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Abstract—The accelerated adoption of electric vehicles (EVs)
introduces a substantial amount of load to the power grid. The
electric road system (ERS) emerged as a promising solution to
decarbonize heavy good vehicles and extend the driving range
of EVs, will further complicate the operation of power grid.
Therefore, optimal scheduling of EV charging in ERS is vital in
minimizing the impact of variable EV loads to the power grid
that provides power supply to the ERS. This paper proposes
a charging strategy based on load floating (LOF) electricity
price. The approach divides a day into different time periods,
counting the grid-connected and off-grid time of vehicles, and
then establish dispatching and charging cost models, based on
which the EV charging cost is minimized. The simulation results
confirm the efficiency of the proposed scheduling strategy.

Index Terms—EVs, ERS systems, dynamic charging, V2G,
optimizing strategy.

I. INTRODUCTION

In response to the climate challenge, to replace fossil fuel vehicles with
electric vehicles (EVs) has become a development trend for road transport
decarbonization. However, the introduction of a large number of EVs will
bring significant pressure on the power grids which are already congested.
Currently, the limited battery capacity limits the development of EVs [1]. To
address above issues, the electric road system (ERS) with dynamic charging
has emerged, first piloted in Sweden [2]. ERS is a road that supplies electric
power to vehicles travelling on it, and the EV charging includes contact
and non-contact modes [3]. The unique charging mode of ERS allows for
a reduction in battery power consumption while an EV is in operation,
effectively extending the travelling on a single fully charged battery [4]. This
technology can effectively address the issue of limited battery capacity in
EVs, yet, the charging demand of ERS may exacerbate the pressure on the
power grids during peak periods. Thus, it is necessary to optimize the EV
charging to address these issues.

For road power supply systems, EVs are generally considered as control-
lable loads. However, with the potential application of vehicle-to-grid (V2G)
technology [5], [6], EVs can be aggregated to serve as energy storage to
support the power grid through discharging control strategies. Consequently,
for ERS systems, optimal charging and discharging strategies for EVs can be
used to support peak shaving and valley filling of the grid. This is an essential
step towards the development of a smart grid incorporating ERS systems.

The dynamic charging mode of the ERS distinctively differs from the con-
ventional stationary charging and discharging. Thus, managing EVs’ charging
and discharging is crucial for the efficient operation of the ERS integrated with
the power grid. For traditional road systems, various scheduling strategies
have been proposed to achieve smoother supply-demand balance and lower
charging costs [7]-[9], including scheduling for wireless charging of EVs [10].
However, these scheduling methods only account for the static EV charging,
little has been done on the optimal scheduling of dynamic wireless charging of
EVs via ERS. To fill this gap, this paper presents a time-sequence scheduling
algorithm that optimizes costs for ERS systems, offering a practical solution
for their efficient operation.

The remainder of the paper is organized as follows. The EV charging
scheduling model for the ERS system is formulated in section II. Sections

978-1-6654-7164-0/23/$31.00 ©2023 IEEE

2" Kang Li
School of Electronic and Electrical Engineering
University of Leeds
Leeds, UK
K.Lil @leeds.ac.uk

IIT and IV present the details of the proposed optimization strategy and the
optimization results obtained in case studies, respectively. Finally, Section V
summarizes all the results and concludes the paper.

II. THE EV CHARGING MODEL FOR ERS

For traditional EV charging and discharging, the process can be described
as absorbing energy while parking and consuming energy while driving.
However, when EVs run on electric roads, their charging model needs to be
updated by adding a dynamic charging mode [11]. In this process, EVs can not
only extract energy from the grid but also supply energy to the grid using V2G
technology when necessary, mainly through EV energy scheduling strategies.
It is obviously that introducing V2G technology into ERS systems is one
of the future development trends, providing a more efficient and sustainable
solution for the power grid. In addition, the charging and discharging behavior
of EVs can be regulated based on real-time power grid demand by using V2G
scheduling strategies, resulting in a more stable power grid system. Therefore,
this section will mainly introduce the dynamic charging and V2G scheduling
models for EVs travelling on the electric roads.

