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Coordinated Charging of Electric Vehicles for

Congestion Prevention in the Distribution Grid
Junjie Hu, Student Member, IEEE, Shi You, Member, IEEE, Morten Lind, and

Jacob Østergaard, Senior Member, IEEE

Abstract—Distributed energy resources (DERs), like electric ve-
hicles (EVs), can offer valuable services to power systems, such
as enabling renewable energy to the electricity producer and pro-
viding ancillary services to the system operator. However, these
new DERs may challenge the distribution grid due to insufficient
capacity in peak hours. This paper aims to coordinate the valu-
able services and operation constraints of three actors: the EV
owner, the Fleet operator (FO) and the Distribution system op-
erator (DSO), considering the individual EV owner’s driving re-
quirement, the charging cost of EV and thermal limits of cables and
transformers in the proposed market framework. Firstly, a the-
oretical market framework is described. Within this framework,
FOs who represent their customer’s (EV owners) interests will cen-
trally guarantee the EV owners’ driving requirements and pro-
cure the energy for their vehicles with lower cost. The congestion
problem will be solved by a coordination between DSO and FOs
through a distribution grid capacity market scheme. Then, amath-
ematical formulation of the market scheme is presented. Further,
some case studies are shown to illustrate the effectiveness of the
proposed solutions.

Index Terms—Congestion management, distribution grid, elec-
tric vehicles, optimal charging schedule.

I. INTRODUCTION

A. Aggregated Charging of EVs

O THER THAN fulfilling its basic transport function, EVs,

as smart grid assets, can provide a large number of valu-

able services, e.g., meeting the balancing requirements for en-

ergy suppliers with stochastic renewables, providing regulation

services to the system operators, and modifying the demand

curves to defer the network expansion, etc., [1]–[7]. As a re-

sult, a new business entity, namely EV fleet operator (FO) has

emerged which aims to capture the business opportunities by

providing the multiple services of EVs. Alternative names for

an EV FO are used such as EV virtual power plant, EV aggre-

gator or charging service provider. The new entities could be in-

dependent or integrated in an existing business function of the

energy supplier; however they all share a list of commonalities

as following:

1) Same mission:

� Guarantee driving needs of the EV owners;
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� Coordinate and support the valuable services and oper-

ation constraints of EV and power system operator;

� Maximize the renewable energy.

2) Similar methods:

� Implement centralized control/marketing method to

maximize business values [1]–[7];

� Optimize the charging process of EVs [6], [8]–[11].

However, the function of the distribution grid may be chal-

lenged when FOs try to achieve these objectives, because the

increasing size and number of consumption units, e.g., EVs can

cause problems in peak hours [12]–[16]. Mainly two issues are

considered in the literature when discussing the possible chal-

lenges in a distribution grid with increasing DERs, they are

voltage drops and thermal overloading of transformers and ca-

bles. Focus in this study will be on the prevention of the thermal

overloading of the transformers and cables, which is also known

as congestion management. In the following of this section, we

first give an overview on the centralized and market-based coor-

dination strategies for gird congestion management. Then, the

motivation and contribution of this study is presented.

B. Centralized Control of EVs for Grid Congestion

Management

Lately, research done in [17]–[19] have been aiming to co-

ordinate these multiple objectives centrally, i.e., to optimize the

charging cost of EVs as well as respecting the hard constraints

imposed by EV owner needs and distribution grid operation. In

[17], [18], a complex scheduling problem involving EV owners,

FO and DSO is analyzed. The results show that both the FO

and the EV owners can achieve the objectives of minimizing

charging costs and fulfilling driving requirements without vi-

olating the grid constraints. This approach requires a complex

interaction between DSO and FO, but can potentially deliver

a very good solution in terms of optimal grid utilization and

safety. A conceptual framework consisting of both a technical

grid operation strategy and a market environment is proposed

in [19] to integrate EVs into the distribution systems, the activ-

ities of all the actors including the EV owner, the FO and the

DSO are described and the results indicate that smart charging

can maximize the EV penetration without exceeding grid con-

straints.

