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Along with the rapid increase in the number of electric vehicles, more and more EV
charging stations tend to have charging infrastructure, rooftop photovoltaic and energy
storage all together for energy saving and emission reduction. Compared with individual
design for each of the components in such kind of systems, an integrated design can result
in higher efficiency, increased reliability, and lower total capital cost. This paper mainly
focuses on the tertiary control strategy for dynamic state operation, such as PV generation
fluctuation and random arrival/leave of EVs. The tertiary control aims to achieve stable
operation under dynamic states, as well as to optimize the energy flow in the station to
realize maximal operational benefits with constraints such as peak/valley price of electricity,
state of discharge limitation of battery, etc. In this paper, four energy management
functions in tertiary control level are proposed, and their performance is verified by
simulations. By using prediction of PV power and EV load in the following 72 h, a novel
tertiary control logic is proposed to optimize PVC and ESC power flow by changing their
droop characteristics, so that minimum operational cost for the station can be achieved.
Furthermore, a sensitivity analysis is conducted for three parameters, including ES battery
capacity, weather influence, and PV and EV load prediction error. The results from
sensitivity analysis indicate that ES battery capacity and weather condition lead to a
great impact on the operational cost of the integrated charging station, while a typical
prediction error of PV power and EV load will not influence the optimization result
significantly.

Keywords: energymanagement, electric vehicles, energy storage, integrated charging station, photovoltaic, tertiary
control

INTRODUCTION

EVs are being promoted in many countries mainly due to environmental concerns and limited oil
resource (Lopes et al., 2011; Liu et al., 2021). However, success in EV promotion highly depends on
availability of charging facilities (Clement-Nyns et al., 2010; Pieltain Fernández et al., 2011). In
China, after a period of slow development of EV charging infrastructure, the development has
speeded up in the recent years (Qiu et al., 2019). By June 2020, there were about 1,322,000 charging
poles and 35,849 EV charging stations (EVCS) in China, which is almost 50 times those of 2014 (Ou
et al., 2020).
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Along with the increase in EVCS installation, more and more
EVCS tend to have charging infrastructure, rooftop PV, and
energy storage (ES) all together for energy/cost saving and
emission reduction (Yasn et al., 2019; Yang and Ribberink,
2019; Sierra et al., 2020). With integrated design and control,
a system of this kind is referred to as an EVCS integrated with PV
and ES (Colak et al., 2015; Liu et al., 2015; Shariff et al., 2020;
Singh et al., 2020; Singh et al., 2021). These EVCSs are mainly
distributed in medium-/large-scale communities, business parks,
and commercial areas (Brenna et al., 2014). Compared with
individual design for each of the components in such kind of
systems, an integrated design with optimal sizing of each
component can result in higher efficiency, increased reliability,
and lower total capital cost (Ji et al., 2020; Liu et al., 2020).
Similarly, integrated power flow control and energy management
strategy for such a system not only can ensure safety and robust
operation but also can benefit the operator with higher efficiency,
reliability, and profitability (Liao and Lu, 2015; Xie et al., 2015;
Badawy and Sozer, 2017; Chaudhari et al., 2018; Tran et al., 2019;
Kabir et al., 2020; Verma and Singh, 2020).

This research focuses on an integrated charging station using
DC collection bus connected with PV, ES, EVs, and the upper grid
of the utility. With the power generation from PV converter, the
operational expense for electricity can be reduced (Yan et al.,
2019). Furthermore, with the help of the ES system, this
integrated charging station can operate in both grid-connected
mode and islanded mode; thus, the reliability of this station is
improved (Shaaban et al., 2019). The potential benefits are
illustrated from four aspects:

• Operational cost: reduces electricity charge and power
losses.

• Investment cost: avoids utility upgrade and AC/DC
converter for each DC fast charger.

• Performance: improves power flow performance and allows
grid-connected/islanded mode smooth transition.

• Reliability: allows islanded operation during blackout and
stable operation when PV/EV power fluctuates.

