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Optimized Dispatching Method for Flexibility 
Improvement of AC-MTDC Distribution Systems 

Considering Aggregated Electric Vehicles
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Abstract——With the increasing use of renewable resources and 
electric vehicles (EVs), the variability and uncertainty in their 
nature put forward a high requirement for flexibility in AC dis‐
tribution system incorporating voltage source converter (VSC) 
based multi-terminal direct current (MTDC) grids. In order to 
improve the capability of distribution systems to cope with un‐
certainty, the flexibility enhancement of AC-MTDC distribution 
systems considering aggregated EVs is studied. Firstly, the 
charging and discharging model of one EV is proposed consid‐
ering the users’  demand difference and traveling needs. Based 
on this, a vehicle-to-grid (V2G) control strategy for aggregated 
EVs to participate in the flexibility promotion of distribution 
systems is provided. After that, an optimal flexible dispatching 
method is proposed to improve the flexibility of power systems 
through cooperation of VSCs, controllable distributed genera‐
tions (CDGs), aggregated EVs, and energy storage systems (ES‐
Ss). Finally, a case study of an AC-MTDC distribution system is 
carried out. Simulation results show that the proposed dispatch‐
ing method is capable of effectively enhancing the system flexi‐
bility, reducing renewable power curtailment, decreasing load 
abandonment, and cutting down system cost.

Index Terms——Multi-terminal direct current (MTDC), distri‐
bution system, aggregated electric vehicles (EVs), flexibility, op‐
timized dispatching.
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Ωchg, Ωsft, Ωdis

Coefficient related to modulation mode

Charging and discharging efficiencies of 
electric vehicle (EV) i
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P chgrt
evi , P disrt

evi

P ref
VSCi, Q

ref
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Sets of sub-grids, wind turbines (WTs), 
photovoltaic (PV) units, controllable dis‐
tributed generations (CDGs), energy stor‐
age systems (ESSs), and EV aggregators 
(EVAs)

Sets of sub-grids, CDGs, WTs, PV units, 
ESSs, EVAs, loads, and voltage source 
converters (VSCs) connected to AC bus j

Sets of CDGs, WTs, PV units, ESSs, 
EVAs, loads, and VSCs connected to DC 
bus j

Operation, start-up, and shut-down costs 
of CDG i

Compensation costs of shiftable charging 
EVs and discharging EVs

Maintenance costs of WTs, PV units, and 
ESSs

Penalty costs for involuntary power aban‐
donment of WTs, PV units, and loads

The maximum charge-discharge switch‐
ing number of EV i

Operation costs of WT, PV unit, CDG,  
and ESS

Compensation cost of EVA

Punishment costs of power curtailment 
of WT, PV unit, and load

Energy capacity of EV i

Conductance and susceptance of AC line 
connecting AC buses i and j

Conductance of DC line connecting DC 
buses i and j

Modulation index of VSC i

Rated charging and discharging power of 
EV i

Active and reactive power references of 
VSC i
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B. Variables

θij (t)

αchg
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dis
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αsft
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The maximum and minimum reactive 
power limits of VSC i

Resistance of AC branch ij and DC 
branch ij

The maximum state of charge (SOC) of 
EV i

Expected SOC and discharging threshold 
of SOC of EV i

The maximum transfer capacities of line 
i, transformer i, and VSC i

Number of dispatching intervals

Dispatching interval

Expected departure time of EV i

The minimum time required for shiftable 
EV i to be charged to the expected SOC 
with constant power from time t

The minimum charging time required to 
meet EV user’s traveling needs if sched‐
ulable EV i discharges at time t

Voltage references of AC bus and DC 
bus connecting to VSC i

Voltage angle difference between AC bus‐
es i and j at time t

Charging and discharging state variables 
of EV i and ESS i at time t

Shifting state variable and shifting signal 
of shiftable EV i

Start-up and shut-down state variables of 
CDG i at time t

Discharging signal of schedulable EV i

Time-varying electricity price of grid i at 
time t

System upward and downward flexibility 
demands at time t

Upward and downward flexibility sup‐
plies of EVA i at time t

Upward and downward flexibility sup‐
plies of AC-MTDC distribution system 
at time t

System upward and downward flexibility 
reserves at time t

The maximum upward and downward 
flexibility supplies of AC-MTDC distri‐
bution system at time t

Flexibility supply adequacy (FSA) and 
network transfer margin (NTM) at time t

Currents of AC branch ij and DC branch 
ij at time t

Active and reactive power outputs of 
CDG i at time t

P chg
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QGridi (t)
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P dinj
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PLD (t), QLD (t)

PNL (t)

PVSCi (t), QVSCi (t)

PWTi (t), PPVi (t)

DPWTi (t), 
DPPVi (t), 
DPLDi (t)
SOCevi (t)

SOC chg
evi (t +DT)

Slinei (t), Strsfi (t), 
SVSCi (t)

S up
SA (t), S dn

SA (t)

Vi (t), V
d

i (t)

VVSCi (t), V
d

VSCi (t)

