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Abstract—This paper investigates the charging problem of
plug-in electric vehicles (PEVs) in a smart charging station (SCS)
under a new interaction mechanism that allows the interactions
among PEVs. The target is to coordinate the charging strategies
of all PEVs such that the energy cost of SCS is minimized without
compromising a set of constraints for PEVs and SCS. To this end,
we first construct a non-cooperative game framework, in which
each player (i.e., PEV) expects to minimize its cost by choosing
the optimal charging strategy over the entire charging horizon.
Then, the existence and optimality of Nash equilibrium (NE)
for the formulated non-cooperative game is provided. Moreover,
to find the unique generalized Nash equilibrium (GNE), we
propose a distributed GNE-seeking algorithm based on the
Newton fixed-point method. And a fast alternating direction mul-
tiplier method (fast-ADMM) framework is applied to determine
the best response of PEVs. The convergence of the proposed
distributed GNE-seeking algorithm and PEVs’ best response are
also provided with theoretical analysis. Simulations are presented
at last to validate the effectiveness of the proposed algorithm.

Index Terms—Plug-in electric vehicle (PEV), interaction mech-
anism, non-cooperative game, charging strategy.

NOMENCLATURE

ay, By Positive price coefficients at time slot ¢
A Lagrange multiplier vector
X (X,,) Feasible charging profile set of all PEVs (PEV n)

xr* Nash equilibruim of G
x_, Charging strategies of all players except player n
Tn Charging profile of PEV n over the entire charging

time horizon
Yn Feasible charging strategy for PEV n
) Profitability index
Az*  Newton direction at k-th iteration
€1, €a  Error tolerance
N Set of all the PEVs
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T Set of charging time periods
Vy,(x*) Gradient of y ,(x*)
OM (x*) Computable generalized Jacobian of M at x*

Tminjpmaz 1 ower/upper battery capacity of PEV n

70/7T" TInitial/terminal enenrgy level of PEV n at time slot ¢

P Regularization parameter

@p(x,y) p-regularized Nikaido-Isoda (NI) function

&n Proportion of the total energy consumption of PEV n
in the total aggregate load of SCS

¢ Augmented Lagrange multiplier

Cy(L:) Energy cost of SCS at time slot ¢

Cio1  Total energy cost of SCS

+  Minimun energy cost of SCS
fn Fees paid by the owner of PEV n
fn(@pn,x_p) Cost function of PEV n
HF An entry of the computable generalized Jacobian
I1(y)/12(z) Indicator function with repsect to y/z
L¢(y,z,A) Augmented Lagrangian
L, Total aggregate load of SCS at time slot ¢
Linar Maximum allowable load of SCS
M (x*) Mapping system
n,m Index of PEVs
Dy Electricty price at time slot ¢

R, Required energy of PEV n

r@®  Rated charging power of PEV n

Zpn,  Charging power of PEV n at time slot ¢
z An auxiliary vector

I. INTRODUCTION

Due to the advantages of energy saving and emission
reduction, the PEVs have become more and more popular in
smart grid and attracted increasing attention from automobile
industry and governments [1], [2]. With the rapid development
of PEVs, the energy structure of society is undergoing signif-
icant changes [3]. However, inappropriate charging strategies
for PEVs, such as charging too many PEVs at the same time,
may lead to a surge in demand or an unacceptable load peak,
resulting in more energy expenditure and even grid collapse
[4]. Therefore, the charging coordination for PEVs in smart
grid is becoming increasingly prominent, aiming to minimize
the energy cost of grid while meeting the charging needs of
all PEVs and avoiding resource waste, battery overload, and
grid collapse [5], [6].

One striking feature of PEVs is their ability to store
electrical energy, which makes the PEVs more flexible. For
example, during peak times, some PEVs can act as energy
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Fig. 1. (a) Traditional interaction mechanism between SCS and PEVs. (b) New interaction
mechanism between SCS and PEVs combining with V2V mechanism.

suppliers rather than consumers. Recently, in addition to the
common vehicle-to-grid (V2G) mechanism that allows two-
way power transmission between PEVs and grid [7], some
other mechanisms have been studied, such as vehicle-to-home
(V2H) [8] and vehicle-to-building (V2B) [9] mechanisms.
Moreover, with the development of information and communi-
cation technologies (ICTs), a new mechanism, i.e., vehicle-to-
vehicle (V2V) mechanism [10], has emerged, which allows the
vehicles in the same area to communicate directly with each
other without the need to forward through the grid. In general,
the most common communication area for PEVs is smart
charging station (SCS), which is capable of controlling the be-
haviors of PEVs to mitigate the impact of overcharging during
the peak periods [11]. The traditional interaction mechanism
between SCS and PEVs (see Fig. 1(a)) requires every PEV to
communicate with the aggregator embedded in SCS. Specif-
ically, each PEV responses individually to the time-varying
price determined by the aggregator by increasing/decreasing
its charging request or shifting the charging request from
high-price periods to low-price periods. However, due to the
independence of PEVs, such traditional interaction mechanism
may not be able to find the optimal charging strategy to
minimize the energy cost of SCS. Therefore, we propose a new
interaction mechanism (see Fig. 1(b)) combining with V2V
mechanism, which first coordinates the charging strategies of
all PEVs according to the time-varying price determined by the
aggregator, and then transfers the aggregate load information
to SCS’s aggregator.