The coordinated control strategy for the integrated EVCS
includes three levels as described below. The overview on the
relationship of these three levels is shown in Figure 1.

1) Basic droop control is for automatic power distribution
between PVC/ESC/UC converters, output (droop)
characteristics of converters.

2) Secondary control is for DC bus voltage regulation, output
signal Delta 2 with second scale regulating speed.

3) Tertiary control is for energy management, output signal
Delta 1 with minute scale regulating speed.

This paper focuses on the tertiary control strategy for dynamic
state operation, such as PV generation fluctuation and random
arrival/leave of EVs. The tertiary control aims to achieve stable
operation under dynamic states, as well as to optimize the energy
flow in the station to realize maximal operational benefits with
constraints such as peak/valley price of electricity, SOC limitation
of ES battery, etc. In this paper, four energy management
functions in tertiary control level are presented, and their
performance is verified by simulations. Furthermore, a
sensitivity analysis is conducted for three parameters,
including ES battery capacity, weather influence, and PV and
EV load prediction error.

SYSTEM DESCRIPTION OF INTEGRATED
CHARGING STATION

The research object is medium-scale EVCS installed in medium-
scale city parking lots, located in front of buildings. The overview
of the station layout is shown in Figure 2 (Savio et al., 2019). The
specified number and nominal power capacity of each converter
are listed in Supplementary Table S1.

Since the tertiary control focuses on energy management, the
response time scale is on aminute level, and the simulation period
is 24 h. To speed up the simulations, only half of the EV chargers
(EVCs) are simulated in this modeling. Correspondingly, the

FIGURE 1 | Overview of three-level coordinated control system for the integrated charging station.
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nominal power capacity of utility converter (UC), PV converter
(PVC), and ES converter (ESC) are also designed as 50% of the
specified capacity. Thus, one 150-kW AC/DC utility converter is
installed between the utility grid and DC collection bus. The
power capacity of PV converter is 50 kW with PV penetration
33% in EVCS. Twelve DC fast chargers are installed, including
two EV chargers with a power capacity of 50 kW, and 10 EV
chargers with a power capacity of 20 kW. The power capacity of
ES converter is 50 kW, which means this integrated EVCS can
operate in both grid-connected mode and islanded mode.

Several assumptions and specifications used in this case study
were clarified below:

• All the EVs come for charging randomly.
• The station will start EV charging once EV comes.
• The EVs can be fully charged within 1 h by using DC fast
chargers.

• The bidirectional power flow of EVs and utility converters
are excluded, which means vehicle-to-grid (V2G) or extra
PV supply to the grid are not considered.

• The integrated EVCS can operate in both grid-connected
mode and islanded mode. ES power is controlled for energy
management optimization in grid-connected mode, while
ES converter is the main power source for DC bus voltage
stabilization and power balance in the station in
islanded mode.

MODELING OF INTEGRATED ELECTRIC
VEHICLE CHARGING STATION

Overview
To provide system-level energy management optimization, a
MATLAB/Simulink model of medium-scale integrated
charging station is built. As mentioned before, tertiary control
is the top-level control strategy, and its objective is energy

management optimization with regulation speed in minute
scale. Thus, a 24-h simulation for energy management control
strategy verification is performed. The millisecond scale transient
state response of each main component is ignored, so that the
sample time of this model is Ts � 0.5 s. Furthermore, all the
converters are simplified into controllable DC voltage or
current sources with no consideration of their hardware
topology (Pinto et al., 2019; Afonso et al., 2020). Several
sections are followed to introduce the detailed simulation
model of each main component in the station. The overview
of this integrated EVCS simulation model is shown in Figure 3.

Utility Converter
A simplified model of utility converter is built for steady state
control strategy verification. For power unit part, a controllable
DC voltage source is used to simulate the utility converter, as
shown in Supplementary Figure S1. Compared with equivalent
model for steady state control strategy verification, the three-
phase AC sources are ignored. To keep the unidirectional power
flow of the utility converter, a diode is connected to the positive
pole of the converter in series.

