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Abstract—Distribution networks are undergoing a fundamental 

transition due to the expansion of flexible resources as well as 

renewable energy sources in the system. In this regard, multi-

agent structures are developed in modern distribution systems to 

facilitate the independent operation of local resources. 

Nevertheless, the non-coordinated operation of independent 

agents could result in a deviation between the real-time power 

purchased from transmission network and the day-ahead 

scheduling. Consequently, this paper aims to provide a novel 

framework that enables the decentralized management of multi-

agent distribution systems, while coordinating the real-time power 

request and the day-ahead scheduling. In this regard, the 

alternating direction method of multipliers (ADMM) is taken into 

account to facilitate the decentralized operation of the multi-agent 

systems. Furthermore, transactive control signals are employed to 

exploit the real-time operational scheduling of independent agents 

in order to minimize the deviation of real-time power exchange 

and the day-ahead scheduling. Finally, the developed methodology 

is implemented on the IEEE 37-bus test system in order to analyze 

the effectiveness of the proposed approach for the operational 

management of multi-agent distribution systems.  

Index Terms—Transactive Energy, multi-agent system, 

distribution system, ADMM, resource scheduling, energy 

management, flexible resources. 

I. INTRODUCTION 

With the advent of new smart grid technologies as well as the 
increasing penetration of distributed energy resources (DERs), 
electric power distribution systems are undergoing a 
fundamental transition from passive conventional systems into 
active modern multi-agent systems [1]. In these systems, each 
agent of the system would independently operate its local 
resources while providing operational flexibility services for 
the system utilities. In this respect, new management techniques 
should be employed by system operators in order to coordinate 
the operation of independent agents with the aim of improving 
the security and flexibility of the system. 

In recent years, the concept of transactive energy (TE) has 
been introduced as a promising solution to provide the dynamic 
supply-demand balance in multi-agent systems in a reliable and 
efficient manner [2-4]. TE facilitates the participation of 
independent prosumers in local electricity markets using a set 
of economic-based mechanisms and value-driven signals [5]. 
Authors in [2] have proposed a TE framework for the 
distribution system operator to act as a mediator between 

 
 

distribution system and transmission system. However, the 
proposed framework overlooks an accurate modeling of power 
flow as well as the distributed nature of modern distribution 
systems with multi-agent structures. In [6], a TE scheme is 
developed to facilitate negotiations among microgrids to 
optimize their power exchanges. Moreover, a day-ahead 
operational management framework is devised in [7]; which 
utilizes distribution locational marginal price (DLMP) as a TE 
control signal. Note that the devised framework in [7] considers 
linearized AC-OPF and strives to deal with the uncertainty of 
renewable energy sources (RESs). Furthermore, authors in [8] 
have reviewed several approaches to integrate small-scale 
DERs into distribution networks based on the TE concept. In 
[9], a peer-to-peer energy trading framework is proposed taking 
into account the technical constraints of the distribution 
network. In particular, the impact of peer-to-peer transactions 
on the network is estimated based on the sensitivity 
coefficients. 

The above discussed operational management frameworks  
rely on a central entity to coordinate the operation of 
independent agents, which could raise privacy issues, 
communication complexity, and scalability problems in 
modern power systems [10]. In this regard, distributed 
algorithms such as the alternating direction method of 
multipliers (ADMM) have been utilized in recent works to 
conduct the operational management of power systems in a 
distributed manner. In this context, an ADMM-based algorithm 
is proposed in [11] to solve the optimal power flow (OPF) 
problem in a distributed fashion. Moreover, an ADMM-based 
operational optimization is developed in [10] by utilizing the 
TE concept in order to facilitate bilateral energy transactions 
between distribution system’s agents.  The authors in [12] have 
employed stochastic programming to cope with the 
intermittency and uncertainty associated with RESs. However, 
the central operator of the system is considered as the 
responsible party for generating the stochastic scenarios of 
RESs. Furthermore, ADMM concept is employed in [13] for 
the distributed energy management of multi-agent distribution 
systems, while robust optimization technique is taken into 
account in local optimization models to address the uncertainty 
of local resources. 