Charging and discharging power of EV i 
and ESS i at time t

Charging and discharging power of EVA 
i at time t

Active and reactive power purchased 
from the upper-level grid i at time t

Active and reactive power injected into 
AC bus j at time t

Active power injected into DC bus j at 
time t

Active and reactive power of load i at 
time t

Net load at time t

Active and reactive power of VSC i at 
time t

Active power of WT i and PV unit i at 
time t

Involuntary curtailments of WT i, PV 
unit i, and load i at time t

SOC value of EV i at time t

SOC value of EV i being charged with 
constant power from time t to DT

Transfer capacities of line i, transformer 
i, and VSC i at time t

State variables of upward and downward 
FSA at time t

Voltage values of AC bus i and DC bus i 
at time t

AC and DC bus voltages of VSC i at 
time t

I. INTRODUCTION

THE increasing utilization of renewable energy resources 
and electric vehicles (EVs) imposes significant challeng‐

es on distribution system operation [1]. In order to operate 
safely and reliably, distribution systems are required to be 
flexible enough to cope with variability and uncertainty in 
both generation and demand sides [2]. The AC distribution 
system incorporating voltage source converter (VSC) based 
multi-terminal direct current (MTDC) grids can be a develop‐
ment direction and strategic choice for future distribution 
systems [3]. How to reduce renewable power curtailment 
and make AC-MTDC distribution systems more flexible has 
become one of the hot spots in power systems.

System flexibility is the ability of power systems to re‐
spond to unexpected changes and has received extensive at‐
tention in recent years [4] - [10]. The literature on the con‐
cepts, indexes, and implementation of flexibility in power 
system security was surveyed in [4]. Various flexible resourc‐
es such as flexible generators [5], demand response [6], ener‐
gy storage systems (ESSs) [7], microgrids [8], network re‐
configuration [9], and even efficient system operations [10] 
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are capable of improving power system flexibility. To evalu‐
ate the flexibility in power systems, extensive researches 
were carried out [11] - [14]. The concept of flexibility enve‐
lope was presented in [11]. Some flexibility indexes are de‐
veloped to assess how flexible a power system is. Probabilis‐
tic evaluation indexes such as insufficient ramping resource 
expectation (IRRE), periods of flexibility deficit (PFD) [12], 
and lack of ramp probability (LORP) [13] are able to show 
the probability of flexibility shortage. However, these index‐
es fail to reflect the information of curtailment. In [14], flexi‐
bility supply adequacy (FSA) and network transfer margin 
(NTM) were provided to assess the system flexibility.

With more and more uncertainties in the grid, it has be‐
come an inevitable trend to consider flexibility in power sys‐
tem scheduling [15] - [19]. An economic dispatching was in‐
troduced in [15] which took battery storage as a flexible re‐
source to promote system flexibility. A centralized schedul‐
ing model was developed in [16] to exploit demand flexibili‐
ty from residential devices. Moreover, [17]-[19] concentrated 
on the economic dispatching of power systems with various 
kinds of flexible resources. However, the aforementioned 
studies are generally based on AC power systems. As for the 
AC/DC hybrid systems, a multi-objective flexible and eco‐
nomic scheduling of AC/DC distribution systems was pre‐
sented in [20] taking the uncertainty of wind power into ac‐
count. In [21], an integrated optimization approach was pro‐
posed to exploit the operational flexibility of generation, 
high-voltage direct current (HVDC), and transmission switch‐
ing in wind integrated AC/DC hybrid systems. Moreover, an 
optimal dispatching model was provided in [14] to improve 
the system flexibility through VSC regulation, MTDC mode 
switching, and flexible resource collaboration in AC-MTDC 
distribution system.

With the popularity of EVs, the increasing penetration of 
EVs has made a profound influence on the security and sta‐
bility of distribution systems. To accurately reflect the charg‐
ing characteristics of EVs, EV charging and discharging 
model should incorporate factors such as battery type, travel 
need, and user behavior [22], [23]. A general charging model 
of EVs was provided in [22] considering battery type, driv‐
ing pattern, and user charging behavior. User’s travel plan 
and own energy consumption behavior were considered in 
[23]. However, these studies only deal with the charging 
model of EVs. The charging and discharging model of EVs 
was controlled according to state of charge (SOC) of EV bat‐
tery and EV owners’ driving requirements in [24]. Besides, 
slow charging and fast charging EVs were modeled through 
six operating modes in [25]. However, EV users’ demand 
differences have not been considered in the aforementioned 
EV models. In actual scenarios, EV users can choose wheth‐
er to take part in demand response or not, and select any 
type of demand response to participate in according to their 
willingness. Thus, there is an inevitable contradiction be‐
tween existing research and actual scene.

Orderly management of EV charging and discharging pro‐
cess can realize a friendly interaction between EVs and the 
grid [26]-[31]. A power smoothing service was developed in 
[26] to mitigate undesirable fluctuations of wind power. A 

strategy was provided in [27] to guide the charging and dis‐
charging of EVs in peak-load reduction and valley filling in 
an orderly manner. In addition, [28]-[30] studied the partici‐
pation of EVs in voltage control, frequency regulation, and 
system reserve, respectively.

