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Abstract Active energy management is an effective way

to realize the flexible utilization of distributed energy

resources to suit the characteristics of active distribution

system. Advanced active energy management strategies

need to be designed to coordinate the optimization of

‘generation, network, load’. An active management model

is built for the local distribution system integrated with the

generation curtailment mechanism and the charging/dis-

charging management of plug-in electric vehicles. Fur-

thermore, different strategies based on the energy

management model are presented. The model and strate-

gies are tested and discussed in a modified distribution

system, and the impacts with different load profiles are also

analyzed.

Keywords Active distribution system, Renewable

generation, Plug-in electric vehicles, Active management

1 Introduction

Active distribution system (ADS) is proposed to be a

solution for realizing the flexible operation and maximizing

the utilization of assets [1–3], which is driven by the low

carbon target and the diversity of the distributed resources

(DERs), such as distributed generation (DG), distributed

storage and flexible load.

Besides the opportunities, the essential challenges, for

example, the energy management of ADS, have attracted the

interest of researchers in recent years. In terms of DG,

although it is clean and low-carbon, the randomness and

intermittency of renewable generation always bring new

challenges in the operation phase. Infrastructure upgrades

could be used to help expand the capacity of DG integration,

and effective management with existing assets is another

economic option. For example, an effective reconfiguration

method was deployed in [4] to accommodate larger amounts

of DG in distribution systems without network reinforce-

ment. An advanced distribution network management system

was also presented in [5] aiming at maximizing wind energy

harvesting while simultaneously managing congestion and

voltages. However, a basic assumption, i.e., the power gen-

eration of DGs following the generic maximum power point

tracking (MPPT) mode, is always made in most of the pre-

vious studies of economic operation of the distribution sys-

tem. It is reasonable to take full use of DGs without violating

the distribution network constraints, so as to promote the

utilization of the renewable energy in the early stage. How-

ever, with the increase of the penetration level, appropriate

generation curtailment would become inevitable to guarantee

the security operation of the power system. Specifically,

when the generation production of a feeder surpasses its

consumption, a reverse power flow occurs which might lead

to over-voltage and causes problems to the coordination of
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protective devices [6]. Thus, renewable energy should be

treated as a manageable resource, that the power output can

be restricted or curtailed, in the future flexible operation of

the active distribution system instead of operating in an

absolute MPPT mode, to achieve comprehensive benefit

from the system perspective.

Additionally, distributed storage system (DSS) provides a

feasible way to cooperate the ‘uncertain’ renewable gener-

ation and load, improving the asset utility efficiency. In [7–

9], DSS was effectively integrated with the distribution

network to realize the economic operation of the system. In

recent years, transportation electrification is a hot topic for

the various benefits associated with electric vehicles, espe-

cially the plug-in electric vehicle (PEV), which directly

absorbs energy from the power system for propulsion. The

proliferation of PEVs brings power industry opportunities

and challenges. On one hand, the uncontrolled charging load

may occur coincidentally with the peak hours because of the

consuming habit, which will affect or even deteriorate the

operation performance of power systems dramatically [10–

12]. On the other hand, since most of the PEVs are in the idle

for most of time [13], so charging load is possible to be

managed as a kind of flexible resources. Additionally, with

the development of vehicle to grid (V2G) technology, power

can be bidirectional-flow between the distribution system

and PEVs. Thus, PEVs can be regarded as a kind of dis-

tributed mobile storage resources, and participate in the

active energy management.

It can be seen from the existing studies that either the

generation curtailment control or PEV management is

mainly used as a reserve resource to alleviate the pressure

of the distribution system and guarantee security. This

paper mainly focuses on the active management of the

local distribution system, and investigates the active man-

agement strategy for the ADS from the view of achieving

the maximum economic benefit for the local power com-

pany, not only guarantee the security itself but also take the

full advantage of the renewable energy and flexible

charging/discharging behavior of PEVs.