For the control part in the “UC controller” part, a basic droop
control method is designed into the converter controller, as
shown in Supplementary Figure S2. The droop control
method in this modeling is a simplified version with no
consideration of millisecond-scale transient state response. The
droop characteristic (steady state output characteristic) is the
same, but the sample time for simulation verification in this paper
is longer with Ts � 0.5 s. As indicated in Figure 1, the control
signal Del_Droop (� Delta 1 +Delta 2) is an input signal received
from EVCS central controller. During the secondary/tertiary
control, this control signal is used to modify the droop
characteristics of utility converter, so that the power
distribution among different converters can be changed, while
the dc bus voltage can be regulated. The control diagram with
simplified droop control is shown in Supplementary Figure S2.

FIGURE 2 | Diagram of integrated electric vehicle (EV) charging station.
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A PI controller is used for the close loop control of the DC output
voltage of UC. After one sample time delay (TDelay), the final
output signal Uref is sent to the controllable DC voltage source.
Furthermore, an additional PI controller is added for maximum
current limitation, which is marked in blue color. When the
converter output current reaches the maximum value, this PI will
start to work and change the droop characteristic of the converter,
so that the utility converter is changed from a DC voltage source
to a constant DC current source.

Photovoltaic panel and Converter
The simulation model of PV panel is shown in Supplementary
Figure S3. Inside this PV panel model, two submodels are
included: the “Irradiance” model is used to simulate the ideal
PV panel power when the weather is sunny without any partial
shading, while the “Partial Shading”model is used to simulate the
partial shading caused by cloud.

The simulation model of PV converter is shown in
Supplementary Figure S4. The power unit of PV converter is
a controllable DC current source connected to the DC collection
bus, where the topology of PV converter is also ignored. The PV
panel and PV converter are installed on top of the building beside
the EV parking lots, and the cable length from PV converter to EV
parking lots is 300 m with a resistance value RPV of 0.1587Ω.

The control diagram of PV converter is shown in
Supplementary Figure S5. Besides the typical maximum power
point tracking (MPPT) control method, a droop control method is
also designed in the PV converter controller. The droop control
method of PV converter in this paper is a simplified version with
no consideration of millisecond-scale transient state response of
each main component. Their droop characteristic (steady state
output characteristic) is the same, but the sample time for
simulation verification in this paper is longer with Ts � 0.5 s. In
some operational status, for example islanding operation with PV
converter available only, the PV converter with droop
characteristics can help to set up the DC bus voltage in the EVCS.

Assume the current reference calculated by droop control
method is Idc_droop and the current reference calculated by MPPT
control method is Idc_MPPT. Ignoring the transient state

performance of this control method, the output characteristic
of PV converter can be summarized as the PV converter output
current Iref equals to the minimum value of Idc_droop and Idc_MPPT,
as shown in Eq. 1.

Iref � { Idc droop, if Idc droop < Idc MPPT

Idc MPPT, if Idc MPPT < Idc droop
(1)

To simplify the simulation model, an additional switch is
added into the PVC controller, as marked by blue color in
Supplementary Figure S5, where Iref is the current reference
of controllable DC current source.

Energy Storage Battery and Converter
The simulation model of ES battery and ES converter is shown in
Supplementary Figure S6.

A controllable DC current source is connected to the output of
battery. Assume the power loss of ES converter is zero; thus, the
charging/discharging power of the ES battery is equal to the
output power of ESC, and the current reference Ibattery of the
controllable DC current source can be calculated in Eq. 2, where
P_ES is the real time feedback of output power of ES converter,
Vbattery is the real time feedback of output voltage of battery.

Ibattery � P ES ÷Vbattery (2)

The battery is represented by a typical battery model provided
by MATLAB/Simulink. In this paper, the battery type is selected
to be lithium ion, with rated capacity 150 kWh, nominal voltage
480 V, and initial SOC 50%.

