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Real-time vehicle-to-grid control for
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regulating signal
H. Liu1*, K. Huang1 , Y. Yang1, H. Wei1 and S. Ma2

Abstract

The large-scale popularization of electric vehicles (EVs) brings the potential for grid frequency regulation.
Considering the characteristics of fast response and adjustment of EVs, two control strategies of automatic
generation control (AGC) with EVs are proposed responding to two high frequency regulating signals extracted
from area control error (ACE) and area regulation requirement (ARR) by a digital filter, respectively. In order to
dispatch regulation task to EVs, the capacity of regulation is calculated based on maximum V2G power and the
present V2G power of EVs. Finally, simulations based on a two-area interconnected power system show that the
proposed approaches can significantly suppress frequency deviation and reduce the active power output of
traditional generation units.

Keywords: Area control error (ACE), Automatic generation control (AGC), Electric vehicle, Frequency regulation,
High frequency regulating signal

1 Introduction
Electric vehicles (EVs) play a vital role in dealing with fossil
energy crises and reducing carbon emissions, because they
benefit local and global climates [1]. The large-scale inte-
gration of EVs into power grids poses a great challenge to
power system operation and control due to the randomness
and uncertainty of plug-in time and charging demands of
EVs [2]. For instance, large-scale disordered charging can
aggravate the peak load level, increase the burden on power
lines, and damage the safety of grid operation.
However, the EV batteries, as mobile energy storage de-

vices, can be considered for providing support for the
power grid. In 1997, Kempton and Letendre firstly pro-
posed the concept of vehicle to grid (V2G) [3]. Since then,
V2G has shown great applications such as voltage regula-
tion [4, 5], spinning reserve [6, 7], load peak shifting [8],
and frequency regulation [9]. In particular, grid frequency
regulation has been paid significant attentions.
Frequency, as one of the most important indexes of

power system operation must be controlled within the
allowable limits by regulating power sources such as

generators. Because of the fast response characteristics,
EV fleet participating in frequency regulation has a nat-
ural advantage over other ancillary services. In [10], an
energy management algorithm was proposed for EVs to
reduce the peak load and simultaneously perform fre-
quency regulation. A primary frequency regulation using
EVs was addressed by adaptive droop control in [11].
EVs can also be considered as a kind of regulating
resource to take part in supplementary frequency regula-
tion [12]. In [13], an aggregator of EVs was considered
to make efficient use of EVs’ distributed power to perform
optimal dispatch. In [14], the economics of V2G providing
regulation services, spinning services, and peak power
were analyzed. In [15], high frequency signal was designed
for the control center to dispatch the regulation to EVs,
but the maximum V2G power was considered as the cap-
acity for regulation. However, in practice, the maximum
V2G power cannot represent the real capacity of an EV
for regulation, because the capacity of an EV for regula-
tion will vary in real time along with the variation of the
charging/discharging power [12]. Almost all existing re-
searches have focused on area control error (ACE), while
in real power systems, area regulation requirement (ARR)
is considered in the automatic generation control (AGC)

* Correspondence: hughlh@126.com
1College of Electrical Engineering, Guangxi University, Nanning 530004, China
Full list of author information is available at the end of the article

Protection and Control of
Modern Power Systems

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Liu et al. Protection and Control of Modern Power Systems  (2018) 3:13 
https://doi.org/10.1186/s41601-018-0085-1

http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-018-0085-1&domain=pdf
http://orcid.org/0000-0002-2344-2982
mailto:hughlh@126.com
http://creativecommons.org/licenses/by/4.0/


system. Therefore, it is necessary to discuss and compare
ACE and ARR for EVs’ participation in regulation.
To ensure the success of frequency regulation, the

capacity of EVs should be accurately evaluated. However,
the capacity of an EV fleet varies, which increases the
difficulty of evaluation. In [16], an approach for esti-
mating achievable power capacity was proposed in a
probabilistic manner, where capacity probability distri-
bution was obtained by classifying EV groups and
analyzing historical data. In [17], a queueing network
of EVs was modeled to estimate the capacity for regu-
lation up during under-frequency and regulation
down during over-frequency. In [18], achievable V2G
capacity was evaluated by calculating energy and
power boundaries.
In this paper, the focus is placed on V2G control for EVs

to participate in AGC of power systems. The main contri-
bution of the paper is the proposal of two kinds of high fre-
quency regulating signals generated by ACE and ARR
respectively, to provide real-time closed loop V2G control,
where the capacity for regulation is calculated based on the
maximum V2G power and the present V2G power of EVs.
According to the proposed two V2G strategies, the regula-
tion from the control center is dispatched to EVs as much
as possible. Simulations on a two-area interconnected
power system are used to show the effectiveness of the
proposed strategies in improving the quality of system fre-
quency and reducing the output of traditional
generating units.
The remainder of this paper is organized as follows. In