Despite various studies which have been conducted on 
coordinated energy management of multi-agent distribution 
systems; to the best of authors’ knowledge, employing TE in a 
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fully distributed manner to enable coordinated operation of 
independent agents with bulk power system has not yet been 
fully investigated in previously proposed frameworks. 
Motivated by the aforementioned points, this paper aims to 
develop a distributed TE-based market framework to optimally 
manage multi-agent distribution systems considering the real-
time operational condition of the system. In this respect, TE 
signals are derived based on the electricity prices at day-ahead 
and real-time markets, as well as the real-time operational 
condition of the distribution grid. Moreover, the ADMM 
algorithm is taken into account to provide a distributed 
operational management framework which addresses 
scalability and privacy concerns. Based on the above 
discussions, distribution system operator (DSO) as the mediator 
entity between distribution and transmission systems strives to 
coordinate the operation of independent agents taking into 
account the TE concept. Consequently, in the proposed scheme, 
agents would independently optimize the operation of their 
local resources considering the TE signals which represent the 
price of energy exchange with the distribution grid.  

The rest of this paper is structured as follows. In Section II, 
the system modeling, the proposed TE management framework, 
the ADMM-based coordination scheme, and the proposed TE 
control signal  are provided. Section III presents the numerical 
results of implementing the proposed TE management 
framework on the modified IEEE 37-bus system, while Section 
IV concludes the paper. 

II. METHODOLOGY 

A. System Modeling 

Figure 1 represents the model of a distribution system with 
multi-agent structure which is considered in the proposed 
scheme for energy management in this paper. As can be traced, 
each node of the system could encompass several DERs which 
are independently operated by agents at that node. Moreover, 
the resources at each node receive a TE control signal that is 
associated with the energy price at the respective node. In this 
regard, the coordinator entity at each node would calculate the 
TE control signal at the respective node and announce it to the 
independent agents of that node. It is noteworthy that various 
DERs including flexible load demands, conventional 
distributed generation (CDG) units, energy storage systems 
(ESSs), and photovoltaic (PV) units are considered in this 
study.  

B. The Proposed Transactive Operational Framework for 

Multi-Agent Distribution Systems 

As mentioned, the proposed scheme aims to provide a TE 
market framework to  coordinate  the  operation  of  independent 

 

agents in the system. In this respect, the DSO acts as a mediator 
between the wholesale electricity market in the transmission 
system and independent agents in the distribution system. In 
this respect, the DSO bids in the day-ahead wholesale 
electricity market to supply the customers based on the 
forecasted operational data. However, due to independent 
operation of agents and the uncertainty of local resources, a 
control signal should be employed to efficiently coordinate the 
operation of agents considering the day-ahead and real-time 
electricity prices. In this regard, during the day, the TE signals 
for each time interval are calculated based on the cleared 
electricity price from the day-ahead market and are announced 
to the agents. In other words, due to the operational 
uncertainties in the real-time operation of the agents, the real-
time determined power exchange with the transmission system 
may deviate from the scheduled power exchange according to 
the submitted bid. In this regard, the DSO could adjust the TE 
signals to fully exploit the operational flexibility of local 
resources in order to provide the dynamic supply-demand 
balance at the minimum cost. It is noteworthy that the DSO 
could alter the TE signal at the substation node to the limit that 
reaches the price of real-time balancing market of transmission 
system; if the supply-demand balance is not yet provided, the 
DSO has to compensate the deviation from the real-time 
balancing market.  

Based on the proposed scheme, the agents would 
independently schedule their generation/consumption 
according to the TE signal and the real-time operational 
conditions of the system. Therefore, the power injection of each 
node of the network is determined by its respective coordinator 
entity based on the announced generation/consumption of 
respective agents of that node. Furthermore, an ADMM-based 
OPF problem would be conducted, which determines the 
operational condition of the network, as well as the power 
exchange between the distribution and transmission network. It 
is noteworthy that the ADMM-based OPF problem is solved by 
communicating non-critical information among adjacent nodes 
and solving sub-problems at each node in an iterative manner. 
The step-wise flowchart of the proposed algorithm for 
distributed TE management of multi-agent distribution systems 
is presented in Fig. 2. 