Recently, a lot of works have been devoted to study the
charging problem of PEVs [7], [12]-[14]. In [12], the authors
propose a time-of-use (TOU) price-based centralized charging
scheduling pattern that has great benefit in reducing the
charging cost and flatting the load curve. However, a new
peak load may occur during the low-price periods. To address
this limitation, the concept of valley-filling is introduced in
[13], and a decentralized algorithm is developed to obtain
the optimal charging profile that can smooth the load curve.
In addition, some other works, like [7], [14], focus on the
interaction between PEVs and grid. In [14], the authors adopt
an unidirectional V2G mechanism to describe the interaction
between PEVs and grid, which increases the adoption rate
of PEVs. Then, the work [7] extends the unidirectional V2G
mechanism to a bidirectional one, where the PEVs can also
send the electrical energy back to the grid. However, the above-

mentioned works rarely consider the strategic interactions
among multiple participants in SCS.

As a result, to study the strategic interactions among multi-
ple participants, we then focus on the game theory since it is
a powerful tool for analyzing the strategic interactions among
multiple decision makers to improve the system/network per-
formance [15]. Recently, many researchers have investigated
the charging coordination based on game theory [16]-[21]. In
[16], a non-cooperative Stackelberg game is constructed under
V2G mechanism, in which the leader (i.e., smart grid) decides
the price to maximize its revenue and the followers (i.e., PEV
groups) choose the charging strategies to optimize a tradeoff
between individual charging benefit and associated cost. The
work [17] presents a price-incentive non-cooperative game
model to produce the equilibrium solutions for energy storage
systems (ESSs), including the stationary and mobile batteries
(i.e., PEVs). To address the network failures caused by the
spatial and temporal security constraints, a distributed charging
control with security constraints of distribution network is
proposed in [18] based on a non-cooperative game. Another
work [19] develops a distributed approach for temporal-spatial
charging coordination of plug-in electric taxi fleets (PETs) by a
two-stage decision process, in which the second stage devises a
game-theoretical approach for PETs to select charging stations.
Moreover, the authors in [20] introduce a stochastic game
to study the data-driven charging strategy for PEV-based
taxis. Also, a charging management with a social contribution
behavior of EVs is presented in [21]. However, it is worth
noting that most of the existing works mainly focus on the
interactions between PEVs and grid, the potential interactions
among the PEVs are rarely considered.

Motivated by the above discussions, this paper studies
the charging coordination of PEVs under a new interaction
mechanism (see Fig. 1(b)). The main contributions are shown
below:

1) A new interaction mechanism for the PEVs and SCS is
proposed. Comparing with the V2G mechanism [7], [14],
[16] that considers the interaction between each PEV
and aggregator/grid, the proposed mechanism combines
the V2V mechanism, allowing interactions among the
PEVs!. As a result, the flexibility of the PEVs can be
fully exploited.

2) A non-cooperative game framework for PEVs charging
is constructed, in which each player (i.e., PEV) chooses
optimal strategy according to the strategies of all other
players, so as to minimize its own cost (i.e., the payment
to SCS). The existence and optimality of the NE for the
formulated non-cooperative game are provided. Specifi-
cally, it is shown that the NE of the non-cooperative game
is unique and minimizes the total energy cost of SCS.

3) A distributed GNE-seeking algorithm is developed based
on the Newton fixed-point method. Moreover, a fast-
ADMM framework is employed to determine the PEVs’
best response. The convergence of the proposed dis-

I'Since that the information exchange under the V2V mechanism is assumed
to be complete and accurate rather than dishonest, the associated complexities
[22] imposed by the information communication among PEVs are beyond the
scope of this paper.
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Fig. 2. Schematic diagram of a smart charging station.

tributed GNE-seeking algorithm and PEVs’ best response
are also presented with theoretical analysis.

The remainder of this paper is arranged as follows. The
system model and problem formulation are described in Sec-
tion II, followed by the non-cooperative game framework
in Section III. In Section IV, the distributed GNE-seeking
algorithm is proposed. The simulation results are presented
in Section V and the conclusions are drawn in Section VI.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Consider a SCS located in residential/commercial area as
shown in Fig. 2, where an aggregator sets price to coordinate
the charging behavior of a finite set N' = {1,2,..., N} of
PEVs over the entire charging horizon 7 = {1,2,...,T}.
The PEVs actively participate in the charging coordina-
tion through charging/discharging. Denote vector x,, =
(@n,1,Tn2,. -, xn,T)T as the charging profile of PEV n over
the charging horizon, where x, ; is the charging/discharging
power of PEV n at time slot ¢ and adopts the following sign
convention: when z,; > 0, the PEV n is charging; when
Tpyt < 0, the PEV is discharging; and when z,; = 0, the
PEV is idle. Let = (z17, x27,...,znT)7 represent the
charging profile of all PEVs in SCS.