In Sect. 2, the active management model is proposed

firstly. Then the PEVs’ behavior is modeled and different

strategies are summarized and presented. In Sect. 3, sim-

ulations and discussions are given on the test system. And

the conclusions are drawn in Sect. 4.

2 Problem formulation

2.1 Basic active management model

In terms of the local distribution system, the energy

management is designed and realized by the interaction

among distribution system operator (DSO), the aggregators

and the dispatching center of the upper grid. An aggregator

represents a cluster of the same DERs connected to the

same bus, which can be an equivalent model for the

specific DERs. The basic simple active management pro-

cedures are designed as follows: � Aggregators integrate

DERs’ information, such as the forecasted renewable

power, and send it to DSO; ` After receiving the infor-

mation from aggregators and the upper grid, DSO makes

the coordinated optimal schedule and sends back to them.

It is noted that, for simplicity, aggregators and DSO are

considered belonging to the local power company in the

same area. So it is assumed that there is no transaction fee

between them. In this way, cooperated with the aggregator

agents, DSO is considered to be able to modify the oper-

ation of devices that are connected to its network. There-

fore, considering the renewable integration and power

purchased from the upper grid, the basic active manage-

ment model is formulated to maximize the economic

benefits for the local power company as

max ðUL � CDG � CGÞ ð1Þ

where UL is the economic benefits from power supply for

the residential loads; CDG is the generation cost for the

aggregated DGs; CG is the cost for purchasing power from

the upper grid.

UL ¼
XN

i¼1

XT

t¼1

BL
t P

L
i;tx

L
i ð2Þ

CDG ¼
XN

i¼1

XT

t¼1

BDG PDG
i;t � DPDG

i;t

� �
xDGi ð3Þ

CG ¼
XT

t¼1

BG
t P

G
t ð4Þ

where N is the total number of the buses; T is the total

dispatching period; BL
t is the electricity price in time period

t; PL
i;t is the resident active load demand at bus i in time

period t; xLi is the binary state for indicating whether there

exists residential load demand at bus i, if so, xLi = 1; BDG is

the unit operation price of DG; PDG
i;t is the forecasted power

of DG at bus i in time period t; DPDG
i;t is the curtailed power

of DG at bus i in time period t; xDGi is the binary state for

indicating whether there exists DG at bus i, if so, xDGi = 1;

BG
t is the unit purchasing price from the upper grid; PG

t is

the power purchased from the upper grid in time

period t.

The power balance constraints are

PG
i;tx

G
i þ PDG

i;t � DPDG
i;t

� �
xDGi � PL

i;tx
L
i

¼ Vi;t

XN

j¼1
Vj;t gij cos hij;t þ bij sin hij;t

� � ð5Þ
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QG
i;tx

G
i � QL

i;tx
L
i ¼ Vi;t

XN

j¼1
Vj;t gij sin hij;t � bij cos hij;t

� �

ð6Þ

where PG
i;t is the power purchased from the upper grid at

bus i in time period t; xGi is the binary state for indicating

whether bus i connects the active distribution system to the

upper grid, if so, xGi = 1; QL
i;t is the resident reactive load

demand at bus i in time period t; Vi,t and Vj,t are the voltage

magnitude at bus i and j in time period t, respectively; QG
i;t

is the reactive power from the upper grid at bus i in time

period t; gij is the conductance of branch i–j; bij is the

susceptance of branch i–j; hij,t is the difference of phase

angle between bus i and bus j in time period t.

The voltage magnitude limit and power flow limit of

each branch are

V �Vi;t �V ð7Þ

jPij;tj �Pmax
ij ð8Þ

where V is the lower bound of allowable voltage magni-

tude; V is the upper bound of allowable voltage magnitude;

Pmax
ij is the power flow limit of branch i–j; Pij;t is the power

flow of branch i–j in time period t.

