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Abstract—A mobile (transportable) energy storage 
system (MESS) can provide various services in distribution 
systems including load leveling, peak shaving, reactive 
power support, renewable energy integration and 
transmission deferral. Unlike stationary energy storage 
units, a mobile energy storage system can move between 
different buses by a truck to provide different local services 
within the distribution feeder. This work proposes a day-
ahead energy management system (EMS) for a MESS that 
aims to minimize the cost of the power imported from the 
grid. The MESS does not only shift renewable energy power 
to load peak-hours but also can provide localized reactive 
power support. Given the day-ahead predictions, the EMS 
decided the optimal MESS stations in the feeder and the 
operating power. Next, a particle swarm optimization-based 
algorithm is developed to tune the moving time of the MESS 
according to a transit delay model. The applicability of the 
proposed scheduling and operation algorithms is tested on 
a typical 41-bus radial feeder. 

 
Index Terms—Day-ahead market, energy management 

system, mobile energy storage system, model predictive 
control, transportable energy storage. 
 

Nomenclature 
Acronyms 

DG Distributed Generation 
EMS Energy Management system 

MESS Mobile Energy Storage System 

SESS Stationary Energy Storage System 
PSO Particle Swarm Optimization 

RES Renewable Energy Source 

MPC Model Predictive Control 
DNO Distribution Network Operator 

EV Electric Vehicle 

ESS Energy Storage System 
FIT Fixed Feed-in tariff  

PSO Particle Swarm Optimization 

Sets, indices 
𝒩𝑠 Set of MESS stations 

𝒩𝑏 Set of all system buses 

𝒩𝑡 Set of all system branches 

𝒩𝑘 Set of prediction horizon or time 

𝒩𝑙 Set of load at each bus 

𝒩𝑟 Set of RES at each bus 

𝒩𝑔 Set of DGs at each bus 

𝒩𝜏 Set of transit time samples 

j Index for MESS destination station 

i Index for MESS current station 

k Index for time 
b Index for bus 

s Index for MESS station bus location 
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g Index for DG bus location 

l Index for load bus location 
r Index for RES bus location 

t, h Index for branch connecting two buses a and b 

a Index for start bus of branch t    
b Index for end bus of branch t    

n Index for a particle of population in PSO 

𝛼 Index for PSO iteration time 

Parameters 
𝜂𝑐ℎ , 𝜂𝑑ℎ Charge and Discharge efficiency 

𝓈 The number of MESS stations 

𝑑𝑖𝑗 Distance between two MESS stations I, j 

𝐷𝑖𝑠𝑡 Distance matrix between MESS stations 

𝑡𝑐𝑖𝑗𝑘 The traffic congestion delay if MESS is moving 

station i into j at time k 

 𝜏𝑖𝑗𝑘 the traffic delay if MESS is moving station i into j at 

time k 

𝑉𝑎𝑣𝑔 the average truck speed 

𝑡𝑖𝑛𝑠 The MESS installation time 

𝑇𝑠 The sample time in minutes. 

𝒦 Prediction horizon samples size  

  𝑁𝑡𝑟𝑖𝑝𝑠 Maximum number of daily trips 

𝑞𝑙𝑘 load l reactive power at time k 

𝑝𝑙𝑘 load l active power at time k 

𝑞𝑔𝑘 Generator g reactive power at time k 

𝑝𝑔𝑘  Generator g active power at time k 

𝑞𝑟𝑘 Renewable source r reactive power at time k 

𝑝𝑟𝑘 Renewable source r active power at time k 

ℓ�̅� Branch t ampacity 

𝑣 Minimum permissible voltage level in PU 

𝑣 Maximum permissible voltage level in PU 

�̅�𝑠 MESS rated energy in kWh 

�̅�𝑠 MESS rated power in kW 

𝑠̅ MESS converter rated apparent power in kVA  

𝑆𝑂𝐶 Minimum state of charge in PU 

𝑁 Maximum number of cycle in PU 

ℜ Number of RES in the system 

ℊ Number of DGs in the system 

𝐶𝐷𝐺 DG power generation cost 

𝐶𝑟𝑒𝑠 RES power generation cost 

𝐶𝑡𝑟𝑢𝑐𝑘 MESS daily truck running cost 

𝐹𝐶 Truck fuel consumption cost 

𝑡𝑙𝑐 Truck labor daily cost 

𝐵𝑃𝑘 Energy buy price at time k 

𝐶𝑘𝑤ℎ Energy storage levelised cost per kWh 

𝑆𝑃𝑘 Energy sell price at time k 

𝑖𝑛𝑐 Income to the DNO 

𝑀 Transit time limit in PSO 

𝓃 population-size in PSO 

C1, C2 Local and global best position constants in PSO 

�̅� Maximum number of iterations in PSO 
  

Decision Variables 
𝐼𝑠𝑟𝑒𝑓𝑘 Storage current controller set point at time k 

. 
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𝑞𝑠𝑘 Storage s reactive power at time k 

𝑝𝑠𝑘 Storage s active power at time k 

𝑞𝑏𝑘 Bus b reactive power at time k 

𝑝𝑏𝑘 Bus b active power at time k 

𝓅𝑡𝑘 Branch t active power at time k 

𝓆𝑡𝑘 Branch t reactive power at time k 

ℓ𝑡𝑘 Branch t second norm current at time k 

𝑣𝑏𝑘 Bus b second norm voltage at time k 

𝐼𝑡𝑘 Branch t current at time k 

𝑉𝑏𝑘 Bus b voltage at time k 

𝑧𝑠𝑘  MESS existence flag at station s at time k. 

𝑦𝑘 MESS is in transit at time k 

𝑙𝑜𝑠𝑠𝑘 System power losses at time k 

𝑝𝑐ℎ𝑠𝑘 MESS charge power at time k for station s 

𝑝𝑑ℎ𝑠𝑘 MESS discharge power at time k for station s 

𝑆𝑂𝐶𝑘 MESS state of charge at time k 

𝑁𝑘+1 MESS number of cycles at time k 

𝐶𝑚𝑒𝑠𝑠 MESS total running cost 

𝐶𝑒𝑠𝑠 MESS energy storage cost 

𝐶𝑔𝑟𝑖𝑑 Grid exported energy cost  

𝑃𝑔𝑟𝑖𝑑𝑘 Grid energy at time k 

𝑝𝑟𝑜 profit to the DNO 

ℛ𝑝𝑟𝑜 Real profit after considering the transit delay effect 

ℛ𝑆𝑂𝐶 Real SOC after considering the transit delay effect 

ℛ𝑁 Real number of cycles after considering the transit delay 

effect 

𝑃𝑏𝑒𝑠𝑡 Local best particle location in PSO   

𝐺𝑏𝑒𝑠𝑡 Global best particle location in PSO   

𝜔(𝛼) Particles inertia at iteration 𝛼 in PSO 

𝑉𝑛(𝛼) 
𝑥𝑛(𝛼) 

Particle n speed at iteration 𝛼 

Particle n location during iteration 𝛼 

I. INTRODUCTION 

OMORROW’s distribution system will witness an increasing 

penetration level of renewable energy resources (RESs). 

Because RESs are not dispatchable, the distribution network 

operator (DNO) faces system security and power quality 

problems [1]. The DNO can add energy a stationary storage 

systems (SESSs) to compensate for the intermittent nature of 

RESs and improve his profitability as well. SESSs have many 

other power applications including load shifting, energy 

arbitrage and peak shaving [2], [3]. Besides, SESSs can 

participate in ancillary services markets to provide online or 

offline reserve [4]. Also, SESSs can improve the voltage quality 

by supplying the grid reactively (e.g., in long radial distribution 

feeder) [5]. Indeed, energy storage provides various energy and 

ancillary services to the grid which requires developing 

different EMS strategies both on the device level [6] or and the 

system level [7], [8]. Different EMS strategies optimize 

different economic cost functions (maximizing profit, 

minimizing energy cost or power losses) and limited by system-

dependent operational constraints (voltage level, battery energy 

and power ratings) as in [9], [10] and [11]. Further, the current 

development in EV industry [7], [12] has boosted the interest of 

developing smarter EMS techniques. 