A. System Model

1) Feasible Charging Profile Set: Assume that the initial
and terminal energy levels of PEV n are 70 and 7., respec-

tively. Then the required energy of PEV n is R,, = nl — 70,
One thus has
T
> Tni =Ry, nEN, (1)
t=1

which indicates that during the entire charging period, the total

energy consumption of PEV n should be equal to the required

energy such that the terminal energy level is reached at the

end of charging without overcharging. Moreover, the energy

level of each PEV n € N after being charged or discharged
at any time cannot exceed its battery capacity, i.e.,

t

i < gl g Za:,m <Al Nvte T,VneN, (2

=1

where 77" and 77%® are the lower and upper battery capacity

of PEV n, respectively. The charging/discharging power of

each PEV n at any time ¢ € T is bounded by
— ' <y <z Vte T,VneN, 3)

3

where z7'* and —z'** are the rated charging and discharging
power of PEV n, respectively.

In addition, for safety, the total charging request of all PEVs
at any time cannot exceed the maximum allowable load of
SCS, i.e.,

N
0<> @nt < Linaz, VEET, )
n=1

where L, 1s the maximum allowable load of SCS.
Therefore, for each PEV n, the feasible charging profile set
is as follows:

X = {zn|(1) — D)} ®)

Correspondingly, the feasible charging profile set of all PEVs
in SCS is X = {(z1,x2,...,TN)|Tn € Xn,Vn € N}.

2) Electricity Price Model: To coordinate the charging
behaviors of PEVs, the following linear price function [17]
is introduced

pe =Ly + By, VEET, (6)

where «; and B; are positive price coefficients related to the
TOU price and the base price of SCS, respectively?; L; =
25:1 xn, 18 the total aggregate load of SCS at time slot
t. Notice that the price function is increasing, which prevents
the SCS from overloading. Specifically, if there is a significant
increase in aggregate load of SCS resulting from charging too
many PEVs at the same time, the price will rise accordingly
to prompt PEVs without urgent tasks to shift their charging
requests to low-price periods.

3) Cost Model of SCS: Given the price p;, we define Cy(L;)
as the energy cost of SCS at time slot ¢, indicating the fees
paid by SCS to a higher-level power supply facility. In general,
the cost model must satisfy the following assumption:

Assumption 1: [23] The cost function C¢(L;) is considered
to be non-decreasing with respect to (w.r.t.) the aggregate load
L; at each time slot ¢ € 7. That is, the following property

holds:
0C4(Ly)
0L,

A typical cost model that satisfies Assumption 1 can be
expressed as a quadratic function [24], [25], i.e.,

Ci(Ly) = peLy = oy L7 + ByLy, Yt € T. ®)

>0, VteT. 7)

The total energy cost of SCS over the entire charging horizon
is then written as
T

Crot =Y Co(Ly). ©)

t=1

In addition, we define f,, as the fees paid by the owner
of PEV n at the end of charging, which depends on the
electricity price and the total energy consumption of PEV n
over the entire charging period. Without loss of generality,
the total fees paid by all PEVs should be greater than the
total energy cost of SCS. That is to say, it must ensure that
the SCS does not lose money or at least makes ends meet,

>The base price of a SCS depends largely on the distance to the power
plants. Generally, the farther away from the power plants, the higher the base
price of SCS.
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e, SN > S°F Ci(Ly). Next, we define a profitability
index ¢ := % to measure whether the SCS is
profitable. Obvi(;ﬁély, if § = 1, the SCS makes ends meet;
if § > 1, the SCS is profitable. Note that the price charged by
SCS to PEVs is fixed, and therefore the fees paid by the owners
of PEVs is proportional to their total energy consumption over
the entire charging period, i.e.,

ﬁ — Ef:l "L‘nvt
Jm 23:1 Tm,t
Sum up both sides of equality (10) over all PEVs to yield
> Tt S
T me
Zmé/\/ Zt:l Tmt men

Combining the definition of ¢ and (11), one has

T
5ZtT:1 Lt

, VYn,m e N. (10)

fn:

11

T
fn= T Z Ce(Lt) =7 Z(ath + BiLy)
DomeN 2ot=1Tm.t =1 t=1
T N N
=Tn Z [at(z fn,t)z + Bt Z xn,t]v (12)
t=1 n=1 n=1
Yz
where v, = 0§, with §,, = =——=!<L™* — as the proportion
> EN D1 Tt

of the total energy consumptioﬁnof PEV n in the total aggregate
load of SCS.

B. Problem formulation

As previously mentioned, the charging coordination is to
collectively determine the optimal charging profile of all PEVs
so as to minimize the total energy cost of SCS while satisfying
the charging needs of PEVs and the constraints of SCS. The
problem can be formulated as follows:

T
in Cyo; = Ci(Ly),
;%1‘1)} tol ; t( t)

s.t. (5), Vn € N.

(13)

Since the feasible charging profile set X, is bounded by a
finite set of linear constraints (1)-(4), the set X, is nonempty,
compact, and convex. Moreover, the cost function C(-) with
the form (8) is strictly convex. Thus, the optimization problem
(13) is convex and has a unique optimal solution [26].

III. NON-COOPERATIVE PEV CHARGING GAME

This section first constructs a non-cooperative game frame-
work for PEVs charging, and then discusses the existence and
optimality of the NE solution.