C. Market-Based Coordination Strategies of EVs for Grid

Congestion Management

Alternatively, several ways of solving the congestion problem

have been suggested from market perspective. Our previous

study [20] has conceptualized several approaches to address the

1949-3053 © 2013 IEEE
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distribution grid congestion according to their value and bene-

fits which they can offer as well as possible drawbacks and risks

and the complexity of implementation. A short description of

the principles behind these strategies is given below:

� Distribution grid capacity market

In this method, FOs will submit power requests to DSO

for their aggregated energy/power schedule on each node

(aggregated capacity); in response they will receive a price

for each node which reflects the respective congestion, and

are requested to update their energy schedules. The process

will terminate when all constraints are satisfied. The mech-

anisms behind the market could be designed in many ways,

such as uniform price auction mechanism [21], shadow

price based mechanism [22].

� Dynamical grid tariff

In this method [23], the DSO generates a time and grid-lo-

cation dependent price for grid usage based on expected

nodal consumption levels. The DSO anticipates the size

and the price-responsiveness of the load at critical grid

nodes and calculates the price to optimally reflect the ex-

pected congestion problem. The FO will then get the dy-

namic nodal tariff and make an optimal schedule with re-

spect to the predicted spot price and dynamic grid tariff.

Besides, studies in [24], [25] investigate the coordination

methods using a common price signal and the work [24], [25]

share a lot of similarities. Mainly, both work use game theory

to formulate an EV/demand energy consumption scheduling

game. The actors are assumed to be cost-minimizing and

coupled via a common signal, i.e., a common electricity price

in [25] and total load of the distribution grid (a heavier grid

loading means a higher price) [24]. The strategies are the daily

schedule of their consumption.

D. Motivation and Contribution of This Paper

Currently the dispatch is set only based on the day-ahead

electricity market and the end-users’ need for energy services.

Traditionally, demand takes place when needed and the chal-

lenges in the distribution grid created by the EV aggregation

could be solved by expanding the grid to fit the size and pattern

of demand. As an alternative, it is assumed that the distribution

grid company can benefit more by making the consumers shift

demand consumption from one given period to another, after

identifying the long-term marginal costs of reinforcement of the

grid. Considering the new opportunity, a new scheme using both

the day-ahead electricity market and the distribution grid state

to set the dispatch should be established, which can enable the

power system balance and the distribution grid congestion man-

agement. In general, two schemes are qualitative analyzed and

proposed [12]: 1) distribution grid congestion management first,

then energy system balance or 2) vice versa. Both the merits and

demerits of these two strategies are well discussed in the report

[12].

The present study aims to investigate the coordination

strategy among DSO, FOs and EV owners based on the basic

concept in [20], [12], specifically, the conceptualized proposal

of “distribution grid congestion management first, then energy

system balance” in [12] and the distribution grid capacity

market in [20], by making them into concrete optimization

Fig. 1. The proposed distribution grid capacity market can be an integrated part

of the current power markets.

problems and by showing detailed case studies. In this study, a

framework is proposed which can minimize the charging cost

of EVs as well as respecting to the hard constraint imposed by

the EV owners and DSO. The proposed framework consists of

linear programming technology based optimal charging of EVs

and shadow price mechanism based distribution grid capacity

market.

Fig. 1 illustrate the proposal of integrating the new proposed

distribution grid capacity market into the existing power mar-

kets. It is emphasized that themarket scheme is flexible and scal-

able, in the fig, the “distribution grid capacity market scheme”

is placed in three position, which represent three different time

periods, i.e., day-ahead and intra-day period for congestion pre-

vention, real time period for congestion relief.

There are mainly two research contributions in this study.

Firstly, we recommend and test a distribution grid capacity

market set up enabling the distribution congestion prevention,

in which multiple FOs are involved. Secondly, the proposed

market framework is flexible and scalable in diverse control

schemes, such as the mechanism elaborated later specifically

for the day-ahead period can be also adopted for the control

situation in the period of intra-day and real time, the mecha-

nism designed for EVs can be also used for other appliances

which have the capability of altering their consumption pattern

with limited impact on their primary energy service, such as

theoretically controlled loads.