Like SESS, mobile storage such as electric vehicles (EVs) 

provide various services to the grid as well. For example, 

although demand response has the ability of providing energy 

cost reduction (via load shifting to the off peak hours) [13], 

combining EVs with demand response has proven to improve 

the power balance and demand response management results 

[14]. Using EVs is an effective solution for renewable sources 

intermittency problem in microgrids [15]. Besides, when EVs 

are controlled to regulate PV power intermittency, it leads to a 

significant cost minimization in PV-powered charging stations 

[16]. Aggregated EVs in parking lots can participate in vehicle 

to grid (V2G) and grid to vehicle (G2V) programs to reduce 

energy cost via energy arbitrage [17] and/or participating in the 

reserve market [18].  

Unlike EVs, MESS is a utility-scale storage bank (e.g., 

lithium-ion battery) owned and fully controlled by the utility 

company. The storage is mobilized by a big truck and connected 

to the system at different stations. The advantage of 

transportability is the ability to deliver a localized reactive 

power support, power losses reduction, voltage regulation, 

dispersed RESs integration, and T&D upgrade deferral. MESS 

is available commercially in 100, 1000 and 5000 kW ratings 

[19]. An example for a MESS prototype project is a 500 

kW/1000 kWh project for tea industry peak shaving in China 

[20]. MESS has been investigated by research centers such as 

the Electric Power Research Institute (EPRI) [21], [22].  

Another project under investigation is a 500 kW/776 kWh 

SCiBTM lithium-ion battery for peak shaving and voltage 

regulation in a distribution system. The project is located in 

Spain and conducted by Toshiba Cooperation [23]. Further 

advantages for MESS are mentioned in the research motivation 

explained in Section II. 

The MESS is a promising storage technology that will 

contribute to solve many issues in active distribution systems. 

Optimal scheduling and energy management algorithms for a 

MESS in an active distribution system are not developed in the 

current literature. This work proposes a day-ahead energy 

management system (EMS) for a MESS owned by a DNO. The 

DNO uses the MESS for minimizing the day-ahead cost of 

power imported from the grid. Further, MESS provides a 

reactive power support for the system for voltage regulation at 

critical loads. The authors want to emphasize that this work 

does not compare by any mean the fixed ESS with the Mobile 

one from the economic point of view, rather this work presents 

a management system if the DNO found a MESS investment is 

a profitable one. The main contributions of this work to the 

research field are as follows: 

1. Developing an EMS system for a MESS that 1) dispatches 

the MESS, and 2) schedules the truck positions. 

2. Developing a MESS transition delay model. 

3. Converting the nonconvex optimization problem into a 

convex one via the proposed two-stage technique.   

This rest of the paper is organized as follows. Firstly, the 

system description is presented in Section II. Section III 

presents the proposed EMS and scheduling framework for the 

MESS. Simulation results are presented in Section IV. Finally, 

the conclusions are drawn in Section V.  

II. PROBLEM DESCRIPTION 

A. Motivation 

Still with the increasing number of RESs dispersed in the 

system, a large number of ESSs is needed to support the grid 

stability and reliability. This results in an infeasible investment 

from the economic point of view for two main reasons. First, 

the high cost of ESSs and its relatively low lifetime. Second, 

the ESS cost diminishes with its rating, thus, a large number of 

ESSs has way much cost than a single unit with the same 

capacity. According to [24], the ESS power conversion system 

T 
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Fig. 1. Power conversion system cost verses size. 
 

per-unit cost varies from (1,800$/kW) for a 5 kW station to 

(300$/kW) for a 2 MW one as shown in Fig. 1. As a result, a 

significant saving is achievable if a single bulk ESS can replace 

a large number of smaller ESSs. However, distributed ESSs 

provide some localized services that a single centralized ESS 

cannot provide such as voltage regulation or power losses 

minimization. An MESS solves this problem because an MESS 

is a single ESS that can be plugged into the system at different 

locations during different times, it can provide different 

localized grid services in a way much cheaper than multi 

stationary ESSs (SESSs). The advantage of transportability is 

the ability to deliver a localized reactive power support for 

voltage regulation, power losses reduction, dispersed RESs 

integration, and last but not least, transmission and distribution 

upgrade deferral. 

Indeed, aggregated EVs looks like a cheaper similar solution 

for providing grid services exactly like the MESS. A similar 

solution where the network operator does not have to invest any 

initial cost, however; aggregated EVs in parking lot has both 

power and energy uncertainty due to its uncontrollable 

availability time [17] which question the reliability of the 

service. Besides, it requires a high number of EVs to give the 

same power rating equivalent to a single MESS truck. Besides, 

not all the EVs owners are willing to participate in grid services 

[16].  

This article does not claim by any mean that MESS will 

always prove to be financially attractive than aggregated EVs 

or SESSs. Rather, a feasibility study that compares all the 

different technologies should be conducted for a given system 

to select the best option from the technical and economic 

perspectives. 
 

 

B. MESS Model 

  Fig. 2 shows an example of a radial feeder. The feeder has 

RESs set 𝒩𝑟 at different locations of the feeder, such as wind 

energy conversion systems (WECS) and photovoltaic (PV) 

power generators. Furthermore, other dispatchable resources 

(such as microturbines) exist at different buses and defined by 

the set 𝒩𝑔. Moreover, the feeder has a load set 𝒩𝑙 with some 

smart houses (net-zero houses) that may use a rooftop PV, heat 

pumps, electric storage, and electric vehicle. RESs have 

different profiles that can be forecasted efficiently using both 

numerical and physical techniques (e.g., [25]). Moreover, 

electrical loads can be accurately predicted for the day-ahead 

operation planning [26], [27]. It should be emphasized that even 

with a 10-15% power prediction error, a day-ahead EMS 
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Fig. 2. Radial feeder with multi-MESS stations. 
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Fig. 3. Mobile energy storage system description.  
 

cannot reach an optimal solution; rather, a day-ahead EMS 

provides a sub-optimal solution. In order to compensate for the 

forecast error, a real-time controller is required to adjust the 

EMS solution depending on actual system measurements. For 

instance, a day-ahead EMS decides the reactive power set-

point; however, due to unpredictable real-time changes (sudden 

load change, faults or outages, RES intermittency), the actual 

reactive power is tuned by a real-time on-line voltage controller 

that measures the bus voltage and tunes the reactive power 

accordingly. This multi-level control scheme has been adopted 

widely in the literature such as in [28]. In power system 

dispatch, the system operator adopts the same strategy when it 

comes to frequency control. The operator measures the 

frequency deviation and the power imbalance to decide the area 

control error (ACE), then the operator starts adjusting its day-

ahead schedule by dispatching its reserve resources in real-time 

accordingly to compensate the ACE [29].      

The DNO can schedule a MESS to move between different 

positions for multi-services. Different MESS positions 

(𝒩𝑠 ={1,2,..,𝓈}) define the buses at which the MESS can be 

connected to the system which will be designated as the MESS-

stations. Fig. 3 depicts the structure of a MESS which consists 

of two parts: the ESS and the truck. The ESS consists of an array 

of battery cells (e.g., lithium-ion).  

While the battery bank terminal voltage is determined by the 

number of series cells in the same string, the total current is the 

sum of the parallel strings currents. The reader is referred to 

IEEE standards 485 [30] for further sizing details. The ESS is 

connected to the grid via a DC/DC/AC bidirectional VSC. The 

DC/DC converter is a current-controlled buck-boost controller. 

The current controller regulates the charging (discharging) 

power according to the set point provided by the EMS. When 

the EMS sends the active power set point at time k (𝑃𝑠𝑘) to 
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Fig. 4. System techno-economic model structure. 
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Fig. 5. Transit delay model generation. 

 
 

the DC/DC current controller, the controller calculates the 

current set point 𝐼𝑠𝑟𝑒𝑓 by dividing the power on the battery bank 

voltage (𝑉𝑠𝑘);  𝐼𝑠𝑟𝑒𝑓𝑘 =
𝑝𝑠𝑘

𝑉𝑠𝑘
 .The current controller is a 

proportional-integral (PI) controller that regulates the battery 

current by manipulating the modulation index of the buck-boost 

converter [31]. On the other hand, the DC/AC converter 

transfers the power to (from) the grid via regulating the dc-link 

voltage [31]. In the dq-frame, the dc-link voltage controller 

decides the VSC-direct current set point whereas the EMS 

controls the reactive power 𝑞𝑠𝑘 via changing the quadrature 

current set point. Further details on the design of the current and 

dc-link voltage controllers can be found in [31]. A fast charging 

module is also available in some commercial versions [19].The 

truck path is also controlled via the EMS. The driver requires a 

schedule for the MESS- stations that include the station number 

𝓈 and the transition time to this station 𝑡𝑠.  To sum up, the DNO 

needs to design an EMS system for a MESS that generates two 

set of outputs. 

