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Abstract—Traditionally, the economic dispatch problem (EDP) 

of the bulk generators connected to transmission networks (TNs) 

is solved in a centralized dispatching center (CDC) while modeling 

distribution networks as passive loads. With the increasing pene-

tration levels of distributed generation, coordinating the economic 

dispatch between TNs and active distribution networks (ADNs) 

became vital to maximizing system efficiency. This paper proposes 

a hierarchical communication structure, which requires minimal 

upgrades to the CDC, for solving the EDP of coupled TNs and 

ADNs. Based on minimal data transfer between the CDC and dis-

tribution network operators (DNOs), the problem is formulated 

and solved while considering the network losses in both TNs and 

ADNs. Furthermore, a sensitivity analysis is conducted to assess 

the effect of the R/X ratio of the distribution lines on the economic 

dispatch solution and the operational cost of the system. The nu-

merical results demonstrate the effectiveness of the proposed cen-

tralized scheme and highlight the significance of considering the 

network losses of both TNs and ADNs when solving the EDP. The 

results show that the proposed framework can achieve savings of 

up to 17.98% by taking into account the network losses of TNs and 

ADNs. 

Index Terms—active distribution network, economic dispatch, hi-

erarchical communication, network losses, transmission network.  

I. INTRODUCTION 

A.  Background and Related Works 

The integration of distributed generators (DGs) into distribu-

tion networks has many pronounced advantages, such as reduc-

ing system losses and increasing the penetration levels of renew-

able resources [1]. Due to the variability and uncertainty of re-

newable generation, integrating dispatchable DGs allows for in-

creasing the penetration levels of renewable energy based DGs 

since it boosts the flexibility and controllability of managing 
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active distribution networks (ADNs) and supports the system 

during contingencies and extreme events. As the penetration lev-

els of dispatchable DGs into distribution networks increase, their 

interaction with the transmission network (TN) and their poten-

tial to enhance the overall system reliability and efficiency in-

crease. Consequently, a remarkable portion of research has been 

directed toward coordinating the operation of TNs and ADNs. 

For instance, the ability of ADNs to provide frequency regula-

tion services to TNs is studied in [2]. To enhance the efficiency 

of system restoration, coordination between the black-start re-

sources in TNs and ADNs is proposed in [3]. A methodology for 

demand-side management in support of TN operation is devel-

oped in [4]. Siting and sizing of energy storage devices in coor-

dinated distribution and transmission systems is proposed in [5]. 

A voltage stability assessment with the consideration of interac-

tions between TNs and ADNs is conducted in [6]. To optimize 

the economic operation of the coupled transmission and active 

distribution system (CTADS), problems such as the unit com-

mitment [7] and economic dispatch have also been considered 

in the previous literature while taking into account the dispatch-

able generation in both TNs and ADNs.  

Traditionally, the economic dispatch problem (EDP) of the 

generators connected to TNs is solved in a centralized dispatch-

ing center (CDC) while treating the conventional distribution 

networks as passive loads. After solving the EDP, the dispatch-

ing decisions for the next dispatching interval are communicated 

to the generators. With the increasing penetration of dispatcha-

ble DGs into distribution networks, coordinating their operation 

with dispatchable bulk generators is essential to minimize the 

total operational cost of the system [8]. However, it is challeng-

ing to establish a single CDC that can communicate with all the 

bulk generators and dispatchable DGs in the system in order to 

centrally solve the EDP of CTADSs. This challenge is due to the 

communication congestion and the requirement of high band-

width communication at the CDC for extending the centralized 

management of the system [9]–[11].    

Several decentralized optimization-based solutions have 

been proposed for the EDP of CTADSs. A heterogeneous de-

composition algorithm is proposed in [8] for solving the coordi-

nated EDP of CTADSs. In this algorithm, the problem is decom-

posed into a transmission, and several distribution economic dis-

patch subproblems, and heterogeneous information such as the 

boundary power and transmission locational-marginal prices are 

exchanged in an iterative manner to form a decentralized solu-

tion algorithm. The method of [8] is extended in [12], producing 

a generalized master-slave-splitting method to solve a series of 

central functions of the transmission-distribution coordinated 
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energy management such as power flow, economic dispatch, 

and optimal power flow in a distributed manner that does not 

require a central coordinator. While competing for presenting 

more efficient decentralized solutions considering different var-

iants and formulations for the EDP of CTADSs, other decentral-

ized solutions have also been proposed based on multi-paramet-

ric quadratic programming [13], alternating direction method of 

multipliers (ADMM) [14], and analytical target cascading 

method with diagonal quadratic approximation [15]. In [16], a 

distributionally robust joint chance-constrained model is devel-

oped for the EDP of CTADSs to solve the problem using a fully 

decentralized optimization scheme based on the asynchronous 

ADMM. Other decentralized solutions have also been proposed 

in [17], [18]. 

B.  Research Gaps 

To the best of the authors’ knowledge, the network losses are 

not considered in all the aforementioned solutions to the EDP of 

CTADSs. Decentralized solutions for handling the network 

losses while solving the EDP have been proposed in [10], [19] 

but while considering TNs only. The network losses occur in 

both TNs and ADNs, yet considering these losses are not ob-

served while solving the EDP of CTADSs in the previous liter-

ature. Neglecting such losses could accumulate significant mon-

etary losses over time, in particular for large power systems cov-

ering a large geographical area and feeding large loads. In addi-

tion, all the previously mentioned publications, i.e., [7]–[18], 

adopt decentralized optimization-based solutions, and no re-

search work is observed toward the expansion planning of ex-

isting centralized management and communication infrastruc-

tures to cope with CTADSs while avoiding communication 

congestion and high-bandwidth demands. For systems adopting 

centralized management structures, the following observations 

have to be highlighted as the main advantages of proposing cen-

tralized solutions to the problem. Extending centralized infra-

structures for the EDP of CTADSs could provide solutions re-

quiring significantly lower total costs compared to building new 

fully decentralized schemes. Moreover, existing CDCs are 

well-established systems that are capable of solving the EDP, 

considering features and aspects that are still challenging to be 

managed using fully decentralized solutions, such as consider-

ing the network losses of both TNs and ADNs. 