The power limit from the upper grid is formulated as

0�PG
i;t � �PG ð9Þ

where �PG is the maximum power purchased from the upper

grid in one time period.

2.2 PEV modeling

The modeling of PEV behavior is the basis for the

energy management with PEV, as well as charging and

discharging control. For the sake of transportation, the

charging/discharging behavior is based on owner habits

and trip needs, so the behavior is featured with stochastic

valuation and the time for active energy management is

limited. However, in a certain resident district [11, 14],

large-scale stochastic trips of PEVs can be statistically

described with the probability distribution according to

their daily habits. Thus, it is possible to simulate the trip

information of large-scale PEVs.

Firstly, some assumptions are given: � All the PEVs

controlled by the aggregators have the same kind of bat-

teries and can be operated in a smart charging and dis-

charging mode with contracts; ` Each PEV owner is

independent from other PEV owners, and the charging/

discharging time aligns with the owner’ habit. When the

PEV is plugged in, the owner has to specify the departure

time and total charging energy required (or expected); ´

Private cars are mainly involved since this paper focuses on

smart management of electric vehicles in the residential

district (the parking lots).

According to [15–17], the last time of the trip (arriving

time), the first time of the trip (departure time), and the initial

battery state (the battery state of charge (SOC) when it

arrivals at the parking slot, which can be estimated according

to its mileage) can be generated by the probability density

functions (PDFs), and formulated as (10)–(12), respectively.

fARRðxÞ ¼

1

rARR
ffiffiffiffiffiffi
2p

p exp �ðxþ 24� lARRÞ2

2r2ARR

" #

0\x� lARR � 12

1

rARR
ffiffiffiffiffiffi
2p

p exp �ðx� lARRÞ2

2r2ARR

" #

lARR � 12\x� 24

8
>>>>>>><

>>>>>>>:

ð10Þ

where lARR and rARR are the mean value and standard

deviation of arrival time PDF and lARR = 17.5,

rARR = 3.4.

Equation (10) is used to describe the distribution that the

PEV arrives at the parking slot, i.e., the last time for the trip

in Day 1. Then, the possible arrival time tmarr0 of the mth

PEV can be simulated based on the distribution.

fDEPðxÞ ¼

1

rDEP
ffiffiffiffiffiffi
2p

p exp� ðx� lDEPÞ
2

2r2DEP

" #

0\x� lDEP þ 12

1

rDEP
ffiffiffiffiffiffi
2p

p exp �ðx� lDEP � 24Þ2

2r2DEP

" #

lDEP þ 12\x� 24

8
>>>>>>>>>><

>>>>>>>>>>:

ð11Þ

where lDEP and rDEP are the mean value and standard

deviation of departure time PDF and lDEP = 8.9,

rDEP = 3.2.

Equation (11) can describe the distribution that the PEV

departures from the parking slot, i.e., the first time for the

trip in Day 2. Then, the possible departure time of the mth

PEV can be simulated, as tmdep0.

fmðxÞ ¼
1

rmx
ffiffiffiffiffiffi
2p

p exp �ðln x� lmÞ2

2r2m

" #
ð12Þ

where lm = 2.98; rm = 1.14; the energy efficiency of each

PEV is 0.15 kWh/km.

Since the dispatching time period is set from 12:00 in

Day 1 to 12:00 in Day 2 in this paper, time interval label

transformation would be implemented according to (13)

and (14), respectively.

tmarr ¼
1 tmarr0 2 0:00; 12:00½ �

tmarr0 � 12þ 1 else

�
ð13Þ

tmdep ¼
25 tmdep0 2 12:00; 24:00½ �

tmdep0 þ 12þ 1 else

�
ð14Þ
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where tmarr and tmdep are the corresponding arrival and

departure time in the programming, respectively. For

simplicity, it is assumed that the arrival time is limited to

reflect the time from 12:00 to 24:00 in Day 1, and the

departure time is from 0:00 to 12:00 in Day 2. For example,

if the mth PEV arrives at the parking slot at 18:00 in Day 1,

tmarr = 7.