Z1(T+1)

Current Station

Destination Station

Time

T

T+1
Z2(T+1) Z3(T+1)

Z1T Z2T Z3T

T+2
T+3

 

Fig. 6 Transition scenarios example for a three MESS station at sample k. 

First, the EMS calculates the ESS active and reactive power 

at each sample. Second, the EMS defines the desired station at 

each time and the transition time to this station. Next, the EMS 

design is explained in details.  

III. ENERGY MANAGEMENT SYSTEM 

To design the EMS for a MESS, a complete techno-economic 

model, as depicted in Fig. 4, is required. The technical model is 

composed of three subsystems: 1) the transit delay model that 

describes the commute time between two stations; 2) the power 

flow model that relates (the buses voltage, line current and 

power losses) to the MESS power and positions; and 3) the ESS 

dynamic model that represents the battery dynamics. The 

economic model defines different costs of all resources that are 

reflected in the EMS objective function.    

A.  Transit Delay Model 

The delay model depends on both time and stations positions. 

For a set of station𝑠 𝒩𝑠, the distance between stations is defined 

by the distance matrix 𝐷𝑖𝑠𝑡 with a zero diagonal, any element 

𝑑𝑖𝑗∀𝑖, 𝑗 ∈ 𝒩𝑠  define the distance between stations (𝑖, 𝑗). In 

case 𝑑𝑖𝑗 = 𝑑𝑗𝑖, then the MESS uses the same road between two 

stations (𝑖, 𝑗).  

 𝐷𝑖𝑠𝑡 = [
0 ⋯ 𝑑1𝓈
⋮ ⋱ ⋮
𝑑𝓈1 ⋯ 0

] 
  (1) 

The traffic congestion delay 𝑡𝑐𝑖𝑗𝑘 is a time and location 

dependent index can give an indicator [32] for the traffic 

delay. 𝜏𝑖𝑗𝑘is the commute time (in samples) from a station i to j 

at time k ∈ 𝒩𝑘which is composed from three parts: the 

commute time, traffic congestion delay and installation time 

     𝜏𝑖𝑗𝑘 = 𝑟𝑜𝑢𝑛𝑑(
𝑡𝑐𝑖𝑗𝑘 + 𝑑𝑖𝑗𝑉𝑎𝑣𝑔 + 𝑡𝑖𝑛𝑠

𝑇𝑠
 )∀𝑖, 𝑗 ∈ 𝒩𝑠, 𝑘 ∈ 𝒩𝑘 , 𝑖 ≠ 𝑗 (2) 

In (2), 𝑉𝑎𝑣𝑔 is the average truck speed, 𝑡𝑖𝑛𝑠 is the MESS 

installation time (the connection of MESS to the grid at the 

station). 𝑇𝑠 is the sample time in minutes. For the sake of the 

modeling, let us define the Boolean matrix 𝕫 ∈ ℛ𝓈×𝒦, where 

each element 𝑧𝑖𝑘 equals one if the MESS exists at station i at 

sample time k. Next, let us define the Boolean vector 𝕐 ∈ ℛ𝒦 

that represents the delay model. If the MESS is in transit at a 

sample T due to moving from a station i to reach another one j 

after an 𝜏𝑖𝑗𝑇  samples of transition delay: 𝑧𝑖𝑇 = 𝑧𝑗𝑇+𝜏𝑖𝑗𝑇 = 1, 𝑖 ≠

𝑗 ∀𝑖, 𝑗 ∈ 𝒩𝑠. Then 𝑦𝑘+𝑙 = 1, 𝑙 ∈ [1, 𝜏𝑖𝑗𝑇], 𝑘 = 𝑇 In order to 

define 𝑦𝑘 , all previous transit conditions that will lead to a 

future transit delay are modelled. By this way, 𝑦𝑘  is expressed 
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as a sum of minimum terms that represent all possible previous 

transits as shown in Fig. 5. An example for defining 𝑦𝑘 for three 

stations is depicted in Fig. 6. In this example, three MESS 

stations exist; thus at any transit instant T, the nonzero 

transitions depend on the current MESS station and the next 

MESS destination with the following transition delay 𝜏12𝑇 =
1 𝜏23𝑇 = 2 𝜏13𝑇 = 3 𝜏𝑖𝑗𝑇 = 𝜏𝑗𝑖𝑇 . As shown in Fig. 6, there are 

six possible transition scenarios at this sample time (2 possible 

transitions from each current station). Any transition scenario 

occurs if both the current and destination stations equal one 

(𝑧𝑖𝑘 = 𝑧𝑗𝑘+𝑙 = 1 → 𝑧𝑖𝑘 ∩ 𝑧𝑗𝑘+𝑙 = 𝑧𝑖𝑘+1𝑧𝑗𝑘 = 1). Finally, the 

aggregation of all possible transitions for a certain transit time 

T is defined as follows 𝑦𝑇+1 ∪ 𝑦𝑇+2 ∪ 𝑦𝑇+3 = (𝑧1𝑇𝑧2𝑇+1 ∪
𝑧2𝑇𝑧1𝑇+1) ∪ (𝑧2𝑇𝑧3𝑇+2 ∪ 𝑧3𝑇𝑧2𝑇+2) ∪ (𝑧1𝑇𝑧3𝑇+3 ∪ 𝑧3𝑇𝑧1𝑇+3). 
These six possible transitions are depicted by the dotted lines in 

Fig. 6. Further, when applying the same concept during each 

time 0 ≤ 𝒌 ≤ 𝓚 and aggregating all the results, this will lead 

to a complete transition delay model.  

The delay model is described as follows: 

∀ 𝑖𝜖𝒩𝑠, 𝑘𝜖𝒩𝑘

{
 
 

 
  ∑ 𝑧𝑖𝑘

𝑖

= 1

∑ ∑ |𝑧𝑖𝑘 − 𝑧𝑖𝑘−1|𝑘𝑖

2
≤ 𝑁𝑡𝑟𝑖𝑝𝑠

 𝕐 = {𝑦1, 𝑦2, 𝑦𝑘… , 𝑦𝒦}

 

 (3) 

  

  

 (4) 

 (5) 

Equation (3) states that the MESS truck can only be at one 

station i at any sample k. In case of multiple MESS units, the 

right-hand side of  (3) is replaced by 𝑁𝑚𝑒𝑠𝑠 which is the total 

number of MESS trucks; this case will be investigated in future 

studies. Equation (4) constraints the maximum number of trips 

that MESS can make per day (𝑁𝑡𝑟𝑖𝑝𝑠) which equals half the 

number transitions. In case the MESS moved at time k from a 

station i to be at station j, then 𝑧𝑖𝑘 = 0, 𝑧𝑖𝑘−1 = 1, 𝑧𝑗𝑘 =

1, 𝑧𝑗𝑘−1 = 0 and the sum of the difference at sample k is 

calculated as ∑
|𝑧𝑖𝑘−𝑧𝑖𝑘−1|

2
= 1𝑖 , which means one trip is made. 

However, if the MESS stays at station i at samples k and at k-1, 

then ∑
|𝑧𝑖𝑘−𝑧𝑖𝑘−1|

2
= 0𝑖  which means no trips are made. Finally, 

(5) is a set of equalities that represent the transit flag 𝑦𝑘 . 

B. Power Flow Model 

Second, the system power flow is a model that links a set of 

buses 𝑏𝜖𝒩𝑏  by a set of branches 𝑡 ∈ 𝒩𝑡 . Buses active and 

reactive power controls buses angles and voltages. Apparent 

power at each bus is represented as the sum of RES, load, 

generators, and MESS powers injected at the bus (if any exists). 

The apparent power is decomposed into active and reactive 

power, expressed at (6) and (7). 
 𝑝𝑏𝑘 = 𝑝𝑙𝑘 + 𝑝𝑠𝑘−𝑝𝑔𝑘 − 𝑝𝑟𝑘
 𝑞𝑏𝑘 = 𝑞𝑙𝑘 + 𝑞𝑠𝑘+𝑞𝑔𝑘 + 𝑞𝑟𝑘 

∀𝑏 = 𝑠 = 𝑔 = 𝑙 = 𝑟, 𝑏𝜖𝒩𝑏 , 𝑠𝜖𝒩𝑠 , 𝑘𝜖𝒩𝑘 , 𝑙𝜖𝒩𝑙 , 𝑟𝜖𝒩𝑟 , 𝑔𝜖𝒩𝑔

 

(6) 

 (7) 

For each branch t (line or transformer) that links two 

buses (𝑎, 𝑏) or 𝑡𝜖𝒩𝑡, 𝑡 = (𝑎, 𝑏), the branch complex impedance 

is calculated as 𝓏𝑡 = 𝑟𝑡 + 𝑗𝑥𝑡, where  𝑟𝑡, 𝑥𝑡 is the branch 

resistance and reactance, respectively. The power flow for each 

branch is modelled in (8)-(13) as given in [33]. These equations 

do not include the angle of voltage with the assumption that no 

big change in voltage angle occurs in the distribution system 

[34]. It is worth mentioning that the voltage equation in    (10) 

is not applicable at the slack bus (b=0) because it is a voltage 

controlled bus with a reference angle.  