C. Contributions 

To fulfill the research gaps, the following contributions are 

made in this paper. 

 The enhancement of existing CDCs to extend their operation 

for CTADSs by offering a hierarchical communication 

structure. This structure is designed to have minimal com-

munication links and data transfer between the CDC and 

generation units, to avoid creating communication conges-

tion at the CDC. 

 Unlike previous works, the network losses are considered 

while solving the EDP of CTADSs. A computationally effi-

cient method is proposed for handling the network losses, 

which is advantageous in particular for large power systems 

while considering both TNs and ADNs. 

Based on considering the network losses of ADNs, it is ob-

served that the R/X ratio of distribution network lines could sig-

nificantly affect the total system losses and the economic dis-

patch of CTADSs. Consequently, a sensitivity analysis is per-

formed to assess the effect of the R/X ratio for the distribution 

lines on the economic dispatch decisions and the total opera-

tional cost.  

Utilities adopting centralized management can directly ben-

efit from the above contributions. On the other hand, for other 

utilities adopting deregulated electricity markets with independ-

ent transmission and distribution network operators, the pro-

posed centralized framework presents a benchmark that high-

lights and assesses the effect of considering the network losses 

in CTADSs on the economic dispatch solution. This assessment 

may also be extended in system expansion planning studies 

while considering the effect of the R/X ratio in ADNs on the 

economic operation of the system. Furthermore, the proposed 

framework could be utilized with some adaption by the authority 

responsible for clearing the electricity markets while assessing 

the locational-marginal prices and ensuring the most economical 

operation of the system considering the integrated network 

losses. 

 Lastly, we consider balanced medium-voltage ADNs con-

nected to TNs, since it is common to assume balanced operation 

in medium-voltage primary distribution networks [20], [21]. In 

these cases, the secondary LV distribution networks are treated 

as lumped balanced loads [7], [8], [12]–[18]. 

The paper is organized as follows. The proposed centralized 

framework and hierarchical communication structure are intro-

duced in section II. The solution of the centralized economic 

dispatch for a CTADS incorporating the network losses is de-

veloped in section III. The simulation results are presented and 

discussed in section IV, and finally, the conclusion is stated in 

section V. 

II.  PROPOSED CENTRALIZED FRAMEWORK WITH 

HIERARCHICAL COMMUNICATION STRUCTURE 

The proposed framework aims at solving the EDP of 

CTADSs in one place, i.e., the CDC. For this purpose, without 

creating communication congestion or demanding high band-

width communication, a hierarchical communication structure 

that requires transferring minimal data between the DGs and the 

CDC is proposed. The next subsection elaborates on the pro-

posed hierarchical communication structure. Thereafter, the de-

tails of the required data transfer through the communication 

links are discussed in subsection II.B. The developed formula-

tion of the problem based on the aggregated data is introduced 

in subsection II.C. Finally, the communication of the economic 

dispatch solution and the summary of the proposed framework 

are presented in subsection II.D.  

A. Proposed Hierarchical Communication Structure 

Fig. 1 illustrates the proposed hierarchical communication 

structure. The required communication links have been divided 

based on their function into three different classes. Class I com-

munication links represent the communication channels con-

necting the bulk generators with the CDC. These communica-

tion links already exist in conventional power systems and no 

modifications to these links are required based on the proposed 

framework. Two other classes, class II and class III, of commu-

nication links are required. Class II communication links con-

nect the distribution network operator (DNO) with the CDC.  



     
Fig. 1. Proposed centralized framework via a hierarchical communication 
structure. 

DNOs are responsible for managing ADNs. They can be 

viewed as centralized management units for ADNs. DNOs per-

form tasks such as forecasting the renewable generation within 

the ADN, controlling the dispatchable energy resources, and 

ensuring the power quality and security of supply for the ADN. 

The framework proposed in this paper aims at establishing co-

operation between the CDC and DNOs in order to minimize the 

total operational cost of CTADSs. Finally, class III communi-

cation links connect the DNO with each DG in the ADN. The 

three classes of communication, indicated in Fig. 1, are bidirec-

tional; however, for the proposed centralized economic dispatch 

scheme, unidirectional communications directed from the CDC 

to the bulk generators for class I and directed from the DNO to 

the DGs for class III are sufficient. Class I communication links 

already exist in conventional power systems as bidirectional 

communication links. They are bidirectional based on consider-

ing the utilization of these communication links for other re-

lated functions, such as solving the unit commitment problem 

or submitting failure reports from the generators to the CDC. 

For the same reason, class III is assumed bidirectional. It is im-

portant to note that the proposed hierarchical communication 

structure is primarily used for transferring data at specific points 

in time, such as before each dispatching interval. This structure 

uses the most recent system information and forecasts to update 

the necessary data for solving the EDP effectively. The EDP is 

then solved within the CDC. This approach differs from decen-

tralized and distributed solution schemes, where the solution 

computation occurs in a distributed manner based on iterative 

communications between generators. This latter type of solu-

tion scheme requires a highly reliable and extensive communi-

cation network. Otherwise, a single communication link failure 

could make the solution infeasible.  

Considering the proposed scheme, temporarily losing a 

communication channel, such as the one between an ADN and 

the CDC, is expected to have a negligible effect on the problem 

solution if certain measures are followed by the CDC and the 

DNO. In the event of losing the communication link between 

an ADN and the CDC, one possible measure is to establish a 

protocol for agreeing on a fixed exchange power between the 

CDC and DNO during the communication-loss period. This 

protocol can utilize the historical data of the exchanged power 

to forecast the exchanged power value for the next dispatching 

interval, assuming that both the CDC and DNO have the same 

historical data for the power transfer between them and a com-

mon forecasting method. Using this forecasted value, the DNO 

can then solve a local EDP for the DGs in the underlying ADN, 

while the CDC can solve the EDP for the rest of the system. The 

application of this protocol ends once the lost communication 

is fixed and restored. 

The minimal data transfer using the proposed communica-

tion structure is discussed in the following subsections. 