The remainder of the paper is organized as follows: In

Section II, a general explanation is given on the methodology

for congestion prevention, i.e., the proposed market framework.

Section III mainly presents the mathematical formulation of the

congestion issues into a subgradient method based distribution

grid capacity market set up. Then several case studies are

illustrated in Section IV to facilitate the understanding. Finally,

discussion and conclusions are made in Section V.

II. METHODOLOGY FOR CONGESTION PREVENTION: SYSTEM

ARCHITECTURE, OPERATION PRINCIPLE

As discussed in [26]–[28], each distribution grid has a dif-

ferent history, such as in some cases congestion is first expected

to emerge in the medium voltage grid, while in other grids the

low voltage grid is considered to be more critical. In this study,

a low voltage grid is used for illustration purpose, but the pro-

posed framework holds for medium voltage grid as well.
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Fig. 2. A schematic of a low voltage active distribution system.

A. System Architecture, Framework Design

Fig. 2 presents a schematic of a low voltage distribution

system, in which around 60–70 household consumers are

connected to a 10/0.4 KV transformer (a typical Danish case),

mainly connected on one feeder. In this distribution system, it is

assumed that the consumers own controllable devices, i.e., EVs,

besides some conventional loads, such as light or TV. These

EVs are divided into two groups as illustrated in Fig. 2. One

group is controlled by fleet operator-1 , another group

is controlled by fleet operator-2 . In this hierarchical

distribution system, both FOs can schedule and control their

customer’s electricity consumption directly. While on the FO

level, the coordination between FOs and DSO is made through

the distribution grid capacity market.

Within the assumed system architecture, we propose a frame-

work consisting of four fundamental stages [20] to operate and

control this system. This framework is a fully charging pro-

file management for integrating EVs into the distribution grid

smoothly.

1) Energy schedule of the FOs without congestion manage-

ment—Offline scheduling. Both and need to

predict the energy requirements (driving patterns) of their

customers (EV owners) and plan the corresponding ex-

pected charging schedule for the EVs. The methods of esti-

mating the energy requirements and setting up the charging

schedule may be different, but in general, the FOs try to

minimize the charging cost of their customers as well as

guarantee the driving requirements of the EV owners.

2) Market based approach for distribution grid congestion

prevention—Offline scheduling. The distribution grid ca-

pacity market will take effects if congestion happens. FOs

trade the power capacity of the distribution grid in this

market. During the negotiation of the market, a shadow

price will be issued by the market operator in the time slot

where congestion happens. Then this shadow price will be

sent to FOs, FOs will add up the shadow price with the pre-

dicted spot price and utilize the new price to set up a new

charging schedule. Again, the new schedule will be sent

to the DSO/Market operator, such iteration will be termi-

nated until the congestion is eliminated. After congestion

management, FOs bid the allowable power schedule to the

energy market, such as Nord Pool Spot market1 in North

Europe.

3) Online scheduling and real time control. It is valuable for

FOs to utilize the online scheduling stage and make better

charging schemes, the general objectives are to avoid en-

ergy imbalance and to optimally participate in the regu-

lating power market. Usually, more accurate information

is provided to the FOs in this stage, FOs can judge whether

they need to reschedule the charging plan based on the

utility and risk analysis. With regard to real time control,

one can assume that the EVs will charge according to the

plan; however, if grid normal technical operation is com-

promised, FO management can be overridden by the DSO

operation, such as using load shedding scheme.

4) Settlements. In this study, the settlements are carried out

with the final energy price, i.e., the sum of spot price and

shadow price (Tax, transmission, distribution fees etc., are

not included here).

B. Operation Principle and Assumptions

1) FO/EVs operation

� Aggregating EVs. From a practical perspective, it is as-

sumed that EVs need to subscribe to one FO, maybe in

the form of signing a contract that is valid for certain

time period. Such subscriptionwould possibly following

the existing geographical areas, i.e., the neighborhood

supplied by one FO, under one substation. The mobility

of EV, in such context, will also require the roaming-re-

lated agreement/standards among different FOs as well

as an standardized ICT infrastructure, in order to make

sure the FOs can access the EV information immediately

when the EVs switch FOs.