2.3 Active management strategies

Besides the renewable DGs in Sect. 2.1, PEVs are used

as one of the resources in the energy management frame-

work of ADS. Thus, the energy management framework

can be extended as follows: aggregators integrate PEVs’

information, e.g., SOC, charging or discharging power, and

transfer an equivalent model upstream to DSO. Then, DSO

makes the coordinated optimal schedule to be combined

with all the information received from all kinds of aggre-

gators and the upper grid. It is noted that, when the PEV in

the parking slots plugs to the grid, it would communicate

with the corresponding aggregator and follow the schedule

received until departure. Thus, the objective function of the

active management will be updated as

max UL � CDG � CG þ JEV
� �

ð15Þ

where JEV is the economic benefits from PEVs.

Different strategies can be implemented based on the

proposed model, to investigate the dispatching schedules of

DERs based on different energy management goals.

Regarding the DGs, the forecasted value is obtained

according to the natural conditions, e.g., wind speed for the

WT and solar intensity for the PV. However, in real

operation, the outputs are reduced, for the sake of the

network constraints and dispatching schedules. In that way,

compared with the MPPT mode, it is similar to ‘lose’ a part

of the forecasted power, which is described as ‘curtailment’

in this paper. The generation curtailment mechanism will

effectively work in the active management model. For the

participating of PEVs, when �PCH
m ðtmdep � tmarrÞ�EEXP

m;tm
dep

�Em;tmarr
, the charging or discharging process can be man-

aged. P
CH

m is the upper limit of charging power; Em;tmarr
is the

SOC of the mth PEV’s battery when it arrives; EEXP
m;tm

dep
is the

expected SOC when it departures. If not, it will not par-

ticipate in the flexible control and be charged with P
CH

m

during the time period [tarr, tdep). According to the energy

management framework described, three strategies are

summarized and designed to be tested.

1) S1: Non-interruptible charging of PEVs

The discharging mode is not considered in this strategy,

so the economic benefit from the PEVs is detailed as

JEV ¼
XM

m¼1

XT

t¼1

BCHPCH
m;t ð16Þ

where BCH is the unit charging price; PCH
m;t is the charging

power of the mth PEV in time period t; M is the total

equivalent PEV number.

In this strategy, the charging process of all of the PEVs

starts with P
CH

m at the moment when arriving till discon-

nected from the distribution network or the SOCs satisfy

the expectations, and no interruptions would occur when

the network constraints complied. Additionally, related

constraints should also be respected:

Em;tþ1 ¼ Em;t þ PCH
m;tDt ð17Þ

Em;t �Em ð18Þ

PCH
m;t ¼

P
CH

m t 2 ½tarr; tdepÞ & Em;t�1\rEm

0 else

�
ð19Þ

PG
i;tx

G
i þ ðPDG

i;t � DPDG
i;t ÞxDGi � PL

i;tx
L
i �

XMi

m¼1
PCH
m;i;tx

E
i

¼ Vi;t

XN

j¼1
Vj;tðgijcoshij;t þ bij sin hij;tÞ

ð20Þ

where Em;t is the SOC of the mth PEV’s battery in time

period t; Em is the upper boundary of SOC for the sake of

the battery life span; r is the expected ratio when depar-

ture; Dt is the time interval, Mi is the total equivalent PEV

number at bus i; xEi is the binary state for indicating whe-

ther there exists PEV aggregator at bus i, if so, xEi = 1.

Therefore, the models in S1 include (2–9), (15)–(20).

2) S2: Intelligent charging of PEVs

Compared with S1, the PEVs charging process of this

strategy is much more flexible, which can be optimally

scheduled according to (15), as long as it does not violate

the network constraints and satisfies the expectation.