The coordinated dispatching problem of EVs in distribu‐
tion systems is of great importance and has been studied by 
many research works [31] - [37]. Optimal dispatching strate‐
gies of EVs were proposed to maximize the benefit of EV 
users or EV aggregators (EVAs) in [31] and [32]. Dynamic 
electricity prices were used in [33] to guide the charging and 
discharging behavior of EVs during the optimization dis‐
patching. Moreover, optimal dispatching methods coordinat‐
ing the operations of EVs were provided in [34]-[36] to re‐
duce load shedding and renewable power curtailment in dis‐
tribution systems. In order to alleviate the burden of compu‐
tation, the optimal operation of power grid and EVAs in a 
coordinative manner was carried out in [37].

From the above analysis, it is clear that the research on 
aggregated EVs to take part in the flexibility enhancement 
of AC-MTDC distribution systems has not been carried out. 
Besides, the charging and discharging model of single EV 
needs to be improved to incorporate demand differences of 
EV owners. Meanwhile, the vehicle-to-grid (V2G) strategy 
for aggregated EVs to provide flexibility supply requires to 
be formulated. To this end, this paper concentrates on the 
problem of improving the flexibility of AC-MTDC distribu‐
tion systems considering aggregated EVs. The main contribu‐
tions of the paper are highlighted as follows.

1) The charging and discharging model of one EV consid‐
ering user’s demand differences is established. Then plug-in 
EVs can be divided into rigid EVs, shiftable EVs, and sched‐
ulable EVs.

2) The V2G control strategy is developed for aggregated 
EVs to participate in demand response to promote the ability 
of AC-MTDC distribution system to respond to unexpected 
changes.

3) Taking two flexibility evaluation indexes into account, 
an optimal flexible scheduling model of AC-MTDC distribu‐
tion system is established considering controllable distribut‐
ed generations (CDGs), ESSs, aggregated EVs, and VSCs.

The remainder of this paper is organized as follows. Sec‐
tion II describes the control model of a single EV and estab‐
lishes a V2G strategy for aggregated EVs. Section III dis‐
cusses the optimal flexible dispatching of AC-MTDC distri‐
bution systems considering CDGs, ESSs, aggregated EVs, 
and VSCs. Case study is provided in Section IV to show the 
merits and effectiveness of the proposed method. Section V 
gives the conclusion.

II. CONTROL MODEL OF SINGLE EV AND V2G STRATEGY 
FOR AGGREGATED EVS

A. Charging and Discharging Model of Single EV

The dispatching center enables EV owners to actively par‐
ticipate in various types of demand responses. Then, EV us‐
ers can choose to take part in any type of demand response. 
According to EV owners’ participation willingness, plug-in 
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EVs can be refined into three types, namely rigid EVs, shift‐
able EVs, and schedulable EVs. Charging and discharging 
models of various types of EVs are given as follows.
1) Rigid EVs

Rigid EVs are charged as soon as they are plugged in un‐
til their expected SOCs are reached. The charging power of 
rigid EV i at any time t can be determined by:

ì
í
î

ïï
ïï

P chg
evi (t)=P chgrt

evi            SOC chg
evi (t +DT)£ SOC exp

evi

P chg
evi (t)Î(0P chgrt

evi )    SOC chg
evi (t +DT)> SOC exp

evi

(1)

Formula (1) represents that rigid EV i is charged with 
P chg

evi (t) until it leaves the grid. SOC chg
evi (t +DT) can be deter‐

mined by:
SOC chg

evi (t +DT)= SOCevi (t)+ η
chg
evi P

chgrt
evi DT/Eevi (2)

2) Shiftable EVs
Shiftable EVs do not feed power into the grid, but their 

charging power can be shifted to other scheduling time inter‐
vals according to shifting signals from EVAs. The charging 
power of shiftable EV i at time t can be given by:

ì
í
î

ïï
ïï

P chg
evi (t)= (1 - αsft

evi (t)α
sg
evi (t))P

chgrt
evi     SOC chg

evi (t +DT)£ SOC exp
evi

P chg
evi (t)Î[0P chgrt

evi )                              SOC chg
evi (t +DT)> SOC exp

evi

(3)

Considering EV owners’ traveling needs, the following 
conditions must be satisfied:

αsft
evi (t)=

ì
í
î

ïï
ïï

1    T chgreq
evi < T leav

evi - t -DT

0    T chgreq
evi ³ T leav

evi - t -DT
(4)

T chgreq
evi  can be calculated by:

T chgreq
evi = (SOC exp

evi - SOCevi (t))Eevi /(η
chg
evi P

chgrt
evi ) (5)

3) Schedulable EVs
Schedulable EVs can either inject power into the grid or 

shift their charging loads if needed during connected peri‐
ods. They can be treated as shiftable EVs under charging 
state. Schedulable EV i can inject power into the grid once 
it satisfies:

P dis
evi (t)=

ì
í
î

ïï
ïï

αdis
evi (t)α

sgdis
evi (t)P disrt

evi     SOCevi (t)> SOC thd
evi

0                                     SOCevi (t)< SOC thd
evi

(6)

αdis
evi (t)=

ì
í
î

ïï
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1    T disreq
evi < T leav

evi - t -DT

0    T disreq
evi ³ T leav

evi - t -DT
(7)

T disreq
evi  can be determined by:

T disreq
evi =[SOC exp

evi - SOCevi (t)+P disrt
evi DT/(ηdis

evi Eevi )]×
Eevi /(η

chg
evi P

chgrt
evi ) (8)

B. V2G Control Strategy for Aggregated EVs

A hierarchical framework for coordinated charging and 
discharging of EVs depicted in Fig. 1 consists of three lev‐
els: dispatching center level, EVA level, and EV level. As an 
intermediary between the dispatching center and EV users, 
the EVA exchanges information with the dispatching center 
and realizes orderly charging and discharging management 
of all EVs in its serving zone.