A. Game Model

In SCS, each PEV tries to select an optimal charging
strategy from its strategy set to minimize its payment to
SCS. Therefore, a non-cooperative PEV charging game G =
{N {&Xn}nen, {fn}tnen} is formulated, in which each com-
ponent is described as follows:

e Players: The PEVs in set V;

4

o Strategy set: X, C RT for each n € N, is nonempty,
compact, and convex;
e Cost function: f,,(Ty,x_y) for each n € N shown as

T N N

fn(mny m—n) = Tn Z [at(z xn,t)z + Bt Z zn,t]v (14)
t=1 n=1 n=1

where €_,, = (€1,...,&pn—1,Tn+1-..,LN) represents the

strategies of all players except that of player n. In this regard,
the vector x is usually written as © = (&,,x_n,) to stress
the player n’s strategy in game theory [15]. It is assumed that
all players are rational in the sense of minimizing their own
payments to SCS. Moreover, it can be observed from (14)
that the individual cost of each palyer depends on both its
own strategy and all other PEVs’ strategies.

Definition 1: Consider the non-cooperative PEV charging
game G = {N {Xn}nen, {fn}nen} with X, and f,, given
by (5) and (14), respectively. A vector &* = (), x* )e X
is a NE of G if and only if the following inequality holds:

Fal@h, @) < ful@n, @), V(@ @" ) € X,V € N.

5)

That is, no player can unilaterally deviate from NE strategy
to reduce its payment.

Note that in game theory, a solution of a non-cooperative

game is a NE which characterizes how players play the game.

Remark 1: Some existing works have adopted the dominant
strategy equilibrium (DSE), a strategy combination composed
of the dominant strategies of all participants, to characterize
the player’s self-interested behavior [27]. At the DSE, each
player always follows the dominant strategy regardless of other
players’ strategies. However, in problem (13), the feasible set
of each player depends on other players’ strategies according
to (1)-(4). Therefore, under the V2V mechanism considered in
the current work that allows the strategic interactions among
players, the NE is more suitable than the DSE.

B. Existence and Optimality of NE

Next, we proceed to seek a NE of the game G. Since the
NE may not exist in non-cooperative games, it iS necessary
to discuss the existence of NE. The next theorem shows the
existence of NE for our formulated game G.

Theorem 1: Consider the non-cooperative PEV charging
game G = {N {Xn}nen, { fn}nen} with X, and f, given
by (5) and (14), respectively. Then, the NE of game G always
exists.

Proof: The Hessian matrix of cost function fr(@n, —p)
w.r.t the charging strategy x, is give by % =
diag{2vna1, 2y, -+, 2vpar}, Where v, = 65772 0 and
oz > 0 for each t € 7. Then the Hessian matrix is positive
semidefinite since it is diagonal with nonnegative diagonal
elements. The cost function f,,(€n,x_,) is thereby convex
w.rt. x,. Moreover, it is noted that the strategy set X,
bounded by a finite set of linear constraints is nonempty,
compact, and convex. Therefore, by Theorem 4.1 in [28], the
NE of game G always exists. [ ]
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In what follows, we further discuss the optimality of NE Based on the p-regularized NI function, we further define
for game G (see Theorem 2 below).

Theorem 2: The unique NE of non-cooperative PEV charg- Vp(z) = Lnea/%( Po(@;y). (19)
ing game G is exactly the optimal solution to energy cost
minimization problem (13).

Proof: Denote «* = (x},x* ) € X as a NE of G, then

Since ¢, (x,y) is strongly concave w.r.t y for any x € X,
there exists a unique maximizer y,(z) such that

by (15), one has y,(x) = argmax ¢, (x,y)
r yex
N
Tn o ( Ty, )2+ B Ty, _ : P 2
;[ T;/ t % t] = arg min 2:1 [fn(yn,x_n)+§\|:l:n — ynl?].
T n=
ST DI CTICITE D SN c NN AP PN (20)
t=1 meN,m#n meN,m#n 16) According to Theorem 5.4 in [28], one has V,(z) > 0 for all
x € X and x* is a GNE of jointly convex GNEP if and only
Dividing both sides of (16) by ~,, yields if ¥ € X and V,(«*) = 0. With this in mind, one further
concludes that * is a fixed point of the following mapping
< Z (T s + Z x:n’t)2 system (see Theorem 5.5 in [28]):
meN, mzn (17) M(z*) =y, (z*) —x* = 0. (21)
+ Bt (xTL,t + Z x:n,t)] .

Next, we employ the Newton method to solve the mapping

meN , m#n
c 7 system (21) [18], [29], [30], in which x is updated by

Therefore, it can be obtained that the NE of game G is the - . .

optimal solution to problem (13). In addition, we have learned " = ab 4+ Ax®, (22)
that the optimization problem (13) has a unique optimal
solution. It is then concluded that the NE of game G is unique
and is exactly the optimal solution to energy cost minimization
problem (13). [ ] HFAzP = —M(xb), (23)

where Ax* is the Newton direction at k-th iteration which is
computed by solving the following linear system

where H* is an entry of the computable generalized Jacobian
of M at z*, i.e

H* € OM (z*) = {Vy,(«*)" — I}, (24)

