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Abstract—In recent years, the vehicle-to-grid (V2G) system,
which utilizes electric vehicles (EVs) to provide ancillary services
for power grid, draws a lot of interests in smart grid research
community. When considering a large number of EVs distributed
in different geographical locations, how to coordinate these EVs to
provide ancillary services becomes a critical issue. In this paper,
a generic hierarchical framework for V2G system to provide
frequency regulation services is proposed to address this issue.
A practical multi-level online V2G algorithm is proposed for
the hierarchical V2G scheduling and it requires no forecasting
information for regulation signals. We test our proposed algorithm
in the simulation of a four-level hierarchical V2G system. The
results show that the proposed algorithm has advantages over
the existing methods on smoothing out the real-time power
fluctuations.

I. INTRODUCTION

There is a trend that electric vehicles (EVs) will take a
significant market share in transportation in the near future. Due
to the increasing popularity of EVs, the research community
has shown interest in studying the interaction between the
EVs and the power grid. Some recent studies have shown that
the power electronics and batteries inside EVs can respond
well to frequency regulation signals through battery charging
and discharging [1]–[3]. Therefore, an aggregation of EVs,
which constitutes the vehicle-to-grid (V2G) system as distribut-
ed energy storage, can bring huge capacities for regulation
services. It is expected that EVs can be excellent candidates for
providing frequency regulation services by balancing power in
the grid [4].

When it comes to a large number of EVs, their charging
and discharging behaviors must be coordinated so as to satisfy
the regulation requirement. Without proper coordination and
control, the stochastic EV charging and discharging behaviors
can bring uncertainty to the grid power balance and jeopardizes
the stability and reliability of the grid. Therefore, control and
scheduling for EV charging/discharging are important research
topics in recent years. Existing research on the control for
V2G regulation services includes: the frequency deviation
approach and the optimization approach. The former employs
droop characteristics to drive the frequency deviation from
the regulated frequency to zero [5]–[7] and it allows EVs to
respond quickly to power fluctuations without communication
[5] or with very little communication [6], [7]. However, since

this approach only relies on the frequency signal which lacks
sophisticated EV coordination schemes, it is unable to achieve
the global optimal for V2G regulation services.

For the optimization approach, a global optimization problem
is formulated to guide the charging and discharging behaviors
of EVs toward the global optimum. In [8]–[11], One aggregator
was deployed to coordinate the EV fleet to provide regulation
services. [9] proposed a distributed EV coordination mecha-
nism, which manages a fleet of EVs to offer V2G regulation
services based on a day-ahead scheduling profile. [10] proposed
a welfare-maximizing regulation allocation algorithm for the
aggregator to allocate the V2G regulation power fairly among
the EVs. In [11], a game-theoretic model was proposed to
understand the interactions among EVs and aggregators in a
V2G market.

When managing a large-scale V2G system with operators at
different levels of operations and EVs at different geographical
locations, one aggregator is not sufficient to oversee the whole
system. In recent years, the hierarchical architecture was stud-
ied for large-scale V2G system to coordinate a large number
of EVs distributed over a large geographical area [12], [13].
The algorithms proposed in [12] and [13] were designed for
three-level V2G systems with bi-level programming models.
The authors in [12] proposed a hierarchical charging control
framework based on the Benders decomposition for a large
population of EVs. [13] proposed a hierarchical decomposition
approach to coordinate the charging and discharging behaviors
of plug-in EVs. The designed V2G structures in [12] and [13]
are not extensible as the number of levels of the V2G system
is restricted.

Inspired by [14], in this paper, a generic framework for
hierarchical V2G system is proposed. The proposed hierar-
chical V2G framework is extensible as there is no limit on
the number of levels in the V2G system. The contributions
of this work are two-fold. First, we develop the concept of
smart V2G aggregator (SVA) to coordinate the charging and
discharging of subordinate EVs in the intermediate levels and
the detailed protocols among the grid operator, SVAs, and
EVs, are implemented. Second, an algorithm for hierarchical
V2G scheduling is devised. To the best of our knowledge,
neither theory nor algorithm has been developed for generic
hierarchical V2G scheduling. We show that our proposed multi-
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Fig. 1. System Model.

level online V2G (MLOV) algorithm can respond well to
the regulation signals and does not require any prediction
information for regulation requests, which is different from the
forecasting-based approaches developed in [8]–[13].