∀𝑡𝜖𝒩𝑡, 𝑘𝜖𝒩𝑘

{
 
 
 
 
 
 

 
 
 
 
 
  𝑝𝑏𝑘 = 𝓅𝑡𝑘 − 𝑟𝑡ℓ𝑡𝑘 − ∑ 𝓅ℎ𝑘

∀ℎ𝜖𝒩𝑡,ℎ=(𝑎,𝑏),𝑎𝜖𝒩𝑏

 
𝑞𝑏𝑘 = 𝓆𝑡𝑘 − 𝑥𝑡ℓ𝑡𝑘 − ∑ 𝓆ℎ𝑘

∀ℎ𝜖𝒩𝑡,ℎ=(𝑎,𝑏),𝑎𝜖𝒩𝑏

𝑣𝑏𝑘 = 𝑣𝑎𝑘 − 2(𝑟𝑡𝓅𝑡𝑘 + 𝑥𝑡𝓆𝑡𝑘) + (𝑟𝑡
2 + 𝑥𝑡

2)ℓ𝑡𝑘

ℓ𝑡𝑘 =
𝓅
𝑡𝑘
2 + 𝓆𝑡𝑘

2

𝑣𝑎
ℓ𝑡𝑘 = |𝐼𝑡𝑘|

2

𝑣𝑏𝑘 = |𝑉𝑏𝑘|
2

𝑙𝑜𝑠𝑠𝑘 = ∑ 𝑟𝑡ℓ𝑡𝑘
∀𝑡𝜖𝒩𝑡

    , 𝑡 = (𝑎, 𝑏)

 
 

(8)  

 (9) 

   (10) 

   (11) 

   (12) 

   (13) 

  (14) 

In (8)-(14), 𝓅𝑡𝑘 , 𝓆𝑡𝑘 , 𝐼𝑡𝑘 , ℓ𝑡𝑘 , 𝑉𝑏𝑘 , 𝑣𝑏𝑘 , 𝑙𝑜𝑠𝑠𝑘 are the branch t active 

and reactive power; the magnitude of the line current; the 

second norm of the line current; the bus voltage; the second 

norm of bus voltage; and the total power losses, respectively. 

All these variables are measured at time sample k. Equations (8) 

and (9) express the active, reactive power balance equation for 

each branch t at time k. Equation (10) represents the Ohm’s law 

used to calculate the voltage drop in each branch. Equation (11) 

is the power flow equation that calculates each branch current 

from its apparent power. Equations (12) and (13) show that the 

used values for the power flow are the second norm for the 

voltage and branch currents. Finally, the power loss is 

calculated in (14). The main power flow constraints are the 

branches thermal limit expressed in (15) and the voltage level 

limit expressed in (16).  

∀𝑏𝜖𝒩𝑏 , 𝑡𝜖𝒩𝑡 , 𝑘𝜖𝒩𝑘 {
 ℓ𝑡𝑘 ≤ ℓ̅𝑡

𝑣 ≤ 𝑣𝑏𝑘 ≤ 𝑣
 

(15) 

 (16) 

C. ESS Dynamic Model 

The final part of the technical model is the ESS dynamics 

including the ESS power, total number of cycles N, and the state 

of charge (SOC) which are expressed in (17)-(19). 

In this model, we assume that anytime, there is always an 

ESS at each station s; however, the constraint in  (3) states that 

the MESS can be located at one unique station. Thus, the 

condition for injecting discharge (𝑝𝑑ℎ𝑠𝑘) or importing charge 

power( 𝑝𝑐ℎ𝑠𝑘)  at a certain bus s at time k is that the MESS exists 

at this station (𝑧𝑠𝑘 = 1), and the MESS is not at transit state 

(𝑦𝑘 = 0). These conditions are modelled by (17). Equation (18) 

expresses the SOC as an integrator. The SOC equals one if the 

accumulated charge reaches the rated energy of the storage �̅�𝑠. 
The charge and discharge efficiency is considered as 𝜂

𝑐ℎ
, 𝜂
𝑑ℎ

, 

respectively. As one MESS is assumed at each bus, the total 

SOC is the sum of all stations ESS SOC at a certain time. A 

similar technique is used for calculating the number of cycles 

𝑁𝑘 that is assumed as an integrator as well.  

The number of cycles is incremented by one each time a full 

charge is absorbed by the MESS and injected again to the grid 

as expressed in (19).  

{
 
 

 
 

 𝑝𝑠𝑘 = (𝑝𝑐ℎ𝑠𝑘 + 𝑝𝑑ℎ𝑠𝑘)𝑧𝑠𝑘(1 − 𝑦𝑘)

 

𝑆𝑂𝐶𝑘+1 =∑𝑆𝑂𝐶𝑠𝑘 +
𝑇𝑠

�̅�𝑠
 (𝜂𝑐ℎ𝑝𝑐ℎ𝑠𝑘 + 𝜂𝑑ℎ𝑝𝑑ℎ𝑠𝑘)𝑧𝑠𝑘(1 − 𝑦𝑘)

𝑠

𝑁𝑘+1 =∑𝑁𝑠𝑘 +
𝑇𝑠(𝑝𝑐ℎ𝑠𝑘 − 𝑝𝑑ℎ𝑠𝑘)

2�̅�𝑠
𝑧𝑠𝑘(1 − 𝑦𝑘)

𝑠

∀𝑘𝜖𝒩𝑘 , 𝑠𝜖𝒩𝑠, 𝜂𝑐ℎ < 1, 𝜂𝑑ℎ > 1

 

(17) 

(18) 

(19) 
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speeds , check speed limits

α =α +1 reach stopping 
criterion

Optimum transit 
set is reached

END

 No YES

Calculate the corresponding real profit for 
each set 

 
Fig. 7. Stage 2 structure (PSO profit maximizer).  

 

The dynamic ESS constraints are stated in (20)-(24). While 

constraints (20) and (21) define the charge and discharge powers 

as positive and negative power limited by the thermal limit of 

the MESS, constraint (22) limits the apparent power of the 

MESS to be upper bounded by the rated MESS apparent power 

(𝑆̅) at any time. Finally, the SOC is limited in (23) between the 

desired minimum SOC 𝑆𝑂𝐶 and one to avoid deep discharge and 

overcharging that may reduce the battery life dramatically. 

Further, the number of cycles at the end of the day is limited by 

(24) as the battery life is a countable number of cycles. 
0 ≤ 𝑝

𝑐ℎ𝑠𝑘
≤ �̅�

𝑠

− �̅�
𝑠
≤ 𝑝

𝑑ℎ𝑠𝑘
≤ 0

𝑝
𝑠𝑘
2 + 𝑞

𝑠𝑘
2 ≤ �̅�

𝑆𝑂𝐶 ≤ 𝑆𝑂𝐶𝑘 ≤ 1

𝑁𝒦 ≤ 𝑁

∀ 𝑏𝜖𝒩𝑏 , 𝑡𝜖𝒩𝑡, 𝑘𝜖𝒩𝑘

 

(20) 

(21) 

(22) 

(23) 

(24) 

D. Original EMS Problem 

The EMS objective is maximizing the day-ahead profit for the 

DNO by minimizing the imported energy cost from the grid 

(energy arbitrage). It is assumed that the MESS is an asset 

owned by the DNO to provide both reactive power support and 

maximize net profit. RESs are owned by different parties, and 

they are paid a fixed feed-in-tariff (FIT) as a motivation by the 

government for clean energy, such a case exists in several 

markets, such as Ontario, Canada [35]. RESs are operated 

according to the maximum power point tracking strategy; the 

DNO buys this energy from RESs owners with the regulated 

FIT (𝐶
𝐹𝐼𝑇
) . The day-ahead cost of buying RESs energy is given 

in  (26). On the other hand, conventional distributed generators 

(DGs) owned by the DNO, such as microturbines or diesel 

engines, have an operating cost (𝐶𝐷𝐺). A quadratic cost 

function, as defined in (25), precisely represents the operation 

costs of DG units [33]. In (25), ϕ𝑔$/(𝑘𝑊ℎ )
2, 𝛽𝑔($/𝑘𝑊ℎ), 𝛾𝑔($) 

are constants that depend on the generator type. 