IV. DISTRIBUTED GNE-SEEKING ALGORITHM

In this section, we propose a GNE-seeking algorithm based
on the Newton fixed-point method. And a distributed fast-
ADMM framework is employed to determine the best response  yhere 7 ¢ RNTXNT i an identity matrix. The nonsingularity

of PEVs. Since that both strategy set Xp and cost function 4 the generalized Jacobian can be easily guaranteed by weak
fn of PEV 1 depend on the strategies of all other PEVS, the ., ditions (see Lemma 4.2 in [29]). Then, the details of the

formulated game G can be further regarded as a generalized gjsyributed GNE-seeking algorithm based on Newton fixed-
Nash equilibrium problem (GNEP) [28]. Therefore, the previ- point method is summarized in Algorithm 1.

ously mentioned NE of game G corresponds to the generalized
Nash equilibrium (GNE), which is a solution of GNEP and  Algorithm 1 GNE-Seeking Algorithm Based on Newton
also characterizes how players play a game. Unless otherwise  Fixed-Point Method
stated, hereinafter we replace the NE with GNE. 1: Output: GNE z* of Game G
2. Initialize: Set p,e; > 0,20 € X, for Vn € N,k = 0;
A. GNE-Secking Algorithm Based on Newton Fixed-Point  3: Repeat
Method 4 Step 1: Compute y]\’; by solving (20), i.e.,
We first introduce a p-regularized Nikaido-Isoda (NI) func- y" = arg minyex >,y [f fl(y"’ w’in) 3 I ]
tion [28] Step 2: Compute generalized Jacobian H by 24);
6:  Step 3: Solve the linear system (23) to calculate the
N p ) Newton direction Az*, i.e.,
Z fn Ln,L—n fn(ymw—n)—ﬁllwn—ynll ] Axk = —(Hk)_lM(wk) — _(Hk)—l(yk _ :Uk);
n=t (18) 7: Step 4: Update z* by z**! = z* + AzF;

W

with a suitable regularization parameter p > 0, which 8  Step 5: Check the stopping criterion:
represents the cost reduction of PEV n when he changes if [[y* —2F[| < e
his charging strategy x,, to another feasible strategy y, € break;
X,, while all other PEVs still adopt the original strategies end if

&_n. That is to say, the p-regularized NI function quantifies 9 Step 6: k< k+1;
how much the individual PEV benefits when he unilaterally ~ 10: End

changes his strategy while leaving the strategies of other PEVs ~ 11: Return ",
unchanged.
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Remark 2: Note that in Algorithm 1, the stopping criterion is ~Algorithm 2 Best Response of PEVs under fast-ADMM
ly* —x*| < e, instead of the commonly used ||*+! —x*|| < Framework
€1. The main reason is that Algorithm 1 aims to seek the GNE 1: Output: Best response y* of all PEVs
of game G, so we have to guarantee that we get the GNE atthe . Initialize: Set 2° = 2! ¢ RV, \0 = ;\1 eRTN ¢ >0,
end of the algorithm. To this end, the first step of Algorithm 1 ¢>0,n" =1, and a given charging strategy x;
is to seek the PEVs’ best response, which corresponds to the 3. Repeat
optimal strategy of each PEV given all other PEVs’ strategies.

4. forv=1,2--- do
Then by the Newton fixed-point method, we update x to find 5. y-update: y” = arg minyecs, Lc(y, Y );
the GNE. Since all players obtain the optimal strategies at the 6 z-update: z¥ = = arg min, s, LC(?/ 5\ )i
best response, in this sense, the best response at the end of the ) v °
. . . . X 7: A-update: A = X + C(z¥ —y¥);
algorithm is essentially equivalent to the GNE. Therefore, in 8 Predictor-corrector step:
each iteration, we can check the difference of the best response ' vl 1Hy/1HA()?
and GNE to determine whether the algorithm is terminated. o n L f?
10: 2Tl = vy ”y+1 (z¥ —2z"71);
1 AT oAl oy,
B. Fast-ADMM Framework for PEVs’ Best Response : neFT ’

. o : 12: Until [AY = X7 < e
Note that in each iteration of Algorithm 1, we need to solve 13 End

a subproblem (20) to determine the best response of PEVs
under a given strategy a. Although some traditional convex
programming techniques such as interior point method (IPM)
[26] can solve such optimization subproblem, it is undesirable
when considering the system scalability and reliability. As a ) >
result, we next employ the fast-ADMM framework [31] which =~ 84/¢ g=1{N, {Xn}”G_N » Untnen} with Xy, and kf n glven
can be achieved in a distributed manner, ensuring scalability by (5) and (14.)’ respectively. Then, the sequence {="} gener-
and reliability of the system. ated by Algorithm 1 converges Q-quadratically to a GNE.
By introducing an auxiliary vector z (a common trick in Proof: We first notice that since the strategy set &' is

ADMM), the subproblem (20) can be reformulated as composed by a finite set of linear constraints, the constant
rank constraint qualification (CRCQ)? of Assumption 3.1 in

[29] is satisfied. Next, by the proof of Theorem 1, it can be
seen that for each n € N, the Hessian matrix %
w.r.t the charging strategy x,, is positive semidefinite. Thus,

(25) the Assumption 4.1 in [29] is also satisfied. Then, the nonsin-
gularity of the generalized Jacobian OM (x*), % € X directly
holds due to Lemma 4.2 in [29]. Let * be a GNE of game

70+ 5 s < 7T V€ 7— Vi€ N —yme® < g, < g, then {Vyp( *)T' — I} is thereby nonsingular which also
ymeT it € T, € N0 < Z nt < Luan, Mt € T} implies thaF x* is a quasi-regular solution* to system (21).
12( ) —0if 2 € Sy and I5(z) — 0o otherwise with set S = Therefore, it can be readily obtained from Theorem 2 in [30]

T . that the Newton-type method is well defined and the sequence
nt = R,V . Th ted L . )
({)ft%:;:l; Pnst n €N} © augiented Lagrangian {z*} generated by Algorithm 1 converges Q-quadratically to

14: Return y".