A. The dynamic charging model of EVs

The dynamic charging mode refers to the process of charging EVs while in
motion on electric roads. Compared to static charging, dynamic charging has
several advantages, including the ability to charge without parking, reducing
the EV battery capacity, especially for heavy good vehicles (HGVs), the
absence of the need for a large number of fixed high-power charging stations,
and avoiding the long queues of EVs waiting for charging. This charging
model also offers a great potential in the utilization of distributed renewable
energy integrated with the feeder stations for the ERS.

Fig.1 is a typical example of an EV’s daily travel itinerary where ERS
is integrated. It shows that EVs may travel between different locations each
day, starting and ending at home and travel to work, school, shopping malls,
and also may pass across dynamic charging road sections. Therefore, the EVs
can be charged at home, school, work place, or shopping malls using fixed
charging facilities via static charging, they can also be charged while running
on ERS. Unlike traditional journeys, the road charging section provides a
charging mode defined as “driving while charging.” As a result, the EV
charging model for ERS systems can be formulated as follows.

It is assumed that the 4,3, car enters the grid at time ¢;,, for charging, and
leaves the grid at a predetermined time ¢, r. When the i, car is connected
to the grid and its battery state of charge (SOC) is higher than the threshold
7, it can function as an energy storage device and supply energy back to the
power grid if necessary. In addition, when the car is driving on a dynamic
charging section from time Z;, t0 ¢, s, the battery can be replenished through
wireless charging. Consequently, the power demand of EVs in various time
periods can be expressed by the equation (1).

7Pdischa < P’i,t < Pchar (d)
0< Pi,s,t < Pehar (b) 9]
0< Pi,d,t < dench,a (C)

where Pyischa> Pehar and Pgyncna present the set power of discharging,
and static and dynamic charging for EVs, P; s ¢ and P; 4 4 are the static and
dynamic charging power of 5, vehicle at time ¢, and F; ; is the charging
power of 4,5 vehicle at time ¢.



"
&

Drive with charging
Fig. 1.

Then, the total electricity demand of all EVs at time ¢ can be calculated
by the equation (2).

N

Peyt = Z (Pi,s,t + Piat) 2

=1

where Py, is the total charging power of all EVs, and NV is the total number
of EVs.

B. The V2G scheduling model of EVs

The V2G scheduling model refers to the coordination of EV charging
and discharging based on the power system’s demand. Specifically, the EVs
connected to the grid can act as distributed energy storage, with their charging
and discharging behavior controlled to balance the power supply and demand
of the grid. In this section, the V2G model uses vehicle data from the
dispatching center to schedule the charging and discharging of EVs, which
are treated as both loads and energy storage devices. That is to say, the
dispatch center controls whether each EV absorbs or releases energy to the
grid, while ensuring that each EV’s charging requirements are met. Therefore,
making sure that vehicles can feed back a certain amount of energy to the grid
while ensuring that the charging requirements are completed is the premise of
dispatching. Besides, the scheduling is performed on a daily basis, with the
day divided into multiple time intervals. Assuming that there are N charging
vehicles per day, a proportion of « of the EVs can realize V2G, while the
remaining (1 — )N vehicles only support charging from the grid. The power
when an EV enters the grid is defined as F; ;,, and the power when it leaves
the grid is E; ¢ r. The power relationship between the EVs and the grid must
satisfy the following formulas.

Brp < B+ B < Bicap ©)
EzStoaff < EZStlgl + EzStc(}La - EzStdC;sc —= EiycﬂT—’ “
where Eftfha and Ef‘d“H .. are the total absorbed energy and released power

of iy, EV by static chargmg at home, school, shopping center or work place.
E; cap is the maximum battery capacity of 45, EV. Eztﬂl and Esm present
the battery SOC at the moments when ¢;;, EV enters and leaves the grid.
Among them, all the values of energy are assumed to be positive.