B. Transferred Input Data 

To solve the EDP of CTADSs, each DNO decides on the 

operational status and limits of the DGs and the expected load 

of the ADN for the next dispatching interval. This is in line with 

defining a flexibility area for the dispatchable power from the 

DGs as in [22]. Thereafter, to submit the minimal data required 

for solving the EDP of a CTADS, the DNO establishes a set of 

tuples or a data packet with dimension 𝑛𝑘
𝑑𝑔

, where 𝑛𝑘
𝑑𝑔

 is the 

total number of DGs in ADN 𝑘. This data packet is denoted as 

the DG data packet. In this data packet, each tuple is designated 

as 𝑋𝑗  and contains three data elements specific to DG 𝑗. 𝑋𝑗  is 

defined as follows: 

𝑋𝑗 = 〈𝑗 𝐿𝑏 𝑈𝑏〉 (1)  

where 𝑗 is an index for the buses in ADN 𝑘, so DG 𝑗 means the 

DG connected to bus 𝑗 , 𝐿𝑏  and 𝑈𝑏  are the lower and upper 

limits of DG 𝑗, respectively. If the DNO decides that a certain 

dispatchable DG will not participate in the next dispatching in-

terval, then either no data tuple is created for this DG, or the 

values of 𝐿𝑏 and 𝑈𝑏 are set to zero.  

It should be noted that 𝐿𝑏 and 𝑈𝑏 are not necessarily the 

physical limits of the DG, and the values of these parameters 

may be adjusted by the DNO to account for technical and secu-

rity constraints in the distribution network. For instance, due to 

the estimated variability and uncertainty of renewable genera-

tion connected to the ADN during the next dispatching interval, 

the DNO may decide to reserve a certain capacity of the dis-

patchable resources to provide a local spinning reserve. This lo-

cal spinning reserve may also be utilized by the DNO to provide 

local ancillary services, such as maintaining the voltage within 

specified limits at specific nodes due to the variability of renew-

able generation. Estimation of the flexibility area at the 

transmission-distribution interface has been studied in [22] to 

determine how much active power is dispatchable within the 

ADN based on recent system forecasts.  

To incorporate the network losses of both TNs and ADNs, 

another data packet, denoted as the load data packet, has to be 

defined in addition to the DG data packet. The load data packet 

has a dimension of 𝑛𝑘
𝑙 , where 𝑛𝑘

𝑙  is the total number of load 

nodes in ADN 𝑘. Each tuple of this data packet is designated as 

𝐷𝑗  and contains three data elements as follows: 

𝐷𝑗 = 〈𝑗 𝑃𝑙 𝑄𝑙〉 (2)  

where 𝑗 is the bus index of ADN 𝑘 as mentioned above, 𝑃𝑙  and 

𝑄𝑙  are the active power and reactive power loads at node 𝑗. The 

total expected load of ADN 𝑘 is donated as 𝑃𝑘
𝑙 . The CDC can 

calculate the value of 𝑃𝑘
𝑙  by summing the submitted values of 𝑃𝑙  

for each node 𝑗 ∈ ADN 𝑘. The expected load at each bus of 

ADN 𝑘 is equal to the forecasted load minus the expected re-

newable generation and the fixed dispatchable generation which 

may not participate in the EDP for the next dispatching interval 



due to technical or security reasons determined by the responsi-

ble DNO. The reactive power load 𝑄𝑙  of each node 𝑗 is submit-

ted to the CDC since this information is required to estimate the 

network losses while solving the EDP considering the network 

losses in ADNs. The network losses can be estimated using 

Kron’s loss formula [23], [24]. This formula requires solving a 

power flow problem to determine the loss coefficients of the sys-

tem. Using Kron’s loss formula while solving the EDP of 

CTADSs is discussed in the next section of this paper. Other in-

formation, such as the line resistance and the cost coefficients of 

the generators, required to solve the EDP of a CTADS consider-

ing the network losses are assumed to be global information that 

is known and preserved at the CDC. Consequently, the CDC re-

quires only the update of the allowed operational limits of the 

dispatchable DGs and the expected loads of ADNs for each dis-

patching interval to include them in the economic dispatch for-

mulation of a CTADS. Thus, the overall data submitted to the 

CDC from each DNO through the class II communication link 

can be expressed by 

𝐷𝐷𝑁𝑂𝑘 = 〈
𝑋𝑗 ; ∀𝑗 ∈  ADN𝑘

𝐷𝑗 ; ∀𝑗 ∈  ADN𝑘

〉 (3)  

where 𝐷𝐷𝑁𝑂𝑘 , stands for the data from DNO 𝑘, concatenates 

the DG and load data packets. Once all the DNOs submit their 

data to the CDC, the CDC starts to solve the EDP of the CTADS. 

The formulation of the EDP is discussed in the following sub-

section. 

C.  Problem Formulation  

Based on the received and preserved data at the CDC, the 

proposed formulation for the EDP, while considering the DGs at 

ADNs and the network losses of both TNs and ADNs, can be 

expressed as follows: 

Minimize: 

𝐶𝑇 = ∑  𝐶𝑖(𝑃𝑖
𝐺)

𝑛𝐺

𝑖=1
 +∑ ∑ 𝐶𝑘,𝑗(𝑃𝑘,𝑗

𝐷𝐺)
𝑛𝑘

𝑑𝑔

𝑗=1
𝑛𝐴𝐷

𝑘=1  (4) 

Subject to:  

 ∑ 𝑃𝑖
𝐺𝑛𝐺

𝑖=1
+ ∑ ∑ 𝑃𝑘,𝑗

𝐷𝐺𝑛𝑘
𝑑𝑔

𝑗=1
=𝑛𝐴𝐷

𝑘=1 𝑃𝑑𝑙 + 𝑃𝑙𝑜𝑠𝑠 + ∑ 𝑃𝑘
𝑙𝑛𝐴𝐷

𝑘=1  (5) 

𝐿𝑏𝑖 ≤ 𝑃𝑖
𝐺 ≤ 𝑈𝑏𝑖  (6) 