� Predicting EVs driving pattern. We assume EVs have

standardized function of being able to be plug and play.

In most cases, they will charge at home, which is sup-

plied by their signed FO. By establishing a database for

EV users, it is feasible for FOs to predict EVs driving

pattern. Besides, EV owners are encouraged to submit

their draft plan for the utilization of EVs in the next

day. In few cases, they may need to charge in some

other areas where belong to another FO, since the fully

charged battery in morning time could sustain their

daily driving requirements in most times. In such case,

a roaming technology widely used in the Telecom could

be an example for us, which means that FO and FO can

share information.

� Optimal charging schedule generation. We assume that

the charging process of EVs following a linear behavior

and FOs use a linear programming technology to model

the optimal charging problem of EV fleet and determine

the aggregated EV charging profiles. The computation

speed is quite fast for FOs.

� Interacting with DSO/Market operator. For the interac-

tions between FOs and DSO/Market operator, it is as-

sumed that ICT infrastructure can facilitate the commu-

nication.

1http://www.nordpoolspot.com/
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2) DSO/Market operator operation

� Grid state estimation. The proposed solution requires a

higher level of automation on the operation of distribu-

tion grid, such as demand forecasting, grid state estima-

tion and online grid measurements. This is not an easy

task for DSO at this moment, since little real time infor-

mation exists about the power flow in the low voltage

grid. While in the medium voltage grid, the real time

measurement is traceable in the Danish distribution sys-

tems andmany other European distribution systems. The

good news for the low voltage grid is the installation of

the smart meters, today, in Denmark, half of all house-

holds have an updated meter that can be read remotely at

least on hourly basis. With these inputs, the DSO could

study the co-variation between the DERs and traditional

load. Data mining technology can be used to separate

the information of conventional loads from EVs would

be highly necessary.

� Shadow price set up. The shadow price will be deter-

mined based on the power requirement of FOs and the

capacity of transformer/line of the distribution grid.

More details will be presented in next section.

III. METHOD DEVELOPMENT OF SMART CHARGING OF EVS

WITH GRID CONGESTION MANAGEMENT

In this section, algorithms and models for enabling the EV

charging profile management are discussed. In short, FOs pre-

dict their customers’ energy requirements and make the energy

schedule, which is shown in Section III-A. Then Section III-B

illustrates the method for grid congestion management. A set-

tlement example is given in Section III-C. It is noted that the

main work in this study is in the stage of offline scheduling,

and it is assumed that there is no schedule changes in the online

scheduling period and the EVswill charge based on the schedule

made in the offline scheduling stage.

A. Energy Schedule of the FOs Without Congestion

Management

We provide one solution as a reference for the energy

schedule setting of FOs, the solution is based on our previous

study [10], in which, an optimal charging strategy has been

proposed for EVs with the purpose of fulfilling EV owner’s

driving requirements as well as minimizing the charging cost.

The solution is briefly modified and introduced as follows:

subject to

(1)

With the above optimization problem, the FO can generate a

unique energy schedule for EV owner; the sum of the individual

EV energy schedule will be denoted as , and

where

Number of EVs under FO .

Number of time slot in the scheduling period.

Number of FOs.

Index for the number of EVs under each FO,

.

Index of time slot in the scheduling period,

.

Index for the number of FOs, .

Predicted day-ahead electricity market price

vector.

Decision variable vector.

Length of each time slot.

Power requirements of EVs of each FO in each

time slot.

Initial SOC of individual EV.

Recommended minimum SOC of the EV.

Edrive The predicted individual EV owners driving

requirement.

Charge rate in term of energy of individual EV.

Recommended maximum SOC of the EV, where

is the parameter which express the charging

behavior of the battery of the EV is a linear

process, is the capacity of the battery of

the EV.

In (1), the first constraint means that the available energy in

the battery should be greater than or equal to the energy require-

ment for the next trip. The second constraint indicates that the

available energy in the battery should be less than or equal to

the power capacity of the battery. The third constraint repre-

sents that the charging rate is less than or equal to its maximum

power rate of a charger. The physical meaning of the decision

variable vector is to make a decision to distribute/charge

the power on the certain time slots, where the charging cost can

be minimized.

