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Abstract: High penetration of renewable energy in the power grid causes serious frequency deviations.
Large-scale integrations of electric vehicles (EVs) in the power grid provide considerable vehicle-to-
grid potential for frequency regulation. Existing frequency regulation strategies with aggregated
EVs realize accurate power control that relies on complete information interaction between the EV
aggregator and individual EVs. However, the data collection for all EV parameters is not applicable
due to privacy protection and the limited communication environment. Considering the limited data
collection from grid-connected EVs, this paper provides a novel frequency regulation strategy and
tends to address the uncertain influence from EV users’ charging requirements, the EV aggregator’s
power regulation, and the frequency regulation performance. Firstly, considering the influence of
the limited data collection by EVs on the users’ requirement of traveling and regulation preference,
a probabilistic evaluation model for the available regulation capacity of the EV aggregator and the
probabilistic control method for EVs are developed. Then, a frequency regulation strategy with error
correction control and progressive regulation recovery is developed to simultaneously guarantee the
system frequency regulation performance and the regulation requirements of EV users. Finally, case
studies are carried out to validate the effectiveness of frequency regulation strategy for decreasing
the uncertain influence from the limited data collection, ensuring the EV users’ requirements, and
improving the system frequency stability.

Keywords: electric vehicle (EV); frequency regulation; EV aggregator; limited data collection; regulation
requirement; state recovery

1. Introduction

In recent years, with the high penetration of wind and solar renewable energy in the
power grid and the power fluctuation caused by the strong randomness and intermittence
of renewable energy has aroused considerable attention [1]. Owing to the responding time
delay and the insufficient ramp rate, conventional generation has difficulty following the
rapid power variation in renewable energy, and the incurred instability issue of system
frequency cannot be ignored any longer [2,3]. Energy storage with rapid responding
speed is an alternative for improving the frequency stability, but its wide application is not
economical and lacks the technical rigor.

With the developing trend of low-carbon transportation, the use of electric vehicles
(EVs) is growing fast worldwide due to low carbon emissions. By 2021, the global EVs
increased to 16.5 million, triple the number in 2018 [4]. In 2021, nearly 10% of global
vehicles sales were EVs, and the sales of EVs doubled from the previous year to a new
record of 6.6 million. The kinetic energy of an EV on roads is provided by the battery.
After travel, the EV requires connection to the power system for energy acquisition. The
integration of so many EVs aggravates the peak–valley difference in the load and imposes
enormous pressure on the stable operation of the power system [5].
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For an EV, the connecting period at the parking slot is usually much longer than
the required charging period [6]. During the connecting period, an EV can schedule the
charging period, and even discharge to support the operation of the power grid [7]. With
the development of modern communication technology, the geographically dispersed EVs
in the power grid can be regarded as an EV aggregator [8]. The EV aggregator manages a
population of EVs in a centralized system [8,9]. The centralized system employs a control
center to collect the information from all available EVs and controls when and at what rate
each EV will charge or discharge [10,11]. Although the regulation capacity of an individual
EV is small, large-scale aggregated EVs provide considerable regulation capacity and rapid
responding speed for regulating the power system frequency [12].

EV aggregator modeling is the basis for utilizing the regulation capacity of centralized
EVs. Review of existing literature has been conducted to investigate the regulation charac-
teristics of the EV aggregator. Considering the temporal distribution of grid connections
of EVs after travel is finished, the evaluation model for the available capacity of the EV
aggregator was developed by scheduling the charging and discharging processes [5,13].
Considering that the traveling EV is affected by the traveling habit, energy requirement,
and traveling purpose, the estimation method for regulation capacity of the EV aggregator
was proposed by analyzing the temporal–spatial correlations of the grid connections [14,15].
Considering the additional battery degradation cost and the monetary compensation for
EVs during the regulation process, the estimation for the regulation capacity of the EV ag-
gregator is realized to improve the participation rate for power regulation [16,17]. Existing
studies for modeling EV aggregators considered the traveling requirement, energy usage,
and the regulation cost. However, the preferences of EV users for different regulation mode
at the up- and down-directions were ignored, and the modeling methods assumed that the
EV aggregator was able to acquire and record all data of charging terminals and EVs. In
actual application, the EV data may be not available due to the privacy protection and the
limited communication environment at present. It is essential to develop the EV aggregator
model by collecting limited data as well as ensuring the EV user’s requirements.

The frequency regulation tends to guarantee the power balance between generation
and load in real time [18]. A number of studies have been conducted to realize frequency
regulation with an EV aggregator. The EV aggregator was regarded as a virtual power
plant to regulate its total power output in the power system. During the frequency regula-
tion, the control center of the EV aggregator should guarantee both the system-level and
vehicle-level requirements with different regulation purposes. In the literature [19–22], the
EV aggregator responded to the frequency variation by improving the system frequency
regulation performance [19], ensuring the traveling demands of the EV users [20], decreas-
ing the additional battery degradations of EVs [21], and improving the regulation income
of EV users [22]. Once the required power dispatch of the EV aggregator for frequency
regulation is determined, the control center needs to allocate the required power dispatch
to individual EVs. Existing studies were conducted to coordinate the power outputs of in-
dividual EVs with different methods. In the literature [18,23–25], the state-of-charge (SOC)
sorting method [23], the least-laxity-first method [18], the optimal control method [24],
and the proportional-integral (PI) control method [25] were used to regulate the real-time
power control for individual EVs. These existing methods for regulating individual EVs
are based on the assumption that the acquisition of real-time state measurement for the
terminal EVs and the accurate power control for terminal EVs, such as the direct control for
individual EVs [18,23–25], have been realized in actual application. However, the limited
data collection, especially the data deficiency of EV states, adds difficulty to simultaneously
realizing the frequency regulation performance and the EV regulation requirement. Addi-
tionally, once the original charging state of an EV is disturbed by the frequency regulation,
the EV will stay in a state of control without active state recovery. It is necessary to develop
a frequency regulation strategy for the EV aggregator to ensure the traveling requirements
without acquiring the data of real-time EV states.
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To solve these issues, the following aspects are considered as the motivation for
this paper.

(1) The limited data collection causes the data deficiency in the EV user’s requirements
for traveling and regulation preference. This data deficiency adds the difficulty to
featuring the regulation characteristic of aggregated EVs. A probabilistic evaluation
model of an EV aggregator is developed to evaluate the available regulation capacity
under different regulation modes with the limited data acquisition of EVs.