𝐿𝑏𝑘,𝑗 ≤ 𝑃𝑘,𝑗
𝐷𝐺 ≤ 𝑈𝑏𝑘,𝑗, (7) 

where 𝑛𝐺 , 𝑛𝐴𝐷 , 𝑛𝑘
𝑑𝑔

 are the total number of bulk generators, 

ADNs, and DGs within ADN 𝑘, respectively, 𝐶𝑇 is the total  op-

erational cost of the CTADS, 𝑃𝑖
𝐺  is the generated active power 

from bulk generator 𝑖, 𝑃𝑘,𝑗
𝐷𝐺  is the generated active power from 

DG 𝑗 within ADN 𝑘, 𝑃𝑘
𝑙  is the expected load for ADN 𝑘, 𝑃𝑑𝑙  is 

the total load that is not integrated by a DNO, such as a load 

directly connected to the sub-transmission network or a passive 

distribution network, 𝐿𝑏𝑖 and 𝑈𝑏𝑖  are the lower and upper gen-

eration limits of bulk generator 𝑖 , correspondingly, 𝐿𝑏𝑘,𝑗  and 

𝑈𝑏𝑘,𝑗 are the lower and upper generation limits of DG 𝑗 within 

ADN 𝑘,  𝐶𝑖(𝑃𝑖
𝐺)  is the cost function of bulk generator 𝑖,  and 

𝐶𝑘,𝑗(𝑃𝑘,𝑗
𝐷𝐺) is the cost function associated with DG 𝑗 within ADN 

𝑘. The cost functions 𝐶𝑖(𝑃𝑖
𝐺) and 𝐶𝑘,𝑗(𝑃𝑘,𝑗

𝐷𝐺) can be evaluated 

assuming quadratic cost functions [13], [25] as follows: 

𝐶𝑖(𝑃𝑖
𝐺) = 𝑎𝑖 + 𝑏𝑖𝑃𝑖

𝐺 + 𝑐𝑖(𝑃𝑖
𝐺)2, (8) 

 𝐶𝑘,𝑗(𝑃𝑘,𝑗
𝐷𝐺) = 𝑎𝑘,𝑗 + 𝑏𝑘,𝑗𝑃𝑘,𝑗

𝐷𝐺 + 𝑐𝑘,𝑗(𝑃𝑘,𝑗
𝐷𝐺)

2
, (9) 

where 𝑎𝑖 , 𝑏𝑖 , and 𝑐𝑖  are the fuel cost coefficients of bulk gener-

ator 𝑖, while 𝑎𝑘,𝑗, 𝑏𝑘,𝑗 and 𝑐𝑘,𝑗 are the cost coefficients of DG 𝑗 

located in ADN 𝑘. Traditionally, the losses of TNs are computed 

using Kron’s loss formula while solving the EDP [26]–[28]. 

𝑃𝑙𝑜𝑠𝑠 in (5) stands for the total network losses of both TNs and 

ADNs. An expression for estimating the value of 𝑃𝑙𝑜𝑠𝑠  for 

CTADSs based on Kron’s loss formula is provided in the fol-

lowing section of this paper, where a more compact formulation 

of the problem is introduced.  

D.  Transferred Solution  

The solution of the EDP defined by (4)-(9) is submitted to 

the bulk generators and DGs using the same hierarchical com-

munication structure. The CDC sends the desired output powers 

from the DGs to DNO 𝑘 in a set of tuples with dimension 𝑛𝑘
𝑑𝑔

, 

in which each data tuple 𝑌𝑗 is defined as follows: 

𝑌𝑗 = 〈𝑗 𝑃𝐷𝐺〉 (10)  

where 𝑃𝐷𝐺  is the desired output power from DG 𝑗. Once the 

DNO 𝑘 receives the DGs’ output powers from the CDC through 

class II communication links, it passes the desired output power 

to the corresponding DG using class III communication links. 

The proposed centralized framework for solving the EDP of 

CTADSs can be put into the following chronological proce-

dures. 

Centralized framework for the EDP of a CTADS 

1: Each DNO 𝑘  determines 𝑋𝑗  and 𝐷𝑗  (∀𝑗) and aggre-

gates these data in a set of tuples, 𝐷𝐷𝑁𝑂𝑘  with di-

mension 𝑛𝑘
𝑑𝑔

+ 𝑛𝑘
𝑙 . 

2: Each DNO k submits the 𝐷𝐷𝑁𝑂𝑘 to the CDC through 

class II communication links. 

3: The CDC solves the centralized EDP defined by (4) to 

(9). 

4: The value of 𝑃𝑖
𝐺  is sent to generator 𝑖  (∀𝑖) through 

class I communication links, and using class II com-

munication links the CDC submits a set of tuples with 

dimension 𝑛𝑘
𝑑𝑔

, in which each tuple is defined as 

𝑌𝑗  (∀𝑗 ∈  𝐷𝑁𝑂 𝑘), to DNO 𝑘 (∀𝑘). 

5: Each DNO 𝑘 transmits the value of 𝑃𝑘,𝑗
𝐷𝐺 to each DG 𝑗 

using class III communication links. 

III. SOLUTION OF THE CENTRALIZED EDP FOR CTADSS 

INCORPORATING NETWORK LOSSES 

To introduce a computationally efficient method for solving  

the EDP of CTADSs defined by (4) – (9), the problem is first 

represented in a more compact form, in which the output power 

from each bulk generator 𝑃𝑖
𝐺  and the output power from each 

DG 𝑃𝑘,𝑗
𝐷𝐺  are concatenated together in a single vector denoted by 

𝕡. The length of vector 𝕡, expressed as 𝑛𝕡 , is equal to 𝑛𝐺 +

 ∑ 𝑛𝑘
𝑑𝑔

𝑘 . Furthermore, the load of each ADN 𝑃𝑘
𝑙  and the remain-

ing loads in the system 𝑃𝑑𝑙  are summed up to give the total sys-

tem load 𝑃𝑇𝐿, i.e., 

𝑃𝑇𝐿 = 𝑃𝑑𝑙  +∑ 𝑃𝑘
𝑙𝑛𝐴𝐷

𝑘=1 . (11) 

The power output predicted from renewable sources con-

nected to TNs or ADNs is considered a negative load [29], [30]. 