B. Market Based Approach for Distribution Grid Congestion

Prevention

1) Analytical Analysis of Distribution Grid Capacity Market:

In general, the method starts with a proposed cost function

which represents the cost of the power preference difference of

a FO in each time slot, e.g.,
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To facilitate the understanding, we assume

(2)

where keep the same with above notation, denotes the

control variable, means the weighting factor which are as-

sociated with the power difference, the larger implies a

smaller difference.

The objective is to minimize the cost functions as well as

respect to the constraint from DSO:

subject to

(3)

where is the power capacity specifically for all the FOs,

for example, it can be estimated by the DSO after deducting the

conventional loads.

This problem is a convex optimization problem and relevant

research [29], [30] show that by introducing Lagrange multi-

pliers or shadow price , problem (3) can be trans-

ferred into following partial Lagrangian problem:

(4)

.

The centralized optimization problem (3) is transferred into

a decentralized one with associated shadow price in each

time slot, with the purpose of emulating the market behavior.

Following work aims to find the optimal power for each FO

and the associated shadow price on the distribution grid line.

We will assume, for simplicity, the Lagrangian function has a

unique minimizer over , which denoted as .

The dual problem (4) is then given by

(5)

This dual problem (5) will be solved by projected subgradient

method [31]–[33],

(6)

where is the subdifferential of at and

, one can find

with being the solution to the following opti-

mization problem:

(7)

Fig. 3. Flow chart of the proposed cost and schedule adjustment algorithm.

This optimization is completely separable between various FOs,

and can therefore be solved distributively. For each FO, such as

, the optimization problem becomes

(8)

Solving problem (8) for the FOs gives power that can

be used to find the subgradient:

(9)

2) Cost and Schedule Adjustment Algorithm: The following

steps illustrate the cost adjustment algorithm which are illus-

trated in Fig. 3 and can mimic the trading and negotiation

process in the distribution grid capacity market, when con-

gestion happens. The algorithms integrate the mechanisms

discussed in the above of this section.

1) FOs submit their energy schedule to the distribution grid

capacity market before submitting them to the electricity

spot market.

2) The DSO/Market operator predicts whether congestion

will happens based on the schedules of FOs, if happens,

go to the distribution grid capacity market, otherwise, the

energy schedule is approved.

3) Distribution grid capacity market operation
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Fig. 4. Spot price in one day (12, Jan, 2011), DK-West, from NordPool, which

is used as the predicted price for fleet operator.

Initialize dual variable , e.g., using

or .

loop

� With the parameter of , market operator determines

the capacity margins using (9) based on the solu-

tions of (8).

� Update the variables , until

the prices converge.

4) The new shadow price will be sent to FOs, FOs will add

up this price on top of predicted spot price, recalculate

the optimization problem (1), and get a new energy/power

schedule and send to the DSO/Market Operator.

5) Do the above calculation (step 2 and 3) again, until

, then terminate the iteration.

6) Bid final energy/power schedule to the electricity spot

market.

In above algorithm [31], denotes the step size and can

be chosen as which is a positive constant, independent

of ; with such choice, the convergence is guaranteed.

C. Settlements

In the settlement stage, the sum of the electricity spot price

and shadow price will be used as an energy price, and the cor-

responding cost for FOs are given by

(10)

IV. CASE STUDY

In this case study, a representative distribution grid is illus-

trated in Fig. 2. It is assumed that 60 households are connected

on the feeder. Sixty percent of the consumers are assumed to

have EVs which are operated by and . Specifically,

represents the capacity of the transformer/cable and this

capacity will be shared by and during the scheduling

and operation period.

Fig. 5. Top: Aggregated energy demand of and ; Bottom: Aggre-

gated energy schedule of and .

Fig. 6. A hypothetical cost function of (2), has a stepwise increase of 0.1

from 0.1 to 1.