𝐶𝐷𝐺 =∑∑ϕ𝑔(𝑝𝑔𝑘𝑇𝑠)
2
+ 𝛽𝑔(𝑝𝑔𝑘𝑇𝑠) + 𝛾𝑔

ℊ

𝑔=1

𝒦

𝑘=1

𝐶𝑟𝑒𝑠 =∑∑𝑝𝑟𝑘𝑇𝑠𝐶𝐹𝐼𝑇

ℜ

𝑟=1

𝒦

𝑘=1

 

 

 (25) 

 

 

 (26) 

The MESS cost 𝐶𝑚𝑒𝑠𝑠 includes both the truck operating 

cost 𝐶𝑡𝑟𝑢𝑐𝑘 and the ESS cost 𝐶𝑒𝑠𝑠 as in (27). Firstly, the truck 

operating cost (28) includes a fuel cost and labor cost. While the 

fuel cost is modelled as a worst case cost (the multiplication of 

maximum distance (in km) by the number of the trips by the 

fuel consumption cost 𝐹𝐶 ($/𝑘𝑚)), the truck labor cost 𝑡𝑙𝑐 

includes the daily stipend of the truck driver and technicians. 

Secondly, (29) models the ESS cost as a levelised cost 

(𝐶𝑘𝑤ℎ$/𝑘𝑊ℎ 𝑐ℎ𝑎𝑟𝑔𝑒𝑑). This cost is adopted before for ESS in 

[36]. However, the capital cost is modified to include the truck 

capital cost and ESS maintenance cost that includes the truck 

maintenance cost; further details on MESS cost calculations are 

available but omitted here for space limitations.      
𝐶𝑚𝑒𝑠𝑠 = 𝐶𝑡𝑟𝑢𝑐𝑘 + 𝐶𝑒𝑠𝑠

𝐶𝑡𝑟𝑢𝑐𝑘 = 𝐹𝐶 × 𝑁𝑡𝑟𝑖𝑝 ×max(𝐷𝑖𝑠𝑡) + 𝑡𝑙𝑐

𝐶𝑒𝑠𝑠 =∑∑ 𝑃𝑐ℎ𝑠𝑘𝑇𝑠𝐶𝑘𝑤ℎ

𝓈

𝑠=1

𝒦

𝑘=1

 

(27) 

(28) 

 

(29) 

 The final cost item is the grid power cost 𝐶𝑔𝑟𝑖𝑑 that is the 

multiplication of the expected pool price (buy price) 𝐵𝑃𝑘($/𝑘𝑊ℎ) 

and the grid energy 𝑃𝑔𝑟𝑖𝑑𝑘𝑇𝑠 as shown in (30). This cost has a 

negative value (becomes income) in case the distribution 

system exports surplus energy to the grid. The income of the 

DNO is generated from daily selling energy to the loads with 

the sell price 𝑆𝑃𝑘($/𝑘𝑊ℎ) as given in (31).  

Finally, the profit is the difference between the income and 

the costs (MESS operating cost, DG running cost plus RES 

energy purchasing cost) as shown in (32).    

 𝐶𝑔𝑟𝑖𝑑 =∑ 𝑇𝑠𝐵𝑃𝑘𝑃𝑔𝑟𝑖𝑑𝑘

𝒦

𝑘=1

,𝑃𝑔𝑟𝑖𝑑𝑘 = 𝑃𝑏𝑘, 𝑏 = 0

𝑖𝑛𝑐 =∑∑ 𝑇𝑠𝑆𝑃𝑘𝑃𝑙𝑘

ℒ

𝑙=1

𝒦

𝑘=1

𝑝𝑟𝑜 = 𝑖𝑛𝑐 − 𝐶𝑔𝑟𝑖𝑑 − 𝑐𝑚𝑒𝑠𝑠 − 𝐶𝐷𝐺 − 𝐶𝑟𝑒𝑠

 

 

(30) 

 

 

(31) 

(32) 

The final optimization problem is expressed as follows  
max

𝑝𝑐ℎ𝑠𝑘,𝑝𝑑ℎ𝑠𝑘 ,ℤ,𝑞𝑠𝑘
(𝑝𝑟𝑜)

𝑆. 𝑡.   (3) − (11), (15) − (24)
 

 

  (33) 

 

The problem in   (33) is a mixed integer nonconvex problem 

that faces a feasibility problem. In Section IV, this problem will 

be converted to a mixed integer second-order cone problem 

(MISOCP) using the proposed two-stage EMS. 

IV. TWO-STAGE EMS  

To convert the problem in   (33) into a mixed integer convex 

problem, the following suboptimal two-stage solution is 

proposed. Firstly, the problem is solved assuming instantaneous 

MESS transit; this problem calculates the MESS designated 

stations and its transit times (given the previous assumption). 
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Secondly, a particle swarm algorithm optimizes the transit 

times of the first stage without changing the MESS stations.  

A. Stage 1 (Instantaneous Transit EMS) 

The delay model 𝕐 given in (5) is a nonlinear sophisticated 

Boolean expression that depends on both the truck transit time 

and stations ℤ. Assuming that 𝕐 = 0 or MESS can move 

instantaneously from a station to another will reduce the 

problem complexity on the price of sub-optimality, this part 

will be discussed in Section IV.B. Even with the assumption 

𝕐 = 0, the problem   (33) is still nonconvex problem due to 

nonconvex equality constraints in the power system (11) and 

ESS model (17)-(19). 

For the power system power flow model (11), according to 

[33], it can be relaxed to the inequality (34) given the following 

two sufficient assumptions. Firstly, the bus voltage deviation is 

not too large. Secondly, the buses generated powers are not too 

large. These conditions are usually satisfied in typical 

distribution systems. The quadratic constraint (34) is equivalent 

to the second-order cone constraint in (35) [37].   
ℓ𝑡𝑘𝑣𝑎 ≥ 𝓅𝑡𝑘

2 + 𝓆𝑡𝑘
2 ∀𝑡𝜖𝒩𝑡 , 𝑘𝜖𝒩𝑘 , 𝑡 = (𝑎, 𝑏)

‖

2𝓅𝑡𝑘
2𝓆𝑡𝑘
ℓ𝑡𝑘−𝑣𝑎

‖

2

≤ ℓ𝑡𝑘+𝑣𝑎
 

 (34) 

 

 (35) 

The ESS model (17)-(19) is expressed as a linear set of 

equalities as in (36)-(38). This is possible after modifying the 

power limits constraints from (20)-(21) into (39)-(40) and 

adding a reactive power constraint (41). This simple 

modification states that the MESS can charge or discharge at 

any station and time (s, k) if and only if it exists at this station 

or 𝑧𝑠𝑘 = 1. Otherwise, the power limits is set to zero. These 

limits affect all ESS dynamics as given in (36)-(38). 