The rest of this paper is organized as follows. The system
model is introduced in Section II. Section III formulates
optimization framework for the power assignment problem. The
MLOV algorithm is devised for the operation of hierarchical
V2G system in Section IV. The simulation results of the
proposed algorithm are examined in Section V and the paper
is concluded in Section VI.

II. SYSTEM MODEL

A. System Architecture

The multi-level V2G system is deployed to provide frequen-
cy regulation services for the power grid through balancing
the grid power by coordinating the charging and discharging
of EVs. The multi-level V2G system architecture, shown in
Fig. 1, consists of three key components: the grid operator,
a set of aggregators, and a fleet of EVs. It has a hierarchical
structure with multiple levels of nodes. The utility grid operator,
SVAs, and EVs correspond to the root, intermediate, and leaf
nodes, respectively. We further categorize SVAs into two types;
those directly connected to EVs are denoted as EV aggregators
(EVAs) while the others are called aggregators of aggregators
(AoAs). The size of a SVA is determined by its subordinate
EV fleets with other geographical, economic, and technical
factors. For instance, a parking lot or a charging station can be
configured with an EVA. Several SVAs can be further managed
by an AoA. In this model, each node can only communicate
with its neighboring nodes in the tree. For example, the grid
operator can only communicate with those SVAs in the first
level. Each EVA can only communicate with its parent AoA
and its subordinate EVs. Be noted that, in this paper, all the
flows between adjacent nodes in the tree are information flows.

B. Flows of Information protocols

As illustrated in Fig. 1, three types of operation protocols
can be defined. By the nature of the communicating parties,
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they can be referred to the grid operator-aggregator proto-
col, the aggregator-aggregator protocol, and the aggregator-
EV protocol. Each protocol operates between a node and its
immediate subordinate nodes. The V2G scheduling has two
phases, namely, the information collection phase and the V2G
commitment phase:

1) Information collection phase: In the hierarchical V2G
scheduling, to assign reasonable and feasible V2G power
signals to the child nodes, a parent node should collect the
V2G capacities from its child nodes, which is a bottom-to-
top process and will be discussed in Section III-C. The V2G
capacity of a certain node indicates how much power it can
provide to the power grid for regulation service. Specifically,
the V2G capacity of an EV refers to its V2G power limits,
based on its state-of-charge (SOC), the charging requirement,
and its maximum charging and discharging rates. The V2G
capacity of a SVA corresponds to the current V2G power limits
of this SVA, i.e., the aggregated V2G power limits of all its
subordinate EVs.

2) V2G commitment phase: After the information collection
phase, the V2G commitment phase assigns the V2G power sig-
nals in the top-down manner to meet the grid regulation request,
which is formulated as the power assignment problem analyzed
in Section III-D. A lower level then returns the commitment
signal of providing regulation services to an upper level. This
process repeats iteratively until the V2G commitment process
converges at each level.

The timeline for the whole operation of hierarchical V2G
system is illustrated as Fig. 2.

C. Basic Models

Consider that the multi-level V2G system provides regulation
service over the time horizon [Tbegin, Tend], which is divided
equally into T time slots, each of which has a duration of ∆t
minutes.

The architecture of the multi-level V2G system has K
levels, each of which is labeled with k ∈ {1, 2, ...,K}. In
the information collection phase at time slot t, the estimated
V2G capacity for the mth node in the kth level is denoted
as [A(k,m, t), A(k,m, t)], where A(k,m, t) and A(k,m, t)
are the lower and upper power limits of V2G power in kW,
respectively. Let Rg(t) kW be the regulation request of grid
operator at t, R(k,m, t) kW and P (k,m, t) kW be the assigned
share of the regulation request and assigned V2G power for
the mth node in the kth level at time slot t, respectively.
Note that R(k,m, t) is generally not equal to P (k,m, t).
The relationship between R(k,m, t) and P (k,m, t) will be
explained in Section III-D.

Consider that in the (K − 1)th level, a specific EVA coordi-
nates N EVs to schedule their charging or discharging powers.



EV n plugs in at the beginning of the time slot tn,in with its
initial SOC, denoted by Sn,in, where n ∈ {1, 2, ..., N}. The
SOC of EV n at the beginning of the time slot t is given as
Sn(t) ∈ [Sn, Sn], where Sn and Sn indicate its upper and
lower bounds, respectively. The departure time for EV n is
at the beginning of the time slot tn,out. Each EV n should
satisfy the charging requirement before departure and thus
Sn(tn,out) ≥ Sn,req should hold. The charging or discharging
rate of EV n at time slot t is denoted as Pn(t) kW, with
maximum charging limit Pn kW and discharging limit Pn kW.