Section 2, the V2G framework for AGC with EVs is in-
troduced and in Section 3, real-time V2G control strat-
egies are proposed for EVs to take part in AGC. The
simulation system is described in Section 4. Simulations
are presented and discussed in Section 5. Finally, Section
6 draws the conclusions.

2 V2G framework for AGC with EVS
2.1 Hierarchical control for EVs
Since the V2G power of an individual EV is not big
enough, large numbers of EVs have to be aggregated to
take part in the AGC of the power grid. With the aggrega-
tion of EVs, a hierarchical control framework, consisting
of a dispatching layer, an intermediate layer, and an execu-
tive layer, is illustrated in Fig. 1.
The dispatching layer is performed in the control center

to dispatch regulation task to EV aggregators of the inter-
mediate layer. In the intermediate layer, the regulation
task is sent to charging stations and the EVs’ regulation
capacity is uploaded to the dispatching layer. Therefore,
the intermediate layer is responsible for communication
between the dispatching layer and the executive layer. The
executive layer manages charging stations to implement
the V2G control according to the regulation task.

2.2 V2G framework for AGC with EVs
AGC system plays an important role in keeping system fre-
quency within the limits. When EVs participate in AGC
system, the framework of AGC with the V2G control of
EVs can be illustrated in Fig. 2. As shown in Fig. 2, both
the capacity and the regulation signal are the keys to be
considered. The capacity related to the charging/dischar-
ging of an EV determines how much regulation task should
be dispatched to the EV. The regulation signal is based on
the capacity and the power-load mismatch and is sent from
the control center to the EV. Therefore, the regulation task
has to be dispatched within the capacity of the EV.
Because EVs and the traditional generation units

undertake the regulation together, the regulation task
stemming from the power-load mismatch will be divided
into two parts. While EVs undertake this task, the trad-
itional generation units will undertake the remainder of
the regulation task.

3 Methods
3.1 Real-time V2G control
3.1.1 Dispatching approach

(1) ACE and ARR signal

In the AGC system with EVs, ACE and ARR are two
kinds of signals available for performing V2G control.
As shown in Fig. 3, ACE is calculated based on the fre-
quency and the line power deviation if tie-line frequency

Fig. 1 Hierarchical control of EVs

Fig. 2 V2G framework for AGC with EVs
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bias control (TBC) is used, while ARR is obtained after
ACE through PI controller.
Although both ACE and ARR may be considered as

signals for regulation, there are some differences
between them. As ACE largely belongs to Gaussian dis-
tribution with zero mean, the accumulation of ACE is
approximately zero. This means that the increment of
EVs’ battery energies approach to zero. Therefore, the
regulation from ACE will not have negative impact on
EVs’ battery energy levels. On the contrary, if EVs re-
spond to ARR, their battery energies will deviate from
the initial values. This is because the accumulation of
ARR is not zero when PI controller is used. However,
using ARR has the effect of stabilizing frequency.
Therefore, using ACE and ARR for regulation have

their respective advantages and disadvantages.

(2) The control with high-frequency component

The response time of traditional generation units is
about 10 s, while EVs can respond to regulation in milli-
seconds as they are connected to the power grid through
power electronics equipment. Therefore, EVs are more
suitable for responding to fast regulation signals (i.e.,
high frequency components of ACE or ARR) compared
to traditional generation units. High frequency compo-
nents account for about 30%–40% of the total compo-
nents and can be covered by EVs [19].
Through a digital high-pass filter, ACE and ARR can

be divided into high frequency components and low
frequency components. Therefore, the control loops
with high frequency components of ACE and ARR are
proposed and shown in Figs. 4 and 5, respectively.

