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Dear Editor,

In this letter, a distributed self-consistent control method to coordi-
nate low-carbon transportation and energy is proposed to address the
efficient utilization of regional transportation energy and renewable
energy. Specifically, taking into account the coordinated develop-
ment of transportation, power grids, and renewable energy, trans-
portation energy self-consistent, including instant self-consistent rate
and power self-consistent rate, is introduced to the distributed con-
trol, which considers electric vehicle (EV) charging and discharging
willingness, and integrates the multiple demands of transportation,
power grids, and renewable energy. The simulation results show that
the proposed method can effectively increase the instant self-consis-
tent rate and improve the renewable energy accommodation.

Transportation energy refers to the energy production, consump-
tion, and management of all energy generators, end-users, and infras-
tructure in the transportation sector. It may include road, railway,
marine, aviation, and other types. The new road transportation energy
system, integrating the renewable energy and transportation along-
side the roads, can efficiently benefit the natures of the transporta-
tion system and achieve the coordinated development. On the trans-
portation side, the formation of the new road transportation energy
system will change the share of transportation energy supply and pro-
mote the renewable energy accommodation in the transportation sec-
tor [1]. On the grid side, it can relieve the pressure on the regional
power grids. And on the environmental side, it reduces the carbon
emissions of energy consumption in the transportation system [2].

There have been many methods to consume renewable energy and
to optimal schedule EV charging and discharging. These methods
collect users’ willingness to charge and discharge and incentivize
them to accommodate renewable energy. However, such methods
only consider the highest economic benefits of EVs and may ignore
the utilization of renewable energy and carbon emissions. Different
EVs charging and discharging amount, different renewable energy
generation, and different grid electricity consumption at different
time intervals will result in different power grid operation and car-
bon emission effects.

Related work: in recent years, many researches have been focus-
ing on such problem. Hu ef al. [3] proposed a robust multi-timescale
energy management strategy to manage the energy distribution of
photovoltaic (PV) and EVs, which suppressed the overcharge and
overdischarge problems of EVs to some extent. However, they were
all centrally controlled and the control strategy could not be realized
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by each EV. Lin et al. [4] developed a mixed-integer linear program-
ming model for end-users to reduce energy waste. The model
included renewable energy, energy storage, EVs, and an internet-of-
energy-based energy trading platform. However, the model did not
maximize the grid benefits. Hiroshi et al. [5S] proposed a manage-
ment framework for charging and discharging EVs by coordinating
the efficient utilization of PV generation output to reduce residential
operating costs. This management framework could maximize the
benefits of the grid and EV owners. However, when EV charging and
discharging control was performed based on a schedule determined
by a prediction curve that deviated significantly from the actual
value, the consumption of renewable energy sources would be
reduced. Wang et al. [6] studied a method to mitigate large wind
power fluctuations using a vehicle-to-grid system and proposed an
optimal dispatching strategy for EVs and wind power using a
dynamic planning approach, which could effectively suppress wind
power fluctuations. However, it could not achieve the benefits of EV
owners and energy utilization maximization. Lai and Lu [7] pro-
posed a robust two-level distributed control scheme for large-scale
distributed energy sources participating in microgrid power output
regulation. The self-consistent proportional power sharing could be
achieved in the microgrid. However, it did not consider the impact of
transportation on the self-consistent of renewable energy sources.
This letter aims to make such an important improvement.

Problem statement: With the rapid growth of transportation
demand, the total energy consumption of transportation and its share
of the total society are showing an increasing trend year by year, and
the growth rate is also rising rapidly. Meanwhile, solar and wind
energy continue to dominate the expansion of renewable energy
capacity, accounting for a large amount of the net increase in capac-
ity.

Therefore, the study of new forms, new modes, and key technolo-
gies for the integration of solar and wind energy and transportation
can, on the one hand, promote the healthy and orderly development
of the renewable energy industry, and on the other hand, be benefi-
cial to improving the energy efficiency of transportation, optimizing
the energy structure of transportation, and promoting the transforma-
tion of transportation.