Theorem 3: Consider the non-cooperative PEV charging

N
: P
min Y [fu(y, 25,) + Slln = val?] + Li(y) + L2 (2),
s.t. y =z,

where [;(y) and I2(z) are indicator functions. I;(y) = 0 if
v € S; and I1(y) = oo otherwise with set S; = {y|7™" <

T*. [ ]
N . . .
Next, the convergence result for Algorithm 2 is provided.
_ P k 2
(Y, 2,A) = Z Fu(Yn, ®20) §Hmn — ] + Li(y) Theorem 4: The sequence {(y”,z",A")} generated by
n=t ¢ Algorithm 2 converges to a KKT point (y*, z*, A™) of problem
+L(z)+ AT (z—y)+ §||Z —yl? (25). Moreover, at (y*, z*, ™), the Lagrangian (26) converges

(26) to the es-optimal solution with the following upper bound:

where XA € RT¥ is the Lagrange multiplier vector and ( is the Le(y®, 2%, A7) — Lg(y”H Sl )\V_H) < 2”)\0 P

augmented Lagrange multiplier. (v +2)?
Motivated by the work in [25] and [31], a fasttADMM . . 27
framework composed by the standard ADMM and a predictor- Proof: Note that the optimal solution to problem (25)

corrector acceleration step is employed to determine the best ~Must satisfy the KKT conditions which are shown below:
response of PEVs in a distributed manner. The details are
shown in Algorithm 2. Yy =z, (28)

3The constant rank constraint qualification (CRCQ) holds if for each subset
C. Convergence Analysis of the gradients of the active inequality constraints and the gradients of the
. . . equality constraints, the rank at a vicinity of =* is constant [32].
Next, we provide the convergence analysis on Algorithms 4A point x is a quasi-regular solution to system (21) if all matrices in the

1 and 2. The results are shown in the following theorems. generalized Jacobian OM (2*) are nonsingular [30].
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Ofn(yn,* )

0€e _p(xﬁ,t_y:,t)_FMl_)‘:L,t_C(Z;,t_y:L,t)a

8y;’;,t
(29)
0e Mo+ >\7*L,t + C(Z:(L,t - y:z,t)7 (30)
N, A0, 31)

where M7 and M are subgradient sets of indicator functions
I(y) and I3(z) wrt y,, and 2 ,, respectively. While in
each iteration of Algorithm 2, the y-update and =z-update
always satisfy the conditions (29) and (30), respectively.
Moreover, when Algorithm 2 stops, one has XY — A’
which implies ¥ — X\”. Then one further obtains condition
(28). As for the last condition (31), it is straightforward by
A-update. Therefore, the sequence {(y”,z",A”)} generated
by Algorithm 2 converges to a KKT point of problem (25).

By the Lagrangian (26), one obtains

LC(yu+1,ZV+1,AV+1) _ LC(yV,ZV7AV)

1 v ~v+1 1 v ~v+1 ~v+1 v
> illk X ||2+E(>\ T =)
(32)
and
Lc(yu+17zu+17>\u+l) _ Lg(y*,z*,)\*)
1 v cv+1 1 v cv+1 cv+1 %
> QHA oA ||2+E()‘ e S
(33)

Denote A, = L¢(y*, z*,A") — L¢(yY, 2z, A”). Then by
combining (32), one gets

- AIJ+1 + Al/

~v+1

1 ~v+1
> AT =
2 2<||

1 Qv
H2+E()‘y+1_>‘ +

AT A,
(34)
Multiply (34) by (n**! — 1) and then substitute it into (33) to
yield
")*Ay = (") Ay
Z%Hnu+1(>\u+l _ 5‘”“)”2 i 772+1(>\u+1 _ 5‘”+1)T (35)

~v+1

(N = (T =AY =),

where nv+! = Ty I HJ;;LW. In view of the fact that the three
vectors a, b, ¢ satisfy the following inequality:

Ib—al* +2(b—a,a—c)=|b-c|*—[a—cl*, (6

then one obtains
ZC(UU)QAV - 2C(77V+1)2Au+1
Z ||n1/+1)\u+1 _ ((nu-i-l _ 1)AU + )\*)||2

~v+1
— AT (= DA )2

(37

Moreover, denoting ¢, = n*A” — (n” — A1 — A* and
reordering (37), one has

200" )2 Apsr + 1€, lI* < 20(0")2A0 + 116,01 (38)

7

Note that n¥ > ”T“ and n1 = 1. Thus, one further obtains

44, 2)1¢. 1
Ay <
= w22 T (vt 2)2
CACAL + 2 AT — X2
B C(r+2)2

(39)

