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The cooperation between multiple microgrids (MGs) take a substantial role in enabling the process of
information and energy exchange, which can increase the reliability of multi-microgrid (MMG) systems. Since
MGs tend to be selfish in real-world operations, it is vital to address the way to motivate MGs to cooperate
efficiently in MMG systems. In addition, considering the participated connected electric vehicles (CEVs) in
CMT systems, the synergy between the MG-transportation coupled networks shall be accounted. In this paper,
we propose a Stackelberg game theoretic approach for the non-cooperative coupled microgrid-transportation
(CMT) system by exploiting connected electric vehicles (CEVs). This formulated game can jointly trigger the MG
energy trading and vehicle-to-grid coordination schemes in the system. To solve the CMT game with imperfect
information, a Markov Decision Process (MDP) and a deep deterministic policy gradient-based methods are
developed. The devised algorithm can learn a deterministic optimal response from the opponents. The game’s
Nash equilibrium can be approximately converged when the game is with imperfect information. Simulation
results show that the proposed model can guarantee the effectiveness of the energy trading process in the CMT
system. In addition, through the efficient CEV coordination strategies, the V2G regulation service is provided
efficiently while it can further alleviate the grid power fluctuations. Furthermore, large economic benefits can
be achieved under the CMT system.

1. Introduction

With the advanced development of modern power systems, micro-
grid (MG), known as a self-contained power system, is essential for
managing power and load balance, which can further facilitate the
sources pooling during grid islanding. In general, for power networks,
one MG includes different types of loads, distributed generators (DGs),
and energy storage technologies (ESSs). For transportation network,
one MG owns various connected electric vehicles (CEVs) that can
perform autonomous driving operations through vehicle-to-everything
(V2X) techniques [1]. However, there are difficulties to coordinate
these factors in one MG. On the one hand, the increasing penetration
of renewable energy sources and can potentially make a huge impact
on modern power systems due to their intermittency and uncertainty
characteristics. Such renewables can result in inevitable random and
uncorrelated power fluctuations in MG systems. On the other hand,
the rapid application of CEVs can affect each MG system due to their
stochastic charging behaviors. To tackle this issue, the conversion of
multiple MGs into the conventional power system network becomes
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a promising solution for the development of future sustainable power
systems [2]. Since one MG is an individual self-controlled system, the
multi-microgrid (MMG) system can indeed contribute to the economi-
cal benefits and energy utilization through the interaction with other
MGs [3].

Through information and resources sharing, an MMG system con-
nected with multiple individual MGs can facilitate the energy and rel-
evant data transfer. For instance, [4,5] have studied the feasibility and
practicability of such the MG techniques. Efficient MG collaboration
can increase the system’s reliability when considering the utilization
of renewable energy sources and CEVs in power systems, as well
as lowering the power losses of end-users. Several pieces of existing
research work have studied the benefit of the efficient cooperation
in an MMG system, such as [6-10]. In [6], a bi-level framework
was established to consider the interaction between the distribution
network operator and the MMGs, which aimed to schedule power
generations to compensate the load volatility and exchange power
in both day-ahead and real-time ways. Furthermore, a probabilistic
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model was proposed in [7] to assess the controllability of both net-
work voltages and currents in the MMG systems. Besides, considering
the uncertainties of renewable energy in power systems, an interval
optimization scheduling method was developed for coordinated MMG
systems to study the uncertainties of photovoltaic and wind power [8].
Furthermore, to alleviate the adverse effects of uncertain renewable
power generations, a distributed robust model predictive control in [9]
was proposed for islanded MMGs. Specifically, this method succeeds
to balance the robustness and efficiency of the single MG system
operation while dealing with the unpredictability of renewable energy
sources. Lastly, with the consideration of electric vehicles (EVs), [10]
studied multi-period optimal energy trading and scheduling for MMG
systems integrated with a double-ring urban transportation network.
This work not only alleviate the system operation cost but also solve
traffic congestion issues. Nonetheless, these results developed based
on the grid optimization and optimistically assume that the system
operator directly controls each individual MG and its attached EV fleet.
In practice, each individual MG generally more concerns about their
utilities rather than the overall system operations, i.e., being selfish.
Moreover, since CEV charging patterns are considered in each MG,
the coupled microgrid-transportation (CMT) system is modeled in a
sufficient manner rather than the modeling of the traditional MMG
system. Hence, how to motivate the MGs with the attached CEVs to
participate in the efficient and cooperative operations of such the CMT
system is still a pressing challenge.

To address the aforementioned issue, game theoretical approaches
can provide an effective framework for analyzing the relationship
between the individual utility and the system goals. Specifically, each
decision-maker develops a unique plan that optimizes its own utility
rather than following the instructions from a centralized controller.
Since each individual MG can select the best strategy to maximize its
utility, these methods naturally ensure the satisfaction of MG utilities
in the system that motivate the participation of MGs. Several existing
studies investigated the MG trading schemes under MMG systems,
e.g. [11-13]. For instance, an optimal energy trading approach was
proposed in [11] to lower the risk of overbidding for the energy
trading of renewable resources while maximizing each individual MG’s
revenue. Additionally, a priority-based energy scheduling algorithm
in [12] was devised in a distributed power network so as to assigning
the buyer and seller roles in the system via the mismatch between
energy supply and demand. In [14], a non-cooperative game model
was developed for efficient energy trading scheme in MMG system.
Besides, [13] proposed an MG energy trading Bayesian game model to
tackle bidirectional energy trading among the stochastic EVs. Here, the
installed battery packs can be regarded as a mobile power storage in
power systems [15,16]. In addition, the quality of the power ancillary
services can be further improved upon the availability of CEV coordi-
nation, e.g. [14,17-20]. However, these games already assumed perfect
information of all participated MGs, whereas each individual MG knows
the other MGs’ utility functions or has the ability to exchange the
strategy.