3.1.2 Condition constraint
EVs participating in regulation need have sufficient time
such that the battery energy can be charged to the ex-
pected level. Besides, for the safety of EVs’ batteries,
their state of charge (SOC) levels must be kept within
the limits. Therefore, for an EV taking part in AGC,
various constraints have to be considered as follows.

(1) Time constraint

The plug-in time must be sufficient to charge the
EV battery level to satisfy the charging demand of the
EV owner. The least plug-in time that can be used to
achieve the expected battery level of an EV is calcu-
lated as:

tmin
i ¼ Er

i SOCe
i ‐SOCin

i

� �
Pmax

ð1Þ
where Er

i is the rated battery capacity of the ith EV,
SOCe

i and SOCin
i are the expected battery energy level

and the battery energy level at the plug-in time,
respectively. Pmax is the maximum charging rate in
charging station.
Considering (1), the time available for frequency

regulation has to satisfy the following constraint:

tini < t < tdi ‐t
min
i ð2Þ

where tini and tdi are the plug-in time and expected plug-
out time of the ith EV, respectively.

(2) Battery energy constraint

To keep battery safety, the limits of EV battery SOC
are considered as:

SOCmin < SOCi;t < SOCmax ð3Þ
where SOCmin and SOCmax are the minimum and max-
imum battery SOCs, respectively, and SOCi, t is the real-
time battery SOC.

3.1.3 Capacity calculation for regulation
The capacity for regulation of an EV can be calcu-
lated according to the maximum V2G power and the

Fig. 3 ACE and ARR signals for regulation

Fig. 4 The control loop with high-frequency components
of ACE

Fig. 5 The control loop with high-frequency components
of ARR
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present V2G power, as illustrated in Fig. 6. When the
frequency deviation is negative, an EV will increase
the discharging power or decrease the charging power
to elevate system frequency. Therefore, the capacity
for regulation up equals Pmax plus Pi, t, where Pi, t is
the present power of the ith EV at time t, as shown
in Fig. 6. Similarly, the capacity for regulation down
equals to Pmax minus Pi, t. Thus, the capacity of an
EV for regulation can be expressed as:

ΔPup
i;t ¼ Pmax þ Pi;t

ΔPdown
i;t ¼ Pmax−Pi;t

(
ð4Þ

where ΔPup
i;t and ΔPdown

i;t are the capacities of the ith EV
for regulation up and regulation down at time t,
respectively.
It was assumed that there is an EV aggregator with

n EV charging stations, each of which manages m
EVs. Therefore, in an EV charging station, the cap-
acity for regulation can be calculated as:

Cup
j;t ¼

Xm
i¼1

ΔPup
i;t

Cdown
j;t ¼

Xm
i¼1

ΔPdown
i;t

8>>><
>>>:

ð5Þ

where Cup
j;t is the capacity for regulation up in an EV

charging station at time t and Cdown
j;t is the capacity for

regulation down in an EV station at time t.
In the EV aggregator, the capacity for regulation can

be calculated as:

Cup
t ¼

Xn
j¼1

Cup
j;t

Cdown
t ¼

Xn
j¼1

Cdown
j;t

8>>>><
>>>>:

ð6Þ

where Cup
t and Cdown

t are the capacities for regulation up
and regulation down in the EV aggregator at time t,
respectively.

Fig. 7 A two-area interconnected power system

Fig. 6 Available capacity of an EV for regulation
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3.1.4 Hierarchical dispatch strategies
As described in Section 2.1, hierarchical dispatch control
includes the control center, EV aggregators, and EV
charging stations. Respective dispatch strategies are pro-
posed in this section for the three layers.

(1) Strategy in the control center

As shown in Figs. 4 and 5, high frequency signals of
ACE or ARR can be dispatched to EVs. With high fre-
quency signals, a control strategy for the control center
shown in (7) is proposed to dispatch regulation tasks to
an EV aggregator.

PAG
t ¼ max St ;−C

up
tf g St < 0

min St ;C
down
t

� �
St ≥0

�
ð7Þ

In (7), St is the high frequency signal of ACE or ARR
at time t, and PAG

t is the regulation task undertaking by
an EV aggregator at time t.

