a way that addresses
the independency of the agents as well as the operational
constraints associated with the network

The proposed framework for implementing the P2P mar-
ket is structured in an iterative way. In this context, in each
iteration, DSO determines and announces the network costs
associated with power transactions in the system; while the
agents optimize their power purchasing from the WMA and
other agents considering their respective network costs. It is
noteworthy that the P2P market would be conducted to deter-
mine power transactions for the next time interval. In this
regard, agents employ the MPC concept in order to take
into consideration the states of the system as well as their
resources in future time intervals in their ongoing optimization
to maximize their profits.

In the proposed scheme, first of all, WMA announces the
prices associated with purchasing (i.e., AIYVMA’bW )/selling (i.e.,
)»;VMA’“”) power from/to the agents; and then agents specify
their role in the P2P market, i.e., buyer/seller, and announce it
to the DSO (i.e., P2P market operator). In this paper, it is con-
sidered that agents utilize the announced prices by WMA to
determine their role at the first iteration of conducting the
P2P market. However, agents could take into account different
learning approaches to improve their forecasting of the pre-
requisite input data for conducting their respective operational
optimizations. In other words, this paper aims to develop an
applicable step-wise approach for the transactive P2P market
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in MAS rather than merely investigate efficient optimization
processes from the agents’ perspectives.

The proposed P2P market framework is developed based
on the announced selling prices by seller agents and requested
power amounts by buyers. In this framework, sellers determine
their selling prices in each iteration, while buyers update their
power purchasing plan based on the updated selling prices
and network costs. Afterward, based upon the received power
transactions, DSO checks the convergence criteria and runs the
load flow to ensure the grid would not confront the congestion.

C. Mathematical Modeling of Agents Optimization

In the following sections, the way that each agent man-
ages its respective local resources, as well as the interaction
with other agents, is investigated from the mathematical
optimization point of view.

1) Operational Scheduling of Demands: In this paper, in
order to generalize the approach, the consumption of each
agent at each time interval is modeled by utilizing a utility
function as follows:

t pload o3 load )2 load K
i Pload — Gu (pload)™ () < pload < =u

load n- n,t nt — q
U, (P ) = 2 " (1
nt\ 4 n,t 1 (,(rfl) K_VTL < Pload ( )
2 ay o, — " nt
load, min load load,max
Py = P < Py 2)

where, k) > Odemonstrates the consumption parameter,
ap > 0 is a fixed predetermined parameter, P,l{j’;d shows
the power consumption in agent n at time interval ¢ and
plogd-min  pload-max e the lower/upper band limit of the power
consumption [26].

2) Operational Scheduling of ESSs: 1t is considered that
agents operate ESSs to improve their flexibility towards high
prices in the market, which would finally improve the flex-
ibility of the system. In this regard, the operational costs
of the ESSs of agent n based upon the associated charg-
ing/discharging power and the relative constraints in each time
interval is modeled as follows [11]:

CES (P, P) = e Pl Ar + el PI AL (3)
0 < le:ll < P;h,max’ 0 < leut < P(rfix,max (4)
B =B, vl RS O
EfSS,min < ErI;J_St'S < EgSS,max (6)

In the equations above, ¢ is the index of time interval, n is the
number of the agent, ezh / sgis are charging/discharging depre-
ciated costs, Pfjft/PZfi present charging/discharging amounts,
Ppehmax pdis;max shows the maximum charging/discharging
rates, EnEStS is the stored energy of ESS, r/;h / n;'l’is are charging
and discharging efficiencies, and EESS:max / pESS.minpreqent the
limitations over the stored energy in the ESS.

3) Operational Scheduling of RESs: Agents, as illustrated
in (7)-(8), would model the cost associated with the opera-
tion of their local RESs to include them in their respective
operational optimization scheduling.

CRES ( Pffs) — KRES pRES )

n,t

0 < PIE < Py ™ ®)
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where, kRES, Pffs and Pffs’max represent the operational cost,
power generation, and maximum limit of power production by
RES units in agent n at time interval ¢, respectively.

4) Trading With Other Agents in the P2P Market
Framework: In the proposed P2P market structure, agents
could negotiate with each other in an iterative algorithm. The
following equations illustrate the trading cost functions asso-
ciated with the buyers/sellers in each step of the P2P market
framework.