Since there are various privacy concerns in real-world operations,
MGs that may be owned by different companies are reluctant to share
privacy to other MGs. As a result, the game turns into one with
incomplete information. For instance, games in [11-13] cannot find
their Nash equilibrium under the imperfect information case. Thus, the
utilization of reinforcement learning (RL) techniques can help solve
the games with imperfect information. In [21], an intelligent MMG
energy management technique was proposed to optimize the selling
energy profit and to reduce the ratio of demand-side peak-to-average
by means of neural network and model-free RL methods. However, this
work solely considers the implementation of renewables and it does
not account the effect of CEV charging behaviors in each MG coupled
with the transportation network. The provisioning of effective CEV
charging services can not only fulfill the charging requirements but also
further help stabilize the urban power systems, i.e. [22,23]. Generally,
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the consideration of CEV charging operations in each MG inevitably
increases the complexity of the entire system model since the synergy
between the MG-transportation coupled networks are involved. Since
CEVs can operate both the wired and wireless charging/discharging
operations through the vehicle-to-grid (V2G) technique, the stability
condition of the MG power network shall be further considered. These
research gaps motivate us to address the imperfect information and the
effect of CEV wired and wireless V2G coordination in the CMT system
with game theoretical approaches.

In this paper, we develop a non-cooperative game theoretic ap-
proach for the CMT system by exploiting CEVs with the consideration
of the MG imperfect information. The formulated game jointly pro-
vides MG energy trading and V2G charging services in the system.
In particular, the game is reformulated as a Markov Decision Process
(MDP) and a deep deterministic policy gradient (DDPG)-based method
is developed to solve the game with imperfect information. The devised
algorithm can learn a deterministic optimal response from the oppo-
nents. The game’s Nash equilibrium can be approximately converged
when the game is with imperfect. The main contributions of this work
are summarized as follows:

- Different from the existing approaches, e.g. [6-10], that solely
consider the efficient MG collaboration operation, we design a
novel non-cooperative Stackelberg CMT game framework to mo-
tivate each individual MG and its attached CEV fleet to jointly
participate in MG energy trading and V2G coordination opera-
tions. In addition, we study the effect of both the energy trading
and wired/wireless V2G scheduling schemes by reacting to the
decision price in the CMT system.

Unlike the existing studies [11-13] that have assumed the per-
fect information of the MGs during the MG trading schemes,
we devise a DDPG-based method to solve the Stackelberg CMT
game with imperfect information. In this case, no MG is able to
share its strategy with other MGs or access any of their private
information.

We discuss the merits and effectiveness of the proposed DDPG-
based approach. We find that through a comprehensive series of
case studies, both CMT energy trading and CEV charging services
can be achieved in an effective manner.

The rest of this paper is organized as follows. In Section 2, we
develop the system model, including CMT system, CEVs, and system
operations. In Section 3, we formulate the proposed non-cooperative
CMT game with well-defined constraints and utility functions. Then,
Section 4 devises a DDPG-based approach to solve the game. Sec-
tion 5 details the case studies that evaluate the proposed DDPG-based
approach and Section 6 concludes this work.

2. System model

As discussed in Section 1, the purpose of the proposed CMT system
is to address the open problem of joint energy trading and V2G coordi-
nation in the power grid. This section details our system model of this
problem.

2.1. Multi-microgrid system

In this work, we develop the system operation model for the CMT
system shown in Fig. 1. The operational time period is denoted as 7T,
which can be divided into a set 7 = {l,...,|7|} of |T| time slots.
We define the set of MGs as M = {I,...,M}, where MG i € M is
operated within the CMT system. Through power and communication
connections, each MG can link to some of the other MGs. In the
meantime, let A = {4, ;} be the adjacency matrix. In this case, if 4, ; =
1 holds, MG i is connected with MG j. Otherwise, 4, ; = 0. Meanwhile,
the diagonal element is set as A;; = 0. In the system, all MGs are
connected into the power grid with the operation of grid-connected
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Fig. 1. Proposed coupled MG-transportation system overview.

modes. Each MG includes various components, namely, distributed
generators, loads, energy storages, and its control center. Specifically,
the DGs are partially related to renewable energy generations, i.e. solar
panels and wind turbines. The system includes both the household
and industrial loads. In this work, we consider the utilization of CEV
batteries as the distributed energy storages in the system.

2.2. Transportation network

Suppose N be the index set of CEVs at MG i. By traveling between
any two locations (s, v), where s, v € V;, the CEVs achieve their assigned
traveling objectives. To accurately depict the physical distance and
linking from one location to another within a given area, the road
network of each MG i can be described as a directed graph G(V,, &),
where the set of nodes V; represents the junction locations of the road
segments, which are linked by the edges in the set &;. Then, we further
define d;,,, as the travel distance of AV » from location s to location v.
Due to potential asymmetries between distinct route plans, it should
be noted that d,,, may not always equal d,,,. We use Dijkstra’s
algorithm to get the vehicle routing plans in order to determine the
shortest route between the departure point and the destination point.

2.3. Wired and wireless charging facilities

In the CMT system in Fig. 1, we denote K as the set of charging
stations that are installed with stationary charging plugs, which is also
the set of CEV aggregators (CEVAs). Note that, for the wired V2G
coordination, we monitor the available parking capacity for CEVA k €
K¢* at each MG i in real-time. For each CEVA k, it can assign a fleet of
CEVs in MG i to park and to provide charging/discharging services. By
following [24], the fast discharging and charging limits are assumed to
be +70 kW, respectively.