(2) The limited data collection incurs an uncertain power regulation in the EV aggregator
and directly affects the regulation accuracy for the system frequency. A frequency
regulation with the EV aggregator is developed with probabilistic control and error
correction to improve the frequency regulation performance.

(3) The frequency regulation with the EV aggregator affects the original charging sched-
ules and the preferred charging requirements of EVs. Progressive regulation recovery
is proposed to ensure regulation requirements of EVs during frequency regulation.
The influence on charging preferences for EVs is reduced by coordinating the EV
aggregator with conventional generation.

The rest of this paper is organized as follows. Section 2 introduces the regulation
characteristics of the EV aggregator by discussing the regulation requirements of EV users
under the limited data collection. Section 3 proposes the frequency regulation strategy
with regulation error estimation and regulation recovery of the EV aggregator. Section 4
presents the simulation results. Some remarkable conclusions are summarized in Section 5.

2. Modeling for Regulation Characteristics of the EV Aggregator
2.1. Regulation Characteristics of an EV

When an EV finishes traveling, the EV requires connection to the power grid for
energy acquisition via an EV charger. Based on the exchanged power of the EV charger, the
connecting state of the EV charger is divided into the charging state (CST), idle state (IST),
discharging state (DST), and unused state (UST). The variable that indicates the connecting
state is defined by θj(t), as given in Equation (1).

θj(t) =


1, ‘CST’
0, ‘IST’
−1, ‘DST’
NaN, ‘UST’

(1)

where j is the index of EV chargers; θj(t) represents the connecting state of the j-th EV
charger; and NaN means that there is no EV connection at the EV charger.

The relationship between the connecting state and the power output of an EV charger
is given by Equation (2).

Pj(t) =


Pcr

j ; θj(t) = 1
0; θj(t) = 0 or θj(t) = NaN
−Pdr

j ; θj(t) = −1
(2)

where t is the current time instant; Pj(t) is the real-time power output of the j-th EV charger;
Pcr

j and Pdr
j are, respectively, the rated charging and discharging power; and Pj(t) is the

real-time exchanged power at the j-th EV charger.
The SOC is an indicator of the remaining battery energy. The variation in SOC during

the connecting period is given by Equation (3).

Sj(t) =


Sj(t− ∆t) + Pj(t) · ηcr

j /Qj · ∆t; θj(t) = 1
Sj(t− ∆t); θj(t) = 0
Sj(t− ∆t) + Pj(t)/ηdr

j /Qj · ∆t; θj(t) = −1
(3)
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where Sj(t) is the real-time SOC of the EV at the j-th EV charger; Qj is the battery capac-
ity; ηcr

j and ηdr
j are, respectively, the charging and discharging efficiency; and ∆t is the

time interval.
Based on the connecting state of the EV charger, four frequency regulation modes are

defined by Equation (4). 
∆Pc2i

j = −Pcr
j ; from CST to IST

∆Pi2d
j = −Pdr

j ; from IST to DST
∆Pd2i

j = Pdr
j ; from DST to IST

∆Pi2c
j = Pcr

j ; from IST to CST

(4)

where ∆Pc2i
j , ∆Pi2d

j , ∆Pd2i
j , and ∆Pi2c

j are, respectively, the available regulation capacity
from CST to IST (C2I), from IST to DST (I2D), from DST to IST (D2I), and from IST to CST
(I2C). The regulation modes from CST to DST and from DST to CST are not defined because
the regulation costs caused by scheduled charging and discharging differ.

However, the realization of four regulation modes affects the EV battery lifetime [26,27].
As reported in the literature [28,29], the factors affecting battery lifespan are discussed,
and these factors include ambient temperature, charging/discharging rate, operating SOC,
depth of discharge (DOD), and cycle number. The lithium-ion battery, which is widely
applied in EVs, is taken as the example to introduce the influence of regulation modes on
battery lifetime.

The frequency regulation concentrates on the EV chargers in communities and public
parking areas that have a low charging rate. These parking EVs have preference for power
regulation as their parking time period is usually much longer than their own charging
period. At the low charging/discharging rate, the effect on battery lifetime from the
ambient temperature and the charging/discharging rate is negligible [30]. Relevant studies
reveal that the effect is not generally the same for different operating SOC values [29].
Compared with DOD, the effect from different operating SOC can also be neglected [31].
Thus, the main factors that affect the battery lifetime are the DOD and the cycle number. As
the battery cycle number under a specified DOD is provided by the manufacturer, the total
processed energy Epro in the battery lifetime can be calculated. Cbat is defined as the battery
purchase cost. For the switch among the four regulation modes, the battery-wear cost
Cwer is directly determined by the discharged energy Edis, i.e., Cwer = 2CbatEdis/Epro [31].
With the rapid development in battery technology in recent years, the battery purchase
cost is decreasing and the battery cycle number is increasing [32]. As reported in the
literature [28–33], the battery cycle number varies from 4000 to 1,000,000. It is believed
that the battery-wear cost of EVs caused by switching between the four regulation modes
will continue to decrease in the future, and EV users will have a stronger preference for
providing regulation service.

As concluded above, the extra battery-wear cost caused by switching between the four
regulation modes is approximately proportional to the discharged energy. Thus, in this
paper, it is assumed that EV users tend to contract with the operator of the EV aggregator
at a certain compensation price per unit of discharged energy. It is also assumed that the
EV aggregator has the authority to implement the four regulation modes for frequency
regulation with the contracted EVs. However, owing to the different preferences of EV
users, the penetration level of EVs for demand response is greater when the compensation
price is higher [34]. Under different penetration levels of EVs, relevant studies will be
conducted to reflect the different preferences of EV users. This paper focus more attention
on modeling the aggregated EVs for frequency regulation, and the compensation price is
not discussed in detail.

Therefore, the control parameter δj(t) is defined by Equation (5) to describe the control
action for the connecting state variation for each EV during the frequency regulation process.
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δj(t) =


1; I2C
0; Without CNT control
−1; C2I/I2D
−2; C2I & I2D

(5)

where δj(t) = 0 indicates there is no control for the connecting state; δj(t) = 1 indicates the
EV in IST is controlled to CST; δj(t) = −1 indicates the EV is controlled from CST to IST or
from IST to DST; and δj(t) = −2 indicates the EV is controlled from CST to IST and then is
further controlled from IST to DST.