0�PCH
m;t �P

CH

m if P
CH

m tmdep � tmarr

� �
�EEXP

m;tm
dep

� Em;tmarr

ð21Þ

PCH
m;t ¼ P

CH

m if P
CH

m ðtmdep � tmarrÞ�EEXP
m;tm

dep
� Em;tmarr

ð22Þ

PCH
m;t ¼ 0 t 62 ½tarr; tdepÞ ð23Þ

PCH
m;tDt� gCH Em � Em;t

� �
ð24Þ

Em;tdep
¼ EEXP

m;tm
dep

¼ rEm if P
CH

m tmdep � tmarr

� �
�EEXP

m;tm
dep

� Em;tmarr

ð25Þ

Equation (21) indicates that PEVs can be charged in the

time period [tarr, tdep) with flexible charging power between

zero and maximal charging power to satisfy PEVs’

expectations. If the PEV does not participate in the

flexible control, i.e., it cannot reach the expected SOC
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when departure, it would be charged with P
CH

m during the

time period [tarr, tdep), as illustrated in (22). gCH is charging

limitation ratio. In this way, it provides DSO the ability to

arrange PEVs charging with DG resources and power

purchased from the upper gird to maximize the benefits

based on the active management model with (2)–(4), (6)–

(9), (15)–(18) and (20)–(25).

3) S3: Intelligent charging and discharging of PEVs

In this strategy, discharging mode is included in the

active management framework, so the economic benefit

from the PEVs is detailed as

JEV ¼
XM

m¼1

XT

t¼1

BCHPCH
m;t � BDCHPDCH

m;t

� �
ð26Þ

where BDCH is the unit discharging compensation cost, i.e.,

the unit battery loss cost caused by discharging, which is

formulated in (27) [17–19]; PDCH
m;t is the discharging power

of the mth PEV in time period t.

BDCH ¼ CB

LCEBD
ð27Þ

where CB/EB is the unit purchasing cost of the battery; LC
is recycle amount in discharging; D is discharging deep

when LC is tested.

The charging/discharging state of PEV can only be one

of the three states, e.g., charging, discharging or dull, in a

time interval, which should satisfy (28).

PCH
m;t P

DCH
m;t ¼ 0 ð28Þ

0�PDCH
m;t �P

DCH

m if P
CH

m ðtmdep � tmarrÞ�EEXP
m;tm

dep
� Em;tmarr

ð29Þ

PDCH
m;t ¼ 0 if P

CH

m (tmdep � tmarr)�EEXP
m;tm

dep
� Em;tmarr

ð30Þ

PDCH
m;t ¼ 0 t 62 ½tarr; tdepÞ ð31Þ

PDCH
m;t Dt� gDCH Em;t � Em

� �
ð32Þ

where P
DCH

m is the upper limit of discharging power; gDCH

is the discharging limitation ratio.

Besides, the other constraints need to be updated:

Em;tþ1 ¼ Em;t þ PCH
m;tDt � PDCH

m;t Dt ð33Þ

Em �Em;t �Em ð34Þ

PG
i;tx

G
i þ PDG

i;t � DPDG
i;t

� �
xDGi � PL

i;tx
L
i

�
XMi

m¼1
PCH
m;i;t � PDCH

m;i;t

� �
xEi

¼ Vi;t

XN

j¼1
Vj;tðgij cos hij;t þ bij sin hij;tÞ

ð35Þ

where Em is the lower boundary of SOC.

The models in S3 include (2)–(4), (6)–(9), (15), (21)–

(23) and (26)–35). Due to the discharging mode integrated

in the active management model, PEVs can act as dis-

tributed storage systems which can output power back to

the ADS to compensate the conventional peak load when

the electricity price is very high and renewable generation

capacity is limited. The essence of PEV integration in the

energy management is to realize the coordinated opti-

mization with its interruptible charging/discharging

mechanism to improve the ‘active’ of the ADS based on

the proposed active management model and strategies.