Besides, we consider that the certain number of power tracks (PTs)
are embedded over the specific urban transportation network of each
MG for CEVs to wirelessly charge and discharge, whereas PTs are
defined as the energy supply units of wireless power transfer-based
electromagnetic induction roadway powering systems [25]. Some road
segments of the road network in MG i are placed certain amount of PTs,
which allows CEVs to wirelessly charge and discharge. We denote K7 !
as the set of PTs in each MG i. In addition, the related wireless charging
standard is assumed to be maximum 7.7 kW by following SAE J2954
standard in [26].

2.4. System operations

In Fig. 2, The bi-level system architecture includes two crucial parts,
namely, the utility grid and MGs. The MGs have local renewable energy
(RE) generation from solar or wind resources in addition to being
connected to the utility grid through a point of common connection
(PCC). The MGs can operate in both grid-connected and islanded modes
by regulating PCCs. In this work, we assume that every MG operates in
the grid-connected mode. Each individual operation is illustrated in the
following:
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Fig. 2. Proposed CMT system model.

» Energy trading: The local control center for each MG aims to
coordinate the internal operations, including CEV charging and
discharging behaviors. In addition, it also involves the energy
exchange with other MGs that are connected to this MG and the
purchase of electricity from the utility grid. If extra renewable
energy is generated at MG i, it can sell the excess to other MGs
that are connected to it. On the other hand, when MG i does
not have sufficient energy, it can purchase energy from others
that are connected nearby. Meanwhile, the utility grid acts as an
intermediary agent between energy buyers and sellers. For ease
of representation, we denote MG to MG (M2M) energy trading as
such the type of operational process.

V2G coordination: V2G coordination refers to an efficient ap-
proach of utilizing CEV batteries to restore electricity back to the
power system. In particular, they can be regarded as distributed
energy storages that follow the power control signals from the
energy market to provide a variety of auxiliary services, e.g. fre-
quency regulation service [27]. The active power imbalance in
the power system can be alleviated by the provisioning of V2G
regulation services, thereby keeping the grid frequency at its
nominal value.

The proposed CMT system is required to encourage and control the
process for M2M energy trading. Each MG are installed with multiple
smart meters to track the trading activities. The entire CMT system
is responsible for identifying and storing all transaction information
during the trading activities, which includes the buyer’s and seller’s
identities, the trading energy volume, the trading time, and the unit
energy price. Furthermore, the system aims to increase the utilization
of the renewable energy when the energy trading price is given. How-
ever, the selected price might not ensure the M2M energy market’s
equilibrium, which equalizes power supply and demand. As a result,
each individual MG is required to keep the market balance during the
entire time period.

Different from the CMT system in [14], we further consider the
coupling effect between each MG and its transportation network. In
this case, the CEV coordination becomes a key factor to trigger the
efficient energy management approaches, e.g. the V2G coordination
scenes between CEVs and each local control center. Specifically, the
process includes both wired and wireless charging or discharging of
CEVs. For the wired V2G coordination, each CEV is assigned to be
parked into the CEV charging stations, e.g. real-world parking lots,
via the first-come-first-served strategy. These CEVs have to park in a
stationary manner until their charging requirements are reached. On
the other hand, for the wireless V2G coordination, it mainly involves
the charging mechanisms to enable CEVs to charge while they are
in motion over PTs. The CMT system broadcasts the real-time power
imbalance and fixed electricity price to each individual MG. Then,
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each MG shall determines its actions, including the amount of energy
trading, the amount of utilized renewable energy, and the strategy to
coordinate CEVs schedules, so as to maximize their rewards, known
as their individual social welfare. Meanwhile, the electricity price is
jointly affected by the actual power imbalance volume and the actions
of these MGs in real-time. Hence, the actions of all MGs affect the
reward. Such interactions between the system operator and multiple
MGs are modeled as an CMT game with imperfect information, whereas
neither one MG is aware of the private information of the other MGs
nor does it share its strategy with others.

3. CMT game formulation

In this section, we present the system framework for the proposed
Stackelberg game framework, which consists of two stages, namely,
CMT operation and V2G coordination with detailed mathematical rep-
resentations shown as follows.

3.1. Multi-microgrid constraints

Based on the system design, the CMT system functions during the
whole time period 7 = {1,...,T}, which can be divided into |7| time
slots. In the CMT system, we consider both power generations and load
demands. The power generation and load of MG i at time ¢ are denoted
as G;, and L, ,, respectively. We denote R;, as the utilized renewable
energy volume of MG i at time ¢. Since some portion of the generated
renewable energy of each MG is utilized to serve the load demand or
sell to other connected MGs, the constraint of the utilized renewable
energy shall follow

R, <G, VieMiteT. 1)

In this case, the unutilized renewable energy is discarded.

Then, considering M2M energy trading process in CMT system, the
trading price is given for each MG to determine the amounts of buying
energy and selling energy from other MGs. We define «;;, as the buying
energy volume from MG i at MG j. Meanwhile, e;, = {o;;,|Vi,j €
M, i # j} stands for the MG i’s buying energy vector, which denotes the
total quantity of buying energy from other MGs at MG i. Besides, we
denote S, as the timely amount of selling energy to the other MGs at
MG i. Given the price by the system operator in the CMT operation, the
connected MGs perform scheduling scheme locally, and subsequently
reply their individual commitment to the system operator.