2.2. Regulation Requirements of the EV User

(1) Requirement for traveling

The energy acquisition by connecting to the power grid is used to ensure the future
traveling requirement. To describe the charging anxiety for traveling in an EV, the charging
laxity Tlax

j (t) is defined by Equation (6) to describe the maximum time duration with IST
during the connection period.

Tlax
j (t) = (tfsh

j − t)−
(Sreq

j − Sj(t)) ·Qj

Pcr
j · η

cr
j

(6)

where Sreq
j is the required SOC for traveling and tfsh

j is the time when the EV leaves the
power grid.

When Tlax
j (t) > 0, a greater Tlax

j (t) means the EV has more time to remain IST.

Tlax
j (t) ≤ 0 means the EV has to enter into the forced CST. As given by Equation (7), πj(t)

is a binary variable that indicates whether or not the EV has entered into the forced CST.

πj(t) =

{
1, Tlax

j (t) > 0
0, Tlax

j (t) ≤ 0
(7)

(2) Requirement for regulation preference

Considering the regulation preference of EV users, three regulation modes are defined:
1© EV does not participate in frequency regulation; 2© EV participates in frequency regula-

tion with C2I or I2C; and 3© EV participates in the four regulation modes in Equation (4).
Then, considering the regulation preference, Equation (4) is recast by Equation (8) to de-
scribe the available regulation capacity of an EV with four regulation modes under different
regulation preferences. 

∆Pc2i
j = −Pcr

j · δ
c
j · δ

d
j ; C2I

∆Pi2d
j = −Pdr

j · δc
j · δ

d
j ; I2D

∆Pd2i
j = Pdr

j · δc
j · δ

d
j ; D2I

∆Pi2c
j = Pcr

j · δ
c
j · δ

d
j ; I2C

(8)

where δc
j and δd

j are binary variables; δc
j represents whether or not the EV participates in

C2I or I2C; and δd
j represents whether or not the EV participates in I2D or D2I.

(3) Regulation capacity of an EV under different requirements

Considering the regulation requirements of the EV user, the regulation capacity of an
EV under different regulation modes is shown in Figures 1–3. The connecting time instant
with the power grid is tini

j ; Smin
j and Smax

j are, respectively, the minimum and maximum

SOC values for regulation. Sini
j is the initial SOC value at tini

j . Sup
j (t) and Sdn

j (t) are,
respectively, defined as the upper and lower boundaries of the EV’s SOC variation range
during the connecting period with the power grid. Pup

j (t) and Pdn
j (t) are, respectively,
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defined as the upper and lower boundaries of the EV’s power regulation range during the
connecting period.
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Figure 3. Regulation capacity of an EV with regulation mode 3: (a) SOC upper and lower boundaries;
(b) power upper and lower boundaries.

As shown in Figure 1, the power limitations under regulation mode 1 are given by
Equation (9). As shown in Figure 2, the power regulation under regulation mode 2 is
realized by switching between CST and IST, and is limited by the real-time SOC, as given
by Equations (11) and (12). As shown in Figure 3, the power regulation under regulation
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mode 3 is realized by switching between CST and IST and between IST and DST, and is
limited by the real-time SOC, as given by Equations (14) and (15).

Pup
j (t) = Pdn

j (t) =

{
0; t < tini

j or t > tb
j

Pcr
j ; tini

j ≤ t ≤ tb
j

(9)

where δc
j = δd

j = 0, Sup
j (t) = Sdn

j (t) and tb
j is further given by Equation (10).

tb
j = tini

j +
Sreq

j − Sini
j

Pcr
j · η

cr
j
·Qj (10)

Pup
j (t) =

{
0; t < tini

j or t > tfsh
j

Pcr
j · sign(Smax

j (t)− Sj(t)); tini
j ≤ t ≤ tfsh

j
(11)

Pdn
j (t) =

{
0; t < tini

j or t ≥ ta
j

Pcr
j ; tini

j ≤ t < ta
j

(12)

where δc
j = 1, δd

j = 0, and ta
j is further given by Equation (13).

ta
j = max(tini

j , tini
j +

Smin
j − Sini

j

Pcr
j · η

cr
j
·Qj) (13)

Pup
j (t) =

{
0; t < tini

j or t > tfsh
j

Pcr
j · sign(Smax

j (t)− Sj(t)); tini
j ≤ t ≤ tfsh

j
(14)

Pdn
j (t) =


0; t < tini

j or t > tfsh
j

Pcr
j ; tini

j ≤ t < ta
j

−Pdr
j · sign(Sj(t)− Smin

j (t)); ta
j ≤ t ≤ tfsh

j

(15)

where δc
j = 1 and δd

j = 1.

2.3. Regulation Capacity of EVs with Limited Data Collection

The operator of the EV aggregator manages individual EVs on a large-scale. Existing
literature assumed the operator could collect all parameters about each EV and each EV
charger. However, the data for EV parameters about traveling, preference, and charging
are usually not available in actual application due to privacy protection or limited com-
munication. It may be similar to mobile phones; EV users should have the authority to
determine whether or not to upload their EV data.

It is assumed that the EV parameters defined by Equation (16) can be only measured
and stored by the terminal device and are not available to the operator of the EV aggregator.
The operation parameters of the EV charger defined by Equation (17) are measured by the
operator of the EV aggregator. Thus, the privacy of EV users is protected.

Φcon =
{

tini
j , tfsh

j , Sini
j , Sreq

j , Smin
j , Smax

j , δc
j , δd

j , Sj(t), Qj, Pcr
j , Pdr

j , ηcr
j , ηdr

j

}
(16)

Φup =
{

j, tcnt
j , θj(t), Pj(t), δj(t)

}
(17)

where tcnt
j is the time instant for grid connection of the EV at the j-th EV.

The charging terminal is the intelligent EV charger. On the one hand, each EV charger
receives the control signal for the exchanged power between the EV and the power grid.
On the other hand, the EV charger must ensure enough energy acquisition for traveling by
applying the operation constraints shown in Figures 1–3. Thus, the EV charger may refuse



Energies 2023, 16, 848 8 of 21

to respond to the control signal from the EV aggregator in some extreme conditions, such
as when the EV user is anxious to leave.

(1) Regulation capacity evaluation of the EV aggregator with limited data

Based on the limited data acquisition of the EV aggregator, the numbers of EVs with
different connecting states can be achieved with Equation (18). The numbers of EVs with
different control actions are given by Equation (19).