C. Distributed Operational Management of the Distribution 

Network 

1) Optimal Power Flow  

The operational management of the distribution grid could be 
modeled as an OPF problem. In this regard, it is assumed that 
the distribution grid is composed of a set of nodes shown by N 
and a set of lines represented by Ω . Moreover, the common 
coupling point of distribution and transmission network is 

considered as node 0; while, the remaining nodes / {0}i N∈    

are considered to have a unique parent node shown by Ai and a 

set of child nodes represented by 
i

C . In this respect, the unique 

line that connects node i and Ai is denoted by line i. Finally, the 
OPF problem for a radial distribution network considering the 
SOCP relaxation [13-15] is modeled as follows: 
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Fig. 1 The model of a distribution system with multi-agent structure. 
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∈

+ = + ∈ l  (1d) 
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, , , , ,i t i t i t i tPL QL v i+ ≤ ∈Ωl  (1e) 

The objective function (1a) strives to minimize the cost of 
purchasing power from transmission system over the 
scheduling horizon T. Respectively, the power purchased from 

transmission network is represented by TS

t
P ; while the price of 

purchased power is shown by LMPt. Moreover, ,i tPL , ,i tQL , and 

,i tl  denote active power flow, reactive power flow, and squared 

current magnitude of line i, while ,i tv , ,i tp , and ,i tq  are used to 

show the squared voltage magnitude, active power injection, 
and reactive power injection of node i, respectively. The 
operational constraints of SOCP-relaxed DistFlow model are 
represented in (1b)-(1e).  

2) ADMM-based OPF of Distribution Grid   

Recently, ADMM concept is employed by several research 
works in order to operate power systems in a distributed 
manner. In this regard, a consensus-based ADMM algorithm 
[16] is taken into account in this paper to model the distributed 
management of multi-agent distribution systems. Respectively, 
the coordinator entities would exchange operational 
information in the context of ADMM algorithm to distributedly 
solve the OPF problem in the distribution system. In this regard, 
the OPF problem (1) could be represented as follows: 

( )min i i
x

i N

f x
∈
  (2a) 

  s.t.  , 0
i

i j j

j N

A x i N
∈

= ∈  (2b) 

where for each i N∈ , iN  is a set of adjacent coordinator entities, 

ix  presents a vector of decision variables, and ,i jA is a constant 

matrix that shows operational constraints that couple local 

variables ix  together. It is assumed that in case of problem (1), 

{ }: , , , , ,i i i i i i ix v PL QL p q= l . In order to apply the consensus-based 

ADMM, the optimization model of each coordinator entity 
should be decoupled from its adjacent coordinator entities. 

Based on this objective, a set of auxiliary variables ,j iz  are 

defined, which represents the duplicate of jx  observed by agent 

i. Therefore, (2) could be reformulated as follows: 

( )
,

min i i
x z

i N

f x
∈
  (3a) 

s.t.    , , 0
i

i j j i

j N

A z i N
∈

= ∈  (3b) 

, ,j i j iz x i N j N= ∈ ∈  (3c) 

Taking into account a Lagrangian multiplier ,i jλ for (3c) and 

a positive constant ρ , the augmented Lagrangian model could 

be determined as follows: 

( ) ( ) 2

, , , 2
( , , ) :

2
i

i i i j i j i i j i

i N j N

L x z f x x z x zρ
ρλ λ

∈ ∈

 
= + − + −  

 
   (4) 

In this regard, the ADMM algorithm could be conducted in a 
three-step process, where variables could be updated at each 
iteration k as follows: 

1 arg min ( , , )k k k

x
x L x zρ λ+ =  (5a) 

1 1arg min ( , , )k k k

z
z L x zρ λ+ +=  (5b) 

1 1 1( )k k k kx zλ λ ρ+ + += + −  (5c) 

Finally, the following criteria are defined to assure the 
convergence of the ADMM procedure: 

:k k kr x z= −  (6a) 

1: ( )k k ks z zρ −= −  (6b) 

where kr  and ks  respectively show the primal and dual 

residuals.  It is noteworthy that the complete formulation of the 
ADMM-based OPF is presented in [11]. 