In addition, the energy transmission loss of the proposed CMT sys-
tem is represented by y = {y, j4IVi.j € M,i # j}, where y;; represents
the amount of energy loss during power transmission between MGs i
and j. In this case, when MG , purchases a specific quantity of energy
a;;, from MG i, the energy obtained by MG j is

Biji =, (1 =v)), Vi,j EM,tET. 2)

Besides, the operational bound of the amount of energy transmitted
between MGs i and j when considering the capacity constraint of the
power transmission lines in the CMT system follows

0<aj;<w; Vi,jE M,IET, 3

where a;; denotes the maximum energy transmitted among MGs. Then,
the operational limit between the utility grid and the connected MGs
follows

0<Ef <E/ VijeM1eT, )

where Ef denotes the maximum energy received from the utility grid
of MG i.

Furthermore, taking the stability of the CMT system into consid-
eration, we need to implement the power balance constraint. Since
the energy supply in MG i should exceed the grid demand due to
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the energy generated from renewable sources and the total amount of
energy purchased from both the utility grid and other MGs, we have

G+ Ef, + Z Bjis 2 Ciy+ Lis+ S
J# 5)
Vi,je M,teT,
where C;, represents the amount of charging/discharging energy of MG
i at time ¢, including two types of energy storage systems, namely,
stationary energy storage devices and CEVs. In this paper, since we
consider the effect of the CEV coordination in the CMT system, we have

G = Z P, VieM1eT, (6)
n,G./\f
where P, , is the charging/discharging power of CEV n traveling inside
MG i at time ¢.
Moreover, based on constraints (1) and (5), the power balance
constraint in each MG i is represented by

R, +E% + Z Biii=Cii+ L+ S, Vije M1eT. )
J#i
Since the total amount of energy purchased by other MGs from MG
i must equal the amount of energy sold in MG i, it holds

Yoy, =S, Vije MtET. (8)
J#
Only the excess renewable energy produced by each MG is sold to

other MGs. The amount of sold energy in this instance is constrained
by

S, =0
0< SiJ < Gi,r - Ri,t

3.2. Vehicle-to-grid scheduling constraints

if G, < Ry, ©
if G, > Ry,

Next, we tackle both the wired and wireless CEV charging schedul-
ing schemes for those are willing to participate in the proposed system
framework. First, we introduce the CEV dynamic wireless scheduling
scheme. Within the time period 7, CEVs N; c N at each MG i €
M can perform dynamic wireless charging/discharging. In addition,
the stability condition of the MG must be fulfilled by providing V2G
regulation services. The mathematical representations of CEV dynamic
V2G scheduling scheme are shown below. To begin with, the followings
are the operation limits for CEV n’s charging and discharging powers

PIN < Pk, < PN VneN,teT, (10)

where PfCh < 0 and PnCh > 0 are the discharging and charging power
of CEV n, respectively. If CEV n performs charging/discharging at MG
i, we can further denote its charging power as P, ;. k,, presents the
binary control variable to indicate whether CEV n is traveling over the
PTs or not. In this case, if CEVs do not participate the dynamic wireless
scheduling within the specific time period 7% c 7, P,, = 0,Vt € T*
holds. This further reflects that such CEVs solely travel on roads without
dynamic wireless charging or discharging.

The CEV n is then connected to the PTs and begins its charg-
ing/discharging process. Each participating CEV’s state-of-charge (SOC)
at time ¢ can be calculated as follows:

SOCn,tJrAt = SOCn,t + %I’[ (Pn,t) Pn,t’ re T! (11)
n

where CEV n’s installed battery capacity is indicated by C:V > 0. Addi-

tionally, the energy efficiency of each CEV’s charging and discharging

power, 5(-), is determined by

U )
P, = ’ (12)
0P, {I/V[dCh P, <0,

where the charging and discharge efficiencies of each participating CEV
n are represented by 7h, ydch e (0, 1].
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The travel distance of CEV n from locations s to v in MG i € M at
time ¢ is defined as d,, ,, = vy, ,,4t, where v, . is the average travel
speed across the road (s,v). The battery level of CEV n at time ¢ can
accordingly be represented as

An

ev
Cn

=0

SOCn,t+Ar = SOCM - dsv,n,r’ 13)
where A" > 0 is the CEV »’s unit energy consumption factor.

Through the connections of wireless PTs, the energy demand of
V2G scheduling shall be met for each participating CEV » at every MG
i € M. Each CEV n’s required SOC level corresponds to the energy
requirement. Let SOC2 and SOC represent the starting SOC of the CEV
n and its required SOC level, respectively. Before arriving at the final
destination, the charging requirement must be satisfied as indicated by

SOC, 7| > SOC) +SOC}, Vn e N, 14

where SOC is the charging requirement of CEV .

Additionally, during the charging and discharging process, it is
important to avoid over-charging and deep-discharging situations. Con-
sequently, the SOC operational limits follow

SOC, < SOC,, < SOC,, Vn € N, (15)

where the lower and upper SOC limits of CEV »n are SOC, and S0C,,
respectively.

Besides the CEV dynamic wireless scheduling scheme, we further
consider the CEV wired charging scenarios. When the CEVs are plugged
in the charging stations in MG i, they are first scheduled by the
system to offer the V2G regulation service by establishing real-time
communications between the charging stations and CEVs. In this case,
the constraints are developed based on the stationary parking time
period, defined by ¢ € [T, ;,,, T}, ,,,] Where the plug-in and plug-out times
of CEVnareT,;, and T, ,,, respectively. Then, the CEV coordination is
considered within the period for (10). It indicates that each CEV should
get its own charging requirements guaranteed before departing from
charging stations.