Ncst(t) = ||Ωcst(t)||0; Ωcst(t) =
{

j|θj(t) = 1
}

Nist(t) = ||Ωist(t)||0; Ωist(t) =
{

j|θj(t) = 0
}

Ndst(t) = ||Ωdst(t)||0; Ωdst(t) =
{

j|θj(t) = −1
}

Nust(t) = ||Ωust(t)||0; Ωust(t) =
{

j|θj(t) = NaN
} (18)

where Ncst(t), Nist(t), Ndst(t), and Nust(t) are, respectively, the numbers of EVs in CST,
IST, DST, and UST; and Ωcst(t), Ωist(t), Ωdst(t), and Ωust(t) are, respectively, the sets of
indices of EVs in CST, IST, DST, and UST.

Ni2c(t) = ||Ωi2c(t)||0; Ωi2c(t) =
{

j|δj(t) = 1
}

Nc2i(t) = ||Ωc2i(t)||0; Ωc2i(t) =
{

j|θj(t) = 0 & δj(t) = −1
}

Ni2d(t) = ||Ωi2d(t)||0; Ωi2d(t) =
{

j|θj(t) = −1 & δj(t) = −1
}

Nc2d(t) = ||Ωc2d(t)||0; Ωc2d(t) =
{

j|θj(t) = −2
} (19)

where Ωi2c(t), Ωc2i(t), Ωi2d(t), and Ωc2d(t) are, respectively, the sets of indices of EVs that
are controlled from IST to CST, from CST to IST, from IST to DST, and from CST to DST;
and Ni2c(t), Nc2i(t), Ni2d(t), and Nc2d(t) are, respectively, the numbers of EVs in Ωi2c(t),
Ωc2i(t), Ωi2d(t), and Ωc2d(t).

The operator of the EV aggregator manages a large number of grid-connected EVs
with dispersed distribution. The power output of the EV aggregator, which is defined as
PA(t), is achieved with Equation (20) by aggregating the exchanged power of all available
EVs with EV chargers.

PA(t) =
j∈Ω(t)

∑
j

Pj(t) (20)

where Ω(t) =
{

Ωcst(t), Ωist(t), Ωdst(t), Ωust(t)
}

.
The power output of the EV aggregator can be controlled to regulate up and down

under the four regulation modes. The available regulation capacity of the EV aggregator in
the up-direction with D2I is given by Equation (21). The available regulation capacity of
the EV aggregator in the up-direction with D2I and I2C is given by Equation (22).

Pd2i,up
A (t) = PA(t) + Ndst(t) · Pdr (21)

where Pdr is the average value of discharging power for all grid-connected EVs.

Pd2c,up
A (t) = (Ncst(t) + Nist(t) + Ndst(t)) · Pcr−

(Nist(t)− Nc2i(t) + Ni2d(t)) · (1− ϕc − ϕd) · Pcr (22)

where ϕc is the proportion of EVs for only participating C2I and I2C; ϕd is the proportion
of EVs for participating in all four regulation modes; Pcr is the average value of charging
power for all grid-connected EVs; the first item assumes all connected EVs enter into CST;
and the second item describes the CST EVs that do not participate in frequency regulation.

The available regulation capacity of the EV aggregator in the down-direction with C2I
is given by Equation (23). The available regulation capacity of the EV aggregator in the
down-direction with C2I and I2D is given by Equation (24).
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Pc2i,dn
A (t) = −Ndst(t) · Pdr

+ (Ncst(t) + Nc2i(t)− Ni2c(t)− Ni2d(t)) · (1− ϕc − ϕd) · Pcr (23)

where the first item describes the total power of all DST EVs and the second item describes
the CST EVs that do not participate in frequency regulation.

Pc2d,dn
A (t) = (Ncst(t) + Nc2i(t)− Ni2c(t)− Ni2d(t)) · (1− ϕc − ϕd) · Pcr−

(Ncst(t) + Nc2i(t)− Ni2c(t)− Ni2d(t)) · ϕd · Pdr−
(Nist(t)− Nc2i(t) + Ni2d(t)) · ϕd · Pdr

(24)

where the first item describes the CST EVs that do not participate in frequency regulation;
the second item selects the controllable CST EVs for discharging; and the third item selects
the controllable IST EVs for discharging.

(2) Regulation requirement insurance for individual EVs at the charging terminal

Owing to the limited data collected by the EV aggregator, the deterministic control
of each EV may affect the requirement for traveling and regulation preference, and is not
applicable in reality. Thus, the probabilistic control signal [u(t), v(t)] is developed to ensure
the requirement for both traveling and regulation preference. Both u(t) and v(t) varies
within [−1, 1]. When −1 ≤ u(t) < 0 and −1 ≤ v(t) < 0, the EV aggregator expects the
EVs in CST to switch to IST with the proportion of −u(t), and then expects the EVs in IST
to switch to DST with the proportion of −v(t). When 0 ≤ u(t) ≤ 1 and 0 ≤ v(t) ≤ 1, the
EV aggregator expects the EVs in DST to switch to IST with the proportion of v(t), and then
expects the EVs in IST to switch to CST with the proportion of u(t). This section introduces
the meaning of the control signal [u(t), v(t)]; how to achieve [u(t), v(t)] is described in the
frequency regulation.

The EV aggregator broadcasts [u(t), v(t)] to all available grid-connected EVs. After
receiving the control signal, an EV determines whether or not to conduct the target control
action based on the signal values, the EV’s connecting state, and the EV’s actual require-
ments for traveling and regulation preference. The control action of an individual EV is
shown below:

(1) When −1 ≤ u(t) < 0 and −1 ≤ v(t) < 0, the control action tends to decrease
the exchanged power of the EV. If the EV is in CST (i.e., θj(t) = 1), whether or not the EV
conducts the control action is determined by the probabilistic process given in Equation (25).
If the EV is in IST (i.e., θj(t) = 0 or θj(t) + ∆θj(t) = 0), the control action is determined by
Equation (26).

∆θj(t) =

{
δc

j · πj(t) · u(t)
|u(t)| , vj(t) ≤ |u(t)|

0, vj(t) > |u(t)|
(25)

where ∆θj(t) indicates the variation in θj(t) under the control signal and vj(t) is a proba-
bility value generated at the user side and satisfies the uniform distribution U(0, 1).

∆θj(t) =

{
δd

j · πj(t) · v(t)
|v(t)| , vj(t) ≤ |v(t)|

0, vj(t) > |v(t)|
(26)

(2) When 0 ≤ u(t) ≤ 1 and 0 ≤ v(t) ≤ 1, the control action tends to increase the
exchanged power of the EV. If the EV is in DST (i.e., θj(t) = −1), the control action is
determined by Equation (27). If the EV is in IST (i.e., θj(t) = 0 or θj(t) + ∆θj(t) = 0), the
control action is determined by Equation (28).