For renewable sources within an ADN, the DNO forecasts the 

output power and adds it as a negative load to the predicted load 



of the ADN to determine 𝑃𝑘
𝑙 .  For renewable sources integrated 

with TNs, the CDC forecasts their output powers and adds them 

as negative loads while computing 𝑃𝑑𝑙 .  This modeling ap-

proach takes into account the use of regulating reserves to com-

pensate for the forecasting inaccuracies during dispatching in-

tervals. When the prediction time horizon is less than six hours, 

the standard deviation of prediction errors can be less than 0.2, 

indicating relatively small errors [31], [32]. Therefore, for a 

prediction time horizon of one hour or less, which is the length 

of the dispatching interval for the EDP, prediction errors can be 

neglected [31].  

Given 𝑃𝑇𝐿  and the definition of vector 𝕡 , the EDP of a 

CTADS given by (4) to (9), can be expressed in a more compact 

form as 

Minimize: 

𝐶𝑇 = ∑  𝐶𝑔(𝕡𝑔)

𝑛𝕡

𝑔=1

 (12) 

Subject to:  

∑ 𝕡𝑔

𝑛𝕡

𝑔=1

= 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿  (13) 

                              𝐿𝑏𝑔 ≤ 𝕡𝑔 ≤ 𝑈𝑏𝑔. (14) 

In the above formulation, 𝑔 is an index for all the generators, 

whether they are bulk generators or DGs, and 𝕡𝑔 stands for the 

output active power of generator 𝑔. In terms of 𝕡, 𝑃𝑙𝑜𝑠𝑠  in (13) 

can be represented as 

𝑃𝑙𝑜𝑠𝑠 = ∑ ∑ 𝕡𝑔𝐵𝑔,𝑚𝕡𝑚 + ∑ 𝐵0𝑔𝕡𝑔
𝑛𝕡

𝑔=1
𝑛𝕡

𝑚=1
𝑛𝕡

𝑔=1 + 𝐵00     (15) 

where 𝐵𝑔,𝑚, 𝐵0𝑔, and 𝐵00 are loss coefficients. The loss coeffi-

cients in (15) relate the output power from all the generators, 

bulk generators and DGs, to the total network losses. Equation 

(15) extends the Kron’s loss formula in [23], [26] for CTADSs. 

The adoption of Kron’s loss formula to approximate the system 

losses while solving the EDP is a common practice in power 

system literature [26]–[28]. Computation of the loss coeffi-

cients takes negligible time compared to the dispatching inter-

val, allowing for them to be updated for each interval or upon 

the occurrence of a major system change that triggers resolving 

the EDP [33]. One advantage of Kron's loss formula is its ability 

to approximate system losses accurately during each iteration 

of the solution algorithm without the need to solve a power flow 

problem within each iteration, significantly reducing computa-

tional time regardless of the iterative solution technique used in 

the CDC. This computational time reduction is particularly val-

uable for large power systems and when formulating the prob-

lem for CTADSs. In (12), instead of (8) and (9), 𝐶𝑔(𝕡𝑔) can be 

expressed as  

𝐶𝑔(𝕡𝑔) = 𝑎𝑔 + 𝑏𝑔𝕡𝑔 + 𝑐𝑔(𝕡𝑔)
2

. (16) 

The EDP of a CTADS while considering network losses is de-

fined by (12) - (16). The problem is designated as EDP-CTADS-

L, where L indicates considering the network losses. To solve 

this problem, the Lagrangian function is formed as follows:  

ℒ (𝕡𝑔, 𝜆, 𝜇𝑔, 𝜇𝑔) = 𝐶𝑇 + 𝜆 (𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿 − ∑ 𝕡𝑔

𝑛𝕡

𝑔=1

) (17) 

+ ∑ 𝜇𝑔(𝕡𝑔 − 𝑈𝑏𝑔)

𝑛𝕡

𝑔=1

+ ∑ 𝜇𝑔(𝐿𝑏𝑔 − 𝕡𝑔)

𝑛𝕡

𝑔=1

 

where 𝜆 is the Lagrange multiplier of the power balance con-

straint, and 𝜇𝑔, 𝜇𝑔  are the Lagrange multipliers of the output 

power limits for the generators. Equation (17) represents an un-

constrained optimization problem equivalent to the original con-

strained one. When 𝕡𝑔  is within the limits, 𝐿𝑏𝑔  and 𝑈𝑏𝑔 , 𝜇𝑔 

and 𝜇𝑔 are equal to zero, which eliminates the last two terms in 

(17). At the optimal solution, the partial derivative of the La-

grangian function with respect to 𝕡𝑔 is equal to zero, i.e., 

𝜕ℒ

𝜕𝕡𝑔

= 0. (18) 

The above condition leads to 

∂𝐶𝑇

∂𝕡𝑔

+ 𝜆
∂𝑃𝑙𝑜𝑠𝑠

∂𝕡𝑔

− 𝜆 = 0. (19) 

Since 
∂𝐶𝑇

∂𝕡𝑔
=

𝑑𝐶𝑔

𝑑𝕡𝑔
, equation (19) can be rearranged to give 

(
1

1 −
∂𝑃𝑙𝑜𝑠𝑠

∂𝕡𝑔

)
𝑑𝐶𝑔

𝑑𝕡𝑔

= 𝜆. (20) 

To this end, it can be noted that the optimal solution implies that 

the left-hand side of (20) should be equal to a single value, 𝜆, for 

all the generating units indexed by 𝑔. 𝑑𝐶𝑔/𝑑𝕡𝑔 represents the 

incremental cost of generator 𝑔 and ∂𝑃𝑙𝑜𝑠𝑠/ ∂𝕡𝑔 indicates the 

incremental network losses for generator 𝑔. Considering (15) 

and (16), the incremental cost and incremental transmission loss 

are given by 
𝑑𝐶𝑔

𝑑𝕡𝑔

= 𝑏𝑔 + 2𝑐𝑔𝕡𝑔 (21) 

∂𝑃𝑙𝑜𝑠𝑠

∂𝕡𝑔

= 2 ∑ 𝐵𝑔,𝑚𝕡𝑚

𝑛𝕡

𝑚=1

+ 𝐵0𝑔 . (22) 

Substituting by (21) and (22) in (20) leads to 

𝑏𝑔 + 2𝑐𝑔𝕡𝑔 = 𝜆 (1 − 2 ∑ 𝐵𝑔,𝑚𝕡𝑚

𝑛𝕡

𝑚=1

− 𝐵0𝑔) . (23) 

The linear equations given by (23) represent an undetermined 

set of equations since the number of unknowns is larger than the 

number of equations by one. For a given value of 𝜆, (23) can be 

solved to give the value of 𝕡𝑔, ∀𝑔. Furthermore, the obtained 

solution should be such that it satisfies the power balance equa-

tion (13). Satisfying (13) implies that the power mismatch ∆𝑃 

given by the following equation is equal to zero. 