For the ERS system, it is assumed that all EVs are capable of functioning
dynamic charging while passing through the dynamic charging road section.
Additionally, with the introduction of dynamic charging, it is assumed that
the ground wireless charging module of the ¢;, vehicle will cooperate with
the EV charging module to charge the battery continuously once it enters
the dynamic charging section at time ¢. It is further assumed that the energy

A complete daily travel itinerary example of EVs

dynamically charged during driving is sufficient to cover the power consumed
by the vehicle. However, it is important to note that this assumption is subject
to the condition that the power consumption of the vehicle is within the limits
of the energy dynamically charged. Therefore, it is necessary to present an
additional constraint as follows (5).

d d
El Z?; = El f:a + P@ ,dyna * ti,dyna < Ei,cap )
where E4Y™? and Edy"a

i in ¥ present the battery SOC at the moments when i,
EV enters and leaves the driving charging road section. P; gynq and t; dyna
are the charging power and time when ¢;5, EV charging dynamically. Among
them, all the values of energy are assumed to be positive.

To conform to the requirements of EV dispatching, each EV should be
registered at the dispatch center upon connecting to the grid system. The total
number of dispatchable EVs is then recorded as Ny, and the dispatchable
time for each EV, represented by the length of its connection period to the
grid, is set as Typ¢, as shown in equation (6).

Topti = tioff — tiin (6)

Finally, the battery SOC of EVs at any dispatchable time will satisfies the
formula (7).

zzn“l’z zt*T 7E7l,cap (7)

where Ej; iy, is the battery SOC of i¢;, EV when enters the grid. P; ; and 7
are the charging power and unit time of 74, EV, while t; ;5 and t4 are the
moment of ¢4y, EV entering and leaving grids.

III. THE OPTIMAL SCHEDULING STRATEGY

With the increasing number of EVs on the road, there is a growing pressure
on power consumption, and the balance between power supply and demand
becomes increasingly volatile. However, the dynamic electricity pricing offers
a potential mechanism to enable the shifting of peak electricity demand to off-
peak period, thus alleviating stresses on power grid and balance the demand
and supply.

A. Load-floating (LOF) electricity price for ERS systems

The implementation of time-of-use (TOU) electricity pricing is an effective
strategy for balancing power supply and load demand. It involves dividing
electricity consumption periods into different time slots and setting varying
electricity prices accordingly. During periods of high demand, electricity
prices are positioned at a high regime, while during low-demand periods,
prices are lower to encourage users to adjust their electricity consumption



time, achieving peak shaving and valley filling. However, the pattern of
electricity consumption varies with the season, and the timing of peak elec-
tricity consumption may shift. Therefore, using the same time classification
throughout the year may not meet the seasonal peak shaving and valley filling
needs.

To address this issue and make the TOU pricing strategy more suitable
for dynamic EV load, this paper proposes a dynamic TOU electricity pricing
model called the Load-Floating (LOF) electricity price. This model is defined
as a dynamic electricity price model that follows changes in the overall load of
the grid. That is, the electricity price will increase or decrease in accordance
with overall load conditions. The price function g(L) can be expressed using
equations (8)-(10).

(L - Lmin) * (Rmaz - Rmzn)
L)= + R
g( ) Lmaz — Lmzn e (8)
=al+b
_ Rmaac _ Rmin (9)
Lmaac - Lmin
b= Rmzn _ (Rmaz - Rmzn) * Lmin (10)

Lmaxz — Lmzn

where Lmmae and Ly, are the projected maximum and minimum loads
within a period of time, say a day or a week. These numbers can be estimated
based on the historic EV charging load data. The Rypqz and Ry,in are the
upper and lower limits for the electricity price.