The specific process of V2G control strategy for aggregat‐
ed EVs to participate in the flexibility improvement of AC-

MTDC distribution systems is presented as follows.

1) Data collection. EVs are connected to the power grid 
through smart charging stations. Once an EV arrives at the 
smart charging port, its battery capacity and initial SOC can 
be obtained from the battery management system (BMS) on 
board. In addition, EV user is required to indicate his/her ex‐
pected SOC, expected departure time, participation willing‐
ness, and so on.

2) Data processing and uploading. According to current 
status of SOC, traveling needs, and demand differences of 
EV users, the EVA models the charging and discharging pro‐
cess of each EV and divides all EVs into three groups: 
charging group, shiftable charging group, and discharging 
group. The charging group includes all rigid EVs, shiftable 
EVs, and schedulable EVs that must be charged at time t. 
The shiftable charging group incorporates shiftable and 
schedulable EVs whose charging demands can be shifted at 
time t. Besides, the discharging group contains schedulable 
EVs that can inject power into the grid at time t.

Then, the EVA sums up charging power of all EVs in 
charging group and gets the basic charging demand PC (t) at 
time t:

PC (t)= ∑
iÎΩchg

P chg
evi (t) (9)

For shiftable charging group, EVA calculates the number 
of EVs that can be shifted with constant power at time t. As 
for EVs that cannot be shifted with constant power, the EVA 
divides them into several groups and counts the total shift‐
able power of each group. Besides, for discharging group, 
the EVA counts the total number of EVs at time t. After 
that, the EVA reports statistical information to the dispatch‐
ing center via bi-directional communication lines.

3) System optimization. The dispatching center integrates 
all the information to evaluate and predict the state of power 
grid. It then optimizes the power flow by coordinating all 
flexible resources. After that, the dispatching center sends 
the optimized control plan back to EVA.

4) Charging and discharging management. EVA formu‐
lates the charging and discharging plan and issues the charg‐
ing and discharging task to each EV smart charging port 
based on the latest control plan. Then, each EV smart charg‐
ing port charges and discharges EVs automatically.

Grid operator

�

�

�

EVA level

EV level

Dispatching

center level

EVA1 EVA2 EVAm

EV1 EVn1 �EV1 EVn2 �EV1 EVn
m

Statistical information; Optimized control plan

SOC, traveling needs, and demand differences

Charging and discharging task

Fig. 1.　Hierarchical framework for coordinated charging and discharging 
of EVs.
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III. OPTIMAL FLEXIBLE DISPATCHING OF AC-MTDC 
DISTRIBUTION SYSTEMS

A. Flexibility Evaluation Indexes

System flexibility is affected by both flexibility supply 
and network transfer congestions, and thus FSA and NTM 
indexes defined in [14] are adopted here to evaluate the sys‐
tem flexibility.

The FSA index can be used to assess if power system has 
adequate flexibility supply. It can be determined by [14]:

FSA(t)= ( )S up
SA (t)F up

SA (t)
PNL (t +DT)

+
S dn

SA (t)F dn
SA (t)

PNL (t +DT)
´ 100% (10)

ì
í
î

ïï
ïï

S up
SA (t)= 1S dn

SA (t)= 0    PNL (t +DT)-PNL (t)> 0

S up
SA (t)= 0S dn

SA (t)= 1    PNL (t)-PNL (t +DT)> 0
(11)

ì
í
î

F up
SA (t)=F up

sup (tDT)-F up
de (t)-F up

suprev (tDT)
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de (t)-F dn

suprev (tDT)
(12)

F up
sup (tDT) and F dn

sup (tDT) can be calculated as:

ì

í

î

ï

ï

ï
ïï
ï
ï

ï

ï

ï

ï
ïï
ï
ï

ï

ï

ï
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sup (tDT)= ∑
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iÎΩESS
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Gridi (tDT) + ∑

iÎΩEVA
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EVAi (tDT)

F dn
sup (tDT)= ∑
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iÎΩESS

F dn
ESSi (tDT)+
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F dn
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iÎΩEVA

F dn
EVAi (tDT)

(13)

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

F up
EVAi (tDT)=min ( )0∑
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evi (t)+ ∑
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P dis
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F dn
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(14)

The definition and calculation of F up
CDGi (tDT), F up

ESSi (tDT), 
F up

Gridi (tDT), F dn
CDGi (tDT), F dn

ESSi (tDT), and F dn
Gridi (tDT) can 

be referred to [14].
The NTM index is adopted to reveal the network transfer 

capacity of AC-MTDC distribution systems and is defined 
as [14]:

NTM (t)=min ( S max
linei - Slinei (t)

S max
linei



)S max
trsfi - Strsfi (t)

S max
trsfi


S max

VSCi - SVSCi (t)

S max
VSCi

´ 100% (15)

B. Objective Functions

The objective of the proposed dispatching model is to min‐
imize the total operation cost over the dispatching periods. 
The total operation cost consists of power purchase cost 
Cpurch, network loss cost Closs, operation cost Copr, and penal‐
ty cost Cpsh.