Without loss of generality, we adopt the following assump-
tions:

1) The EVs are available for negotiation at the beginning of
the scheduling period.

2) The regulation service cannot be predicted and is a
zero-energy service, which means the expectation of the
energy required for regulation service is zero over a long
time period.

The first assumption is made in many previous related works
[8]–[13]. For the second assumption, it is reasonable since
frequency regulation requests arise from the forecasting errors
of grid power [15].

III. PROBLEM FORMULATION

In this section, we first introduce the control objective
and constraints for the V2G scheduling problem. Then, we
analyze the calculation of V2G capacity in the information
collection phase. Finally, the power assignment problem in
V2G commitment phase is formulated.

A. Control Objective for V2G Regulation Services

When providing regulation services with V2G, we aim to
minimize the variation of the total power, which is the sum-
mation of the regulation request and the V2G power. In other
words, the objective is to smooth out the power fluctuations of
the grid due to the power imbalance in the grid.

Based on the control objective, the following objective
function is formulated for each root and intermediate node,
including the grid operator and SVAs. Consider that a parent
node o in kth level has M child nodes denoted by a set
Mo = {1, 2, ...,M}. The parent node o assigns the shares
of V2G power P (k + 1,Mo, t) := (P (k + 1, 1, t), P (k +
1, 2, t), ..., P (k + 1,M, t)) to its child nodes m ∈ Mo. The
objective function is formulated as follows:

F (R(k, o, t), P (k + 1,Mo, t)) = V ar(Ptotal(T ))

=
1

T

T∑
i=1

Ptotal(i)−
1

T

 T∑
j=1

Ptotal(j))

2

(1)

where V ar(·) denotes the function for calculating variance,
the total power of time i is denoted as Ptotal(i) = R(k, o, i)+∑

m∈Mo
P (k + 1,Mo, i), R(k, o, i) is the assigned share of

regulation request of time i for parent node, and P (k+1,m, i)
is the assigned V2G power of time i for child node m ∈ Mo.

B. Operational Constraints

Consider that a specific EVA m coordinates N EVs to
schedule their charging or discharging. For EV n, n ∈ Nm ,
{1, 2, ..., N}, the EV charging and discharging powers Pn(t)
should follow:{

Pn ≤ Pn(t) ≤ Pn, t ∈ [tn,in, tn,out)
Pn(t) = 0, t /∈ [tn,in, tn,out).

(2)

(2) means that Pn(t) should lie within the maximum charging
and discharging limits during the plug-in period, and it is equal
to zero when it is not plugged.

Considering the energy efficiency of battery charging and
discharging, its SOC Sn(t) is updated with:

Sn(t+1) = Sn(t)+ η(Pn(t))Pn(t)∆t, t ∈ {1, 2, ..., T − 1}.
(3)

The battery efficiency η(x) is defined as:

η(x) =


ηch if x > 0,
1 if x = 0,

1
ηdch

if x < 0,
(4)

where ηch and ηdch denote the charging and discharging
efficiencies, respectively.

There are two constraints confining SOC of EV n. Firstly,
the SOC should lie within the battery’s lower and upper limits
for the health of the battery:

Sn ≤ Sn(t) ≤ Sn, t ∈ {1, 2, ..., T}. (5)

Secondly, EV n should be charged up to a satisfactory level
before its departure:

Sn(t) + η(Pn(t))Pn(t)∆t+ η(Pn)Pn(tn,out − t− 1)∆t

≥ Sn,req + Sn,SM (t), t ≤ tn,out − 1.
(6)

The left-hand side of this inequality denotes the maximum SOC
that the EV can be charged, with the charging or discharging
power Pn(t) at time t. Sn,SM (t) is called the “safety margin”
[14] of EV n which is defined by:

Sn,SM (t) ={
µ(Sn − Sn,req), t ∈ [Tn,in, (1− τ)Tn,in + τTn,out]
0 otherwise

(7)
where 0 ≤ µ ≤ 1 specifies the size of the “safety margin” and
0 ≤ τ ≤ 1 determines the duration the effective period of the
“safety margin.” By considering Sn,SM (t) in (6), the EV can
buffer more energy to counter the uncertainty of the regulation
request.