P2P,buyer ( pbuy buy buy _ buy
Ck,t (Pk,sl,t’ Pk,sz,t’ teo Pk,sn,t - Z Tm,t Pk,m,t
meS
9)
P2P,seller ( psell \ __ sell
c (Pm’t> =~ P (10)

P2P, buye ,
where, C>" """ and CL**"" are the cost of buyer k and

seller m OWing to trade with other agents, m, , is the offered
price by seller m, szlri;,z is the amount of power that buyer k
purchases from seller m, and Pﬁ,f’lf represents the total amount
of the power that my, seller prefers to sell at time t. It is
noteworthy that the sellers would determine their preferred
prices and buyers would optimize their power requests based
upon the given prices.

5) Costs of Utilizing the Distribution Network: As men-
tioned, DSO is responsible to ensure the reliable operation
of the distribution grid; while independent agents merely take
into consideration their respective profits in the multi-agent
system. In this paper, it is considered that DSO would be able
to efficiently alleviate the operational constraints in the grid
by allocating transactive control signals to system agents. As
a result, DSO could control the loading of the lines as well
as the losses in the system by employing transactive control
signals. Moreover, the proposed transactive control concept
could be utilized to assign costs associated with using distri-
bution systems (i.e., network usage cost) to each agent based
upon its reliance on the distribution grid to exchange power
with other agents in the P2P market structure. In this context,
the transactive signals that represent the network usage costs
could enable the DSO to fairly allocate the costs of the oper-
ation and expansion of the distribution grid to agents. It is
noteworthy that the transactive signals employed to designate
the network losses, congestion, and network fixed costs have
monetary origins and so would be updated in a step-wise algo-
rithm during the implementation of the proposed iterative P2P
market framework. In the proposed framework, without loss of
generality, it is considered that the transactive signals would be
allocated to the buyers to simplify the process of applying the
proposed scheme. In other words, sellers would increase their
proposed prices during the P2P market implementation in case
of receiving the allocated costs to cover the profit losses. In this
regard, the transactive signals announced by DSO regarding
the fixed costs, the costs associated with network congestions,
and power losses are formulated as follows:

o Transactive signals associated with fixed costs: As men-
tioned, the network usage costs would include the costs
associated with the operation and investment in the dis-
tribution grids. Therefore, the fixed operation costs are
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determined in COPer@fon. in which, each element repre-
sents the cost of lines that will be used by different
agents to transfer energy to each other. Moreover, a simi-
lar matrix is defined as C""P°leto model the continuity
of the network. In other words, in case that the network
is composed of isolated areas that prevent the power
exchange with particular agents; the associated elements
in Cimpossible would be set as infinite, otherwise the ele-
ments of the matrix would be set as zero. Therefore, the
overall fixed costs are modeled as follows:

Cﬁxed — Coperation + Cimpossible (11)

o Transactive signals associated with the active power con-
gestion: In addition to fixed cost transactive signals, DSO
employs another transactive signal as a penalty factor to
alleviate the congestion in the network. In this regard,
ceongestion represents the matrix of transactive signals
associated with the congestion in the grid as below:

M M
congestion Msiope (PZ - PZ ax) Pllj > P£ “
I = : (12)
0 Otherwise
congestion __ congestion
C ko = cr (13)
LeLy
In these equations, L is the line index, ¢;”"*“"" is the con-

gestion cost of line L, P{ is the power flow in line L, P{’Max is
the maximum possible power flow in line L, Ly ,, represents the
set of lines which are engaged in the power exchange between
agents k and m. Moreover, C,if’;ge‘mondemonstrates the trans-
active congestion cost relevant to the power exchange from
agent m to k. Finally, mgp. is the cost associated with the

network congestion and would be determined by (14).

az xi

mslope(i) =ay+ayxe (14)

where, aj, ap; and a3 are parameters determined by DSO, and
i is the index of iteration associated with conducting the P2P
scheme. According to the (14), as the P2P framework pro-
gresses, mygjppeincreases for power transactions that result in
network congestion. Note that the proposed formulation is
considered to facilitate convergence of the P2P algorithm by
increasing myjop.. This enables the algorithm to converge faster
than the constant case and DSO could revise values of the
parameters based upon the convergence rate.

1) Transactive signals associated with power losses: In the
proposed framework, transactive signals associated with
the power losses (i.e., C'%) are deployed in order to
enable the agents to include the costs of power losses
in their operational scheduling. In this regard, in each
iteration, after determining the active power losses in
each line of the network, the respective losses cost of
power transaction from agent m to k in the previous
iteration could be defined as follows:

’Z"L
loss __ ,m TL
km = piz " ¢ (15
Ptr
TL __ k,m,l loss
P = E o - P} (16)
LEN, l
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where P,{Lm is the share of power losses related to power trans-
action from agent m to agent k, PTL represents the total active
power losses, CTF is the cost associated with active power
losses in the network, Np, is the set of the network lines,
P;(’ m,; 18 the transaction power goes from seller m to buyer k
thfough line /, P;’r shows the total power flow through line /
and Pf"“ is the total active power loss in line / [16].