∆θj(t) =

{
δd

j · πj(t), vj(t) ≤ |v(t)|
0, vj(t) > |v(t)|

(27)

∆θj(t) =

{
δc

j · πj(t), vj(t) ≤ |u(t)|
0, vj(t) > |u(t)|

(28)
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In actual application, the EV aggregator determines the control signal based on the
required power regulation. The individual grid-connected EVs respond to the control signal
considering the requirements for traveling and regulation preference. The EV charger has
the limited control authority to guarantee the different requirements of EV users.

3. Frequency Regulation Strategy with the EV Aggregator
3.1. Frequency Regulation Characteristics of the EV Aggregator

When participating in frequency regulation, the EV aggregator provides the regulation
service by managing the large-scale, geographically dispersed EV batteries. The frequency
regulation characteristics of the EV aggregator at a specific time instant are shown in
Figure 4; [−∆ fε,∆ fε] is the allowable variation range in the system frequency. When the
frequency deviation ∆ f (t) is greater than ∆ fε, the EV aggregator tends to broadcast the
control signal to decrease the power output of the aggregated EVs. With increasing ∆ f (t),
the power decrease is realized with D2I control, and then the I2C control is applied if the
regulation capacity from D2I is insufficient. When the frequency deviation ∆ f (t) is less
than −∆ fε, the power increase in the EV aggregator is realized by applying the C2I and
I2D control.
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During frequency regulation, the frequency deviation needs to be transformed into
the control signal for the EVs. The realization process of frequency regulation with the
EV aggregator is shown in Figure 5. The regulation model of the EV aggregator is used to
calculate the power output and estimate the available regulation capacity. Based on the
frequency deviation (i.e., ∆ f (t)) and the evaluated regulation capacity of the EV aggregator,
the target power regulation of the EV aggregator (i.e., ∆P∗A(t)) is determined with the
frequency regulation strategy. The target power regulation is then transformed into the
control signal, and the control signal is broadcast to individual EVs. Based on the data
collection from EV chargers, the EV aggregator compares the actual power regulation with
the target power regulation. The control error from the power regulation is considered to
correct the control signal.
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3.2. Frequency Regulation Strategy with the EV Aggregator
3.2.1. Frequency Regulation with the EV Aggregator

When there is a negative ∆Psys that is caused by a sudden variation in renewable
energy, the system frequency deviation experiences a significant variation and then reaches
a new equilibrium. The new equilibrium and the frequency nadir of the frequency deviation
can be estimated by Equations (29)–(31), respectively. In ref. [35], when the system frequency
falls below the allowable frequency variation range, the system frequency with the new
equilibrium can be predicted through a number of frequency measurement data.

∆ fnadir = fN ·
R · ∆P

D · R + 1

[
1 +

√
1− ς2 · a · e−ς·ωn·tnadir

]
(29)

tnadir =
1

ωr
tan−1

(
ωr · TR

ς ·ωn · TR − 1

)
(30)

where TR is the reheat time constant; ωn is the oscillation frequency; and ζ is the damp-
ing coefficient.

∆ fss =
R · ∆Psys

D · R + Km
(31)

where R is the governor speed regulation; D is the load damping coefficient; and Km is the
mechanical power gain factor.

Under a specific frequency deviation ∆ f (t), the target power regulation of the EV
aggregator is determined by Equation (32).

∆P∗A(t) =


α(t) · (∆ f (t)− ∆ fε) + β(t) · ∆ f ′(t); ∆ f (t) > ∆ fε
0;−∆ fε ≤ ∆ f (t) ≤ ∆ fε
α(t) · (∆ f (t) + ∆ fε) + β(t) · ∆ f ′(t); ∆ f (t) < −∆ fε

(32)

where α(t) and β(t) are the frequency regulation coefficients, which can be determined
based on the predicted ∆ fss and ∆ fnadir [35].

Then, the target power regulation ∆P∗A(t) is transformed into the probabilistic control
signal [u(t), v(t)] with the following process.

(1) When ∆P∗A(t) < 0, the control signal is determined by Equation (33).

∆Pc2i
A (t) = max(∆P∗A(t), Pc2i,dn

A (t)− PA(t))

u(t) = ∆Pc2i
A (t)

PA(t)−Pc2i,dn
A (t)

∆Pi2d
A (t) = max(∆P∗A(t)− ∆Pc2i

A (t), Pc2d,dn
A (t)− Pc2i,dn

A (t))

v(t) = ∆Pi2d
A (t)

Pc2d,dn
A (t)−Pc2i,dn

A (t)

(33)

where u(t) < 0 and v(t) ≤ 0; and u(t) and v(t) are, respectively, used to realize the control
actions of C2I and I2D.

(2) When ∆P∗A(t) > 0, the control signal is determined by Equation (34).

∆Pd2i
A (t) = min(∆P∗A(t), Pd2i,up

A (t)− PA(t))

v(t) = ∆Pd2i
A (t)

Pd2i,up
A (t)−PA(t)

∆Pi2c
A (t) = min(∆P∗A(t)− ∆Pd2i

A (t), Pd2c,up
A (t)− Pd2i,up

A (t))

u(t) = ∆Pi2c
A (t)

Pd2c,up
A (t)−Pd2i,up

A (t)

(34)

where u(t) > 0 and v(t) ≥ 0; and u(t) and v(t) are, respectively, used to realize the control
actions of I2C and D2I.
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(3) When ∆P∗A(t) = 0, u(t) = 0 and v(t) = 0.

3.2.2. Regulation Error Estimation for the EV Aggregator

Owing to the limited data collection, regulation error may come from three aspects:
(a) the probabilistic control action from the control signal, (b) the evaluation error for the
regulation capacity of the EV aggregator, and (c) the EV may refuse to respond to the
control signal for ensuring traveling requirement. During the frequency regulation, the
regulation error can be evaluated with the following process:

(1) When ∆P∗A(t) < 0, the selected EVs in CST are controlled to switch to IST, and
the selected EVs in IST are controlled to switch to DST. The regulation power from
CST to IST is achieved by Equation (35). The regulation power from IST to DST is
achieved by Equation (36). Then, the regulation errors under C2I and I2D are estimated by
Equation (37).