By reviewing (33), one has
—2CA; = 2¢(Le(yh, 25 AY) = Le(y™, 25, A7)
> AL = A2 2 = AHTA A

* {1 *
= [IAT = AP = A = AR (40)

Substituting (40) into (39), one immediately gets

2N A2 2JA0 — A"
Cw+2)?  ((w+2)?

which completes the proof. [ ]

From the proof of Theorem 4, it can be seen that the
fast-ADMM achieves the convergence rate O(1/v?) while
the standard ADMM has a convergence rate O(1/v) [33].
Therefore, at each iteration, the fast-ADMM framework used
in this work can determine the PEVs’ best response in a more
efficient way. In addition, since that the fast-ADMM is essen-
tially a combination of the standard ADMM and a predictive
correction step, it does not introduce any complexity. In other
words, the complexity of the fast-ADMM algorithm is the
same as that of the standard one, which is still linear, i.e.,

O(N).

A1/+1 S

(41)

V. SIMULATION RESULTS

This section presents the simulation results to verify the
performance of the proposed distributed GNE-seeking algo-
rithm. For ease of illustration, we first consider a SCS with 10
PEVs in a residential area [18]. Particularly, the effectiveness
of Algorithm 2 based on the fast-ADMM framework for PEVs’
best response is also verified by comparing with [18] and [33].
Then a large-scale SCS with 150 PEVs in a commercial area
is further taken into account to verify the scalability of the
proposed algorithm.

A. Case study 1: SCS with 10 PEVs

In this scenario, 10 heterogeneous PEVs arrive at a resi-
dential SCS according to the owners’ preferences and needs.
The PEVs’ parameters, arriving time (AT), and departure time
(DT) are listed in Table I. Note that the terminal energy level
of PEVs is generally not equal to the maximum capacity of
battery to avoid the potential damage to battery. The maximum
allowable load of SCS is 50 kWh. The price coefficients
are o = 0.2 $/kWh at off-peak hours (i.e., from 7:00 to
17:00), ay = 0.3 $/kWh at peak hours (i.e., from 18:00 to
6:00 of the next day), and 5; = 0.8 $/kWh. Note that we
consider here the case of § = 1. Then, the charging strategies
without charging coordination are shown in Fig. 3(a). It can
be observed from Fig. 3(b) that the peak demand appears
from 17:00 to 20:00 and the aggregate load during this period
violates the maximum load limit of SCS. The total energy cost
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8
TABLE I. Parameter settings of PEVs
15 [ :3:‘50
PEsrameter Wg ﬂ,%" W:{Lm ﬂ.;nax mznaac AT DT 5 0 I 240
I 75 [ 675 5 75 [5 | 17:00 | 22:00 g Z3
2 6 72 5 80 15 18:00 | 23:00 £ / 3
3 7 [ 675 5 75 10 10:00 | 6:00 El \ 3
B N 20 s,
4 5.6 63 Bl 70 8 17:00 7:00 £ ——PEV1 —PEV2 - PEV3 — PEV4 —— PEV5 ?JJIO
5 6.7 | 585 5 65 8 18:00 8:00 © PEV6——PEV] —PEVE—PEV_PEVIO| 3
6 7.5 | 67.5 5 75 8 12:00 | 18:00 “o 5 10 15 20 25 0 5 10 15 20 25
7 81 | 585 5 65 8 11:00 | 23:00 Time (Hour Time (Hour)
8 9 72 5 80 10 12:00 6:00 (a) (b)
9 7.2 63 5 70 8 13:00 7:00
10 7.5 67.5 5 75 15 14:00 | 20:00 Fig. 5. (a) Charging strategies with charging coordination. (b) Aggregate load of SCS
with charging coordination.
15 =60
= :PEVI 7PEV6 E . . .
Z s —beve = the load limit of SCS. And the total energy cost of SCS is
= J— — O
B0 0Evs  pevio / v largely reduced from $6298.702 to $4670.042 as opposed to
z E the uncoordinated charging. Additionally, as shown in Fig.
5° \ Pe—h= ] 2% 6, we provide the iterative process of 10 PEVs at a single
S , \\ / / / W \ 2 . time slot, i.e., 19:00, to further illustrate the effectiveness of
0 5 01520 25 0 5 w 1520 25 the proposed algorithm. It can be readily seen that all PEVs
Time (Hour) Time (Hour)
(@) (b)

=

Fig. 3. (a) Charging strategies without charging coordination. (b) Aggregate load of SCS
without charging coordination.

of SCS is $6298.702. Next, we use the proposed distributed
algorithm to coordinate the charging behavior of PEVs, and
the results are shown below.

1) Fast ADMM Framework-Based Best Response: To bet-
ter illustrate the performance of PEVs’ best response under
the fasttADMM framework, we take an accelerated gradient
algorithm (AGA) proposed in [18] and the standard ADMM
algorithm [33] for comparison. In the standard ADMM, let
p = 0.1, ¢ = 0.01, and e = 0.01. Figure 4 shows the
comparison results. It can be observed that the fast-ADMM

10

Fast ADMM framework
Standard ADMM framework
8 Accelerated gradient method

——J<—0.1885
= 6 015 4
8 1
= 0.1
&3]
4 0.05 < 00479 1
<—0.0087

I _
2000 2500

Iterations

Fig. 4. Convergence performances of three compared algorithms for PEVs’ best response.

algorithm converges with an error accuracy of 1072 at 713th
iteration while the error accuracy achieved by the standard
ADMM framework and the AGA are 0.1885 and 0.0479,
respectively. In view of such, it can be concluded that the
fast-ADMM framework is superior to the standard one and
AGA in terms of the convergence rate.