6) Cost Functions of Buyers Based on Transactive Signals:
In the suggested model, after the announcement of transac-
tive signals by DSO, buyers utilize them to calculate the cost
that should be paid to the DSO owing to network usage,
congestion, and power losses as follows.

FCL __ fixed congestion loss
Ck,m - Ck,m + Ck,m + Ck,m (17)
Network { pbuy buty buy '\ _ FCL pbuy
Ck,t (Pk,sl,t’ Pk,sz,t’ R Pk,sn,t - Z Ck,m 'Pk,m,t (18)
meS
where, C,’: CmL and CkN‘;tW”’ k are the overall transactive signal

associated with the pbwer transaction from agent m to k, and
the network cost that buyer k should pay to DSO, respectively.

7) Trading With the Upper-Level Network: In the designed
framework, every buyer in the P2P market would be able to
purchase an arbitrary amount of energy from the upper-level
network (i.e., main grid) at a fixed price determined by WMA,
and similarly, every seller could sell energy to WMA. Without
loss of generality, similar to the current power systems, it
is considered that agents would be able to exchange power
with the upper-level system, without limitation, based on the
announced prices by WMA. In this context, WMA would
announce the Erices associated with purchasing/selling (i.e.,
AJVMAsell 5 WMA-buyy o wer from/to the upper-level network to
the agents before running the P2P market. In this regard, buy-
ers have the option to purchase their power shortage from the
WMA to fulfill the supply-demand balance and sellers could
sell the surplus power to WMA to maximize their respec-
tive profits. Additionally, trading with WMA would limit the
price of power exchange between agents into the range of
[n)/MAbuy ) WMAsell) (\when there is not any line congested
from the beginning of the flowchart) in the P2P structure
regarding their economical perspectives. It is noteworthy that
the WMA prices could be different in various time intervals,
and the WMA could use this to control the sellers’ prices of the
market in different time intervals, which is a great advantage
of the proposed framework. Finally, the cost associated with
the power trade between agent n and the upper-level system
in time interval ¢ would be as follows:

WMA,buyer ( pwb\ __ FCL WMA,sell \ pwb

Gt (Pn,t) = (Cn,WMA + A )Pn,t (19)
WMA,seller ( pws\ __ FCL WMA,buy\ pws

Cn,t (Pn,l) - (CWMA,n - )“f Pn.l (20)

In these equations, P"2/P" demonstrate the amount
’ ’ WMA,buyer

of power purchased/sold from/to WMA, C,, and

C,‘i/ MA.seller are the cost of ny, buyer/seller for power exchange

: FCL FCL
with WMA. Moreov.er, Cn’WMA and CWMA’.n are the overall
network costs associated with the purchasing/selling power

from/to the WMA, respectively.
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8) Modeling the Cost Function Associated With Each
Agent: As discussed in the previous sections, each agent
should take into account different kinds of power exchanges
and their associated costs as well as operational costs of local
resources to determine its respective operational scheduling in
the next time interval. Moreover, each agent could take the
role of a buyer or a seller in each step of implementation
of the P2P market based upon its forecasting of the cost of
exchanging power with other agents and also WMA. In this
context, the cost functions correspond to buyers and sellers is
modeled as follows:

buyer WMA , buyer ESS RES P2P,buyer
Cn,[ = _Un,t + Cn)f + Cn,t + Cn,, + Cn‘l

+ CNerwork (2 1)

n,t
1l WMA, seller ESS RES P2P, seller
Cfft = —Upn:+C,; + Cn,t + Cn,, + G,
(22)

b elle . . .
where, C,7"/Cs¢ller are cost functions associated with ny,

buyer/seller at time interval 7. Note that network costs are
merely included in the cost function associated with the buyer.
Finally, as the P2P market framework would iteratively be
conducted; agents have to calculate their respective costs
(i.e., (21)-(22)) in each step to optimize their power exchanges
with WMA and other agents in the system.