,in>

3.3. Non-cooperative microgrid model

The proposed CMT system framework is formulated to tackle the
joint MG energy trading and CEV coordination operations. For the
MG operation, the related objective of the entire CMT system is to
minimize the quantity of the total discarded renewable energy. Mean-
while, by following the aggregator model in [28], the cost of CEV
charging/discharging is incurred by the V2G scheduling mechanism.
Additionally, since we take the proposed CMT system’s stability re-
quirement into consideration, each MG is capable of providing V2G
regulation services by means of the participated CEVs in its individual
MG system. The aim of regulation services is to smooth out active
power fluctuations in order to maintain a stable range for grid fre-
quency. As a result, based on these aforementioned aspects, for each
microgrid i at time ¢, the utility function is defined as:

Uy, = —P;r(z Siji— z S+ Z(Sji,t)z
J#i J#i J#i

h F
+ PR ) - pE EE + Y, PP, 4w ( 7
neN

_ 5|P,t°t _ Pfi’“ ) +0,max < C,+Li,+S;, a6)

-Gy —E8 = B0 ) +0,max ( SOC;
J#
+ SOCI - SOC,, - n(P, )P, At

= nMPR(T | -1 = )40 )
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where p!* is the energy trading prices provided by the CMT system oper-
ator and p;° denotes the unit price for renewable energy generations. w
denotes the weighting factor for the provisioning of the V2G regulation
service. In addition, pﬁ}; is the unit charging/discharging price for CEV
scheduling with the power of all CEVs Py, = {P,,, P,,...., Py,}, while
the base reward for rendering the regulating services is F. Due to the
battery degradation effect, the penalty factor is set as & € (0, 1]. Lastly,
the active power profile of the city smart grid, which is determined as
P!°t, is obtained by

thOt - P’imb + Z Pn,t’ an
neN

where P™P(#) denotes the timely power imbalance volume of the CMT
system. By focusing on the utility function in (16), the first term
represents the energy selling revenue or buying cost and the second
term is related to the incurred operational cost for energy trading
process. Moreover, the third term presents the operational cost on
renewable energy generations while the fourth term is associated with
the electricity payment from the utility grid. Besides, the fifth and sixth
terms are the participating CEVs’ charging expenses and rewards for
providing the V2G regulation services, respectively. These two terms
are directly related to the effectiveness of the V2G scheduling scheme
in each MG i. Furthermore, the seventh term introduces the constraint
penalty function related to CMT energy trading process, where o,
penalizes the reward if the grid demand exceeds the upper bound based
on (5). For the last term, o, penalizes the reward within each MG i if the
charging requirement is not satisfied based on (18). In this case, since
the non-cooperative MG model is developed in a real-time manner,
based on constraints (11), (14), and (15), the charging requirement of
the proposed online V2G scheduling of CEV » shall follow

SOC,, + 1(P, )P, At + fMPR|(T| — 1 — D)t

18)
> SOC: +SOC™, Vr < |T| - 1.

On the left-hand side of the inequality above, the maximum SOC that
can be charged for CEV » and its charging or discharging power P,
are displayed, while the safety margin, denoted as u € [0, 1], is utilized
to deal with the uncertainty of real-time regulation signals, which is
shown on the right-hand side. The aim is to let the participating CEV
n have a large energy buffer to deal with the uncertainty of real-time
power imbalance. Then, we have

SOC™ = 4(SOC, — SOCY). (19)

Besides, we introduce H;, = {{S;;,|i # j}, R;;, E,g,, Py} as the feasible
actions of MG i, where it satisfies (4), (5), (6), (8), (9), (10), and (15).
Thus, the proposed non-cooperative CMT game can be formulated as:

maximize U, (20a)

subject to H;, € A;, (20b)

where X, denotes the feasible strategy set of MG i for the non-
cooperative game, which includes all the feasible sequence of related
variables.

We denote the proposed CMT game W(A, F) as the set of online
coupled optimization problem (20) of all CEVs, which includes the
strategy set A £ H,.]Zl A;. The related payoff function is denoted as
F(M) = X,c,1(U; ). Generally, a Nash equilibrium solution is a feasible
value of A} under the condition that no MG may unilaterally deviate
and obtain more benefit if the other MGs’ strategies do not change. In
the meantime, the best response of MG i refers to the strategy at the
equilibrium.

4. Deep deterministic policy gradient

The game W(Z, F) is hard to solve due to the imperfect information.
Hence, in order to attain the equilibrium, we reformulate the proposed
CMT game as an MDP. In this way, the devised DDPG method is capable
of finding the solution.
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4.1. MDP reformulation of proposed CMT game

State Space. Recall that the total time period is divided into T
time slots. For the information state of the proposed CMT game, it
consists of seven sub-states, namely, the power generation of MG i
G, ,, the load demand of MG i L;,, the quantity of energy transmitted
between MGs i and j ;;,, the timely amount of energy sold at MG i
S;,» the regulation signals P8, and the residual SOC SOCy; ,, and the
number of participated CEVs in each MG i N;,. G;, and L,, are the basic
elements for the MG i. a;;, presents the amount of energy transmitted
and S;, the timely amount of energy sold at MG i. In addition, P/® is
the regulation signals that affect the charging/discharging price of N;
participated CEVs at MG i and the reward function of MG i. SOCy.,,
denotes the residual SOC of CEVs at MG i so as to fulfill the CEV
fleets’ charging needs socy,, while N;, is the real-time number of
participated CEVs in MG i. Therefore, the information state of MG i
can be described as s;, = [G,,, L;;, @;;, Sio P 5, SOCy 1 Ny o 1.