{
 
 
 
 

 
 
 
 

 𝑝𝑠𝑘 = 𝑝𝑐ℎ𝑠𝑘 + 𝑝𝑑ℎ𝑠𝑘

 

𝑆𝑂𝐶𝑘+1 =∑𝑆𝑂𝐶𝑠𝑘 +
𝑇𝑠

�̅�𝑠
 (𝜂𝑐ℎ𝑝𝑐ℎ𝑠𝑘 + 𝜂𝑑ℎ𝑝𝑑ℎ𝑠𝑘)

𝑠

𝑁𝑘+1 =∑𝑁𝑠𝑘 +
𝑇𝑠(𝜂𝑐ℎ𝑝𝑐ℎ𝑠𝑘 − 𝜂𝑑ℎ𝑝𝑑ℎ𝑠𝑘)

2�̅�𝑠𝑠

0 ≤ 𝑝
𝑐ℎ𝑠𝑘

≤ �̅�
𝑠
𝑧𝑠𝑘

− �̅�
𝑠
𝑧𝑠𝑘 ≤ 𝑝

𝑑ℎ𝑠𝑘
≤ 0

−�̅�𝑧𝑠𝑘 ≤ 𝑞
𝑠𝑘
≤ �̅�𝑧𝑠𝑘

 

(36) 

(37) 

(38) 

 

 

(39) 

(40) 

(41) 

Now, the instantaneous EMS problem is expressed as 
max

𝑝𝑐ℎ𝑠𝑘,𝑝𝑑ℎ𝑠𝑘 ,ℤ,𝑞𝑠𝑘
(𝑝𝑟𝑜)

𝑆. 𝑡. {

𝑖𝑛𝑠𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑚𝑜𝑑𝑒𝑙: (3), (4)

 𝑝𝑜𝑤𝑒𝑟 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙: (6) − (10), (15) − (16), (35) 
𝐸𝑆𝑆 𝑚𝑜𝑑𝑒𝑙: (22) − (24)&(36) − (41)

 
 

 (42) 

 

Now, the problem in (42) is a mixed-integer SOCP problem 

that is solved efficiently using the available commercial solvers, 

such as GUROBI [38]. It is worth mentioning that problem (42) 

represents a finite-horizon model predictive control problem, 

because the overall system is aggregated as a single state-space 

dynamic model. At each sample time 0 ≤ 𝒌 ≤ 𝓚, the model is 

regressively used to derive the future outputs as a function in 

the model expected states and the future control action along 

the prediction horizon [39]. The inputs of the state-space model 

are the MESS power and locations [𝑧𝑖𝑘 , 𝑝𝑠𝑘 , 𝑞𝑠𝑘], whereas the 

system states are the SOC and number of cycles [𝑆𝑂𝐶𝑠𝑘, 𝑁𝑠𝑘]. 
Finally, the controlled outputs are any constrained variable in 

the system such as [𝑆𝑂𝐶𝑘 , 𝑁𝑘, 𝑝𝑠𝑘 , 𝑞𝑠𝑘 , 𝓅𝑡𝑘, … ]. 

B. Stage 2 (PSO Profit Maximizer) 

 The resulting profit from Stage 1 is not the actual profit. In 

reality, MESS transit period is not zero, and every time the 

MESS moves from a station i at instant 𝜆 heading to another 

station j, it will stay in transit for a period 𝜏𝑖𝑗𝑘 defined by (2) till 

it reaches its destination at instant 𝜆 + 𝜏𝑖𝑗𝜆. The set of time 

indices that define that the MESS is at transit state is 𝒩𝜏:   
𝒩𝜏 = {[𝜆, 𝜆 + 𝜏𝑖𝑗𝜆]|𝑧𝑖𝜆 = 𝑧𝑗𝜆−1 = 1∀𝑖 ≠ 𝑗, 𝑖, 𝑗 ∈𝒩𝑠, 𝜆𝜖𝒩𝑘}  (43) 

 Now, if the MESS is at transit, that means that the DNO has 

to buy (or sell) the MESS scheduled energy from the grid till 

the MESS reaches its next destination. Further, the MESS is not 

operating during transit periods, thus its operating cost 𝐶𝑒𝑠𝑠  

should not be considered as well. The real profit  

ℛ𝑝𝑟𝑜 when the transit set 𝒩𝜏 is taken into account is;  

ℛ𝑝𝑟𝑜 = 𝑝𝑟𝑜 + ∑ ∑ 𝑇𝑠𝐵𝑃𝜆𝑝𝑠𝜆
𝑠∈𝒩𝑠

+ ∑ ∑ 𝑃𝑐ℎ𝑠𝜆𝑇𝑠𝐶𝑘𝑤ℎ
𝑠∈𝒩𝑠𝜆𝜖𝒩𝜏𝜆𝜖𝒩𝜏

  (44) 

 

 It is worth mentioning that if 𝑝𝑠𝜆 < 0, which means the 

MESS is discharging at this time; however, as the MESS is in 

the transit state, this energy ∑ 𝑇𝑠𝑝𝑠𝜆𝑠∈𝒩𝑠
is exported from the 

grid with a price 𝐵𝑃𝜆 at this time. On the contrary, if the MESS 

is supposed to be charged at this time, the surplus system energy 

is sold to the grid with this time price (or even worse, RESs 

energy can be curtailed in case the voltage level or thermal 

current levels are violated). Further, the ESS cost is excluded 

from the profit calculation during time periods flagged in 𝒩𝜏 . 

Not only, is the profit and power system is affected by the delay, 

but also the ESS dynamics as well. For instance, the real SOC 

(ℛ𝑆𝑂𝐶) after considering the transit delay is defined as in (45) 

(where 𝑝𝑐ℎ𝑠𝑘 , 𝑝𝑑ℎ𝑠𝑘 are calculated by (42)). As shown in (45), 

the SOC is normally calculated in the non-transit case, while it 

stays fixed during transit as the ESS is in the stand-by mode. 

Other ESS dynamics, such as the real number of cycles ℛ𝑁 is 

calculated as in (46). 

{
ℛ𝑆𝑂𝐶𝑘+1 =∑ℛ𝑆𝑂𝐶𝑠𝑘 +

𝑇𝑠

�̅�𝑠
 (𝜂𝑐ℎ𝑝𝑐ℎ𝑠𝑘 + 𝜂𝑑ℎ𝑝𝑑ℎ𝑠𝑘)

𝑠

, 𝑘 ∈ 𝒩𝑘 −𝒩𝜏

ℛ𝑆𝑂𝐶𝑘+1 = ℛ𝑆𝑂𝐶𝑘, 𝑘 ∈ 𝒩𝜏

{
ℛ𝑁𝑘+1 =∑ℛ𝑁𝑠𝑘 +

𝑇𝑠(𝜂𝑐ℎ𝑝𝑐ℎ𝑠𝑘 − 𝜂𝑑ℎ𝑝𝑑ℎ𝑠𝑘)

2�̅�𝑠
𝑠

, 𝑘 ∈ 𝒩𝑘 −𝒩𝜏

ℛ𝑁𝑘+1 = ℛ𝑁𝑘 , 𝑘 ∈ 𝒩𝜏

                        

 

 

 (45) 

 

 

(46) 

One needs to make sure that the transit set will not lead to ESS 

dynamic constraint violation. For instance, one transit set can 

move the MESS very early from discharge stations and very 

late from charging station, thus an overcharge may occur and 

vice versa. One solution to this problem is keeping a reserve in 

the capacity (e.g., the SOC limits are chosen from 20 to 90 %) 

to account for possible uncertainties.  

The PSO optimizer defines optimum transit delay set 𝒩𝜏 that 

maximizes the real profit without violating the ESS dynamics. 

Firstly, each particle 𝑥𝑛 represents a different transit set 𝒩𝜏
𝑛  by 

changing the transit time 𝜆𝛼
𝑛 , where n is the index for the particle 

in the population, and 𝛼 is the index for the transit time. 

Normally, the number of transits is less than or equal 𝑁𝑡𝑟𝑖𝑝𝑠 
𝑥𝑛 = [𝜆1

𝑛 , 𝜆2
𝑛, . . , 𝜆𝑁𝑡𝑟𝑖𝑝𝑠

𝑛 ]

𝒩𝜏
𝑛 = {[𝜆1

𝑛 , 𝜆1
𝑛 + 𝜏𝑖𝑗𝜆1𝑛], [𝜆2

𝑛, 𝜆2
𝑛 + 𝜏𝑖𝑗𝜆2𝑛]. . [𝜆𝑁𝑡𝑟𝑖𝑝𝑠

𝑛 , 𝜆𝑁𝑡𝑟𝑖𝑝𝑠
𝑛 + 𝜏𝑖𝑗𝜆𝑁𝑡𝑟𝑖𝑝𝑠

𝑛 ]

𝜆𝛼 −𝑀 ≤ 𝜆𝛼
𝑛 ≤ 𝜆𝛼 +𝑀, 1 ≤ 𝛼 ≤ 𝑁𝑡𝑟𝑖𝑝𝑠

} 

 (47) 

 (48) 

 (49) 
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As shown, the particle 𝑥𝑛 is a randomly generated vector for 

the transit and is bounded by that defines the maximum shift in 

the transit time within a band [−𝑀,𝑀]. The swarm population 

𝕏 is then defined with a population-size 𝓃 particles, each has a 

corresponding transit set defined in (51) . 
𝕏 = {𝑥1, 𝑥2…𝑥𝑛…𝑥𝓃}

ℕ = {𝒩𝜏
1,𝒩𝜏

2…𝒩𝜏
𝑛…𝒩𝜏

𝓃}
 

 (50) 

 (51) 