9) MPC Method: In the proposed methodology, the MPC
concept is taken into account in order to enable the agents to
consider future time intervals to schedule their resources (i.e.,
storage units). In this regard, agents would decide regarding
the operational scheduling of their units in the ongoing P2P
market for the current time interval and the future ones [27].
As a result, it is considered that agent n takes into con-
sideration the H! time intervals in its optimization while
participating in the P2P market at time interval ¢. In this
context, agent n considers futureH! periods in its respec-
tive optimization models, while, the P2P market is conducted
between agents to determine their power transactions at the #;,
time interval. Finally, agents could apply different forecasting
and learning algorithms to improve their forecasting and take
into account the following cost function for future time steps.

Suture WMA ,buyer WMA, seller ESS
Cn,h - _U”sh + Cn,h + Cn,h + Cn,h

+ CXS h e H, (23)

D. The Procedures for Implementing the P2P Market Model

As previously mentioned, the developed structure for imple-
menting the P2P market scheme is composed of four dif-
ferent entities including seller and buyer agents, DSO, and
WMA. In this context, this section aims to model the proce-
dure conducted by each entity in each step of the P2P market
framework.

1) Operational Optimization by Each Agent: As mentioned,
each seller agent determines its desired selling price (i.e., 7, ;)
at each iteration, and buyer agents optimize their purchas-
ing plans based on the selling prices announced by WMA
and seller agents. In this regard, the operational optimization
model associated with system agents for participation in the
P2P market at time period ¢ is modeled as follows:
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- Buyer agents:
t+H},
Min{ G2+ 3" i L VkeB (24)
h=t+1

Subject to operational constraints of the local resources, and
power balance constraint as follows:

P =P P =P =Y P =P 29)
meS
- Seller agents:
t+H},
Min{ Cieller 1+ 3™ et Yme S (26)
h=t+1

Subject to operational constraints of the local resources, and
power balance constraint as follows:

load ws ch dis sell RES

P +Pm,t+Pm,l_Pm,t+P =Pm,t

m,t m,t

27

It is noteworthy that Pf,f’ltl represents the power that seller

m wants to sell by the price of m,,;; while, PZ“H’ZI shows the
amount of power that buyer & wants to buy from seller m.
Moreover, for future time periods the power balance constraint
is formed as follows:
load wh ws ch is __ pRES
Pn,t _Pl;,t+Pn,t+Pn,t_Pd Pn,z

n,t —

(28)

Regarding the optimization models, agents minimize their
operational costs with respect to the operational constraints
of their corresponding resources as well as supply-demand
balance constraints. Based on the optimization models, each
seller determines the amount of power preferring to sell
based on the announced selling price in order to benefit
from power exchange with other agents; while buyers deter-
mine the amount of power to be purchased from each seller.
Finally, in each iteration of running the P2P market, all the
agents announce their desired amounts of power exchange
(e, P;,fl,l / qujl ;) to the DSO as the operator of the P2P market
and distribution network.

2) Updating Prices by Each Seller Agent: In the developed
P2P market, in the first iteration, seller agents would announce
a price between )LIW MAsell and )\:V MAbuy Nevertheless, in other
iterations, agents would update their announced selling prices
based on the results of the previous iteration. In this context,
the total amount of power that buyers have requested from
seller m (i.e., Pa?") could be determined as follows:

Pff;]uest —
keB

Sellers, based on the requested power by buyer agents
(ie., Phd“"y and the amount of available power that the
seller agent has determined from its operational optimization
model (i.e., P‘,ﬂff,l), would update its announced selling price as
follows:

TG+ 1) = T (D) + o - [Pﬁ‘,’?"m(i) - Pf,fff(i)], Vm e S
(30)

buy
Pk,m,t

(29)

where, i shows the index of iteration associated with con-
ducting the P2P market scheme. Moreover, p,, is a penalty
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parameter that transforms the difference between the preferred
selling amount of power and power request to the selling price.
In this regard, p, is a progress rate factor that would be
set by each seller agent based on its viewpoint towards the
risk [10]. Based on the developed formulation in (30), seller
agents would decrease their offered price in case that the over-
all power request of buyers is lower than its own preferred
selling power. Accordingly, the seller agent would incentivize
the buyers to purchase more power from the agent. It is note-
worthy that RESs would be the main power resource in the
agents and so, based on their negligible operational costs, the
agent would prefer to sell all the amount of the determined
selling power. Based on a similar description, the seller agent
increases the announced selling price in case the Ph " i
more than P$¢! in order to increase its profit. In this regard,
the P2P market would be continued until the step in which the
overall power request by buyers meets the power production by
the seller agent. Note that in case the congestion issue has not
occurred in the grid, as the buyer/seller agents would be able
to without limitation buy/sell power from/to the upper-level
network, the final prices of power exchange between sellers
and buyers would be between AVMA5¢! ang 2 VMA-bw.