EVs have been widely used in modern society, which are regarded
as an important path for low-carbon transportation transition. This
letter develops the EV charging and discharging willingness accord-
ing to parameters including departure venue, destination venue,
departure time and desired battery state-of-charge (SoC), initial bat-
tery SoC, and introduces the charging and discharging willingness
into the optimal EV charging and discharging power. Next, trans-
portation energy self-consistent is proposed, which can indicate the
coupling between transportation and energy, and is an important indi-
cator for assessing transportation participation in power grid energy
coordination and renewable energy accommodation. Finally, taking
the self-consistent rates as the consistent variables, a distributed con-
trol method is proposed to realize optimal charging and discharging
of EVs.

EV charging and discharging willingness: EV charging and dis-
charging willingness indicates the urgency of EVs’ charging and dis-
charging needs based on factors such as EVs’ SoC before departure,
the amount of power used to reach the destination, and the amount of
SoC available during the parking period [8]. The willingness is calcu-
lated as (1).
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where wgay,i(f) and wyyg,i(¢) are the charging and discharging will-
ingness of the i-th EV at time ¢, respectively. S OC;(t) is the percent-
age of power remaining in the i-th EV at time 7. S OCpyay,; is the per-
centage of electricity consumption planned for the i-th EV travel. P;
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and 7; are the power and efficiency of the i-th EV charging and dis-
charging at time 7. C; is the i-th EV battery capacity. #; and 1, are the
charging start time and end time.

In order to accommodate renewable energy and to realize peak
shaving, the total power output of all EVs is perfectly matched to the
fluctuating renewable power generation. x;(¢) is the i-th EV charging
and discharging power at time ¢.

wi(t)
xi(H) = Nl— (2)
'Zl Wi(1) X Pyt - pv(?)
i=

where Pyt - pv(?) is the fluctuations of wind and solar power at time ¢.
wj(t) is the i-th EV charging and discharging willingness at time ¢. N
is the EV number.

Transportation energy self-consistent: Roads in a region are
powered by renewable energy infrastructure in their vicinity, inte-
grating the multiple demands of transportation and power grids, mak-
ing efficient utilization of renewable energy through adjacent trans-
portation and other loads, and collaborating with power grids for
peak shaving and frequency regulation to realize the co-development
of low-carbon transportation and energy. The transportation energy
self-consistent can be described by two indices: instant self-consis-
tent rate and power self-consistent rate.

Instant self-consistent rate: Instant self-consistent rate refers to
the ratio of renewable energy local accommodation (including EV
charging) to renewable energy output (including EV discharging) at a
certain time. When renewable energy and EV discharging is greater
than electricity consumption, it is calculated as the ratio of renew-
able energy power used by EVs and other facilities to renewable
energy; when renewable energy and EV discharging is less than elec-
tricity consumption, it is calculated as the ratio of the sum of renew-
able energy and EV discharging to total electricity consumption at
that time. The instant self-consistent rate S e 7,(f) at time ¢ is calcu-
lated as (3).
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where x;(r) is the charging and discharging power of the i-th EV at
time ¢. Qomer(?) is the electricity consumption of equipment exclud-
ing EVs at time . Pycqpt(f) and Py py(t) are the output of wind tur-
bines and PV at time ¢. Qgeneration(t) and Qconsumption(?) are the total
generation of wind and solar and total electricity consumption at time
t.

Power self-consistent rate: Power self-consistent rate refers to the
ratio of renewable energy local accommodation (including EV charg-
ing) to renewable energy output (including EV discharging) in the
certain region during a day. When the renewable energy and EV dis-
charging is greater than the electricity consumption, it is calculated as
the ratio of renewable energy power used by EVs and other facilities
to the renewable energy; when the renewable energy and EV dis-
charging is less than the electricity consumption, it is calculated as
the ratio of the sum of renewable energy and EV discharging to the
total electricity consumption in a day. The power self-consistent rate
S rate p 1s calculated as (4).
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where 7 is the number of total time intervals during a day. It can be
known form the definition that the power self-consistent rate will
remain the same in a day, if the power output and demand is fixed
and there is no additional load consumption. Thus, the instant self-
consistent rate is introduced in the EV distributed charging and dis-
charging.