In addition, different load profiles would affect the

scheduling of the energy management with the active

management strategies, which are also studied and tested

with the generic ELEXON load profile classes [20] in the

following cases.

3 Case study

3.1 Case description

In this paper, the modified UKGDS-EHV network 1 [21]

is adopted as the test system. It contains 61 buses with

weekly loops and has three base voltage levels (132, 33 and

11 kV), as shown in Fig. 1. The part in dashed line is the

Fig. 1 Test system
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local energy system, operated by the local power company

through DSO and aggregators. Bus 100 is set as the balance

bus with the active power range [0, 60] MW, connected

with the upper grid. The load profile in the maximum

operation mode is listed in [21]. It is designed that each

load bus is equipped with a PV aggregation generation, and

the aggregated installation capacity approximately equals

to the load demand at the same bus. The dispatching

periods are from 12:00 in Day 1 to 12:00 in Day 2. The

nominal coefficient templates for PV and resident load

demand in each time period are shown in Fig. 2. The

network parameters, such as the power flow limit of each

branch can be found in [21]. Let BPV = 0.18 Yuan/kWh.

Time-of-use electricity price [22] is adopted in the system,

and the detailed information could be found in Table 1. Let

BG
t ¼ 0:8 BL

t , g
DCH = 0.9, gCH = 0.9.

Four equivalent parking lots (aggregators) are intro-

duced at the 11 kV level buses, as shown in Fig. 1. The

numbers of PEVs can be controlled by the aggregators are

3000, 1500, 1000 and 2000 at Buses 1106, 1101, 1117 and

1114, respectively. In each parking lot, it is assumed that

the owner of the PEV has signed the contract that allows

the batteries of his own vehicle to be dispatched if it is

plugged in. The charging/discharging power limit is set as

3 kW, while the total capacity of each PEV is 20 kWh. Let

the expected SOC when departure be 19 kWh. Let CB/

EB = 500 (Yuan/kWh), D = 0.8, Lc = 1000, thus BDCH

can be obtained as 0.625 Yuan/kWh based on (27), and let

BCH = 0.6 Yuan/kWh. For the additional aggregated

power injection from PEVs, the loading rate of the original

system needs to be updated. Considering the extreme

condition of all PEVs’ integration, the power flow limit at

Branches 330–1117, 322–1114, 301–1101 and 310–1106

are updated as 5, 9, 7 and 11 MW, respectively.

For simplicity, every 10 PEVs are aggregated together,

i.e., initial SOC conditions and the energy management

schedule will be the same. So, 750 groups of PEVs’ related

variables are generated in the programming. According to

(10)–(14), Monte Carlo simulation is adopted. In order to

avoid the overcharge and over-discharge, SOC of batteries

is limited within [1, 19] kWh. The generated arrival time,

departure time and the initial SOC conditions are shown in

Figs. 3, 4, respectively.

Programs are designed and implemented in the GAMS

platform [23] using a Celeron E3300 2.5 GHz/1.96 GB

computer.

3.2 Simulation of active management strategy

Three scenarios are simulated based on the proposed

active management model and the corresponding strategies

in Sect. 2. The energy management results are output to the

designed web-based visualization platform, as shown in

Figs. 5, 6 and 7, respectively. The total economic benefits

in the three scenarios are listed in Table 2.

The PVs would be the priority resource to be scheduled

to balance the loads because of the lower operation cost,

however, the curtailment may occur in the following two

situations. Firstly, during valley load period when the PV

generation surpasses the load, the surplus part has to be

curtailed due to there is no power to the upper gird assumed

in this paper. Secondly, the network operation constraints

limit the full utilization of the PVs, which make it

inevitable to curtail the power generated by the PVs to

maintain the distribution system operate safely. If the

outputs of PVs cannot satisfy all load demands, the

remaining would be compensated by other power genera-

tion resources, such as power from the upper gird. As seen

from the figures, the forecasted PV power curves depicted

Fig. 2 Nominal coefficient template

150

300

450

600

750

1
12:00 12:0024:00 (0:00) 