(2) Strategy in the EV aggregator

Upon receiving the regulation task from the control
center, the dispatch will be implemented from the EV
aggregator to EV charging stations according to the fol-
lowing strategy:

Pchs
j;t ¼

PAG
t � Cup

j;t

Cup
t

PAG
t < 0

PAG
t � Cdown

j;t

Cdown
t

PAG
t ≥0

8>>><
>>>:

ð8Þ

where Pchs
j;t is the regulation task of the jth EV charging

station at time t.

(3) Strategy in EV charging stations

For individual EVs in EV charging stations, the
charging/discharging power is decided based on regula-
tion dispatch and the present power. The regulation
dispatch is distributed to individual EVs according to the
following strategy:

ΔPEV
i;t ¼

Pchs
j;t � ΔPup

i;t

Cup
j;t

Pchs
j;t < 0

Pchs
j;t � ΔPdown

i;t

Cdown
j;t

Pchs
j;t ≥0

8>>>><
>>>>:

ð9Þ

where ΔPEV
i;t is the power change for regulation of the ith

EV at time t.
Based on (9), the charging/discharging power of indi-

vidual EVs can be expressed as:

PEV
i;tþ1 ¼ PEV

i;t þ ΔPEV
i;t ð10Þ

where PEV
i;tþ1 is the charging/discharging power of the ith

EV at time t + 1.

Fig. 8 Load fluctuation in a time series with 1 s intervals

Table 1 Parameters of power systems

Parameters Area-A Area-B

Maximum load capacity (MW) 20,000 10,000

Proportional and integral gains 10.01 10.01

Time constant for LFC (s) 4 4

Frequency bias factor (pu/Hz) 0.15 0.075

Inertia constant (pu.s) 0.32 0.16

Load damping coefficient (pu/Hz) 0.04 0.02

Synchronizing torque coefficient (Hz) 0.04 0.04

Dead band of primary frequency detection (s) 0.033 0.033

Time constant for frequency detection (s) 0.1 0.1

Communication delay (s) 1 1

Dead band of area control error (MW) 10 10

Ramp speed (MW/min) 200 100

Table 2 Simulation parameters of EVs

Parameters

EV Aggregator number 1

EV charging station number 100

EVs number in each charging station 500

Plug-in time (h) Time ~ N (9,0.1)

Plug-out time (h) Time ~ N (16,0.1)

Initial SOC (pu) SOC ~ N (0.4,0.05)
SOC∈ [0.2,0.8]

Expected SOC (pu) SOC ~ N (0.7,0.01)
SOC∈ [0.4,0.9]

Battery capacity (kWh) 32

Maximum charging/discharging power (kW) 7

Maximum/minimum SOC (pu) 0.9/0.2
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4 The Simulation System
4.1 Interconnected power systems
In order to verify the effectiveness of the proposed strategy,
a two-area interconnected power system is used in Fig. 7
[12], and its detailed parameters are shown in Table 1.
The load fluctuation follows a normal distribution with
the mean of zero as illustrated in Fig. 8, and EVs are
considered to integrate into the area-A.

4.2 EV system module
In this simulation, it considers an EV aggregator with
100 EV charging stations, each of which manages 500
EVs, as shown in Table 2. To describe the random be-
haviors of EVs integrated into the power grid, the nor-
mal distribution is used to simulate the plug-in time, the
plug-out time, the initial SOC, and the expected SOC by
the Latin Hypercube Sampling method.
An EV battery SOC level will be changed due to the

charging/discharging in real time as:

SOCi;t ¼ SOCin
i þ ΔEr

i

Er
i

ð11Þ

where ΔEr
i is the energy variation of the ith EV battery

and is given by:

ΔEr
i ¼

Z t

0
PEV
i;t dt ð12Þ

5 Results and discussions
5.1 Simulation and discussion
For simplicity, the regulation without EVs’ participa-
tion is called as CS0. The proposed V2G strategies
responding to high frequency components of ACE
and ARR (H-ACE and H-ARR) are called as CS1 and
CS2, respectively.

5.1.1 Integration of EVs and dispatch
While a normal distribution shown in Table 2 is consid-
ered for the plug-in and plug-out time of EVs, the
randomness of the integration/departure of EVs into/
from the power grid is shown in Fig. 9. Because of this
randomness, the regulation capacity of EVs, including
regulation-up capacity (RU-capacity) and regulation-
down capacity (RD-capacity), will increase from zero
to the maximum at the plug-in time and decrease
from the maximum to zero at the plug-out time, as
shown in Figs. 9, 10 and 11.
Within EVs’ regulation capacity, the regulation can

be dispatched to EVs by either CS1 as in Fig. 10 or
CS2 as in Fig. 11.