Action Space. Referring to the constraint (20), we execute the
action space a! at each time 7 and it is related to the MG i’s strategy H, ,.
Different from most of the existing works that consider these elements
to be discrete variables, in this work, we exploit the characteristics of
latest technology in both MG operations and CEV charging schemes
through continuous rate control. In other words, we define a;, as
a continuous variable vector, where a;, = H,,. In the meantime,
we should notice that the following requirements are met during the
operation process: (i) the utilized renewable R;, should not exceed the
total power generation in (1), (ii) the quantity of energy received at
MG j at time 7 in (2), (iii) the volume of energy drawn from the electric
grid should not be greater than the maximum volume in (4), and (iv)
the charging/discharging rate Py, should not exceed the maximum
charging/discharging rate mentioned in (10).

State Transition. The next information state of the MDP reformu-
lation is denoted as s;,,, which depends on both the action vector at
the current time slot 7 and the MG i operation pattern at the time 7+ 1.
The transition probability from s, , to s;'+] is denoted as P(s; .41 15; . a;,)

Reward. By performing the action a; that is related to the strategy
of MG i and the charging/discharging powers of the CEVs at MG i,
the proposed CMT system can harvest a reward at the beginning of
time 7 + 1. Recall that the utility objective of the proposed CMT game,
formulated in (20), aims to tackle the joint MG energy trading and CEV
coordination operations. Hence, we define R;,,; as the reward of MG i
by following the objective function in (20). Besides, we introduce the
long-term return J to correspond with the information state s’ € S; and
the action a! € A;, where S; and A; are the state and action spaces,
respectively.

For the MDP reformulation, the target is to maximize the expected
total reward yield by each MG i, which has

1 i
J=El > Ripi(@l. 2D
teT

4.2. Deep deterministic policy gradient algorithm

Referring to [29], DDPG is a model-free, actor-critical algorithm
that works in continuous state and action spaces. The action-value
function acts as the critic in the actor—critic algorithm to evaluate the
actor’s performance and directing the actor’s upcoming actions, while
the policy function acts as the actor to generate actions and interact
with the environment.

The actor—critic algorithm’s two approximation functions were de-
veloped by the DDPG using deep neural networks (DNNs). A policy
function u(s;;10,) can be used to define the actor network, where 0,
is the parameter in the network u. The critic network is defined as an
action-value function QO(s;,, a;,|6,), where 6, represents the parameter
in the network Q. The actor target network ' with the parameter 6,
and the critic target network Q' with the parameter 6, are also built
with a copy to facilitate the training process.
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The aim is to determine an action a;, so as to maximize the
action-value function O(s;,, a;,) by

aj, = argmax O(s;, ;). (22)
it

Based on the state-value function (20), the objective function in
the DDPG can be redefined as Jo, - Since the state-value function is
differentiable with the continuous action space, the parameter 6, can
be updated through gradient descent. Hence, the chain rule of such
gradient search in the devised algorithm follows

Vo, J =V400s,a,,100)Vg, H(s;,10,). (23)

The entire process for the deep deterministic policy gradient algo-
rithm is shown in Algorithm 1. The following procedure describes how
to train a DDPG-based agent. For the state s;,, the network y produces
u(s;,) with the consideration of the noise v, so as to obtain the action
a;, = u(s;;) +v,. Then, at a new state s, ,,, the agent obtains a reward
R;,. After that, the agent then stores the tuple (s;;,a;,, R;;, ;1) in
the experience replay buffer. A mini-batch (s; .. a; .. R; ;. 5;,4) is then
created by the agent when selecting N, tuples from the buffer.

Based on the chain rule in (21), the actor network must be updated
when it is being trained by the above procedure. In the meantime, the
critic network also follow the same process. After that, the target critic
network considers the output of the target actor network as its input,
and the target value for the state-value function is given by

Vig = Riy + €08, 1(8°410,0 )10 24

where ¢ is the discount parameter.

Through the mini-batch method, the network y’ outputs the action
U'(8; -41) to the network Q’. In order to compute the loss L using the
mini-batch and s, ., the network Q’ can calculate y; , based on (20).
In this case, the loss of the network should be minimized for the critic
network. Thus, we have

min L = min(y;,0(s; - a;,,100))*. (25)

The two target actor and critic networks’ corresponding parameters
are updated by

6, =86, +(1-25),. (26)

0, = 800, + (1 = )0, @7

where § denotes the soft updating parameter of the networks.

Algorithm 1 Deep deterministic policy gradient algorithm

1: Initialize network parameters y and 6.

2: for each iteration z = 1: Z do

3: Initialize action space and observation state.

4. fortr=1:|T| do

5: Choose action a;, by considering noise v,.

6 Observe state s,;,, generate action a,,, and approximate the
state-value function.

7: Calculate reward R;, and observe the state s, ;.
8: Store the transition (s, ,, a;;, R; ;. $; 111)-
9: Sample a random mini-batch with N, tuples and calculate (24).
10: Update the actor policy by using the gradient in (23).
11: Update the critic by following (25).
12: Update the target network Q’ based on (26) and (27).
13: end for
14:  if cross-validation is required then
15: Validate the current network parameter u in the policy
network.
16: end if
17: end for
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Fig. 3. Comparison of reward among different scenarios.

5. Case studies

In this section, the effectiveness of the proposed CMT system is
evaluated. Firstly, the simulation setup is presented. Secondly, the
relevant performance metrics and the baseline scenarios for comparison
are included. Thirdly, the energy trading process is studied. Fourthly,
the economic feasibility of the proposed model is covered. Lastly, the
impact of different CEV fleets is examined.