∆𝑃 = 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿 − ∑ 𝕡𝑔

𝑛𝕡

𝑔=1

. (24) 

Obtaining 𝕡𝑔  from (23) and substituting in (24) with ∆𝑃 = 0 

gives 



∑
𝜆(1 − 2 ∑ 𝐵𝑔,𝑚𝕡𝑚

𝑛𝕡

𝑚=1,𝑚≠𝑔 − 𝐵0𝑔) − 𝑏𝑔

2(𝑐𝑔 + 𝜆𝐵𝑚,𝑚)

𝑛𝕡

𝑔=1

= 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿 . 

(25) 

Solving (25) requires an iterative process. To establish this iter-

ative process, denote the left term of the equal sign in (25) as 

𝑓(𝜆), then (25) can be expressed as 

𝑓(𝜆) = 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿 . (26) 

Expanding 𝑓(𝜆) around an operating point 𝜆0 using Taylor se-

ries expansion while neglecting the higher-order terms provides 

𝑓(𝜆0) + 𝑓′(𝜆0)∆𝜆 = 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑇𝐿 . (27) 

Then, from (24), (26), and (27), it can be inferred that  

∆𝜆 =
∆𝑃

𝑓′(𝜆0)
. (28) 

where 𝑓′(𝜆0) can be evaluated using 

𝑓′(𝜆0)

= ∑
𝑐𝑔(1 − 2 ∑ 𝐵𝑔,𝑚𝕡𝑚

𝑛𝕡

𝑚=1,𝑚≠𝑔 − 𝐵0𝑔) + 𝐵𝑚,𝑚𝑏𝑔

2(𝑐𝑔 + 𝜆𝐵𝑚,𝑚)
2

𝑛𝕡

𝑔=1

. 
(29) 

Using (15), (23), (24), (28), and (29), an iterative process can be 

developed to solve for the optimal solution of the EDP defined 

by (12) to (16) as follows where 𝜈 is an index for the iterations 

and 𝜖 denotes a constant tolerance for the termination condition: 

Algorithm 1 Solving the centralized EDP of CTADSs 

considering the network losses (EDP-CTADS-L) 

1: 𝜈 ← 1 

2: Set an initial value for 𝜆𝜈and ∆𝑃𝜈
 

3: While |∆𝑃𝜈| > 𝜖 

4: Solve (23) with 𝜆𝜈 to obtain 𝕡𝑔
𝜈  ∀𝑔 

5: If 𝕡𝑔
𝜈  > 𝑈𝑏𝑔 

6: 𝕡𝑔
𝜈  = 𝑈𝑏𝑔 

7: Elseif  𝕡𝑔
𝜈 <  𝐿𝑏𝑔 

8: 𝕡𝑔
𝜈  = 𝐿𝑏𝑔 

9: Else, End  

10: Calculate 𝑃𝑙𝑜𝑠𝑠 (𝜈) using (15) 

11: Compute ∆𝑃𝜈
 by (24) 

12: Evaluate 𝑓′(𝜆𝜈) with (29) 

13: Compute ∆𝜆𝜈 from (28) 

14: 𝜆𝜈+1 = 𝜆𝜈 + ∆𝜆𝜈 

15: 𝜈 ← 𝜈 + 1 

16: End while 

IV. NUMERICAL RESULTS 

This section presents a numerical analysis to investigate the 

effectiveness of the proposed centralized scheme for solving the 

EDP of CTADSs. First, the utilized indices for assessing the 

significance of considering the network losses while solving the 

EDP of CTADSs are presented. Thereafter, two test systems are 

adopted to evaluate the effectiveness of the proposed scheme 

and the consideration of network losses.   

A. Indices  

To assess the significance of considering network losses 

while solving the EDP of CTADSs, the problem is solved with 

and without considering network losses. The EDP of CTADSs 

while considering network losses (EDP-CTADS-L) is defined 

by (12) – (16). When the network losses are neglected, (13) is 

replaced by  

∑ 𝕡𝑔

𝑛𝕡

𝑔=1

= 𝑃𝑇𝐿 . (30) 

Consequently, the EDP of CTADSs without network losses is 

defined as 

                  Minimize:  (12)  

Subject to: (14), (16), and (30).  

The above problem is designated as EDP-CTADS-WL, where 

WL stands for without network losses. The following algorithm 

is used to compute the monetary saving, expressed by 𝑆, and the 

percentage saving 𝑆% that would be achieved when solving the 

EDP-CTADS-L instead of the EDP-CTADS-WL for a given 

system.  

Algorithm 2 Computing 𝑆% 

1: Solve the EDP-CTADS-L and denote the optimal to-

tal cost as 𝐶𝑇
𝐿. 

2: Solve the EDP-CTADS-WL and denote the optimal 

dispatch 𝕡𝑔
𝑊𝐿 .  

3: Solve a power flow problem while fixing the output 

power from all the dispatchable generators equal to 

the values specified by 𝕡𝑔
𝑊𝐿except for the slack gen-

erator in order to recalculate the output power from 

the slack generator. 

4: Replace the output power of the slack generator in 

𝕡𝑔
𝑊𝐿  with the one computed in step 3. 

5: 𝕡𝑔
𝑊𝐿  with the recalculated output power from the 

slack generator is substituted in (12) to calculate 

the total cost denoted as 𝐶𝑇
𝑊𝐿. 

6: Calculate 𝑆 for the considered dispatching interval 

using 

𝑆 = 𝐶𝑇
𝑊𝐿 − 𝐶𝑇

𝐿 . 
7: Compute the percentage saving 𝑆% by  

𝑆% =
𝑆

𝐶𝑇
𝐿 × 100. 