The control diagram of ESC is shown in Supplementary Figure
S7. Similar to the simulation model of utility converter, the power
unit of ESC is a controllable DC voltage source connected to the
DC collection bus, and the control system includes basic droop
control with capability of responding to secondary/tertiary control
order. Furthermore, as the ES converter is a bidirectional converter,
two additional PI controllers are added for maximum charging/
discharging current limitation, as shown by the blue color in
Supplementary Figure S7. When the converter output current
reaches themaximum value, the PI controller will start to work and

FIGURE 3 | Overview of this integrated electric vehicle charging station (EVCS) simulation model.
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change the droop characteristic of the converter, so that the ESC is
changed from a DC voltage source to a constant DC current
source.

Electric vehicle Charger and Load
The simulation model of one EV charger is shown in
Supplementary Figure S8. A controllable DC current source is
used to simulate the EV charger. Take the charging power curve of
Terra 53 as an example to simulate the charging curve of one EV.

A typical pattern of EV arrival is generated according to Liu
et al. (2021). Based on this number, the utilization of the EV
chargers in the EVCS is shown in Supplementary Figure S9,
where the blue color means the corresponding EVC has been
occupied, while the white color means the corresponding EVC is
available.

CONTROL STRATEGY DESIGN FOR
TERTIARY CONTROL

Overview
With the integration of PV and ES, multiple energy management
methods can be applied in the integrated EVCS. In this paper,
four energy management functionalities are designed into the
EVCS tertiary controller. The overview on these four
functionalities can be seen in Table 1. The detailed control
strategy design and performance verification results of these
four functionalities are introduced in this section.

The first functionality (FUN.1) is designed to improve the
utilization of PV power in grid-connected mode by shifting PV
energy, where ES is used to charge/discharge the extra PV energy
when PV power generation capability is bigger/smaller than the EV
load requirements of EVCS, so that PV power curtailment can be
reduced.

The second functionality (FUN.2) is designed to decrease the
operational cost of EVCS by controlling ESC power for both PV
and utility energy shifting, where ES is charged from the utility
when the electricity price is low and discharged to the EV load
when the electricity price is high, so that the electricity charge of
the integrated charging station can be reduced.

The third functionality (FUN.3) is designed for energy
management in islanded mode with no power contribution
from utility. Hence, in some circumstances, the total power
capacity of PVC and ESC might be smaller than EV load
requirement. If this happens, the converter level control will
control the EVCs to disconnect from the dc bus automatically.

After the EV load becomes smaller than the power supply, the
EVCS central controller should select and re-connect several EVCs
to the DC bus. The above three functions are based on a certain
pre-defined energy management logic without real-time
optimization.

The fourth functionality (FUN.4) is designed for energy flow
real-time optimization in grid-connected mode. In FUN.4, the
EVCS central controller takes the predicted PV and EV load (EVL)
as input parameters, and takes the peak/valley price of electricity
price into consideration, and finally calculates the optimal energy
flow of the station with the objective of minimum operational cost
in 1 day. The detailed energy management logics for FUN.3 and
FUN.4 are introduced in the following sections.

Energy Management Logic of First
Functionality
To improve the utilization of PV power, the basic energy
management logic for minimum PV power curtailment can be
seen in Figure 4.

When PV output is larger than EVL during daytime, PV
power is used for EV charging with higher priority than the utility
grid, and the extra PV power is used to charge the ES when PV
power generation is bigger than EV charging load. Furthermore,
as we have defined “No Extra PV Power to Grid” in this modeling,
PV curtailment is required when PV power generation is bigger
than the EV load and ES charging capability.

When PV output is smaller than EVL during nighttime, PV
power generation will decrease, and become not enough for EV
charging load. In this case, ES will start to discharge its power for
EV charging with higher priority than the utility grid.