A. Energy Schedule of the Fos Without Congestion

Management

For the EV charging schedule, the information of hourly elec-

tricity spot price of the Nordic power market is assumed to be

perfectly known by the FOs, and the price data is identical with

previous study [10], which is illustrated in Fig. 4. The artificial

driving data of the EV fleet have been generated based on the

2003AKTASurvey [34], in which 360 cars in Copenhagenwere

tracked using GPS from 14 to 100 days. Each data file includes

starting and finishing time, and the corresponding duration and

distance. The original data is transferred into 15 minutes in-

terval driving energy requirements based on the assumption of

11 kWh/100 km. The energy requirements of and are

the sum of the 18 EVs, which is illustrated in the top of Fig. 5. It

may not be easy to identify the individual EV’s driving energy

requirements, but a general trend can be concluded that most

of the driving time is located in the morning and evening pe-

riods. In , EV12 has the largest energy requirement which

is 15.45 kWh. In , it is EV4 that needs the most energy
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Fig. 7. Left: The sum of the spot price and shadow price in each iteration step. Right: The comparisons of FO’s power schedule in each step with the power

capacity.

which is 11.55 kWh. We assume that the data used for the simu-

lation which represent the EV owners’ driving requirements are

perfectly known to the FOs. The 15 minutes interval is change-

able rather than absolute. For other parameters:

� Battery capacity is set to 20 kWh

� is set to 0.2 of the battery capacity

� is set to 0.2 of the battery capacity

� is set to 0.85 of the battery capacity

� Maximum charging power is limited to 2.3 kW, this fits

with the Danish case (10 A, 230 V connection).

With this information, one obtains the aggregated charging

energy of each FO, which is shown at the bottom of Fig. 5.

It is observed that the charging period is concentrated on the

early morning time due to the lower electricity price in that time

period. We assume that the power is constant in one time slot,

which means the corresponding power in each time slot can be

obtained (Energy/ ).

B. Market Based Approach for Distribution Grid Congestion

Prevention

In this step, we will illustrate the effectiveness of utilizing

the shadow price, i.e., to facilitate the congestion manage-

ment in the proposed method. It is noted that the cost function

in this study presented by the quadratic function is assumed to

represent the cost for the energy preference loss. The accuracy

of the cost function is out of the scope of this study, the focus

is to show how the FOs establish the schedule based on the cost

function and the shadow price. Fig. 6 illustrates the cost func-

tion of (2) with various , in which is set to 30 kW.

The power capacity is set up according to the trend in

the real case; generally, the capacity is higher in the later evening

and early morning time and lower in the day and evening time.

The curve of the power capacity is shown by the surface in the

right figure of Fig. 7. The weighting factor rate is set

to 0.5 and 0.1. The value of is chosen as 0.1 in this case.

Note that the variable and are connected, an appropriate

value of the two variables can ensure smooth operation of the

proposed method, i.e., the trade-off of the speed of the conver-

gence and the accuracy of the solution. However, there is not a

strict rule for choosing the parameter values. Together with the

energy schedule of and before congestion manage-

ment, the values of power capacity and weighting factor rate,

the simulations are presented in the Fig. 7. From these two fig-

ures, it cab be seen that the congestion problems are solved after

5 steps. Note that in the beginning, the shadow price is zero, so

the blue curve represents the same price information as the one

in Fig. 4. The purpose for put this price again is to get a com-

plete view on the change of the price. Same explanation holds

for the blue power curve in the right figure.

Fig. 7 presents the dynamic process of the distribution grid

congestion management. It is noted that in each iteration step,

the negotiation process of the FOs in the distribution grid ca-

pacity market is not shown, i.e., only the final shadow price

is presented. But in order to see the effectiveness of the distri-

bution grid capacity market, Fig. 8 is presented. In this figure,

one can note the convergent process of the shadow price in

the second iteration of Fig. 7. During the time slot of 9 to 16,

the total power demands from and are same, but the

power capacity various from 70 kW to 56 kW with a stepwise

decrease of 2 kW. The result shows that the lower power ca-

pacity results in higher shadow price. Besides, the steady state

is reached quickly.

C. Day-Ahead Congestion Settlements

The charging cost of and are compared from two

time periods, one is the cost before congestion management,

and another is the cost after congestion management. Table I

presents the results which show that charging cost of each FO

increase a lot. It indicates a shortage of the distribution capacity.