min Ctotal =Cpurch +Closs +Copr +Cpsh (16)

Cpurch =∑
tÎ T
∑

iÎΩsys

cGridi (t)PGridi (t)DT (17)

Closs =∑
t = 1

T

cGridi (t) ( )∑
ijÎΩAC

rij I
2
ij (t)+ ∑

jÎΩDC

r d
ij (I d

ij (t))2 DT (18)

Copr =CWTopr +CPVopr +CCDGopr +CESSopr +CEVAcomp =∑
tÎ T
∑

iÎΩWT

cWT PWTi (t)DT +∑
tÎ T
∑

iÎΩPV

cPV PPVi (t)DT +

∑
tÎ T
∑

iÎΩCDG

(cCDGi PCDGi (t)DT + cup
CDGiα

up
CDGi (t)+ cdn

CDGiα
dn
CDGi (t))+

∑
tÎ T
∑

iÎΩESS

cESS (αchg
ESSi (t)P

chg
ESSi (t)+ α

dis
ESSi (t)P

dis
ESSi (t))DT +

∑
tÎ T
∑
iÎΩsft

cEVsft P
chg
evi (t)DT +∑

tÎ T
∑

iÎΩdis

cEVdis P dis
evi (t)DT (19)

Cpsh =CWTpsh +CPVpsh +CLDpsh =∑
tÎ T
∑

iÎΩWT

cWTpshDPWTi (t)DT +

∑
tÎ T
∑

iÎΩPV

cPVpshDPPVi (t)DT +∑
tÎ T
∑

iÎΩLD

cLDpshDPLDi (t)DT

(20)

Equation (17) is the cost of the electricity purchased from 
the superior grid. The network loss cost is determined by 
(18). The operation cost is given by the sum of the cost of 
power produced by wind turbines (WTs), photovoltaic (PV) 
units, CDGs, ESSs, and aggregated EVs as in (19) [38]. Be‐
sides, penalty fees for power curtailment of WT, PV unit, 
and load are calculated in (20) [39]. Moreover, it should be 
noted that (17) can be adapted to any pricing scheme, such 
as flat rate pricing scheme, time-of-use (TOU) pricing 
scheme, and prediction-of-use (POU) pricing scheme.

C. Constraints

To ensure a safe and stable operation of AC-MTDC distri‐
bution systems, the flexibility improvement dispatching 
should be solved under several constraints, including AC/DC 
load flow constraints, flexible resources constraints, flexibili‐
ty constraints, and system operation constraints. The AC/DC 
load flow constraints, EV and VSC operation constraints, 
and flexibility constraints are defined as:

ì

í

î

ïïïï

ï
ïï
ï

P inj
j (t)=Vi (t)∑

jÎ i

Vj (t) (Gij cos θij (t)+Bij sin θij (t))

Qinj
j (t)=Vi (t)∑

jÎ i

Vj (t) (Gij sin θij (t)-Bij cos θij (t))
(21)

P dinj
j (t)=V d

i (t)∑
jÎ i

V d
j (t)Gd

ij (22)

ì

í

î

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

P inj
j (t)= ∑

iÎψS ( j)

PGridi (t) + ∑
iÎψG ( j)

PCDGi (t) + ∑
iÎψW ( j)

PWTi (t) +

       ∑
iÎψP ( j)

PPVi (t) + ∑
iÎψE ( j)

(P dis
ESSi (t)- P chg

ESSi (t))+

       ∑
iÎψA ( j)

(P dis
EVAi (t)-P chg

EVAi (t)) - ∑
iÎψL ( j)

PLDi (t) - ∑
iÎψV ( j)

PVSCi (t)

Qinj
j (t)= ∑

iÎψS ( j)

QGridi (t) + ∑
iÎψG ( j)

QCDGi (t) - ∑
iÎψL ( j)

QLDi (t) -

       ∑
iÎψV ( j)

QVSCi (t)

(23)
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P dinj
j (t)= ∑

iÎψd
G ( j)

PCDGi (t)+ ∑
iÎψd

W ( j)

PWTi (t)+ ∑
iÎψd

P
( j)

PPVi (t)+

∑
iÎψd

E ( j)

(P dis
ESSi (t)-P chg

ESSi (t))+ ∑
iÎψd

A ( j)

(P dis
EVAi (t)-P chg

EVAi (t))-

∑
iÎψd

L ( j)

PLDi (t)+ ∑
iÎψd

V ( j)

PVSCi (t) (24)

VVSCi (t)=
μ

2
MVSCiV

d
VSCi (t) (25)

ì
í
î

ïï
ïï

V d
VSCi (t)=V dref

VSCi    for slack bus

PVSCi (t)=P ref
VSCi    for slave bus

(26)

ì
í
î

ïï
ïï

QVSCi (t)=Qref
VSCi    for constant Q control

VVSCi (t)=V ref
VSCi     for constant V control

(27)

0 £P chg
evi (t)£P chgrt

evi (28)

0 £P dis
evi (t)£P disrt

evi (29)

SOC exp
evi £ SOCevi (T

leav
evi )£ SOC max

evi (30)

0 £ αchg
evi (t)+ α

dis
evi (t)£ 1 (31)

∑
t = 1

T

(αchg
evi (t)+ α

dis
evi (t))£C cnvmax

evi (32)

P 2
VSCi (t)+Q2

VSCi (t) £ S max
VSCi (33)

Qmin
VSCi £QVSCi (t)£Qmax

VSCi (34)

FSA(t)> 0 (35)

NTM (t)> 0 (36)

The power flow constraints and VSC models for AC-MT‐
DC distribution system are described by (21)-(27) [40]. The 
operational constraints for EV battery are given by (28)-(32). 