The new derived prices by seller agents would be taken
into consideration by buyer agents to conduct their operational
optimization and determine their desired power exchange with
each seller. Moreover, seller agents would also update their
desired amount of power to be sold to the system agents based
on the updated prices. It is noteworthy that this iterative pro-
cess would continue until the termination criteria is satisfied
and potential operational constraints of the distribution grid
are relieved.

3) Termination Criteria: In the proposed framework, the
iterative process of the P2P market will be terminated by the
market operator in case the operational conditions of the grid
are addressed and one of the following conditions occurs for
each of the seller agents.

1. The change in the announced prices by the seller agents
is negligible:

|7+ 1) = 7y ()] < £ 3D

2. The announced prices by the seller agent in the last
iterations fluctuate in the range of [y — 7, iy + 1.

Note that i represents the iteration index of the P2P mar-
ket model, ¢; and t are small constants, and 77y shows the
average of the prices of the last ¢ iterations. In this con-
text, the developed scheme would also address the possibility
of fluctuations in P2P power transaction optimizations and
so the convergence of the proposed framework would be
ensured. The fluctuation could occur due to network costs or
in the vicinity of WMA prices. In this regard, buyer agents
would change their purchasing power plans; which would
result in changing the price announced by the seller agents.
Consequently, when the announced selling price by a seller
fluctuates in the recent iterations within a confined low range
described in condition 2, the DSO would set its selling price
to the last one that is preferable to buyers in comparison with
WMA'’s price. Note that once the criteria are satisfied, the
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finalized transaction prices would be announced by the mar-
ket operator, and agents would finalize their preferred amount
of power transaction based on their operational optimization
models.

4) Line Loadings and Losses Check Out by DSO: In the
proposed scheme, after the satisfaction of the termination cri-
teria, the DSO checks out the changes in the line losses based
on (32). In this regard, if the related changes are less than
a small negligible constant (i.e., €j,s5), the changes would be
considered as acceptable. Moreover, DSO would also check
the line loadings to determine any line loading violation in
the system. Note that in case of violation in the losses as well
as line loadings, their respective transactive signals would be
updated by DSO based on the formulations developed in the
previous section.

PP+ 1) = PP ()| < 81oss, VI € Ny (32)

In (32), j indicates the index of the iteration associated with
the loss changes’ check out.

5) Finalizing Process: As the developed P2P market
is an iterative process that each agent optimizes its sell-
ing/purchasing amount of power, the overall power request
from a seller agent may slightly differ from its preferred selling
power. This could occur specifically due to condition 2 in the
termination criteria. However, for clearing the market model,
it necessitates that power request (i.e.,Ph““") equals to pelt
for each of the seller agents. To this end, the extra two steps
are designed to be conducted in the P2P market framework to
ensure that the power request by buyers would become equal to
the preferred amount of selling power by seller agents. Note
that the termination criteria ensure determining the optimal
prices of power transactions between agents, while these steps
ensure that requested power meets the selling power for each
seller agent.

In the first step after satisfaction of termination criteria, in
case that Pa?““" is bigger than P3¢ DSO proportionally allo-
cates the buyers requests to purchase power from the seller m
as follows:

Psell
buy,Allocated __ Pbuy . m,t
k,m,t — " km,t PRequest

m,t

P

where, Pi",i;’/?”acmd shows the allocated purchasing power by

buyer k from seller m. After completing this procedure for all

the seller agents, buyer agents would run a new optimization

model to determine a new purchasing plan for the power
. buy,Allocated buy .

difference between P and P, .. Since then, the

procedure defined in this step would be iteratively conducted

in order to ensure that, Pf;fff would be equal to or bigger than

PR for all the seller agents.

After finalizing the buyers’ power requests in the first step;
seller agents would receive the permission for optimizing their
extra power (i.e., Pi,fff-Pﬁ‘f?"e‘Yt). Therefore, seller agents would
be able to revise the scheduling of their local resources or
increase selling power to WMA in order to address their extra
power. Afterward, the process is over, and all agents’ bids
are regulated and are ready to exchange. It is noteworthy that
considering the finalizing process ensures that the P2P market
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framework would converge in all operational circumstances.
In other words, the steps defined in the ‘Finalizing Process’
stage would ensure demand-supply balance in each node of
the system. Consequently, while considering WMA prices and
transactive signals would ensure relative convergence of the
proposed framework; ‘Finalizing Process’ stage would address
possible energy imbalance circumstances in the system. That
is why the steps developed in the ‘Finalizing Process’ stage
would address the convergence of the proposed algorithm
by ensuring the demand-supply balance in each node of the
system. Finally, unlike previously proposed frameworks, this
stage is developed in the P2P management paradigm in order
to ensure that the market coordinator would be able to clear the
market in each iteration while ensuring that the demand-supply
balance in the system would be addressed.