V. DISCUSSION AND CONCLUSION

In this paper, two control issues are integrated in a low

voltage active distribution system consisting of three actors,

DSO/Market operator, FO and EV owner. One is the optimal

charging of EVs, another is the congestion management on

the distribution system level. Two steps are adopted to address

these two issues, linear programming is firstly used to model

the charging process of EVs and to produce an aggregated

energy schedule of FOs. If the sums of the energy schedule of
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Fig. 8. Convergence of toward the shadow price in

the second iteration of Fig. 7, the converged price in each time slot of this figure

corresponds to the circled values in the Fig. 7(-to left).

TABLE I

CHARGING COST OF FOS IN THE PERIOD OF BEFORE AND AFTER CONGESTION

MANAGEMENT

the FOs overload the distribution grid, then, a distribution grid

capacity market scheme is adopted to coordinate the energy

schedule. The proposed solution for solving the congestion

problem and managing the charging of EVs is an integration of

a direct control and a price-based coordination. It is believed

that the safety operation of the distribution grid can be highly

ensured by coordinating the relation between the three market

actors with the proposed framework. We also expect that such

coordination strategy can be used to control other smart appli-

ances, including thermostatically controlled loads such as heat

pumps. As we discussed before, the market scheme can also be

used in the real time for congestion relief.

We want to point out that voltage control is also an impor-

tant issue for distribution grid operation, although we did not

consider it in this study. In a practical way, in the planning pe-

riod, DSO considers and pre-handles it by reinforcing the grid

infrastructure based on the regulations already existed which

describe the allowed voltage safety bands in the distribution

grid. In the normal operation period, in the substation level,

transformer has a tap change which can be used to regulate

the voltage. Such as in Denmark, in general, 60 KV/10 KV

transformer is an OLTC (On-load tap-changers). In the future,

system operator could set up some grid codes for DERs, re-

quiring the DERs to have their own embedded voltage control,

which could solve the problem preventively. In the context of

this study, voltage control can also be implemented by market

scheme. This approach would be to establish a market where

voltage stabilizing services can be bought or sold. Technically,

it is feasible. However, it is not easy to identify and validate

the committed power from the DERs, which will bring many

challenges. Besides, the AC power flow calculation will also

introduce time-consuming problem to this method. In a simple

market way, due to the increasing penetration of distributed gen-

eration, DSO can solve this problem by a contract-based solu-

tion, such as DSO can sign some contracts with FOs to get the

required services.

It is noted that market approach has been well discussed and

considered as one of the best approach for resource allocation,

meanwhile, we also see some practical point deserve discussion

for utilizing this approach for congestion management, mainly

from three perspectives: 1) Stakeholder’s acceptance on using

price coordination: Although using price coordination approach

would possibly enable an optimal resource allocation, but the

uncertain in terms of end-user involvement, clear business

models for FOs and DSOs, and the necessity for the regulatory

support makes using price as a coordination tool for serving

grid services a challenging task. 2) Size of the market and the

associated market power issues: To ensure enough competition

and fairness of the capacity market, one prerequisite is the

number of market participants, i.e., FOs. If there are few FOs

in the distribution area, issue e.g., market power will become

a major challenge from the market perspective. 3) The infor-

mation communicating between various stakeholders and the

supporting ICT infrastructure: FOs need to communicate well

with EVs in order to make an optimal charging schedule, these

information include driving pattern, state of charge, some other

preferences of EV owners. The time-stringent is not an essential

issue here, however, EV owners cooperation are much wanted.

For the interaction between FOs and distribution grid capacity

market operator, real time communication is a challenge, but

we can set up a reasonable time range and also try to limiting

the market iteration with certain rules. This kind of setup will

require advanced ICT infrastructure.

To sum up, the proposed method is flexible and scalable and

can technically be enhanced to provide a complete set up for the

congestion prevention in the scheduling period and congestion

relief in real time, by taking into account the discussion above.

Additional, the practical points discussed above imply the eco-

nomic feasibility should also be analyzed in future.
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