The transfer capacity constraint and reactive power con‐
straint of VSC are determined in (33) and (34), respectively. 
Besides, flexibility supply constraint and network transfer ca‐
pacity constraint are given by (35) and (36), respectively. 
Moreover, system operation constraints, CDG operation con‐
straints, substation operation constraints, and ESS operation 
constraints can be referred to [14].

D. Solved Algorithm

The flexibility of AC-MTDC distribution system can be 
promoted by collaboration of VSCs, aggregated EVs, ESSs, 
and CDGs. In this proposed dispatching method, control vari‐
ables consist of active power (or DC voltage) and reactive 
power (or AC voltage) of each VSC, numbers of shiftable 
charging and discharging EVs, charging and discharging 
power of each ESS, as well as state variable and active/reac‐
tive power of each CDG. Thus, the optimal flexible dispatch‐
ing model is a large-scale mixed-integer optimization prob‐
lem in the mathematical form, which can be settled by an 
improved genetic algorithm [41], [42]. The C++ code of the 
proposed dispatching method is compiled in Microsoft Visu‐
al Studio 2015.

IV. CASE STUDY

A. Basic Data

An AC-MTDC distribution system in [14] is adopted here 
to demonstrate the effectiveness of this optimal dispatching 
method. The topology of this AC-MTDC distribution system 
is given in Fig. 2. Parameters of the system in detail can be 
referred to [14]. There are seven PVs, seven ESSs, eight 
WTs, four CDGs, and five EV parking lots in this system. 
The five EV parking lots are located at buses 5, 12, 20, 30, 
and 41, respectively.

The simulation interval is set to be 1 hour, and the dis‐
patching period is from 06:00 a.m. to 06:00 a.m. the next 
morning. The daily load demand curves, power outputs of 

WTs and PVs in each sub-grid, technical parameters of each 
substation, CDG, and ESS, as well as the TOU price can be 
seen in [14]. Suppose that the system has 1000 EVs. Techni‐
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Fig. 2.　Topology of an AC-MTDC distribution system.
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cal parameters of EV battery are listed in Appendix A Table 
AI. The arrival time and expected departure time of EVs 
obey the probability distributions depicted in Appendix A 
Fig. A1. Moreover, the arrival SOC and expected SOC of 
EVs follow the probability distributions given in Appendix A 
Fig. A2.

The maintenance costs of WT and PV are set to be 0.055 
¥/kWh and 0.035 ¥/kWh, respectively. The penalty costs for 
power curtailment and load shedding are considered to be 
1.58 ¥/kWh and 1.98 ¥/kWh, respectively. In addition, the 
compensation costs of all EVs for providing load shifting 
and discharging services are considered to be 0.6 and 1.2 
times of TOU electricity price, respectively.

B. Optimal Dispatching Results

To illustrate the feasibility and rationality of this optimal 
dispatching method, and to study the impact of CDG, ESS, 
aggregated EVs, and VSC on system flexibility, the follow‐
ing five cases are set up.

1) Case A1: the system does not incorporate EVs and on‐
ly the optimal control of VSC is considered.

2) Case A2: all EVs are rigid EVs and only the optimal 
control of VSC is considered.

3) Case A3: aggregated EVs and the optimal control of 
VSC are considered. The ratio among rigid EVs, shiftable 
EVs, and schedulable EVs is set to be 5:2:3.

4) Case A4: the effect of aggregated EVs and ESS on 
case A3 is investigated.

5) Case A5: the cooperation effect of all flexible resources 
on case A3 is investigated.

The optimal dispatching results of these five cases are 
summarized in Table I.

From Table I, we can see that in case A1, system load de‐
mand is the lowest since EV loads are not considered, thus 
the system has the lowest operation cost. However, system 
flexibility in case A1 is insufficient, leading to renewable 
power curtailment and load shedding. Besides, since the sys‐
tem load and power flow are not heavy after optimization, 
the value of average NTM in case A1 is high, but the value 
of average FSA is low. In case A2, rigid EVs are taken into 
consideration. The disordered charging of rigid EVs will de‐
teriorate the operating condition of power grid and call for 
more flexibility. Compared with the other four cases, case 
A2 has the highest system cost and power abandonment of 
PV, WT, and load, whereas it has the lowest average FSA 
and NTM.

Aggregated EVs are taken part in demand responses in 

case A3. By orderly charging and discharging of EVs, sys‐
tem flexibility has been improved. The average FSA is in‐
creased and renewable power curtailment is reduced as com‐
pared to case A1. Compared with case A2, system cost and 
power abandonment of PV, WT, and load are reduced, 
whereas values of average FSA and NTM are promoted. 
With the cooperation of EVs and ESSs, system flexibility in 
case A4 is improved in comparison with cases A1-A3.