B. Charging cost for EVs in ERS

The charging cost of EVs in ERS is mainly determined by two factors:
the consumed energy and the energy price. In the ERS system, it is assumed
that there are currently N EVs, and the charging demand of the ¢;; vehicle
at time ¢ is X; ;. Hence, the total charging load of EVs at time ¢ can be
obtained by (11).

N

N
Ley,t = E Tit = g (zi,s,t+$i,d,t)
i=1

i=1

an

where the Lo+ is the total charging demand of EVs at time ¢, which
contains the static and dynamic charging. The z; s,;+ and x; q; represent
the static/dynamic charging power of the iy, EV, while x; ; is the charging
power of the ¢, EV.

Then, the total power grid load considering the EV charging load can be
expressed as follows.

12)

Ltotal,t = Lbase,t + Le’u,t

where the Lygse ¢ is the base load value of grid at time ¢.
Based on equations (8) and (12), the charging cost at time ¢ of EVs in the
ERS system including static and dynamic charging modes can be calculated

as below.
Ltota,t Liota,t
ct=/ g(L)dL:/ (aL +b)dL
Lbase,t Lbase,t (13)
1
= e (Lfota’t - Lgase,t) + b (Ltota,t — Lbase,t)
Therefore, the total EV charging cost can be calculated as below.
T
Ccha = Z Ct (14)
t=1

C. Real-time scheduling optimization strategy

As the EV charging demand is random and dynamic, it is not feasible to
use a global algorithm that requires the whole day’s EV data. To address this
issue, a real-time scheduling strategy is proposed in this paper, which divides
the daily time into multiple intervals. The objective of the ERS system is to
dispatch the EVs during each time period to achieve the lowest charging cost
while meeting their travel demand.

The problem can be formulated as follows.

Minimize vazl Ceha

N
1
Z (5(1 (Lgota,t - Ll%ase,i) +0b (Ltota,,t + Lbase,t)) (15)
i=1

subject to
Zt = Lpase,t + Lev,s,t + Lev,d,t (16)
Eioff < Eiin + B thar — B dise < Ei,cap an
0 < 24t < Pehast€Ncha (18)
Pyise < it < Pepa,i€Nyvaa (19)

where Z; is the system total load at time t. P.p, and Pg;s. are the rated
charging and discharging power, respectively. Efféh . and Eifil sc Dresent
total absorbed energy and released power of i, EV by static and dynamic
charging. N.p, and Ny ag are the EV number set which using charging and
discharging technology, respectively.

The optimal scheduling divides the daily time into z equal intervals of
duration ¢ . At the beginning of each interval, the dispatch center receives data
from connected vehicles, including the number of vehicles that can provide
V2G services and their estimated off-grid time, which are combined to form
the set N’ of all available vehicles for dispatch. There are several constraints
that must be met, including ensuring that the EV battery SOC reaches the
desired value before it leaves the ERS, maintaining the battery SOC within
the range of 0-100% after charged, and limiting the discharge power to a
certain range.

The objective function in formula (15) is a convex function, which is
enabling the use of convex optimization methods. This approach can generate
an optimal charging and discharging strategy to minimize the charging cost
while fulfilling travel needs.

IV. A CASE STUDY

A. Experiment settings

To evaluate the proposed optimal scheduling scheme for EVs driving on
electric roads, simulations were conducted for charging and discharging. The
simulation period for each day began at 0:00 am and ends at 0:00 am the
following day, during which the charge and discharge status of the EVs were
monitored. Each day was divided into 96 time intervals, with each interval
containing 15 minutes. The base load per time unit of grid system was adopted
from [12]. The LOF dynamic electricity price model, introduced in section
II, was adopted. The EV charging parameters and other relevant parameters
are listed in Table 1.