For SVAs, the assigned V2G power P (k,m, t) of SVA m in
the kth level at time slot t should fall into its V2G capacity:

A(k,m, t) ≤ P (k,m, t) ≤ A(k,m, t), t ∈ T (8)

where A(k,m, t) and A(k,m, t) are calculated in Section III-C.

C. Calculation of V2G capacity

Here we explain how to determine the capacity of an
individual EV for V2G services. Then it is elaborated how
the V2G capacity of SVAs and grid operator can be calculated.



1) V2G Capacity of individual EVs: Combining constraints
(2)–(6), EV n can acquire the estimated V2G capacity as:

max

(
Pn, ηdch

Sn − Sn(t)

∆t
,

γ

∆tη(γ)

)
≤

Pn(t) ≤ min

(
Pn,

Sn − Sn(t)

ηch∆t

)
, if t ∈ [tn,in, tn,out)

(9)

where

γ = Sn,req + Sn,SM (t)− Sn(t)− ηchPn(tn,out − t− 1)∆t
(10)

and
Pn(t) = 0, if t /∈ [tn,in, tn,out). (11)

We denote Cn(t) and Cn(t) as the lower and upper limits of
V2G power for EV n at time slot t, respectively. They are
specified as follows:

Cn(t) ={
max

(
Pn, ηdch

Sn−Sn(t)

∆t , γ
∆tη(γ)

)
, t ∈ [tn,in, tn,out)

0, t /∈ [tn,in, tn,out)
(12)

Cn(t) ={
min

(
Pn,

Sn−Sn(t)
ηch∆t

)
, t ∈ [tn,in, tn,out)

0, t /∈ [tn,in, tn,out)

(13)

Intuitively, the V2G capacity of an EV is constrained by its
maximum charging and discharging limits, the current storage
SOC, and the charging need before departure.

2) V2G Capacity of SVAs and grid operator: After all EVs
have determined its V2G capacity, the AEV collects the V2G
capacities of its child EVs resulting in the aggregated V2G
capacity. For AEV m at the (K−1)th level coordinating EVs in
set Nm, the aggregated lower and upper limits of V2G power,
i.e., A(k,m, t) and A(k,m, t), are determined by:

A(K − 1,m, t) =
∑

n∈Nm

Cn(t) (14)

A(K − 1,m, t) =
∑

n∈Nm

Cn(t). (15)

The AoAs and grid operator can calculate their V2G capaci-
ties based on the V2G capacities of their child nodes. Consider
a parent node o at the kth level, which can be a AoA or the grid
operator, supervises M child nodes at the (k + 1)th level that
are labeled with m ∈ {1, 2, ...,M} = Mo. Each child node
has obtained its V2G capacity from its own child nodes, which
is expressed by the lower limit A(k + 1,m, t) and the upper
limit A(k+1,m, t). The aggregated lower and upper limits of
V2G power for o, i.e. , A(k, o, t) and A(k, o, t), are calculated
by:

A(k, o, t) =
∑

m∈Mo

A(k + 1,m, t) (16)

A(k, o, t) =
∑

m∈Mo

A(k + 1,m, t), (17)

for k ∈ {1, 2, ...,K − 2}.

D. Formulation of Power Assignment Problem

We formulate optimization framework for the power assign-
ment problem in the V2G commitment phase for each protocol.

1) Grid operator-aggregator protocol and aggregator-
aggregator protocol: We design a generic regulation assign-
ment protocol for the grid operator and intermediate SVAs
(AoAs). Consider Node o in the kth level, where k ∈
{1, 2, ...,K − 2}. The assigned V2G powers on its child node
m ∈ Mo = {1, 2, ...,M}, denoted as P (k + 1,Mo, t) :=
(P (k+1, 1, t), P (k+1, 2, t), ..., P (k+1,M, t)), are determined
by solving the following optimization problem:

minimize
P (k+1,Mo,t)

F (R(k, o, t), P (k + 1,Mo, t))+

β
∑

m∈Mo

(P (k + 1,m, t)− Pcom(k + 1,m, t))2

subject to (8) and

(18)

|P (k + 1,m, t)− P (k + 1,m, t)| ≤ e−iϕ(k) (19)

where β is the penalty coefficient for the deviation be-
tween the assigned V2G power and the commitment signal
Pcom(k + 1,m, t), k ∈ {1, 2, ...,K − 2}, and m ∈ Mo.
Constraint (19) is devised to ensure the convergence of the
operation algorithm in Section IV for iteration i, P (k+1,m, t)
is the assigned V2G power in the iteration i − 1, and ϕ(k) is
the convergence coefficient for level k.