In case A5, system flexibility is further promoted. During 
the whole dispatching period, no power abandonment of PV, 
WT, and load occurs. Compared with the other four cases, 
its average FSA and NTM have been improved. Moreover, 
system operation cost is reduced too. In comparison with 
cases A2-A4, the operation cost of case A5 is reduced by 
6.61%, 4.04%, and 2.63%, respectively. These results demon‐
strate that comprehensive optimization of multiple flexibility 
resources is capable of promoting system flexibility, increas‐
ing utilization rate of PV and WT power, reducing load aban‐
donment, and cutting down operation cost.

Figure 3 illustrates the optimal dispatching results of case 
A5. The system is capable of making full use of electricity 
from WTs and PVs. Besides, CDGs turn on to work during 
peak demand periods (09:00-12:00 and 18:00-21:00). They 
decrease power output during low demand periods (13: 00 
and 22:00-23:00), and shut down during other periods. In ad‐
dition, ESSs are discharged in periods 09:00-10:00 and 18:
00-19:00 when net load rises severely. They are charged dur‐
ing low pricing periods 02:00-04:00, 13:00-15:00, and 21:00-
24:00 when net load declines sharply.

C. Effective of Proposed Dispatching Method

To demonstrate the validity of the proposed dispatching 
method (P0), two reference methods are adopted for compar‐
ison. The reference method one (R1) in [34] optimizes the 
operation cost but does not consider flexibility, whereas the 
reference method two (R2) in [31] optimizes the charging cost 
and grid losses to get benefit for customers and aggregators. 
Calculation results of these three methods are listed in Table II.

The results in Table II show that R1 only optimizes the 
system operation cost, leading to load shedding during peak 
periods. In addition, R2 optimizes the EV user cost and has 
the lowest EV user cost. However, the dispatching optimiza‐
tion of R2 is based on the perspective of EV users rather 
than distribution system, resulting in a large power abandon‐

TABLE I
OPTIMAL DISPATCHING RESULTS OF CASES A1-A5

Case

A1

A2

A3

A4

A5

Total opera‐
tion cost (¥)

129403.5

145159.6

141270.3

139229.2

135563.0

Curtail‐
ment (MW)

2.234

3.065

1.474

1.238

0

Load shed‐
ding (MW)

2.012

3.953

2.176

1.397

0

Average 
FSA (%)

7.281

4.885

8.423

9.560

23.440

Average 
NTM (%)

34.35

28.52

28.86

31.21

34.52
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Fig. 3.　Optimal dispatching results of case A5.
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ment of WT, PV, and load. The operation cost, system total 
cost, power curtailment of WT, PV, and load with R2 are the 
highest. P0 incorporates flexibility constraints in its model. 
During each dispatching period, P0 takes flexibility require‐
ments of next dispatching period into account and reserves 
flexibility supply for the next dispatching period previously. 
In this way, P0 can better deal with fluctuations and reduce 
curtailment. Compared with R1 and R2, P0 has the lowest 
system operation cost and total cost. Besides, there is no 
power curtailment and load shedding. These results demon‐
strate that P0 is better than R1 and R2.

D. Effect of EV Users’ Willingness on Dispatching Results

To study the role of EV users’ demand differences in pro‐
moting system flexibility, five cases are set up as follows.

1) Case B1: all EVs are rigid types.
2) Case B2: the ratio among rigid EVs, shiftable EVs, and 

schedulable EVs is 7:1:2.
3) Case B3: the ratio among rigid EVs, shiftable EVs, and 

schedulable EVs is 5:2:3.
4) Case B4: the ratio among rigid EVs, shiftable EVs, and 

schedulable EVs is 3:3:4.
5) Case B5: all EVs are schedulable types.
After optimization, optimal dispatching results of cases 

B1-B5 are obtained and compared in Table III. From Table 
III, we can observe that in case B1, all EVs are rigid loads 
and immediately charged as soon as they are plugged in, re‐
sulting in load shedding during peak period 20: 00. Com‐
pared with cases B2-B5, case B1 has the highest operation 
cost and the lowest values of average FSA and NTM. Be‐
sides, system flexibility is sufficient in cases B2-B5. Mean‐
while, as the dispatchable rate of EVs increases, the values 
of average FSA and NTM increase, indicating that the sys‐
tem flexibility is enhanced. Moreover, the operation costs in 
cases B2-B5 have been gradually reduced as well. Consider‐
ing that not all EV users will participate in demand response 
in the real world, the results of cases B2-B5 demonstrate 
that better dispatching results can be obtained when the dis‐
patchable rate of EVs reaches 50%.

The total EV load curves and total system net load curves 
of cases B1-B5 are demonstrated in Fig. 4(a) and (b), respec‐
tively. Note that the total EV load curves and total system 
net load curves of case B1 reach the maximum values dur‐
ing peak period 20: 00 and then drop sharply. This reveals 
that rigid EVs in case B1 deteriorate the total system net 
load curve, leading to a higher requirement for flexibility 
during peak periods. Compared with case B1, case B2 reduc‐
es the total system net load during peak period 20: 00 by 
shifting parts of EV loads to off-peak periods. Moreover, as 
the dispatchable rate of EV increases, more EVs can be shift‐
ed to off-peak periods in cases B3-B5. In this way, the total 
EV load curves and total system net load curves can be 
smoothed and the requirement for flexibility during peak pe‐
riods can be reduced as well.