∆Pc2i
A (t) =

j∈Ωcst(t+)

∑
j

Pj(t+)−
j∈Ωcst(t−)

∑
j

Pj(t−) (35)

where t+ and t− are, respectively, the time instants after and before the control action and
Pc2i

A (t) is the regulation power with C2I.

∆Pi2d
A (t) =

j∈Ωist(t+)

∑
j

Pj(t+)−
j∈Ωdst(t−)

∑
j

Pj(t−) (36)

where Pi2d
A (t) is the regulation power with I2D.

εc2i
A (t) = ∆Pc2i

A (t)

(PA(t−)−Pc2i,dn
A (t−))·u(t−)

εi2d
A (t) = ∆Pi2d

A (t)
(Pc2d,dn

A (t−)−Pc2i,dn
A (t−))·v(t−)

(37)

where εc2i
A (t) and εi2d

A (t) are, respectively, the indicators of regulation errors under C2I
and I2D.

(2) When ∆P∗A(t) > 0, the selected EVs in DST are controlled to switch to IST, and
the selected EVs in IST are controlled to switch to CST. Similarly, the regulation error is
evaluated by Equations (38) and (39).

∆Pd2i
A (t) =

j∈Ωdst(t+)
∑
j

Pj(t+)−
j∈Ωdst(t−)

∑
j

Pj(t−)

∆Pi2c
A (t) =

j∈Ωcst(t+)
∑
j

Pj(t+)−
j∈Ωcst(t−)

∑
j

Pj(t−)
(38)

where ∆Pd2i
A (t) and ∆Pi2c

A (t) are, respectively, the regulation power with D2I and I2C.
εd2i

A (t) = ∆Pd2i
A (t)

(Pd2i,up
A (t−)−PA(t−))·v(t−)

εi2c
A (t) = ∆Pi2c

A (t)

(Pd2c,up
A (t−)−Pd2i,up

A (t−))·u(t−)

(39)

where εd2i
A (t) and εi2c

A (t) are the regulation errors under D2I and I2C, respectively.
To improve regulation accuracy, the regulation error is used to correct the regulation

capacity evaluated by Equations (21)–(24). The corrected regulation capacity of the EV
aggregator is given by Equation (40) to realize the error correction control during the
frequency regulation process.
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3.2.3. Regulation Recovery of the EV Aggregator

The EV aggregator can respond to the frequency regulation within a short time period.
However, the EVs cannot stay in the controlled state due to the traveling requirement. After
the system frequency recovers to a steady state, the EV aggregator is able to estimate the
regulated power of EVs during the frequency control. This is because the EV aggregator
can measure the state change in EV chargers and then use Equation (17) to estimate the
number of EVs requiring state recovery. To recover the regulated power of EVs, the AGC
control allocates the regulated power of the EV aggregator to conventional generators with
the regulation recovery strategy. The conventional generators increase/decrease the power
outputs and help the controlled EVs recover to the original state.

To realize the frequency regulation, the EVs are controlled to respond to the system
frequency by switching their connecting states. On the one hand, the original charging
processes of the controlled EVs are disturbed. On the other hand, the EVs with the original
state of IST are controlled to switch to DST and the discharged energy causes insufficient
battery energy for the EVs’ traveling requirements. During frequency regulation, the
regulated power of the EVs is given by Equation (41).

∆Pcon
A (t) =

j∈Ωi2c(t)

∑
j

Pj(t) +
j∈Ωc2i(t)

∑
j

(−Pcr
j ) +

j∈Ωi2d(t)

∑
j

Pj(t) +
j∈Ωc2d(t)

∑
j

(−Pcr
j + Pj(t)) (41)

where ∆Pcon
A (t) is the total regulated power of all controlled EVs for frequency regulation.

With the generation from conventional generators, the state recovery process of con-
trolled EVs is given as follows:

(1) When ∆Pcon
A (t) > 0, the controlled EVs in CST should be recovered to the original

IST. Then, as given by Equation (42), a time delay is introduced to avoid the simultaneous
state switch for these controlled EVs.

Tcon(t0) =
∆Pcon

A (t0)

γ
(42)

where Tcon(t0) is the time delay of state recovery for the controlled EVs under up-regulation;
t0 is the starting time of state recovery; and γ is the generation ramp rate.

The EV aggregator broadcast Tcon(t0) to all EVs. The controlled EVs in CST receive
the time delay and then determine their own time delay with Equation (43) for recovering
to IST.

τcon
j (t) = Tcon(t0) · πj(t), j ∈ Ωi2c(t) (43)

where πj(t) is a random number generated by a uniform distribution U(0,1); and τcon
j (t) is

the time delay of state recovery for the j-th EV under up-regulation.
(2) When ∆Pcon

A (t) < 0, the controlled EVs in IST should be recovered to the original
CST, and the controlled EVs in DST should be recovered to CST. As the discharging process
decreases the remaining battery energy, the controlled DST EVs, whose original state is
IST, should be recovered to CST for energy acquisition. The time delays for recovering the
controlled DST EVs and IST EVs are given by Equation (44).
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 Tcon,d(t0) =
∆Pcon,d

A (t0)
γ

Tcon,c(t0) =
∆Pcon

A (t0)−∆Pcon,d
A (t0)

γ

(44)

where Tcon,d(t0) is the time delay of state recovery for the controlled DST EVs under
down-regulation; ∆Pcon,d

A (t0) is the total power of the controlled DST EVs, as given by
Equation (45); and Tcon,c(t0) is the time delay of state recovery for the controlled IST EVs
or for the controlled DST EVs that have recovered to IST.

∆Pcon,d
A (t0) =

j∈Ωdst(t0)

∑
j

Pj(t0) (45)

The EV aggregator firstly broadcasts Tcon,d(t0) to all EVs if Tcon,d(t0) > 0. After the
controlled EVs in DST receive the time delay Tcon,d(t0), these EVs determine their own
time delay with Equation (46) for recovering to IST. The EV aggregator then broadcasts
Tcon,c(t0) to all EVs. For the IST EVs whose original state is CST and for the IST EVs that
are recovered from DST, these EVs determine their own time delay by using Equation (47)
for recovering to CST.

τcon,d
j (t) = Tcon,d(t0) · πj(t), j ∈ Ωdst(t) (46)

where τcon,d
j (t) is the time delay of state recovery for the j-th DST EV under down-

regulation.