D. The Proposed Transactive Control Signal 

In the proposed framework, each independent agent receives 
the TE signal from the coordinator entity at the respective node 
as the price of energy exchange at that node. Respectively, the 
agent would schedule its local resources based on the received 
TE signal. In this regard, a novel approach is devised in this 
paper in order to determine the TE signals within the ADMM 
algorithm conducted by coordinator entities. In particular, the 
concept of DLMP is taken into account to determine the TE 
signal at each node of the network. Furthermore, the LMP is 
assumed as a base value for exchanging energy at node 0, and 
the TE signals for the remaining nodes are determined by their 
coordinator entity in the context of the ADMM algorithm. In 
this respect, besides the information exchanges in the standard 
ADMM algorithm, coordinator agents would exchange the 
information of their respective TE signal in the developed 
approach. It is noteworthy that the price of energy at node i is 
proportional to the price of energy at its parent node and the 

DSO participates in the day-ahead wholesale electricity market 

Announce the TE signals to agents 

Determine operational scheduling of agents based on the new 
TE signals 

Compare real-time power exchange with transmission system 
and scheduled power exchange in the day-ahead market 

Converge? Update TE signals 

Run ADMM-based optimal power flow problem & determine 
real-time power exchange with transmission system 

h = 24? Next time slot 

End 

Yes 

Yes 

No 

No 

Fig. 2 Flowchart of the proposed distributed TE management framework. 
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cost of power loss in the connecting line, which could be 
represented as follows: 

,
, ,

,

1 , / {0}
i

TE TE i t
i t A t

i t

Loss
N

PL
iψ ψ  ∈∂= + ∂ 

 (7) 

where ,

TE

i tψ  represents the TE signal at node i, and , ,i t i tLoss PL∂ ∂

shows the additional loss in the line i due to a marginal power 
increase in node i. In this regard, the active power loss in line i 
could be calculated as below:      

( )2 2

, ,

,

,

,
i i t i t

i t

i t

r PL QL
Loss

v
i ∈ Ω

+
=  (8) 

As a result, a marginal increase in power flow PLi would 
result in the additional active power losses as below:   

, , ,

, ,

,

,

2 . .
,

i t i t i t

i i t i t

i t PL PL PL

i t

r PL PL
L ss io

v
→ +∆ ∈ Ω

∆
∆  =  (9) 

In this regard, by re-arranging (9) and then substituting it in 
(7), the TE signal associated with the node i could be derived as 
below: 

,

, ,

,

2 .
1 , / {0}

i

i i tTE TE

i t A t

i t

r PL
N

v
iψ ψ

 
= +


∈ 

 
 (10) 

As a result, the proposed framework enables coordinator 
entities to determine the TE signals based on the operational 
variables which are calculated during the ADMM process. Note 
that in the proposed framework, the DSO would update the TE 

signals at the substation node (i.e. 0,

TE

i tψ = )  based on the deviation 

of the real-time power exchange from the scheduled value in 
the day-ahead market as follows: 

( ), , ,

, , . . , / {0}TE TE old TS RT TS Sch

i t i t t tP P Niψ ψ α ∈= −  (11) 

where ,

,

TE old

i tψ  represent the TE signal at the last iteration, while 

,TS RT

t
P and ,TS Sch

t
P respectively show the real-time and the day-

ahead amount of power purchased from transmission system. 

Furthermore, α  is a coefficient determined by the DSO to 

update TE signals at each iteration.  

E. Operational Scheduling of Independent Agents  

As mentioned earlier, each agent of the system would 
independently optimize the scheduling of its resources taking 
into account the received TE signal from the respective 
coordinator entity. In this respect, the operational optimization 

conducted by each agent connected to node i N∈  could be 

modeled as follows:  

( ), , ,min .TE ex ex

i t i t i i t

t T t T

p g pψ
∈ ∈

+   (12a) 

s.t.  

The Operational constrains of local resources. (12b) 

where ,

ex

i tp  indicates the amount of power exchange between the 

agent and the distribution grid; whereas ig  is the cost function 

of the agent based on its local resources. 
It is noteworthy that the detailed formulation of operational 

constraints of the local DERs (i.e., flexible load demands, CDG 
units, ESSs, and PV units) which are considered in this study 
are presented in [13].  