6) Convergence Improvement Techniques: In order to
improve the convergence of the market-clearing algorithm,
several premises are taken into considerations as follows:

o The market operator could impose limitations over the
change in purchasing power by buyer agents in con-
secutive iterations. In this regard, this limitation would
result in a smooth change of the operational point of the
system [12], and could be formulated as follows:

A= OP () < P i+ 1) < (1L+ 0P (i) (33)

where, i and ¢ are the P2P market iteration index and
a confining constant, respectively. It is noteworthy that a
similar limitation could be imposed on the selling prices
announced by the seller agents, therefore, the following
constraint should be satisfied by the announced selling
prices in each iteration:

(A =871 (D) < (i + 1) < (1 + E)70,1(D)

In (34), £ shows the allowed percentage of deviation from
the former value.

o Sellers could take into account the states of the previous
iterations of the P2P market as a learning process to
update their respective selling prices as follows [12]:

T+ 1) = (1= y)
(et - [P0 Pt ]
i—1

+v Z C‘)j7tm,t(].)~

Jj=i—v

(34)

(35)

In this equation,y,w;j, and v are the learning coefficient, the
weighting coefficient for 7, ;(j), and the number of previous
iterations considered for the learning process.

7) The Complete Step-Wise Procedure of Implementing the
Proposed P2P Framework: In the previous sections, the pro-
cedures associated with the step-wise P2P market scheme and
their associated mathematical modeling were demonstrated. In
this context, the step-wise procedure of implementing the P2P
market framework is presented in Fig. 2. It has to be men-
tioned that, according to the flowchart, two main conditions
should be satisfied before the finalizing process step. First, the
variation in network’s loss amounts in the current iteration,
in compare with the previous iteration should be negligible,

WMA announces
selling/purchasing
prices

v

Agents determine
their roles
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Finalizing Process I: No

No
Are termination
riteria violated?2

"Are permissible
changes in power
losses violated?

Are line
loadings
yiolated?),

Yes

v
DSO announces Sellers update their Yes Vs DSO updates
transactive signal i . the transactive
of fixed costs seliing prices signal of grid
v A congestion
C DSO updates thy
Seller_s announce Agents conduct their updates the ¢
their initial L transactive signal of
. . optimization models [« °
selling prices power losses
Fig. 2. The step-wise procedure of implementing the P2P management
paradigm.

which implies that the agents do not want to modify their loss
amounts. Second, there should not be a congested line in the
power grid. Note that the step-wise P2P management model
for MAS would enable the agents to independently optimize
their operational plans; while addressing the grid operational
constraints. Finally, the information associated with running
the algorithm in each step is presented in [31].

III. CASE STUDIES

In this section, the simulation results of implementing the
proposed P2P management paradigm on a multi-agent distri-
bution test system are discussed. To this end, the modified
IEEE 37-bus test system is employed; where each bus of the
system is considered as an independent agent. Moreover, it is
considered that each agent of the system operates its local
resources, i.e., PV units, wind power units, load demands,
and ESSs. The operational data of the test system are adapted
from [2], [28]-[30] and is presented in [31]. Furthermore, it is
considered that the P2P framework is applied to determine the
power transactions between agents for the next hour. As men-
tioned, agents would employ the MPC concept to consider the
future time intervals in their current operational optimization;
therefore, it is assumed that agents consider the future 5 hours
in their ongoing optimization models. In the rest of this sec-
tion, two case studies are rendered to investigate the obtained
operational results of the system as well as the efficiency
of the model from congestion alleviation and convergence
perspectives.