B. Test System T6D2 

1) Test System Description  

Numerical studies are conducted based on the benchmark 

CTADS adopted in [7], [8]. This system consists of a six-bus TN 

connected with two ADNs. The data of this system are given in 

[7]. Fig. 2 displays the system topology, where a unified num-

bering for all the system buses and a unified numbering for all 

the dispatchable generators are used. Fig. 2 also illustrates the 

application of the proposed hierarchical communication struc-

ture, shown in Fig. 1, on the considered CTADS.  

2) Sensitivity Analysis Based on R/X Ratio  

The value of line resistance is not included in [7] due to ne-

glecting network losses. While assuming values for the line re-

sistance, the effect of changing the R/X ratio in the ADNs on the 

economic dispatch results has been investigated, and the value 

of 𝑆% has been determined for different values of the R/X ratio. 

For medium-voltage distribution networks, the R/X ratios are 

higher than 1 [20]. They typically assume values between 1 and 

3 [34]–[36]. Consequently, the percentage saving 𝑆%  in the  



           
Fig. 2. Six-bus transmission system with two ADNs (T6D2), G1-G3 are bulk 

generators while G4-G7 are DGs. 

total cost has been evaluated using Algorithm 2, considering five 

R/X values for the ADNs between 1 and 3. During this sensitiv-

ity analysis, the R/X values in the TN have been assumed fixed. 

The results of this sensitivity analysis are displayed in Fig. 3. 

The results in Fig. 3 demonstrate that the R/X ratio of ADNs 

could significantly affect the losses of the system and the mone-

tary saving, which could be achieved when the network losses 

are considered while solving the EDP of CTADSs instead of be-

ing neglected.  

3) Solving the EDP  

Considering an R/X ratio equal to 2 for all the lines in the 

ADNs, the total system losses based on solving the EDP- 

CTADS-L is 11.68 MW, and the total operational cost is 

10,149.57 $/hr. Displaying the optimal dispatch for the bulk gen-

erators besides that for the DGs demands plotting a wide range 

of output powers. So, displaying the output powers from all the 

generators in one plot can be accomplished based on the normal-

ized values for the output powers. The normalized output power 

from a generator (bulk generator or DG) can be computed by 

𝕡𝑔
𝑛(%) =

𝕡𝑔 −  𝐿𝑏𝑔

 𝑈𝑏𝑔 −  𝐿𝑏𝑔

× 100. (31) 

When 𝕡𝑔
𝑛 = 100%, generator 𝑔 is working at its upper limit 

(𝑈𝑏𝑔), and when 𝕡𝑔
𝑛 = 0%, generator 𝑔 is generating the mini-

mum output power (𝐿𝑏𝑔). Fig. 4 displays the normalized output 

powers obtained by solving the EDP-CTADS-L. On the other 

hand, if the EDP-CTADS-WL is solved and the total network  

 

      

Fig. 3. Percentage saving (𝑆%), due to considering the network losses, as a 

function of the R/X ratio. 

 
Fig. 4. The normalized output power obtained by solving the EDP-CTADS-L. 

 
Fig. 5. The normalized output power obtained by solving the EDP-CTADS-

WL and recalculating the slack output power (𝑔 = 1 for the slack generator). 

losses have been supplied from the slack generator, the total sys-

tem losses, in this case, is 22.02 MW, and the total operational 

cost is 10,583.75 $/hr. Fig. 5 displays the normalized output 

powers obtained by solving the EDP-CTADS-WL and recalcu-

lating the slack output power as discussed in Algorithm 2. By 

comparing Fig. 4 and Fig. 5, it can be observed that the output 

from the last generator (G7, which is a DG in ADN2) is 0% in 

Fig. 5 since the network losses are neglected; however, once the 

network losses are considered the output power from this gener-

ator increased to 100% since the output power from this genera-

tor has a significant impact on reducing the system losses.  

4) Monetary-Saving Assessment 

To shed some light on the daily monetary saving that could 

be achieved if the problem has been solved while considering 

network losses instead of neglecting these losses for the adopted 

benchmark system, the value of 𝑆, which is equal to 𝐶𝑇
𝑊𝐿 − 𝐶𝑇

𝐿, 

as defined in Algorithm 2, has been computed for each hour con-

sidering a daily load curve obtained from [7], and the obtained 

values of 𝑆 have been summed up for the 24 hours. The resultant 

summation is designated as 𝑆24. Fig. 6 displays the variation of 

the 𝑆% for 24 hours based on the considered load curve when 

R/X = 3 for all the distribution lines in the ADNs. Furthermore,  

𝑔 

𝕡
𝑔𝑛
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) 

𝕡
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Fig. 6. Percentage saving as the load varies with R/X ratio equal to 3.  

                                     TABLE I                                                    
VALUE OF 𝑆𝑎𝑣𝑔, 𝑆𝑎𝑣𝑔%, AND 𝑆24 FOR T6D2 CONSIDERING  

DIFFERENT R/X VALUES IN THE ADNS 

  𝑆𝑎𝑣𝑔  ($/ℎ𝑟) 𝑆𝑎𝑣𝑔% 𝑆24($) 

R/X 

RATIO 

1 66.17 0.784 1,588.07 

2 273.83 3.172 6,571.92 

3 1,061.40 12.046 25,473.62 

the average monetary saving and average percentage saving are 

denoted by 𝑆𝑎𝑣𝑔 and 𝑆𝑎𝑣𝑔%, respectively. Table I summarizes 

the values of theses metrics considering R/X ratios of 1, 2, and 

3 for the ADNs. In addition to the monetary saving that can be 

achieved while solving the EDP, the results in Table I could in-

troduce a significant implication while designing ADNs, since 

these results relate the R/X ratio of the distribution lines with the 

economic dispatch and the total operational cost of the system. 

5) Extension to the Non-convex EDP 

In some power systems, it may be necessary to incorporate 

practical features associated with bulk generators, such as valve 

point effects, prohibited operating zones, and multiple fuel op-

tions, into the EDP formulation. However, incorporating these 

features results in a non-convex NP-hard optimization problem. 