Arrival time  Departure time

m
th
 g

ro
up

 P
E

V

Time

Fig. 3 Generated arrival time and departure time of PEVs

Table 1 Time-of-use electricity price

Time Price (Yuan/kWh)

23:00–7:00 0.27

7:00–8:00, 12:00–17:00, 22:00–23:00 0.49

8:00–12:00, 17:00–22:00 0.83
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by the orange dash lines reflect the forecasted value

according to the natural conditions of solar within the

dispatching time horizon. While the orange solid lines

illustrate the real generation power, and parts of the power

of PV have been curtailed.

Figure 5 illustrates the outcomes of active management

with S1 that the charging process of PEV is non-interruptible,

and it starts to charge whenever arriving if needed. There are

694 PEVs to be charged during the dispatching horizon in this

case. As shown in Fig. 5, the charging load grows with more

andmore PEVs to be pluged inwhen people arrive home from

work, and it is not until time period 16:00–17:00, when the

load demand is larger than the forecasted PV generation, there

is no curtaiment in PV generation. The power purchased from

the upper grid increases from time period 15:00–16:00 and

eventually becomes the dominate power source, with the PV

generation decreases to zero gradually due to getting dark.

And from the time period 7:00–8:00 in Day 2, the power

purchased from the upper grid decreases for the power gen-

eratedbyPV increases. In the intelligent chargingmode,when

S2 is adopted, the charging load of PEVs is distributed among

the dispatching horizons, as shown in Fig. 6. And the power

purchased from the upper grid is altered as well, which has a

smaller peak compared with S1. The economic benefit

obtained is 166695 Yuan, and 4 % more than that in S1, as

shown in Table 2. The scenario is illustrated in Fig. 7 when

the discharging mode is considered. There are 747 PEVs

involved in the active management process, and an obvious

pattern, that the equivalent charging process moves to the

midnight and the next earlymorningwhen the residential load

and electricity price are low, can be observed in Fig. 7. The

price purchasing power the upper grid from time 17:00 to

24:00 is higher than discharging cost, so PEVs are scheduled

to discharge to compensate the peak loadwithout violating the

constraints of the PEVs. And the distribution company can get

the most benefit, 14.89 % more compared with that in S1,

when S3 is adopted.

The SOC evolution of each PEV when S2 and S3 are

adopted is shown in Figs. 8 and 9, respectively, where the

darker the color is, the smaller the SOC would be. As we

can see, the black parts on both sides represent that the

PEVs have not arrived or have left already. It is obvious

that there exists more white area in S2 than S3 from 21:00
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Fig. 4 Generated initial SOC of PEVs

Fig. 5 Energy management results with S1

Fig. 6 Energy management results with S2
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to 3:00, and this phenomena can be interpreted that PEVs

are arranged to discharge their battery in peak hours and

charge to the expectation level later in S3 which can also

be seen in Fig. 7, while the battery state would stay at a

high level as long as being charged in S2.

The active management model proposed is from the

perspective of the local power company, which is mainly

focused on achieving the maximization the economic

benefit by active generation curtailment of PVs and flexible

dispatch of PEVs, and the consumer utility are not included

at present. However, PEVs can also get profit through

participating in the V2G program for providing power

support during the peak hours, which is considered in S3.

At the same time, discharging at peak hours and charging

at non-peak hours can improve the load curves, so it is an

equivalent win–win situation for both the local power

company and the owners of PEVs.