After receiving the assigned power P (k + 1,m, t), each
child node updates its assigned share of regulation request
R(k + 1,m, t) as follows:

R(k + 1,m, t) = −
(
P (k + 1,m, t)− Preq(k + 1,m)

T

)
(20)

where Preq(k+1,m) =
∑

n∈m(Sn,req−Sn,in) is the total EV
charging needs of SVA m in the (k+1)th level. Preq(k+1,m)
is a fixed value and can be obtained at the EV negotiation
period. Including Preq(k+1,m) in (20) aims at satisfying the
EV charging needs when EVs offer regulation services.

2) Aggregator–EV protocol: In the (K − 1)th level, EVA
coordinates the charging or discharging behaviors of its EVs
based on the designed aggregator–EV protocol. Consider an
EVA m which coordinates EVs in set Nm to provide regulation
services, the assigned EV charging or discharging power Pn(t)
for EV n ∈ Nm = {1, 2, ..., N} is determined based on the
following optimization problem:

minimize
PNm (t)

F (R(K − 1,m, t), PNm
(t))

subject to (2), (3), (5), and (6).
(21)

where PNm
(t) := (P1(t), P2(t), ..., PN (t)).

For problems (18) and (21), P (k+1,m, i) and Pn(i) become
future decision variables when i > t holds. This makes the
problems (18) and (21) unable to be solved directly. We can
approximate (1) so that the control objective only includes
current decision variables P (k+1,m, t) and Pn(t). Therefore,



the convex problems (18) and (21) can be solved easily. Due
to the space limitation, the derivation is omitted.

IV. ALGORITHM FOR HIERARCHICAL V2G SCHEDULING

For hierarchical V2G scheduling, MLOV Algorithm is pro-
posed as Algorithm 1. We assume the number of nodes in the
kth level is denoted as Nk. The set of child nodes for parent
node o is denoted as Mo. In the beginning of each time slot, the
information collection phase is executed in Steps 2–5. In the
information collection phase, EVs and SVAs determine their
V2G capacities. In Steps 6–18, the V2G commitment phase is
executed. In each iteration, the grid operator and SVAs assign
the shares of V2G power to their child nodes based on (18)
and (21). EVs and SVAs then return the commitment signals
for V2G powers in Steps 12–15. The V2G commitment phase
is executed iteratively until the algorithm converges, where
the conditions in step 17 are satisfied. Assuming each parent
node has the same number of child nodes, denoted by Nc, the
computational complexity of MLOV algorithm is O(KNc).

The convergence of the MLOV algorithm can be guaranteed
by including constraint (19) in the optimization problem (18).
In iteration i, the deviation of the assigned V2G powers
between iteration i and iteration i−1 is bounded by e−iϕ(k). As
i increases, the deviation of the assigned shares of V2G power
between two adjacent iterations vanishes for each node in each
level, which corresponds to the convergence of the algorithm.

Algorithm 1 MLOV Algorithm
1: for each time slot t ∈ T do
2: Calculate Cn(t) and Cn(t) based on (12) and (13) for

n ∈ {1, .., NK}.
3: for k = K − 1 : 1 do
4: Calculate A(k, o, t) and A(k, o, t) based on (14)–(17) for

o ∈ {1, ...Nk}.
5: end for
6: Set iteration index i = 1.
7: for i = 1 : I do
8: for k = 1 : K − 1 do
9: Calculate P (k + 1,Mo, t) or PNo(t) based on (18)

or (21) for o ∈ {1, ...Nk}.
10: Update R(k + 1,Mo, t) based on (20) for

o ∈ {1, ...Nk}.
11: end for
12: Pcom(K,n, t) = Pn(t) for n ∈ {1, .., NK}.
13: for k = K − 1 : 1 do
14: For o ∈ {1, ...Nk}, return the commitment signal as

Pcom(k, o, t) =
∑

m∈Mo
Pcom(k + 1,m, t).

15: end for
16: i = i+ 1.
17: Return Pn(t) if |P (k,m, t)− P (k,m, t)| ≤ ψ(k) holds

for each non-leaf node o in the V2G system with child
node m ∈ Mo, where k ∈ {1, 2, ...,K − 1}.