The real profit is calculated for each particle, and the local and 

global best particle positions are allocated. At each iteration 𝛼, 

after the profit is calculated for all 𝕩 set-particles, the local and 

global best positions 𝑃𝑏𝑒𝑠𝑡(𝛼), 𝐺𝑏𝑒𝑠𝑡(𝛼) are updated and the 

new velocity for the next sample (𝑉𝑛(𝛼 + 1)) for each particle n is 

calculated as in (53). For solution quality, the PSO algorithm 

must fulfill two important criteria: first, a high exploration at 

the start of the search, and second, a deep exploitation to avoid 

trapping in a local-suboptimal later [40]. Thus, a high speed for 

particles exploration is gained via high initial inertia that 

reduces monotonically with the iterations progress in order to 

achieve higher exploitation later. This is possible by updating 

the PSO inertia 𝜔(𝛼) as in (52), starting from the desired 

minimum value 𝜔𝑚𝑖𝑛 at the first search sample and reaching its 

peak 𝜔𝑚𝑎𝑥at the maximum iteration value 𝑀𝑎𝑥. 𝐼𝑡𝑒𝑟. Next, the 

particles positions are updated as in (54). The reader is referred 

to [40] for further details on the PSO algorithm. Finally, the 

stopping criterion is achieved in two cases. Firstly, the 

convergence case happens if the fitness function (real profit) 

settles at a certain value within the predefined tolerance zone. 
 

𝜔(𝛼) = 𝜔𝑚𝑎𝑥 −
𝜔𝑚𝑎𝑥 − 𝜔𝑚𝑖𝑛
𝑀𝑎𝑥. 𝐼𝑡𝑒𝑟

𝛼

𝑉𝑛(𝛼 + 1) = 𝜔(𝛼)𝑉𝑛(𝛼) + 𝑐1𝑟1(𝑃𝑏𝑒𝑠𝑡 − 𝑥
𝑛(𝛼)) + 𝑐2𝑟2(𝐺𝑏𝑒𝑠𝑡 − 𝑥

𝑛(𝛼))

𝑥𝑛(𝛼 + 1) = 𝑉𝑛(𝛼 + 1) + 𝑥𝑛(𝛼)

 

 (52) 

 (53) 

 (54) 

 

This must happen for a predefined number of iterations to 

guarantee convergence and avoid trapping in a local minimum. 

Secondly, the stopping criterion in satisfied if the number of 

iterations exceeds the maximum iteration numbers (𝛼 ≤ 𝛼). 

Fig. 7 shows the PSO algorithm structure.  

V. CASE STUDY 

To validate the proposed EMS, a detailed simulation study is 

conducted on a 41-bus real radial feeder in Ontario, Canada 

[41]. The distribution feeder is rated at 16.185 MVA and has a 

medium voltage 16 kV. The feeder has five RESs (three wind 

turbines (WTs) and two photovoltaic (PV) generators) with a 

gross penetration of 37% (6.0 MVA). The feeder has 40 

branches and extends for 30 kilometers [41]. The feeder data 

details, including the lines impedance, lengths and each bus 

nominal load, are given in [41]. The daily load profile follows 

the IEEE RTS model derived using three years load data for this 

feeder [41], and it is shown in Fig. 9(a). On the other hand, 

typical RESs profiles, shown in Fig. 7(b), are taken from the 

typical historical data provided in [26]. The rated powers of 

RESs are given in Table I. In Ontario, Canada, the largest power 

distribution utility, Hydro One, has a fixed electricity tariff to 

its customers that only changes only from winter to summer 

[42]. 

The tariff adopts the time-of-use pricing policy with two 

peaks periods (7:11 am, 5:7 PM). Other rates such as delivery 

rates, regulatory charges are considered here as well [42]. On 

the other hand, the DNO (here Hydro One) buys energy from 

Ontario independent system operator ISO (IESO) for the 

wholesale energy market price (deregulated market). This price 

is known as hourly Ontario energy price (HOEP) [43]. The real 

HOEP in February 2015 is considered here as given in [43]. The 

HOEP and DNO tariff (buy and sell prices) are shown in Fig. 

9(c). RESs owners are paid a feed-in-tariff (𝑐𝐹𝐼𝑇) decided by 

IESO as given in [44], and it is given in Table I. No utility-

owned DGs exist in the system under study; however, DGs can 

be easily dispatched by considering their active and reactive 

power limits, and, power rate constraints as detailed in [33].  

The MESS optimal sizing is conducted similar to the one 

adopted in [45], the storage cost is 600 K$/MWh and the 

conversion system cost is 350k$/MW [46], while the operation 

and maintenance cost for MESS is assumed to be 12k$/year 

including the ESS and the truck, the truck sot is assumed to be 

50k$.  

The MESS is assumed to participate 250 cycles/year with 

results in a 3000 cycle per its life time (here 12 years), thus not 

replacement cost is assumed. After making stochastic sizing 

using these input data, an optimal size of MESS is found to be 

3250 kVA/6381.3 kWh which equals 4.247 Million $. The 

MESS efficiency and cost parameters are stated in Table I. The 

ESS allocation technique for reducing RESs spilled energy, 

given in [41], is adopted as a candidate set for optimal MESS 

stations. Using a similar technique as in [45] results in three 

optimal stations at buses (station-1 at bus 9, station-2 at bus 28, 

and station-3 at bus 40). It is worth mentioning that the resulting 

positions are at each feeder end (where high voltage drop 

occurs) representing perfect candidates to provide reactive 

power support. The distance between different stations is given 

in Table I. Finally, for the MESS delay model, the traffic 

congestion delay is used to emulate the traffic congestion 

pattern in freeway of a large North American city. Although the 

traffic events and the scheduled road maintenance are given on 

a real-time basis for Ontario Canada from [47], the exact transit 

delay data in Ontario is not available for public. As a result, this  
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Fig. 9. Day-ahead input data. (a) Load profile. (b) RESs profiles. (c) Wholesale 
market and sell prices. (d) Traffic congestion delay. 

Table I. Input data for the EMS. 

RES Ratings 𝑝𝑊𝑇1 = 2𝑀𝑊, 𝑝𝑊𝑇2 = 1.5𝑀𝑊, 𝑝𝑊𝑇3 = 1.5𝑀𝑊, 
𝑝𝑝𝑣1 = 0.5𝑀𝑊, 𝑝𝑝𝑣2 = 0.5𝑀𝑊, 𝑐𝐹𝐼𝑇 = 128 $/𝑀𝑊ℎ 

Delay model 𝑑12 = 16.87 𝐾𝑚, 𝑑13 = 19.92 𝐾𝑚,𝑑23 = 16.83 𝐾𝑚 

𝑉𝑎𝑣𝑔 = 40
𝐾𝑚

ℎ𝑟⁄ , 𝑡𝑖𝑛𝑠 = 5 𝑚𝑖𝑛𝑠. , 𝑇𝑠 = 10 𝑚𝑖𝑛𝑠. 

EMS 𝑆𝑂𝐶0 = 0.5 , 𝑆𝑂𝐶 = 0.2,𝑁𝑡𝑟𝑖𝑝𝑠 = 3,𝑁 = 1 

𝑣 = 0.95 , 𝑣 = 1.05,𝑁0 = 0, 𝜂𝑐ℎ = 0.75, 𝜂𝑑ℎ = 1.33 

𝐹𝐶 = 0.4 $ 𝐾𝑚⁄ , 𝐶𝑘𝑤ℎ = 221 
$
𝑀𝑊ℎ⁄ , 𝑡𝑙𝑐 = 25 $ ℎ𝑟⁄  

PSO 𝑀 = 30 𝑚𝑖𝑛𝑠. , 𝜔𝑚𝑎𝑥 = 0.9,𝜔𝑚𝑖𝑛 = 0.1, 𝛼 = 2000,
𝐶1 = 2,𝐶2 = 2,𝓃 = 10

 

 

case study uses the transit delay data of Los Angeles, USA, 

given in [48], as a sample of the traffic congestion pattern in 

freeways in large North American cities. The data is 

represented in  Fig. 9(d). In case the DNO has an estimation for 

the transit delay, then the EMS problem is solved as instant 

transition EMS problem and a suboptimal solution can be 

obtained. 
For the given system inputs shown in Fig. 9, the EMS 

problem (42) is solved, and the results are shown in Fig. 10, 

whereas the voltage profile after and before using the MESS is 

depicted in Fig. 11. The main objective is maximizing the DNO 

profit through energy arbitrage and power losses minimization; 

thus as shown in Fig. 10 (b), the MESS has been charged during 

the lowest buy prices times (4-6 am) till reaching full capacity. 
 