2) Coordinated Charging Results: Based on the PEVs’
best response under the fast-ADMM framework, we further
provide the coordinated charging strategies and aggregate load,
which are presented in Fig. 5. It can be found from Fig.
5(a) that there are three PEVs discharging at 19:00. As a
result, the total aggregate load in Fig. 5(b) does not exceed

PEV3 —PEV4 —PEV5

T T T
/ —PEV]1 —PEV2

PEV10

PEV6 — PEV7 —PEV8 —PEV9

N O — — ﬁ

I
0 100

Charging consumption (kWh)

AL o v & o o
T

I I I I
400 500 600 700
Iterations

I I
200 300 800

Fig. 6. Charging trajectories of 10 PEVs at 19:00.

converge to their optimal charging strategies. Therefore, the
proposed GNE-seeking algorithm under the non-cooperative
framework can effectively solve the charging problem in SCS.

B. Case Study 2: Large-Scale SCS with 150 PEVs

To further verify the scalability of the proposed algorithm,
we next consider a large-scale SCS located in a commercial
area with 150 PEVs charging at daytime, i.e., from 7:00 to
18:00. The load limit of SCS is assumed to be 900 kWh. This
scenario considers the case of § = 1.5 to guarantee the SCS is
profitable. The initial charging strategies are depicted in Fig.
7, which shows that in the absence of charging coordination,
all PEVs expect to charge as much as possible when connected
to SCS, resulting in the overload between 7:30 and 9:30. The
total energy cost of SCS is $2.425 x 106.

= .

Z 14 I

=2 Lo

g2 s

1) oy

5] o

Z 10 —

o0 [

= [

8 Pl

2 [ -

O e6f It !

LI N S S S S SN SR S B
6 8 10 12 14 16 18 6 8 10 12 14 16 18

Time (Hour) Time (Hour)
(@) (®)

Fig. 7. (a) Charging strategies without charging coordination. (b) Aggregate load of SCS
without charging coordination.
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Then, we employ the proposed GNE-seeking algorithm and
the coordinated charging strategies are given in Fig. 8. By

1000

3
=1
=]

IS
gregate load of SCS (kWh)
o = »
i=3 (=3 i=3
(=] (=} (=]

Charging strategy (kWh)
(=)

i
|
|
|
i
i

o

[ F——

500

6 10 12 14 16 18 6 8 10 12 14 16 18
Time (Hour) Time (Hour)
(a) (b

Fig. 8. (a) Charging strategies with charging coordination. (b) Aggregate load of SCS
with charging coordination.

comparing Fig. 7(a) and Fig. 8(a), it can be found that the
charging is more dispersed under the coordination. Moreover,
Fig. 8(b) shows that there is no violations of load limit
with charging coordination, which effectively guarantees the
operational security of SCS. Also note that the proposed
charging coordination scheme can achieve the peak shaving
and valley filling. Additionally, the total energy cost is reduced
to $1.253 x 10%. Therefore, if the charging strategies of all
PEVs depend on the proposed charging coordination scheme,
the SCS will operate normally and reduce the cost effectively.
Finally, the computational time of the proposed solution
approach for different case studies are presented in TABLE
II. It can be readily seen that the proposed algorithm takes
125.05s and 1875.75s to obtain the optimal charging strategies
(i.e., GNE of the game G) in a SCS with 10 PEVs and
150PEVs, respectively. Thus, the computational time does not
increase dramatically with the increase in the problem size.
Therefore, the proposed GNE-seeking algorithm under the
non-cooperative framework can effectively solve the charging
problem in SCS. In addition, note that the solving time of the
internal fast-ADMM for PEVs’ best response only accounts
for a small fraction of the total computational time, which
also indicates the superiority of the fast-ADMM framework.

TABLE II. The computational time for two case studies

Case study 1
Fast-:ADMM | GNE-seeking
49.54 125.05

Case study 2
FasttADMM | GNE-seeking
740.18 1875.75

Time/s

VI. CONCLUSION

In this paper, we have formulated a non-cooperative game to
investigate the charging problem for PEVs in a SCS, in which
the strategic interactions among PEVs are considered. It shows
that the GNE of the formulated non-cooperative game exists
and is unique. To seek the GNE, we propose a distributed
algorithm based on the Newton fixed-point method, in which
a fast-ADMM framework is employed to determine the PEVs’
best response. Simulation results are provided to illustrate the
effectiveness of the proposed algorithm. Notice that since this
work mainly focuses on the energy cost minimization on SCS
side and the fees paid by the PEVs are closely linked to the
SCS’s energy cost, the cost function under the formulated non-
cooperative game is modeled as the PEVs’ payments to SCS.

If one takes account of the battery degradation cost of PEVs
caused by the charging/discharging, compensation to the PEV
owners may be needed to motivate their participation, which
will serve as a part of future work.
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