TABLE I
PARAMETERS FOR THE ERS SYSTEM

Parameters Value Parameters Value
Imin £0.24/kWh a 0.001
Imaz £0.34/kWh b 0.1037
Ag 0.1 Pehar 7 kW
T 96 Pisc -3 kW

In this study, it is assumed that the total number of EVs is set to 500.
Based on the realistic situation, it is assumed that there are two load peak
time for EVs, for 7-10 am, they drive to work/school and other place, while
during 5-7 pm, people go home. The arrival time of these EVs is distributed
throughout the day, and their initial energy levels are uniformly distributed
between 0-100%.

B. Simulation results

For calculating the dynamic electricity price for the ERS system, the
parameters listed in Table I are plugged into equation (8) to obtain the
daily floating electricity price, as illustrated in figure 2. The red line in the
figure represents the LOF electricity price for the ERS system, which varies
with the total load demand of the grid. During the peak period of electricity
consumption, from 10:00 am to 8:00 pm, the electricity price is relatively high.
In other periods, the price drops to a lower level, specially in the midnight,
it reaches its lowest price, close to 0.

In electric road systems, EVs typically charge their batteries at maximum
power when connected to the grid. Figure 3 displays the original load of the
power grid and the updated load for both the static charging and dynamic
charging considering the impact of V2G technology.
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Fig. 2. The dynamic electricity price for grid system

The proposed cost-optimized scheduling strategy for EVs which considers
V2G was also implemented, and the results are shown in Figures 3 and 4.
The figures clearly demonstrate that the total load value of the power grid
becomes more stable during the peak period when the optimization strategy
is implemented. Specifically, the peak electricity consumption between 10am
and 8pm has decreased, and the power demand has increased from the trough
around Sam. Therefore, it can be concluded that the use of V2G technology
in combination with optimal dispatching can smoother the load changes of
the electric road.
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Fig. 3. System daily load including ERS
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Fig. 4. EV charging and discharging time chart in ERS system

These figures show that the fluctuations of the power grid loads can be
effectively smoothed if the V2G scheme is introduced. This indicates that by
shifting the charging of EVs from peak periods to off-peak periods, the cost
of charging can be considerably reduced. The detailed cost results including
unified electricity price (UEP), TOU, and LOF are shown as below Table II.

The charging cost analysis was conducted by comparing original EV
charging, electric road charging, and EV charging with optimized dispatching
strategy. The results show that when EVs were charged using time-of-use
(TOU) electricity pricing on ordinary roads, the total daily charging cost
was £4,620.89, with an average daily charging cost per vehicle of £9.24.
It has a roughly 7% reduction. However, when the EVs were charged using
the proposed LOF electricity pricing model and subjected to the designed
scheduling strategy, the total daily charging cost was reduced to £3135.53,

TABLE 11
COST RESULTS OF EVS FOR THE ERS SYSTEM

Electricity Average cost

price Total cost /per vehicle
UEP £4,957.51 £9.92
TOU £4,620.89 £9.24
LOF £3,135.53 £6.27

with an average daily charging cost per vehicle of £6.27. It is evident that
the dispatch strategy reduced the EV’s charging cost on the electric road by
approximately 36% per day compared to UEP charging price. These results
confirm that by incorporating V2G technology and dispatching strategy into
the electric road system, it is possible to significantly reduce the charging costs
for EV users while smoothing the fluctuations in the low, hence benefiting
both power grid operation and EV users.

V. CONCLUSIONS

This paper has proposed a V2G-based cost optimization strategy for EV
charging in the ERS system. The daily charging plan for EVs is divided into
different time intervals. By collecting real-time data for EVs at each time
interval, the charging and discharging scheduling can be optimized by the
dispatching center to achieve overall load smoothing of the power grid. To
better manage power consumption during peak periods, this paper selects the
LOF dynamic electricity price to guide EV charging behavior and timing,
achieving greater peak shaving and valley filling, and reducing grid power
supply pressure. The simulation results demonstrate that the electric road
system can effectively reduce charging costs while meeting EV charging
requirements, under the control of the LOF dynamic electricity price and
the proposed charging and discharging strategy.
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