The MESS is partially discharged during the first price peak 

at 8 am. It continues being charged at 9 am when the prices fall. 

It is worth mentioning that at 9 am, the battery is not charged 

with full power as reactive power support is needed at this time 

to boost the voltage to the minimum allowable level as depicted 

in the reactive power curve in Fig. 10(b). Next, at the noon, 

where the second price peak exists, the MESS is fully 

discharged. After that, no significate price difference exists that 

deserves another MESS charge and the state of charge is settled 

at the minimum 20% level as in Fig. 10(d). It should be noted 

that the price difference should be at least greater than the 

charging cost  𝐶𝑘𝑤ℎ to make charging economically viable 

(which does not happen again after 2 pm). Moreover, the 

number of cycles allowed in this study is one; thus the total 

charged energy is less than the rated capacity and the maximum 

number of cycle is less than one as in Fig. 10(d). Finally, as the 

profit is the only objective function here (energy arbitrage 

strategy), charging times are driven by the energy price, unlike 

peak shaving whereas discharging hours are always located at 

peak hours. It is noticed that the grid exported power is reduced 

during the high energy price as depicted in Fig. 10(c).  

Regarding reactive power support, during late night, the 

power generated by wind turbines is very high while the line is 

lightly loaded (see Fig. 9). As a result, the voltage profile 

increases above the limits (105%) during this time as shown in 

Fig. 11, especially at the feeder end (bus 41). As a result, the 

first chosen location for the MESS is near these buses (station-

3) as shown in Fig. 10(a). During this time the energy price is 

minimal and the MESS is fully charged. In the morning (7-8 

am), the MESS discharge during the first peak hour, and then it 

changes its location to station-1 (bus 9) where it recharges back 

(8-9 am). The reason behind this location change is that 

charging at station-1 (the nearest to grid) provides the lowest 

power losses, further charging at station-3 (bus 40) will lead to 

a further voltage drop at the feeder’s end. The second transition 

occurs after charging as shown in Fig. 10(a), when the MESS 

goes back to station-3 (bus 40) to discharge fully during the 

second peak hour (11 am-12 pm). After that, the SOC and 

number of cycles limits are reached as shown in Fig. 10(d), thus 

zero active power is kept till the end of the day, however; the 

MESS keeps providing reactive power support for keeping an 

acceptable voltage limits. A final transition is made to station-

2 around 2 pm. As noticed from Fig. 9, the wind power plant 

(WT2) near station-2 drops to zero at the same time; thus a 

leading reactive power is needed at this far end feeder. Thus, 

the MESS made this final transition from station3 into station 2 

where the voltage to reactive power sensitivity is is higher than 

station-3.  
Regarding Stage 2 (the PSO profit maximizer), the optimizer 

changes the transition time from (8, 9 and 14) into (8&9:30 and 

13:30). For the first and second transitions, the PSO keeps them 

the same as if MESS left station-3 earlier than 8, it will miss 

discharging during the peak hour which will result in a big 

profit reduction. For the second transition, if MESS left station-

1 before 9 am, it will not be fully charged which will reduce the 

profit in the future, however, if it stayed longer at station-1, the 

traffic congestion delay will reduce from its 9 am peak as 

depicted in Fig. 7(d). Finally, for the final transition (from 

station 3 into station 2), the PSO optimizer changes the 

transition time from (2 pm into 1:30 pm) to end the ride 

(approximately 30 minutes ride with delays) from before the 

traffic congestion increases after (2 pm).   It is worth mentioning 

that the PSO results agree with the traffic delay profile in Fig. 

9(d); thus, the PSO optimizes the transition times to decrease 

the MESS delay and, therefore, maximizing its service period.  

To sum up the results, Table II compares the techno-economic 

aspects after and before using the MESS services (system with  
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Fig. 10. EMS results (a)MESS Position (b) MESS active power and reactive 

power set (c) Grid power  and (e) SOC and Number of cycles. 

 
Fig. 11. Voltage profile after and before using the MESS.  

no storage at all and system that invests in MESS). Firstly, the 

MESS managed to provide a logistic localized reactive power 

support to keep the voltage level within allowable limits which 

improves the power quality. Secondly, regarding losses, the 

losses has been decreased by 5.5%. It is worth mentioning that 

the objective function is the difference between the energy 

bought from the grid and that sold to loads. Thus the power 

losses is inherently minimized in the objective function with a 

weight depending the energy prices at each instant. Thirdly, the 

net profit has increased by 3.1% as compared to that without  

 

Table II. System performance comparison. 

 Without MESS With MESS 

Voltage level 𝑉𝑚𝑎𝑥 = 1.062, 𝑉𝑚𝑖𝑛
= 0.89  
 

𝑉𝑚𝑎𝑥 = 1.04, 𝑉𝑚𝑖𝑛
= 0.956 
 

Power losses 8.1863 𝑀𝑊ℎ 7.7277 𝑀𝑊ℎ  
Profit 14,320$ 14,760$ 

 

 
Fig. 12. Comparison between reliability-based EMS with economic EMS. (a) 

Station position of MESS. (B) MESS state of charge. 

including the profit from the localized reactive power support 

that defers adding one or two capacitor banks to this feeder.  

The second case study discusses a very important issue which 

is boosting the power system reliability by providing an on-line 

backup energy reservoir for sensitive loads, here the MESS acts 

as an uninterruptible power supply (UPS). This is possible by 

solving the same economic EMS problem after imposing UPS 

constraints that guarantee that the MESS has enough energy 

(minimum SOC greater than the required energy) and the 

MESS is sited at the desired location. If a fault occurs, the 

MESS switches off into UPS mode till the service is continued 

again. The UPS constraints are summarized in (55-56).    

𝑆𝑂𝐶 +
𝐸𝑈𝑃𝑆

�̅�𝑠
≤ 𝑆𝑂𝐶𝑘 ≤ 1

𝑧𝑠𝑘 = 𝑧𝑈𝑃𝑆

∀𝑘 ∈ [𝑇𝑢𝑝𝑠
𝑠𝑡𝑎𝑟𝑡 , 𝑇𝑢𝑝𝑠

𝑒𝑛𝑑] 
 (55) 

 (56) 

The UPS constraints assume that the MESS is required to 

provide a reserve energy EUPS for a certain time period 

[Tups
start, Tups

end] while locating the MESS at the position 𝑧𝑈𝑃𝑆.  

The main case study is repeated but with the assumption that 

a critical load exists at station three from hours 17 till 23. The 

required energy reservoir is (𝐸𝑈𝑃𝑆 = 1250 kWh) which 

represents 20% of the battery capacity; thus the SOC should not 

go below 40% at the pre-mentioned hours. A comparison 

between the economic MESS and the resulting UPS constrained 

(after imposing constraints 55-56) is shown in Fig. 12.  

In the UPS-constrained EMS, the MESS starts charging early 

to reach the required 40% SOC by hour 17. At time 21:50, the 

main supply is disconnected and the MESS starts acting as a 

UPS till the service is resumed by 22:40. When the MESS 

returns again to the normal mode after hour 23, it discharges the 

whole energy to go back to the minimum SOC of 20%. It is 

worth mentioning that the MESS also stayed at station-3 till 
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hour 23, then it moved to station-2 after (similar to the 

economic EMS case). 

Finally, it worth noticing that these results mainly depend on 

the market prices, the load and RES profiles. Thus, in other days 

with no big market price difference, it is not economic to 

operate the MESS [49]. Finally, Using MESS in voltage support 

is optional in case of long feeders where the transformer tap-

changer setting cannot guarantee an acceptable voltage at the 

far end. 

VI. CONCLUSION 

A day-ahead EMS for an MESS has been presented in this 

paper. The EMS objective function aims at maximizing the 

DNO day-ahead profit and regulating the voltage level. The 

proposed EMS dispatches the MESS and allocates its station in 

the system. A traffic delay model has been developed between 

different stations. Using a two-stage optimization technique, 

firstly, the problem is solved as a mixed-integer convex 

problem, and secondly, a PSO-based algorithm has been 

developed to optimize the transit times to maximize the profit. 

A case study on a real 41-buses radial feeder with real data of 

RESs and loads is used to validate the results. The proposed 

EMS has successfully fulfilled all the optimization process 

objectives in an adaptive manner that fits the time-varying 

nature of renewable resources in modern active distribution 

grids.  
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