EV distributed charging and discharging: The distributed con-
sistency algorithm can find the global optimal solution based on the
relevant information of neighboring agents, and the iterative update
of agent i is

M
yilk+11= )" dijy;lkl (5)
J=1
where y;[k] is value of k—1 iterations of thej-th EV parameters.
yilk+1] is the value of k iterations of the i-th EV parameters. d;; is
Laplace coefficient matrix. M is the number of agents.
The Laplace coefficient matrix is
1

n,'+nj+A’

dij = l_z 1 i=j (6)

ni+nj+A’

JEN;

0, otherwise

where n;, nj are the number of agents connected to agent i and agent
J. N; is the collection of all agents connected to the agent i. A is a
very small number. It should be noticed that the agent can be a sin-
gle EV or a group of EVs.

Solving the EV charging and discharging willingness and instant
self-consistent rate in a fully distributed manner, the EV willingness
and instant self-consistent rate can be updated iteratively as

M
Srate,nilk+11= )" dijS rate in k1. )
j=1

Objective function: Maximize the instant self-consistent rate,
which means to make it close to 1, as shown in (8).

T
minF =" (S rate.1n(t) = 1)2. ®)
=0

Substituting (3) into (8), objective function F can be expressed as a
function of Zﬁ | Xi(t) as a quadratic function as ax(Zf\; I xi(0))2+
BXZ?;] xi(t)+vy, where a, B, and y are the coefficients related to
renewable energy output and power load profile.

The constraints are electrical balance constraint, EV battery capac-
ity constraint, and EV charging and discharging power constraints.
The proof of the solution and convergence of the model can be
referred as [9]. The consistency variables are the instant self-consis-
tent rates, and the convergence of the consistency is the solution of
the objective function.

Experiments: In order to perform distributed control of EV charg-
ing and discharging during a day, the EVs are divided into four
groups of 25 EVs each, and the capacity of each EV is 18 kWh. The
initial SoC and self-consistent rate consistency iteration parameters

Table 1. Initial Power Parameters of EVs

Parameters Groupl Group2 Group3 Group4
SoC 0.874 0.856 0.803 0.827
Remaining electricity (kWh) 3933 385.2 361.4 3722

Table 2. Consistent Iteration Parameters

Parameters Group 1 Group2 Group3 Group 4
EV output (kW) 140 180 170 150
Demand and output deviation (kW) 60 40 60 40

Initial instant self-consistent rate 0.03 0.11 0.15 0.08
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of each group of EVs at 6 a.m. are shown in Tables 1 and 2. It is sup-
posed that all EVs could reach the desired SoC at 6 a.m.

The consistency convergence results are shown in Figs. 1 and 2. It
can be found that, after 15 iterations, all groups of EV output con-
verge, and all groups of EV instant self-consistent rate converge to a
common value, thus achieving the optimization objective. It should
be noticed that all convergence curve initially increase since the self-
consistent rate is supposed to be improved from initial values, which
are set as small numbers.
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Fig. 1. Self-consistent rate curve.
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Fig. 2. EV charging and discharging power curve.

The 24 h electricity profile and instant self-consistent rate are
shown in Fig. 3. The instant self-consistent rate increased to an aver-
age of 84.3%, with a minimum of 83.7% and a maximum of 85.0%,
while the power self-consistent rate remained the same at 84.4%. In
this study, the renewable energy utilization rate can reach 91.0%. The
optimization improves the instant self-consistent rate, resulting in a
higher utilization of renewable energy. However, the power self-con-
sistency rate does not change due to the same power generation and
consumption during the day.

Conclusions: Considering the transportation energy self-consis-
tent, a distributed self-consistent control method to coordinate low-
carbon transportation and energy is proposed for EVs with different
charging and discharging willingness to improve renewable energy
accommodation and to reduce transportation carbon emissions. The
simulation results show that the proposed method can effectively
realize distributed control of EV charging and discharging according
to power generation and consumption. The maximum instant self-
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Fig. 3. One-day electricity profile and instant self-consistent rate.

consistent rate can be 85%, and the power self-consistent rate
remains the same as 84.4%. The renewable energy utilization rate
can reach 91% in a day. The future work will include large-scale dis-
tributed control algorithms considering each EV as a distributed con-
trol individual, and the introduction of power self-consistent rate into
the optimization function.
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