18: end for
19: end for

V. PERFORMANCE EVALUATION

A. Simulation Setup

We evaluate the performance of the proposed MLOV al-
gorithm with a four-level hierarchical V2G system, which

includes 10, 000 EVs supporting regulation services for a power
grid. The grid operator governs ten first-level SVAs, each of
which manages ten second-level SVAs correspondingly. Each
of these second-level SVA (EVA) then coordinates 100 EVs to
determine their charging/discharging behaviors. We consider a
time horizon of 1000 minutes (from 07:00 in the morning to
23:40 in the evening), which is divided equally into T = 200
slots of length ∆t = 5 minutes.

The EVs are assumed to be homogeneous1 with maximum
charging and discharging limits of 2 kW and −1 kW, respec-
tively. The battery size of each EV is 20 kWh and both the
charging and discharging efficiencies are set to 0.9. The plug-
in time of an EV follows a normal distribution with the mean
at 08:00 and the standard deviation of 60 minutes. Any plug-in
time before 07:00 is set to be 07:00. Similarly, the departure
time of an EV is assumed to follow a normal distribution
with the mean at 22:00 and the standard deviation of 60
minutes. Any departure time after 23:40 is set be to 23:40. The
regulation signals from the PJM market in July 1, 2016 [16]
are adopted in our simulation. The standard deviation of the
original regulation power σ = 2.17×103 kW. In Section V-C1,
the regulation power is multiplied by 1.5, 2, and 2.5 times to
test the effectiveness of algorithm under different regulation
levels. µ and τ in (7) are set to be 0.1 and 0.8, respectively.

B. Scenarios for Comparison

To the best of our knowledge, there is no existing algorithm
for online scheduling for generic hierarchical V2G system.
Instead, three algorithms, namely, (S1) the constant charging
algorithm, (S2) the greedy charging algorithm based on [5],
and (S3) the proposed MLOV algorithm, will be investigated
and compared.

In S1, each EV is controlled to charge at a fixed rate between
the plug-in time and the departure time. S2 is designed based on
the grid measurement approach to provide regulation services
for the power grid [5]. In S2, the V2G power of each individual
EV is controlled with droop characteristics against the grid
frequency deviation. It should be noted that S1 and S2 directly
control individual EVs. They can work in the hierarchical V2G
system but without the help of aggregators. The performance
of the algorithms is evaluated by the variance of the profile of
the total power.

C. Simulation Results

1) Effectiveness of MLOV Algorithm: The effectiveness of
the MLOV algorithm for smoothing out the power grid fluc-
tuations is shown in Fig. 3 for different regulation levels.
The dashed curve corresponds to the total regulation request
received by grid operator and the solid curve represents the
total grid power regulated by V2G services through the MOLV
algorithm. We can see that the proposed MOLV algorithm
can smooth out the fluctuations of the regulation requests
and maintain the total grid power to a constant level. As the
standard deviation of the regulation power σ kW becomes

1It should be noted that our devised framework is also applicable for
heterogeneous EVs.
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Fig. 3. Effectiveness of MLOV Algorithm under Different Regulation Level.

Fig. 4. Comparison among Algorithms.

larger, which means the amplitude of the regulation request
increases, the total grid power suffers more and more spikes
since the EVs regulation capacities are inadequate to deal with
the abrupt changes of the regulation requests.

2) Comparison of Different Algorithms: The comparison of
three algorithms for smoothing out the power grid fluctuation is
illustrated in Fig. 4. We can conclude that S1 cannot respond to
the regulation signals in which the total grid power suffers from
severe fluctuations. S2 can compensate well for the fluctuations
of regulation request at the beginning of the scheduling time
and then deteriorates since it does not consider the coordination
and schedule of EVs in the whole scheduling horizon. When
the EVs are about to depart, they have to charge from power
grid simultaneously in order to satisfy their own charging
needs, thus bring huge burdens to the power grid. The MLOV
algorithm can respond well to the regulation requests and is
able to maintain the total grid power to a constant level. The
fluctuations occur at the beginning and toward the end of the
simulation due to the plug-in and the departure processes of
EVs.

VI. CONCLUSION

This paper proposes a generic hierarchical framework for
V2G system to coordinate EVs for regulation services. The
communication protocols among the grid operator, aggregators,
and EVs are well defined. The power assignment optimization

problem is formulated to guide the operations of the system.
Without relying on any forecasting information of the regula-
tion requests, the proposed MLOV algorithm is very practical
for the operations of hierarchical V2G system. Our simulation
results show that the MLOV algorithm is able to smooth out
the power fluctuations of the grid effectively.
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