Fig. 7 Energy management results with S3

Table 2 Economic benefit in three scenarios

Scenario Total economic benefit (Yuan)

S1 160156

S2 166695

S3 183997
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Fig. 10 Generic load profile templates
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3.3 Impact analysis according to different load

profiles

In the previous study, the load is generated according to

the basic residential load profile template, and arriving time

and departure time of PEVs are simulated based on the

basic residential living habits on weekdays. Most people

would leave for work around time period 8:00–9:00 and be

back home around time period 17:00–18:00. The load

mode can be regarded as the Class1-domestic urestricted

customer (DUC), according to the classification of the

generic UK ELEXON load profiles, whose detailed tem-

plates can be found in [20]. The load template used in

Sect. 3.2 can be regarded as a sample belonging to that

class. Regarding the DUC load template, the trends in

different seasons and days (weekday or weekend) are dif-

ferent. So in this section, some other load templates are

used and tested based on the proposed active models and

strategy to analyze their impacts on the results.

The generic Class1 DUC weekday load templates in

different seasons are depicted in Fig. 10a. The load fluc-

tuates severely in winter with a large peak from 16:00 to

21:00, whereas the load profile in summer is much more

flat and smooth. Assuming that the initial data of PEVs are

the same as that in Sect. 3.2. Based on the summer and

winter load profiles, the active model with S3 is simulated,

and schedules are illustrated in Fig. 11a–b.

As it is shown in Fig. 11a–b, the curve shapes of the

energy management results are resemble with the winter

and summer templates. However in detail, due to the

quantities of the loads in winter and summer are different,

the power needs are various in different time periods, thus

leading to slight difference of PV power generation and

PEVs charging/discharging schedules. Specifically, since

the load in winter is larger than that in summer, typically in

some time periods, PVs can obtain more utilization in

winter. There is no PV generation curtailment occurrence

in winter from the time period 16:0–17:00, an hour earlier

than that in summer. Besides, in the time period 8:00–9:00,

no curtailment occurred in winter, one hour later than that

in summer. On the other hand, PEVs provide more energy

during the time periods from about 16:00 to 24:00 in winter

to compensate the peak load compared with summer.

Meanwhile, PEVs start charging from time period

0:00–1:00, an hour earlier than that in summer, to guar-

antee the battery constraints as well.

Fig. 11 Energy management results with different load profiles
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Apart from DUC, there exists another domestic type in

the generic ELEXON load profiles, called the Economic 7

(E7) as Class 2. And the winter load templates of Generic

profile Class 2-E7, compared with that of DUC, are illus-

trated in Fig. 10b. As shown in the figure, the curves are

quite different, especially during the time periods from

23:00 to 8:00, due to widely use of electric heaters during

that time periods. And the active management results with

E7 type are shown in Fig. 11c.

Compared with Fig. 11a, b, the power purchased from

the upper grid in Fig. 11c is almost getting to the limit in

the time period 3:00–4:00 in this case for the sake of the

larger load demand. The energy management of PV and

PEV in Fig. 11c is similar to that of Fig. 11b for the full

utilization of PVs and discharging ability of the PEVs

considering the available dispatching capacity and the

constraints.

4 Conclusion

The active energy management strategy can effectively

dispatch various low-carbon distributed resources and

realize the economic operation of the ADS. A local dis-

tribution system is adopted as the test system and an active

management model and strategies are presented from the

perspective of achieving maximum economic benefits for

the local power company. The active features of the ADS,

are mainly reflected by the active generation curtailment of

renewable DGs considering the operational constraints of

the distribution system, as well as PEVs with flexible

charging/discharging schedules. The conclusion can be

drawn from the case study: the total economic benefits are

improved by introducing the intelligent interruptible

charging and discharging strategies. Based on different

load templates, cases are also simulated and analyzed.

Results indicate that the energy management schedules are

strongly correlated with the shape and intensity features of

the load profile.

It is worth noting that the active management model

aiming at maximization of economic benefit is only from

the perspective of the distribution company, thus sophis-

ticated behavior models of different aggregators and

interactive models between different utilities are not con-

sidered yet. Besides, the effects on different parameters,

e.g., the initial SOC distribution, and the cost benefit

analysis of distributed resources in active management will

be studied in the future.
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