τcon,c
j (t) = Tcon,d(t0) + Tcon,c(t0) · πj(t), j ∈ Ωc2i(t) ∪Ωdst(t0) (47)

where τcon,c
j (t) is the time delay of state recovery for the j-th IST EV under down-regulation.

4. Case Study and Analysis
4.1. Case Scenario

For a specific power grid, the frequency response can be described by a multimachine-
system frequency regulation model [36–38]. The multimachine-system frequency regulation
model can be aggregated into a single-machine-system frequency regulation model with
the analytical method verified in [38]. To verify the proposed frequency regulation strategy
with the EV aggregator, a simplified equivalent frequency regulation model of the power
system described in Figure 6 is used in the case study. The meanings and values of the
frequency regulation parameters in the equivalent model are shown in Table 1 [35].
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Table 1. Parameters of the equivalent-system frequency regulation model.

Parameter Value

Inertia constant H 4.44 s
Load damping coefficient D 1.0

Governor speed regulation R 0.09
Governor time constant TG 0.2 s

Steam chest time constant TC 0.3 s
Reheat time constant TR 12 s

High-pressure turbine fraction FH 0.17
Mechanical power gain factor Km 1.0

Allowable frequency deviation ∆ fε 0.02

For the EV aggregator, it manages the EV chargers in communities and public parking
areas that have a low charging rate. The EV aggregator is assumed that a number of
10,000 EVs connect to the power grid during a day. Both battery EVs and plug-in EVs
are considered in the EV aggregator for frequency regulation. The power regulation is
applicable when the EVs connect to these chargers, and the connected EVs have contracted
with the EV aggregator for power regulation.

To simulate the connecting and charging processes of EVs, the vehicle survey regarding
finishing/starting traveling time is, respectively, regarded as the time at which EVs connect
to and disconnect from the power grid [39]. The energy parameters concerning battery
capacity and SOC vary within a specific distribution, based on refs. [40,41], are used to
simplify the EV simulation. The rated power of the EVs, also determined by EV chargers,
usually varies within a range, and usually the real charging or discharging power is less
than the rated power due to internal and external conditions [42]. Thus, the time, energy,
and preference parameters for regulation are given in Table 2. Based on the values and
distributions of EV parameters, the Monte Carlo method is used to extract the parameters
for each EV. The time parameters are used to simulate the processes of connecting to
and disconnecting from the power grid at the EV charger. It is assumed that each EV
begins to charge as soon as it connects to the power grid. The energy parameters are used
to simulate the charging process and the SOC variation at the charging terminal. The
parameters of regulation preference are used to evaluate the regulation capacity of the
EV aggregator. When the frequency deviation violates the frequency deviation threshold,
the time interval of the EV aggregator for frequency regulation is 0.5 s. The conventional
generator participates in the frequency regulation by increasing or decreasing its power
output with a time delay of 30 s.

Table 2. Time, energy, and preference parameters of aggregated EVs.

Parameter Value/Distribution

Connecting time instant with power grid tini
j

N (−6.5, 3.4)∈[0, 5.5]
N (17.5, 3.4)∈[5.5, 24]

Disconnecting time instant with power grid tfsh
j

N (8.9, 3.4)∈[0, 20.9]
N (32.9, 3.4)∈[20.9, 24]

Initial SOC at connecting time instant Sini
j N (0.3, 0.05)∈[0.2, 0.4]

Required SOC for traveling Sreq
j N (0.8, 0.03)∈[0.7, 0.9]

Minimum/maximum SOC value Smin
j /Smax

j 1.0/0.1
Battery capacity Qj U (20.0, 30.0) kWh

Rated charging/discharging power Pcr
j /Pdr

j U (5.0, 7.0) kW

Charging/discharging efficiency ηcr
j /ηdr

j U (0.88, 0.95)
Proportion of EVs for only participating C2I and I2C/proportion of EVs for

participating all four frequency regulation modes ϕc/ϕd 0.4/0.3
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The EV aggregator only collects the state parameters described by Φup from EV
chargers. The EV aggregator broadcasts the control signal to individual EVs based on
collected data and the frequency regulation strategy. The date of traveling requirement,
regulation preference, and battery state are stored at the EV charger. The EV charger
receives the control signal and determines whether or not to participate in the frequency
regulation based on the EV user’s requirements.

Simulations are processed by MATLAB/SIMULINK installed on a laptop with 2.50 GHz
Intel Core i7-4710MQ CPU and 8.00 GB RAM.

4.2. Study Results

The time of 18:00 is selected as the starting time for simulation. Considering the
significant power fluctuations of wind power, it is assumed that there is a sudden power
loss with the value 0.3 p.u. The average execution time for simulation of per 50 s is
25.76 min.

Considering the rapid responding speed of the EV aggregator, the response profile of
system frequency is shown in Figure 7. At the time instant of 1.0 s, the system frequency
has a significant decrease due to the sudden power loss. Without the EV aggregator,
the frequency deviation reaches a minimum value of 0.0678 at 5.1 s, while with the EV
aggregator, the frequency deviation reaches a minimum value of 0.0624 at 4.5 s. The EV
aggregator is able to decrease the influence from the power loss on frequency deviation. At
the 9.3 s time instant, the system frequency recovers to the allowable variation range with
the regulation support from the EV aggregator, and then the system frequency deviation
varies until reaching a 0.014 p.u. steady state.
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Considering the regulation recovery of the EV aggregator, the system frequency
regulation results are compared in Figure 8. Without the EV aggregator, the frequency
recovery depends on the conventional generation, and the system frequency recovers
to the allowable variation range with a time delay of 79.9 s. With the EV aggregator,
the frequency deviation varies steadily during the regulation recovery process under
the proposed strategy. Compared to the situation without the EV aggregator, there is a
time delay when realizing the nondeviation frequency regulation. This is because the
discharging process during the frequency regulation causes power loss at the EV charger.