E. Impact of EV Penetration on Dispatching Results

In order to analyze the impact of EV penetration on sys‐
tem flexibility, four cases are adopted considering different 
numbers of EVs with a ratio of 5:2:3 for rigid EVs, shiftable 
EVs, and schedulable EVs.

1) Case C1: total number of EVs connected to the grid is 
1000.

2) Case C2: total number of EVs connected to the grid is 
1500.

3) Case C3: total number of EVs connected to the grid is 
2000.

4) Case C4: total number of EVs connected to the grid is 
2500.

The optimal dispatching results of cases C1-C4 are illus‐
trated in Table IV.

TABLE III
OPTIMAL DISPATCHING RESULTS OF CASES B1-B5

Case

B1

B2

B3

B4

B5

Total opera‐
tion cost (¥)

137451.9

136312.8

135563.0

135476.8

135416.7

Curtailment 
(MW)

0

0

0

0

0

Load shed‐
ding (MW)

0.88205

0

0

0

0

Average 
FSA (%)

20.41

22.75

23.44

24.90

25.67

Average 
NTM (%)

24.39

24.85

34.52

35.35

36.30
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Fig. 4.　Total EV load curves and total system net load curves of cases B1-
B5. (a) Total EV load curves. (b) Total system net load curves.

TABLE II
CALCULATION RESULTS OF DIFFERENT METHODS

Method

P0

R1

R2

System oper‐
ation cost (¥)

135940.7

137829.9

147169.2

EV user 
cost (¥)

4507.9

4517.3

4226.6

Total 
cost (¥)

140448.5

142347.2

151395.8

Curtail‐
ment (MW)

0

0

1.35579

Load shed‐
ding (MW)

0

0.90923

1.55768

1864



JIANG et al.: OPTIMIZED DISPATCHING METHOD FOR FLEXIBILITY IMPROVEMENT OF AC-MTDC DISTRIBUTION SYSTEMS...

The results in Table IV indicate that the total operation 
cost increases accordingly with the increase in EV penetra‐
tion. Besides, the value of average NTM decreases with the 
increase of EV penetration. However, the values of average 
FSA in cases C1-C3 are close to each other and larger than 
those in case C4. Moreover, load shedding happens in case 
C4 because of upward flexibility supply insufficiency during 
peak periods. These results imply that the increase in EV 
penetration can provide sufficient flexibility to the grid, but 
too many EVs connected to the grid will increase total load 
demand, which may lead to load shedding during peak peri‐
ods. Gradually increasing the number of plug-in EVs, the 
maximum number of EVs that the test system can accommo‐
date is 2065.

In addition, the total EV load curves and total system net 
load curves of cases C1-C4 are illustrated in Fig. 5(a) and 
(b), respectively. The results demonstrate that as the EV pen‐
etration increases, the total EV load increases. Meanwhile, 
the total system net load increases accordingly with the 
growing EV load as well.

V. CONCLUSION

An optimal flexible dispatching method is put forward to 
promote the flexibility of AC-MTDC distribution systems. 
The proposed method includes a charging and discharging 
model of one EV considering users’ demand differences and 
a V2G control strategy for aggregated EVs to take part in 
the flexibility promotion of distribution systems. Case study 
demonstrates the merits and effectiveness of the optimal dis‐
patching method. Results indicate that the proposed optimal 
dispatching method is able to enhance the flexibility of AC-
MTDC distribution systems by comprehensively scheduling 
CDGs, ESSs, aggregated EVs, and VSCs. Some important 
conclusions have been drawn, as summarized below.

1) EV charging and discharging model proposed in this pa‐
per is more realistic because it comprehensively considers 
the demand differences and traveling needs of EV users. Be‐
sides, with the V2G control strategy provided in this paper, 
aggregated EVs can effectively provide flexibility supply to 
distribution system.

2) The proposed optimal dispatching method is capable of 
effectively improving system flexibility, reducing curtailment 
of WT and PV power, reducing load abandonment, and cut‐
ting down system cost.

3) System flexibility can be improved as the dispatchable 
ratio of EV increases. Moreover, an increase in EV penetra‐
tion can provide sufficient flexibility to the grid, but too 
many EVs connected to the grid will increase the total load de‐
mand, which may lead to load shedding during peak periods.

APPENDIX A

TABLE AI
OPERATION PARAMETERS OF EV BATTERY

Eev 
(kWh)

25

P chgrt
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P dischgrt
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Fig. A1.　Probability distribution of plug-in time and departure time of EVs. 
(a) Plug-in time. (b) Departure time.

TABLE IV
OPTIMAL DISPATCHING RESULTS OF CASES C1-C4

Case

C1

C2

C3

C4

Total opera‐
tion cost (¥)

135563.0

142176.8

148378.5

157139.7

Curtailment 
(MW)

0

0

0

0

Load shed‐
ding (MW)

0

0

0

0.87161

Average 
FSA (%)

23.44

23.96

23.82

22.52

Average 
NTM (%)

34.50

32.30

31.11

26.40
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Fig. 5.　Total EV load curves and total system net load curves of cases C1-
C4. (a) Total EV load curves. (b) Total system net load curves.
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