III. NUMERICAL RESULTS 

In this section, the proposed TE management framework is 
implemented on the modified IEEE 37-bus distribution system 
[17]. In this study, various DERs including flexible load 
demands, CDG units, ESSs, and PV units are taken into 
account. The operational characteristics of DERs, and LMP 
values are adopted from [13, 18] and presented in [19]. The 
topology of the 37-bus distribution network is shown in Fig. 3. 
Moreover, it is assumed that the buying/selling price at the real-
time balancing market is 20% higher/lower than the price of the 
day-ahead market. It is noteworthy that the DSO updates the TE 

signal at the substation node 0,

TE

i tψ = with 1%α =  steps at each TE 

iteration. 
The proposed methodology enables the DSO to exploit the 

real-time operational scheduling of agents based on the 
scheduled power exchange in the day-ahead market as well as 
the energy price at the real-time market. In this respect, Fig. 4 
presents the power purchased from transmission system per TE 
iterations in three different time slots. In this regard, the dotted 
lines show the scheduled value at the day-ahead market. 
However, as can be traced, based on the operational scheduling 
of the system agents, the real-time power exchange between 
distribution and transmission system would deviate from the 
scheduled value. In this respect, in order to minimize the 
operational cost of the system, the DSO would alter the TE 
signal at the substation node which would also update the TE 
signals at system nodes. In other words, in case the real-time 
power value is higher/lower than the scheduled value, the DSO 
would increase/decrease the TE signals in order to 
reduce/increase the power exchanges of agents, and minimize 
the gap between the real-time value and scheduled vale. In this 
respect,  Fig. 5 shows the TE signal values per TE iterations for 
the three time slots. Regarding the obtained results, in time slots 
that the real-time power value is higher/lower than the 

scheduled value, the 0,

TE

i tψ = is increased/decreased. Note that the 

DSO would continue to update the 0,
TE
i tψ =  values until either it 

reaches the price of the real-time market or the existing gap 
reaches a predefined threshold. It is noteworthy that the 
proposed scheme would eventually facilitate activating the 
operational flexibility service from the local resources operated 
by independent agents in order to minimize the deviation of 
real-time power exchange between the distribution and 
transmission system from the day-ahead scheduling. 
Accordingly, the proposed approach would minimize the 
operational cost of the system, while improving the flexibility 
and security of the system.  

 
Fig. 3 The modified IEEE-37 bus test system. 
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As mentioned earlier, in the developed framework, 
coordinator entities would exchange information with their 
adjacent entities in order to solve the OPF problem and 
determine the amount of power purchased from transmission 
system for each TE iteration. In this respect, Fig. 6 represents 
the purchased power from the transmission system per ADMM 
iteration at three time intervals. Moreover, Fig. 7 shows the 
convergence results of the developed ADMM algorithm. As can 
be traced in this figure, the obtained result show great 
performance of the ADMM algorithm, as the iterative value of 

TS
tP has successfully converged to its optimal value, while the 

primal and dual residuals have reached negligible values. 

 
Fig. 4 Power purchased from transmission system per TE iterations. 

 
Fig. 5 TE signal at the substation node per TE iterations. 

 
Fig. 6 Power exchange between distribution and transmission system at 14:00, 

18:00, 21:00 over ADMM iterations. 

 
Fig. 7 Primal and dual residuals per ADMM iteration. 

 
Fig. 8 The primary load profile, scheduled load profile, ESS energy profile, 

conventional DG output of agents connected to node 13. 

As discussed earlier, the coordinator entity at each node 
would calculate the TE signal and announce it to the 
independent agents of that node. Respectively, the agents would 
optimally schedule their local resources based on the received 
TE signal. In this regard, Fig. 8 shows the power scheduling of 
local resources at node 13. Regarding the acquired result, the 
load profile of the flexible demand is shifted to time slots that 

the value of ,

TE

i tψ  is lower. Moreover, in order to maximize the 

profit, the power production of the CDG unit is increased in 

time slots that the value of ,

TE

i tψ  is higher. Finally, the ESS unit 

is charged/discharged during low/high ,

TE

i tψ  values. 

IV. CONCLUSION 

This paper strives to develop a decentralized TE management 
framework in order to optimize the operational management of 
multi-agent distribution systems, while taking into account the 
distributed and independent nature of the system. In this 
respect, transactive control signals are employed to minimize 
the potential deviation of the real-time power exchange 
between the distribution and transmission system from the day-
ahead scheduling. Moreover, ADMM algorithm is deployed in 
the proposed framework in order to enable the distributed 
operation of the multi-agent system. In this regard, the 
developed scheme would address the privacy concerns of 
independent prosumers. Finally, the proposed TE management 
framework is applied on the IEEE 37-bus test network which 
demonstrates its applicability and efficiency in the 
decentralized operational management of multi-agent systems, 
while improving the flexibility and security of the system. 
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