5.1. Simulation setup

The proposed CMT system is studied on both the MG operations and
CEV coordination. The time horizon for the system’s operational period
is one day, divided into |7'| = 96 slots with a length of 15 min. In each
MG, the power load demand and the renewable energy generated are
obtained from real power system data in [30], which includes time-
varying household load and solar and wind power generations. The
utility grid’s adopted electricity tariff is set according to the time-of-use
(TOU) pricing plan [31]. By following the PJM market standard [32], a
regulation capacity of each MG is set to 300 kW with base reward $40
per MWh. For MMG power network, a fully connected MMG system is
considered and it includes four individual MGs. For each MG, the urban
transportation network is obtained as the real-world traffic network in
the town of Carolina, Alabama,' in which it includes 26 nodes and 56
edges with a different length of road segment.

The settings for CEVs are presented in the following. There are two
groups of CEV fleets with || = 80 that are equally distributed in each
MG, e.g. Nissan Leaf with 40 kWh [33] and Chevrolet Volt with 18.4
kWh [34]. We assume that each CEV travels with a fixed velocity of 30
kilometers (18.64 miles) per hour referring to the city average traffic
speed. In the meantime, each CEV’s A" (unit energy consumption) is
set at 1.112 kWh per kilometers. The wired and wireless charging
standards follow [24,26], respectively, as mentioned in Section 2.1. In
the meantime, the energy efficiency is set to 0.9 for both wired and
wireless charging/discharging schemes. Besides, we model the uniform
distribution-based SOC settings of CEVs, which is denoted as U[-] [35].
Specifically, we set the CEV »’s initial SOC to be U[40%, 50%], and
the charging requirement to be U[0%, 10%]. The safety condition of
the charging/discharging mechanism is considered when the minimum
and maximum SOCs, respectively, are U[10%, 20%] and U[90%, 99%].
Last but not least, the charge price is set to $0.59 per kWh.

5.2. Algorithms for comparison
In the simulation, we consider four different algorithms in compari-

son so as to assess the performance of the proposed CMT system, which
are shown as:

1 https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/
DVN/CUWWYJ
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1. S1: Proposed DDPG-based approach with imperfect information,

2. S2: Constant charging policy approach adopted in [35],

3. S3: Random policy with equal probability approach adopted in
[36],

4. S4: Non-cooperative CMT game approach in (20) with perfect
information.

5. S5: Non-cooperative MMG game approach without CEV fleets
[14].

S1 denotes the proposed CEV system with DDPG-based approach
with imperfect information. For CEV scheduling schemes in each MG,
we assume that CEVs perform dynamic wireless scheduling when they
travel to the CEVAs and then they operate fast charging mechanisms
through wired chargers. Meanwhile, all road segments are installed
with PTs in the transportation network of MG i. Then, S2 modifies
the charging policy during the entire time period, wherein each CEV
is charged to meet its charging needs at a constant power rate. In
addition, for S3, we assume that 50% of road segments are embedded
with PTs in a random manner. For S3, we assess the random policy
approach. In this case, each MG with the participated CEVs can choose
its action with equal probability and this method does not involve the
implementation of dynamic V2G scheduling. Furthermore, S4 consid-
ers solving the proposed non-cooperative CMT game approach shown
in (20), where it covers the perfect information. Last but not least,
S5 considers the non-cooperative MMG game approach without the
consideration of CEV fleets, in which it does not include the model
of V2G scheduling scheme. In the following performance evaluations,
we mainly consider four MGs in the proposed CMT system, which also
follows the settings in [14]. In practice, the proposed model can be
deployed in different CMT systems with various typologies.

5.3. Reward evaluation under proposed DDPG-based approach

In this part, we evaluate the episodic reward under different sce-
narios. In the hypothetical game W(A, F), the social utility of MGs can
be maximized at the equilibrium point. Thus, in order to assess the
convergence of the proposed DDPG-based approach, the performance
metric that we use is social welfare, also referred to as the sum of
all MG rewards. The relevant results reflected by the four comparative
scenarios are shown in Fig. 3. Owing to the utilization of random policy,
S3 performs worst because of the largest volatility occurred in the
reward profile. Besides, for S2, due to the implementation of constant
charging policy, the reward seems to be nearly a straight line since
the difference between the minimum and maximum of reward under
every episode during the training process is relatively small. Through
the utilization of DDPG-based reinforcement learning approach, we can
see that S1 performs well on social welfare since the curve approxi-
mately converges to the equilibrium as the episode lengthens in S1.
It is demonstrated that with imperfect information, S1 can still nearly
converge to the Nash equilibrium attained by S4.

5.4. Energy trading results of CMT system

We assess how the proposed CMT system’s MGs trade energy among
themselves by means of Algorithm 1 in this section. The process of
energy exchange between MGs and the utility grid is shown in Fig. 3,
along with a description of the MGs’ energy trading behaviors. Here
we focus on the cumulative hourly performance for the representation
of these MGs. It is apparent that MG 1 sells relatively large amount
of energy to other MGs due to its amount of the generated renewable
energy and V2G power. Meanwhile, the amount of the V2G power
is defined as P;"t in (17). In this case, MG 1 can earn more income
by selling energy to other MGs with the generated renewable energy
surplus. Considering the characteristics of hourly power imbalance in
the system, MGs 2, 3, and 4 can either be an energy buyer or seller
at particular times. In addition, for the CEV scheduling schemes, we
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consider the combination of both wired and wireless CEV scheduling
operations. In particular, when each CEV travels to the assigned CEVA
by following the routing plan in each MG i, it mainly performs dynamic
wireless charging scheme since all road segments in MG i’s transporta-
tion network are embedded with PTs. After each CEV reaches the CEVA
to park, it operates wired fast charging schemes. As shown in Fig. 4,
given the time period, the total amount of energy sold by all MGs
(shown by the yellow bar) is typically more than the total amount
of energy purchased (represented by the red bar). The main reason
is related to the transmission losses among these MGs in the system.
Besides, since the volume of the power imbalance cannot be met by the
renewable energy that has been generated, the V2G power is utilized
for compensated the active power imbalance. It can be observed that
MG 2 choose to charge more power by means of the CEV fleets while
the CEV fleets of the other three MGs operate discharging modes.