Fig. 11 The dispatch of H-ARR within the capacity of EVs
for regulation

Fig. 10 The dispatch of H-ACE within the capacity of EVs
for regulation

Table 3 The quality of grid frequency in area A

CS0 CS1 CS2

Max (Hz) 0.2132 0.1696 0.1654

Min (Hz) −0.2719 −0.2379 −0.2365

RMS (Hz) 0.0575 0.0423 0.0405

Fig. 9 Random integration and departure of EVs in a
charging station
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5.1.2 Effect of EVs on grid frequency regulation
While considering CS0, CS1, and CS2, the qualities of
grid frequency and ACE are shown in Tables 3 and 4,
respectively. As illustrated in Tables 3 and 4, compared
with the case of CS0, the frequency deviation and ACE
can be suppressed more effectively by CS1 and CS2.
This is because the high frequency components of ACE
and ARR are dispatched to EVs, while EVs can perform
better regulation of high frequency signals compared to
traditional generation units.

5.1.3 Power output reduction of generating units
While considering EVs’ participation in regulation, the
high frequency components of ACE/ARR will be imple-
mented by EVs, which results in reduction of regulation
tasks undertaken by traditional generation units. There-
fore, the power output of traditional generation units is
reduced, as shown in Table 5.
In practice, EVs can undertake regulation of high fre-

quency components of ACE/ARR due to the fast regula-
tion and responding characteristics, while traditional
generation units can improve their operation life by
avoiding frequent regulation considering only the low
frequency components of ACE/ARR.

5.1.4 Influences of frequency regulation on EV battery
In order to examine the influence of CS1 and CS2 on
EV batteries, the index of power mileage WEV is
defined as:

WEV ¼
XN
i¼1

Z t

0
ΔPi;t

�� ��dt ð13Þ

As shown in Fig. 12, using CS1 leads to higher
power mileage than that of CS2, which means that
CS1 exerts more influence on an EV battery than
CS2 does. At the same time, Tables 3, 4 and 5 show
that CS2 can achieve better regulation than CS1.
Therefore, CS2 has more powerful potential in per-
forming regulation than that of CS1.

In order to satisfy EVs’ charging demands, the charging
of EVs are implemented with maximum charging power
before departure. Since the duration for charging is bud-
geted at the plug-in time, charging demands can be
achieved. For clarity, only one EV is considered for dem-
onstration. For CS1 and CS2, the respective battery SOC
levels of the EV are compared in Fig. 13. As seen, CS1
can maintain the battery SOC level at the plug-in time
during regulation and achieve the expected battery SOC
level after regulation. For CS2, although the battery SOC
level deviates from the initial, the charging demand can
be achieved before departure.

6 Conclusion
In this paper, the control strategies for EVs’ participation
in frequency regulation are investigated. While consider-
ing high frequency signals of ACE and ARR in the AGC
systems, two different strategies are proposed to
dispatch regulation tasks to EVs, where the EVs’ regula-
tion capacity is calculated based on the present power
and the maximum power. In order to implement such a
dispatch, a hierarchical control is implemented with an
EV aggregator and EV charging stations. Finally, a two-
area interconnected power grid is modelled to examine
the effectiveness of the proposed two strategies.

Fig. 12 The power mileages of an EV for CS1 and CS2

Fig. 13 Real-time battery SOC levels of an EV for CS1
and CS2

Table 5 Power output reduction of generating unit

CS0 CS1 CS2

Max (MW) 405.84 400.81 400.91

Min (MW) − 560.56 − 476.70 − 428.99

RMS (MW) 126.75 104.29 90.64

Table 4 The quality of ACE in area A

CS0 CS1 CS2

Max (MW) 846 687 693

Min (MW) − 1131 − 971 − 966

RMS (MW) 232 172 163
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Compared to the use of the high frequency signal of
ACE, using the high frequency signal of ARR shows
more advantages in performing regulation and reducing
the power output of traditional generation units.
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