A. 24-Hour Simulation Results

This paper primarily deals with the condition that, during
running the P2P market scheme, the active power requested
by the load demands or the power production by RESs results
in congestion occurrence in the distribution network. In this
regard, it is assumed that the maximum active power flow
capacity of the test system’s lines is 6 p.u. (= 600 kW),
and the simulation has been run for 24 hours of a sample
day. In this context, Fig. 3 indicates the power exchange with
the upstream network in the 24 hours of the day. Moreover,
Fig. 4 shows the status of the grid in the 12" hour of the
day; as an example of the time periods in which the grid con-
gestion has been alleviated by incorporating the transactive
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Fig. 4. The status of the grid in the 12t hour.

signals. In this regard, the congestion in the line between
nodes 21 and 22 (i.e., Line-21-22) has been alleviated dur-
ing the proposed iterative procedure and the final cost and
power flow associated with this line are 16.20 ¢/kW and
5.98 p.u., respectively. Moreover, the seller agents and their
converged final selling prices are also shown in Fig. 4. The
congestion occurrences in Line-21-22 has caused the grid to
be divided into two sections in which the converged prices on
the left side and the right side of the Line-21-22 are approx-
imately 36.65¢/kW and 20.35¢/kW. The difference between
the converged prices is approximately equal to the cost of
Line-21-22 (i.e., 16.20¢/kW); which shows the importance of
incorporating the transactive signals to alleviate the conges-
tion in the system. The congestion in Line-21-22 would limit
the power that sellers on the right side of the line could sell
to agents and WMA. Furthermore, the selling price of the
WMA entity is considered 36.65¢/kW, which approximately
equals the converged selling prices of seller agents at the left
side of Line-21-22. In other words, due to congestion, the
buyer agents in the left section have to purchase power from
the WMA and so the prices of seller agents have converged
approximately to 36.65¢/kW; which could be considered as
the marginal price of purchasing power at hour 12. Note that
the slight differences between the selling price of seller agents
and WMA are based on the network costs. According to the
obtained results, the developed scheme would be able to allevi-
ate the potential congestion issue in the grid while facilitating
the P2P active power management between agents.

In order to investigate the resource scheduling in each
agent; as an example, the scheduling of resources for agent
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30 is demonstrated in this section. In this regard, the power
generation by PV and wind power units is shown in Fig. 5.
Furthermore, the consumption power by loads and the charg-
ing/discharging power of ESSs are presented in Figs. 6 & 7.
Moreover, the total power traded with the other agents, and
WMA is presented in Fig. 8. Regarding the obtained results,
the agent has the seller role at hours 1, 3,4,5,7,9, 11, 12, 15,
19, 20, 21, 22, and 23; while at other time periods the agent is a
buyer. Fig. 9 shows the average converged price beside the pur-
chasing and selling prices of the WMA, during the 24 hours.
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Fig. 9. Average converged prices of sellers and WMA prices in 24 hours.

According to this figure, as expected, all the converged prices
(except the 10™ and 14" hours’ prices) are located between
the purchasing and selling prices of the WMA, since, as men-
tioned before, WMA could control the sellers’ prices in his
range. The converged prices in the 10" and 14™ hour are not
in WMA’s range because in the mentioned hours the lines
between the upstream network and node 2 (i.e., Line-0-1 and
Line-1-2) have been congested. As it can be seen from the
results, in the situations that there is at least one line con-
gested, the WMA cannot have control over the prices of sellers
who are on the other side of the congested line, since the
WMA cannot control the line cost of the congested line which
affects the prices of these sellers.

Moreover, Fig. 9 shows that at hours 10, 14, 21, 22,
and 23 the power price is higher than that of other hours.
Therefore, the ESS discharge amounts of agent 30 at these
hours in Fig. 7 seem to be rational, considering the fact that
agent 30 is assumed to predict the WMA prices of future hours
with a 3% error. Similarly, the ESS charging amounts of agent
30 at hours 5, 7, 11, 12, and 15 in Fig. 7 are due to lower
power prices. Also, in Fig. 9, at hour 12, only the prices of
the left side of the grid are considered in this figure, which
indicates that the WMA has control only over this part of the
network.

It is noteworthy that, as Fig. 7 demonstrates, the MPC
method enables the agents to decide about their current ESS
charging/discharging by considering future time intervals. In
this respect, by utilizing the MPC method, the agents strive to
charge their respective ESSs when the power price decreases
and discharge them when the power prices are expensive.

B. One-Hour Simulation

In this section, two cases are studied as follows:

o Case 1: when the line capacities are equal to 6 p.u.;
therefore, there is a line congestion condition during
implementing the P2P management paradigm.

o Case 2: when the capacities of the grid’s lines are
assumed to be 10 p.u.; hence, there would not be any
line congestion owing to the high capacity of lines.

The aim of this section is to compare these two cases
with each other and find out the convergence and congestion
clearance status.