During the frequency control and the regulation recovery, the total power output
and the total discharging power are shown in Figure 9. The frequency control process is
finished within 10 s, and the regulation recovery starts at 30 s and finishes within 350 s.
It is clear that total power output and the total discharging power of the EV aggregator
decrease significantly during the frequency control process. This is because the controllable
EVs in CST are controlled to switch to IST, and even a proportion of the EVs in IST are
controlled to switch to DST. When the conventional generators receive the AGC signal, the
regulation recovery begins. The conventional generation increases the power output with
the AGC control, and the EVs in DST first recover to IST gradually, and then the controlled
IST EVs and the IST EVs recover to CST gradually. For the IST EVs recovered from DST,
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the discharging process during the frequency regulation causes the lower SOC value than
the EVs’ traveling requirement, and these EVs should recover to CST until the SOC values
stratify their requirements. After the EVs in DST recover to CST, these EVs will switch to
IST with the charging process of tens of seconds, and there will be a power decrease in the
total power output after the total power reaches a maximum value.
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Owing to limited data collection, the proportion of EVs for participating in different
frequency regulation modes is estimated by the EV aggregator. To verify the influence of
the estimation error on the frequency regulation, the system frequency deviation profile
under different proportions of EVs for participating in different regulation modes is shown
in Figure 10. Under the estimation errors of 0%, 5%, 10%, 20%, and 40%, the proposed
frequency regulation strategy with error correction control effectively decreases the adverse
influence from the estimation error.
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5. Conclusions

The high penetration of renewable energy in the power grid incurs unpredictable
frequency deviation. Existing modeling and control methods for EV aggregators are
not applicable for frequency regulation with the limited data collection for EVs. This
paper develops a frequency regulation strategy for EV aggregators without acquiring the
private data of EVs, such as the EV traveling data and the regulation preference data. The
probabilistic control and error correction are applied to improve the frequency regulation
performance. The regulation recovery combined with the conventional generators is used
to ensure EV users’ requirements for traveling and regulation preference. The conclusions
are summarized as follows:

(1) When a frequency deviation occurs, the proposed frequency regulation strategy can
effectively recover the system frequency to the allowable variation range and help
improve the frequency stability of the power system.

(2) With limited data collection, the regulation capacity of the EV aggregator is estimated
without acquiring the data for EV traveling, battery state, and regulation preferences.
During frequency regulation, the error correction control for the EV aggregator is
developed to decrease the influence from the estimation error, and the regulation
requirements for each EV are ensured with the self-adaptive probabilistic control at
the EV charger.

(3) With the simplified probabilistic control signal and conventional generation, the
time delay is added to recover the controlled EVs to their own original connecting
state. During the frequency recovery, the system frequency varies steadily without
the secondary disturbance from the simultaneous state switch of controlled EVs
for recovery.

In the future, we will investigate how to attract more EV users to participate in the
frequency regulation under the electricity market. The incentive mechanism for different
EV users needs to be established considering the users’ preference, the battery degradation
and the market uncertainties.

Author Contributions: Conceptualization F.Z. and M.W.; methodology, F.Z., Z.W. and M.W.; soft-
ware, F.Z. and G.S.; validation, F.Z., Z.W. and M.W.; formal analysis, F.Z. and G.S.; investigation, F.Z.,
Z.W. and M.W.; resources, F.Z. and H.H.; data curation, F.Z., G.S. and H.H.; writing—original draft
preparation, F.Z. and M.W.; writing—review and editing, F.Z., Z.W. and G.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
52107099.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Abbreviations:
EV Electric vehicle.
SOC State of charge.
CST Charging state.
IST Idle state.
DST Discharging state.
UST Unused state.
C2I Control action from CST to IST.
I2D Control action from IST to DST.
D2I Control action from DST to IST.
I2C Control action from IST to CST.
C2D Control action from CST to IST and then IST to DST.
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Parameters of indices:
t Index of time instants.
∆t Time interval.
j Index of EV chargers.
Parameters of individual EV and EV charger:
Qj EV battery capacity.
Pcr

j /Pdr
j EV rated charging/discharging power.

ηcr
j /ηdr

j EV charging/discharging efficiency.
θj Indicator of the connecting state of EV charger.
tini
j EV connecting time instant with EV charger.

tcnt
j Time instant for EV connection at the EV charger.

tfsh
j EV leaving time instant from EV charger.

Sini
j EV initial SOC when connecting the EV charger.

Sreq
j Required SOC for EV traveling.

Smin
j /Smax

j Minimum/maximum SOC of EV for frequency regulation.
Tlax

j EV charging laxity.
δc

j /δd
j Binary indicators for EV preference for C2I and I2C/I2D and D2I.

∆Pc2i
j /Pi2d

j Available regulation capacity from C2I/I2D for power decrease.
∆Pd2i

j /Pi2c
j Available regulation capacity from D2I/I2C for power increase.

Pj(t) Real-time power output of EV charger.
Pup

j (t)/Pdn
j (t) Upper/Lower boundary of EV’s power regulation range.

Sj(t) Real-time SOC of EV battery at the EV charger.
Sup

j (t)/Sdn
j (t) Upper/lower boundary of EV’s SOC variation range.

δj(t) Indicator of EV for control action of connecting state.
πj(t) Binary indicator of EV of switching into the forced CST.
Parameters of EV aggregator:
Ω(t) Set of indices of all EV chargers in the EV aggregator.
Ωcst(t)/Ωist(t) Set of indices of EV chargers in CST/IST in the EV aggregator.
Ωdst(t)/Ωust(t) Set of indices of EV chargers in DST/UST in the EV aggregator.
Ncst(t)/Nist(t) Number of EVs in CST/IST in the EV aggregator.
Ndst(t)/Nust(t) Number of EVs in DST/UST in the EV aggregator.
Ωc2i(t)/Ωi2c(t) Set of indices of EV chargers with C2I/I2C control.
Ωi2d(t)/Ωc2d(t) Set of indices of EV chargers with I2D/C2D control.
Nc2i(t)/Ni2c(t) Number of EV chargers with C2I/I2C control.
Ni2d(t)/Nc2d(t) Number of EV chargers with I2D/C2D control.
PA(t) Power output of EV aggregator.
Pd2i,up

A (t) Regulation capacity of EV aggregator with D2I.
Pd2c,up

A (t) Regulation capacity of EV aggregator with D2I and I2C.
Pc2i,up

A (t) Regulation capacity of EV aggregator with C2I.
Pc2d,up

A (t) Regulation capacity of EV aggregator with C2I and I2D.
Parameters of frequency regulation:
∆ f (t) System frequency deviation.
α(t),β(t) Frequency regulation coefficients.
[−∆ fε, ∆ fε] Allowable variation range of system frequency.
[u(t), v(t)] Probabilistic control signal for EV aggregator.
P∗A(t) Target power regulation of EV aggregator
∆Pc2i

A (t) Required power regulation with C2I.
∆Pi2d

A (t) Required power regulation with I2D.
∆Pd2i

A (t) Required power regulation with D2I.
∆Pi2c

A (t) Required power regulation with I2C.
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