Finding the global optimal solution to this problem is a major 

concern, and a significant portion of the literature has been ded-

icated to attaining the global optimal solution for non-convex 

EDPs. Compared to decentralized solutions for the EDP of 

CTADS, one prominent advantage of the proposed centralized 

scheme is that it can easily adapt to handling non-convex for-

mulations of the EDP. The main modification is to change the 

applied solution method in the CDC. The following example 

demonstrates solving a non-convex EDP of a CTADS, where 

the valve point effects are incorporated into the problem formu-

lation. The discrete nature of the control valves in thermal 

power generation units produces what is designated as valve 

point effects (VPEs) and affects the cost function of the gener-

ating unit, as shown in Fig. 7. To model the VPEs, the cost func-

tion in (16) is modified to. 

𝐶𝑔(𝕡𝑔) = 𝑎𝑔 + 𝑏𝑔𝕡𝑔 + 𝑐𝑔(𝕡𝑔)
2

+ |𝑒𝑔 sin (𝑓𝑔 × (𝐿𝑏𝑔 − 𝕡𝑔))|. 
(32) 

where 𝑒𝑔 and 𝑓𝑔 are additional cost coefficients used to model 

VPEs. The problem formulation is the same as that defined by 

(12)-(16), which is designated as EDP-CTADS-L, except that 

(32) is used instead of (16). For the DGs and bulk generators 

that do not have VPEs, the values of 𝑒𝑔 and 𝑓𝑔 are set to zero.  

Many metaheuristic techniques have been proposed and as-

sessed for solving the EDP with VPEs considering only TNs 

[25], [37]–[39]. Among the previously proposed techniques, the 

Gbest-focused ABC algorithm with Levy flights (GFABC-LF) 

     
Fig. 7. Non-convex cost function of a unit having VPEs.  

 
Fig. 8. Convergence curves of the GFABC-LF for 15 runs, while solving the 

EDP with VPEs for the T6D2 test system.  

 

Fig. 9. Normalized output powers obtained by solving the EDP-CTADS-L con-

sidering VPEs. 

[25] has provided nearly a deterministic solution while finding 

the global optimal solution for many of the benchmark non-

convex EDPs. Consequently, this solution algorithm is adopted 

in this paper. The VPEs are considered by modifying the cost 

functions of bulk generators G2 and G3, in Fig. 2. Thereafter, 

the GFABC-LF has been applied for solving the EDP of the 

CTADS considering VPEs. Since the GFABC-LF is a metaheu-

ristic technique with a stochastic nature, the problem has been 

solved 15 times. The convergence curves for the 15 runs are 

shown in Fig. 8.   

For the 15 runs, the GFABC-LF has converged to nearly the 

same total cost value. The minimum cost value is 10,353.5 $/
ℎ𝑟, and the average cost value is 10,353.9 $/ℎ𝑟. The normal-

ized values (𝕡𝑔
𝑛(%)) corresponding to the best solution are dis-

played in Fig. 9. By comparing the normalized output powers 

in Figs. 4 and 9, it can be observed that the optimal output pow-

ers from bulk generators G2 and G3 have been changed due to 

considering VPEs in these units. This change leads to modifi-

cations in the optimal output powers of other units, including 

the output powers of some DGs, such as the DGs identified by 

G4, G5, and G6 in Fig. 2. The total operational cost has also in-

creased from 10,149.6 $/ℎ𝑟 to 10,353.5 $/ℎ𝑟 due to consid-

ering the VPEs.  

𝕡
𝑔𝑛

(%
) 

𝑔 



C. T118-D7 System 

1) Test System Description  

The test system considered in this subsection comprises the 

IEEE 118-bus system as a TN connected to seven ADNs. The 

total number of buses is seven hundred. The total number of 

generators is 75 (54 bulk generators + 21 DGs). The specifica-

tions of the T118-D7 system are provided in [16]. This system 

is considered to investigate the computational scalability of the 

proposed scheme and the monetary saving that could be 

achieved with larger systems.  

2) Assessment of Scalability and Computational Efficiency. 

The computational time required to solve the EDP-CTADS-

L is 1.02 sec. for the T118-D7 system, while the computational 

time required with the T6D2, where the total number of buses 

is twenty-two, is 0.71 sec. Therefore, the proposed centralized 

scheme has efficient scalability regarding the computational 

time and thus could be applied for power systems with thou-

sands of buses without requiring considerable computational 

time. Moreover, the proposed centralized scheme does not re-

quire extensive communication iterations as required by decen-

tralized schemes. The communication time required to submit 

a message between two agents in power systems could be less 

than 0.1 sec. according to the experimental study in [10]. Ob-

serving that the communications between the DGs and DNOs 

are done in parallel and the communications between the CDC 

and DNOs are also in parallel, it can be inferred that the total 

communication time required by the proposed scheme can be 

neglected.  

3) Monetary-Saving Assessment 

Applying Algorithm 2 for the T118-D7 system provides a 

value for 𝑆% equal to 1.57 %. Although this value may appear 

relatively small, it reflects a value of 𝑆 equal to 2,123.4 $/hr. 

This value is much higher than the saving value obtained with 

the T6D2 considering the nearly equal R/X ratio in the ADNs 

for both systems. This significant hourly saving is because of 

the relatively high operational cost of the T118-D7 system.  

V.  CONCLUSION  

A centralized framework for solving the economic dispatch 

problem of coupled transmission and active distribution net-

works is proposed. This framework is based on extending the 

centralized dispatching center via a hierarchical communication 

structure that enables collaboration between the dispatching 

center and active distribution network operators while exchang-

ing minimal data through a minimal number of communication 

links for solving the problem. In addition to the negligible com-

munication time, the numerical results demonstrate the efficient 

computational scalability of the proposed centralized scheme. 

Furthermore, an essential advantage of this scheme is its effec-

tive handling of network losses in both transmission and active 

distribution networks while solving the problem. The numerical 

results show that considering network losses can result in sig-

nificant monetary savings ranging from nearly 1% to 18% as 

the R/X ratio of the distribution lines varies between 1 and 3. 
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