1) Case 1: As mentioned, the system would confront
with congestion in Case 1. Based on the step-wise flowchart
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presented in Fig. 2, after checking the termination criteria
step, the over-loading of the network would be checked and
the transactive signals would be updated. In this context, the
change in the loading of the Line-21-22 during implement-
ing the P2P scheme is shown in Fig. 10. Note that in each
step after updating the transactive signal associated with the
congestion occurrences; the iterative procedure associated with
optimizing the scheduling of agents and checking the termina-
tion criteria would be conducted. In this regard, the iterative
procedure of updating prices by seller agents 4, 9, 30, and
36 at hour 12 after updating the transactive signal associated
with the congestion occurrence in Line-21-22 is presented
in Fig. 11. Based on the obtained results, the agents have
converged reasonably during the implementation of the P2P
framework. According to the results, agents 4 and 9 have been
converged to 36.65¢/kW, while, agents 30 and 36 are con-
verged to 20.35¢/kW, approximately. The differences between
the converged prices arise from the congestion occurrence in
Line-21-22 discussed in the previous section. Furthermore, the
preliminary and final loadings of the grid’s lines are presented
in Fig. 12 which demonstrates the congestion alleviation of the
network.

2) Case 2: In case of considering the line capacities of
10 p.u., the selling prices of agents 23, 28, 30, and 35 as shown
in Fig. 13 are converged to about 35¢/kW, which is between
the selling/purchasing prices announced by the WMA (i.e.,
36.65¢/kW and 33.2¢/kW).
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C. Investigating the Impacts of WMA Prices

The aim of this section is to investigate the effect of the
range of WMA prices (i.e., [A] A0 3 WMAsell)y o the final
converged prices of the P2P market. To this end, a domain
increasing factor (i.e., v) is introduced here in order for
transforming the range of the WMA prices into the form
of [max{0, (1 — v)a, AP0y (1 4 v)AWMAsel] 1 this for-
mulation, v indicates the percentage decrement/increment of
WMA’s purchase/selling prices. It is noteworthy that the
presence of zero in this price interval guarantees )LZYV M buy > 0.

In this section, the market prices at the 9" and 20" hours are
considered from Fig. 9. as a sample time intervals, at which the
prices of the seller agents are approached to their maximum
and minimum limits, respectively. In this regard, the simulation
has been done for the two hours using various amounts of v
and the results are shown in Figs. 14 and 15 for the 9™ and
the 20" hours, respectively. It should be noted that in the case
of v = 0, the purchasing and selling prices of WMA are
similar to the previously presented 24-hour simulation results
(which can be observed from Fig. 9.). That is why the average
converged price is also approximately similar to the previous
results.

According to Fig. 14, at hour 9, as the domain factor
increases, the average converged price also enhances and the
received power from the upstream network decreases. This is
because the total amount of demand is greater than the amount
of the power supply as can be inferred from Fig. 3. Moreover,
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whenever WMA increases its price interval length, the market
prices tend to enhance until the supply-demand is balanced
and the received power from the upstream network becomes
almost zero.

Similarly, at hour 20, since the power supply in the network
is greater than the demand (which can be inferred from Fig. 3),
the market prices have a diminishing trend and its decrement
by the increment of the domain factor is shown in Fig. 15.
Also, the decrement of the average converged price is almost
stopped when power reception from the upstream network
approaches zero. Thus, without loss of generality, the exis-
tence of WMA gives the benefit of price controlling in the
proposed scheme.

IV. CONCLUSION

This paper proposes a step-wise P2P management scheme
to facilitate the decentralized operation of distribution systems
with multi-agent structures. Hence, each agent of the systems
would be able to independently schedule its own resources
as well as power transactions with the upper-level system
and other agents. Furthermore, different transactive signals are
developed to enable the system operator to exploit the power
transactions between agents in order to address the grid oper-
ational constraints (i.e., fixed costs, line loadings, and power
losses). Additionally, implementation of a new role into the
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designed P2P market (i.e., WMA) enables providing power
supply from the upstream network. In other words, the atten-
dance of WMA gives the benefit of power exchanging with the
upstream network to trade an extra amount of power or pur-
chase power for compensating some probable power shortage
in the downstream P2P market. Consequently, the developed
framework would facilitate the efficient energy management of
multi-agent systems; while addressing the independent agent’s
privacy concerns. Finally, the proposed scheme is implemented
on the modified IEEE-37 bus test system; which demonstrates
the effectiveness of the proposed P2P management paradigm
for energy management of MASs while taking into account
the grid’s operational constraints. Moreover, the results show
that WMA prices add a capability of controlling the market
prices within a certain range which is another advantage of the
proposed framework; although, inevitably, congestion occur-
rences in the network can challenge this controlling action as
investigate in the results.
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