Besides, we assess the performance of the energy trading process
between S1 and S5. The result is presented in Fig. 5. It is apparent that
the amount of purchasing or selling energy in S1 is a bit less than the
amount of S5. The reason is that the use of V2G services can help the
certain amount of energy fulfilling process since S5 does not consider
the implementation of the CEV fleets. In addition, since S5 can generate
more RE for energy trading process among these four MGs, more
operational cost can be calculated due to the relatively large amount
of RE generations. Therefore, the use of the CEV fleets in S1 can help
reduce the system operational cost by using more CEV powers rather
than using RE powers. Thus, comparing with the baseline approach S5,
the proposed method can incur a lower system operational cost during
the energy trading procedure.

5.5. Cost evaluation

Based on the same simulation settings, we assess the cost evaluation
of the utilities of the CMT system. As shown in Fig. 6, it depicts the
entire economical cost of the proposed CMT system, which covers the
operational cost for energy transfer among MGs and the charging cost
for CEVs’ charging behaviors. As can be observed from Fig. 6(a), the

total operation cost obtained by S1 is much lower when compared to
S2. This further incurs that the efficient V2G schedules of CEVs in these
MGs can contribute to a lower system operational cost. In addition,
according to the charging cost in Fig. 6(b), the deployment of the
effective V2G scheduling operation in S1 can indeed lower the total
charging cost over the entire day. Therefore, we can conclude that the
effective V2G coordination contributes to a higher economical benefit
by utilizing CEVs in the CMT system.

5.6. Impact of different CEVs

Lastly, we study the impact of various CEV fleet sizes on the non-
cooperative CMT system, which is associated with the scalability of
the proposed game. In this part, we evaluate the system performance
of four cases with 0, 40, 80, and 160 CEVs, respectively, which are
evenly distributed to the four MGs in the system. Fig. 7 shows the
result under these four cases. As it can be seen, the increase of CEV
fleet size contributes to a higher reward in the system. In addition,
when the amount of total participated CEVs is greater than 80, the
reward profile reaches to the positive equilibrium level quickly. Hence,
it is demonstrated that more participated CEVs in the CMT system con-
tribute to a higher system reward. Besides, by tracing the performance
of the active power profile, we can obtain that the standard deviations
of total active power profile (in kW) under these four cases are 64.64,
3.90x1071,2.01 x 1072, and 7.04 x 10~*, which is shown in Table 1. It is
apparent that this metric decreases with the increasing number of CEVs,
indicating a better performance in providing the V2G regulation service
in the CMT system. Furthermore, the average charging cost increases
with the fleet size while and the average operation cost nearly remains
the same, as reflected in Table 1.

5.7. Tractability for large system

In this section, we investigate the numerical performance of six MGs
in the proposed CMT system. Specifically, we consider the original four
fully-connected MGs and two other MGs with attached ring topology
for the grid. The number of CEVs are evenly separated into these MGs
with N; = 20, where i € M. The main purpose is to investigate the
effect of energy trading process for a relatively large CMT system. The
result is shown in Fig. 8. We can observe that MGs 1, 2, 3, and 6 sells
more energy than the buying amount compared to other MGs. Besides,
MG 5 buys a relatively large amount of energy from other MGs. It is
demonstrated that to fulfill the power imbalance, all MG buys/sells
sufficient energy during the peak and valley of the power profile. In
addition, considering the implementation of V2G operations in every
MG, the CEV fleets in MGs 4 and 6 select to charge more power during
the entire operation period while the CEV fleets in MGs 1, 2, 3, and 5
prefer to discharge more power back to the system so as to alleviate
the power imbalance volume.
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Table 1

Impact of different fleet size of CEVs in S1.
Number of CEVs 0 40 80 160
Standard deviation of total active power profile (kW) 64.64 3.90 x 107! 2.01 x 1072 7.04x 1074
Average charging cost (US$) 0 4.53 22.65 134.79
Average operation cost (US$) 1.48 x 10° 1.49x 10° 1.55%x 103 1.49x 103

6. Conclusions

In this paper, we propose a game theoretic approach for the non-
cooperative CMT system by exploiting CEVs in smart grid. The com-
bined operations can jointly trigger the MG energy trading and vehicle-
to-grid coordination schemes in the system. Considering the multiple
interactions between the grid operator and MGs, we formulated a
non-cooperative game approach based on a Stackelberg game, where
the grid determines the energy trading price as the leader while the
participated MGs decide their strategies as followers. To deal with

10

the imperfect information incurred by the CMT game, we develop
an MDP and DDPG-based method. The devised algorithm can learn
a deterministic optimal response from the opponents. In addition, the
game’s Nash equilibrium can be approximately converged even under
imperfect information. Simulation results show the reward curve of
the proposed approach can successfully converge to the equilibrium.
In addition, the deployment of the V2G scheduling can further help
contributes a higher economical benefit in the system. Besides, more
CEVs participated in the V2G regulation service can lower the system
operational cost significantly. Furthermore, the proposed approach can
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ensure the effectiveness of the energy trading process in different
scales of the CMT system. In the future, we will extend the system
model with the implementation of multiple operations for hetero-
geneous CMT elements in the system, as well as coping with their
potential uncertainties.
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