Energy Management Logic of Second
Functionality
The basic logic of this energy management function is similar to
FUN.1. The main difference from FUN.1 is the ESC should
charge power when the utility price is low, and discharge
power with higher priority than the utility converter when the
utility price is high. The objective of FUN.2 is to decrease the
operational cost of EVCS by controlling ESC power for both PV
and utility energy shifting.

Besides the capability to store/release extra PV power in
FUN.1, ES can also provide utility energy shifting for further
operational cost saving. Take the commercial electricity price in
2014, China as an example, as shown in Figure 5. The energy

TABLE 1 | Overview on the functionalities in tertiary control strategy.

Operation mode EMS capability

Grid-connected Islanded PV energy
shifting

Utility energy
shifting

Based on
real-time energy
flow optimization

Based on
pre-defined logic

FUN.1 √ — √ — — √
FUN.2 √ — √ √ — √
FUN.3 — √ √ — — √
FUN.4 √ — √ √ √ —
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management control logic for utility energy shifting can be
summarized into two parts: 1) Valley electricity price: when
electric price is in valley value and ES is not full, ES will start
to charge power from PV or utility, but the charging power from
PV should have higher priority than the power from utility. 2)
Peak electricity price: When electric price is in peak value and ES
is not empty, ES will discharge its energy for EV load, but with the
installation of PV, the priority of ES discharging should be lower
than PV. As ES stores energy with low price, and releases this
energy for load when electricity price is high, it will definitely
bring operational cost saving for EVCS.

Energy Management Logic of the Third
Functionality
FUN.3 mainly focuses on the logic design to restore certain
number of EV chargers when PV power generation fluctuates
in islanded mode, so that energy management of the station can
be realized by using PV power generation with higher priority
than ES power. The basic energy management control logic is
described below:

For ES converter: Stop the tertiary control of ESC power,
where ESC only joins the secondary control with the objective of
DC bus voltage regulation. ESC charges/discharges power to keep
the power balance of the station. Furthermore, with the limitation
of battery SOC, the ESC can only charge power when its battery
SOC is smaller than the maximum value, and discharge power
when its battery is bigger than the minimum value. To avoid
frequent cut-off/reconnection of EVCs, a boundary control of
SOC of energy storage (ES_SOC) is used here:

1) If ES_SOC <10%, the ES battery is almost empty, thus, the
tertiary controller will stop the EVC reconnection logic. Only
EVC cut-off logic is active in the converter level control.

2) If ES_SOC >30%, the ES battery has enough capacity for EV
power supply, thus, the tertiary controller will include
reconnection logics according to the maximum power
generation capacity of the EVCS.

3) If 10% < ES_SOC<30%, the ES battery has limited capability for
EV power supply, thus, two different conditions are considered:
• When ES battery is charging from 10% to 30%, the tertiary
controller will stop the EVC reconnection logic.

FIGURE 4 | Daily photovoltaic (PV) power generation and EV charging load requirement in EVCS

FIGURE 5 | Peak-valley electric price, PV and EV load in EVCS
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• When ES battery is discharging from 30% to 10%, the
tertiary controller will include reconnection logics
according to the maximum power generation capacity of
the EVCS.

For PV converter: PVC works in MPPT mode when its
maximum power generation capacity is smaller than the load
requirement of the station, and switches to droop control mode
with PV power curtailment when its maximum power generation
capacity is bigger than the load requirement of the station. The
seamless switch method between MPPT and droop control mode
has been introduced in the Energy management logic of FUN.3
section.

For EV converter: As mentioned above, all the EVCs will
disconnect from the DC bus voltage automatically when overload
in the station happens. The FUN.3 implemented in tertiary
controller will select and order part of the EVCs to restore
charging according to the maximum power generation
capability of PVC and ESC: EV load shedding with limitation∑P_EVCi<�P_PVC when the SOC is low than minimum
(ES_SOC < 10%); EV load recovery/shedding with limitation∑P_EVCi<�P_PVC + ESCmax when the SOC is enough
(ES_SOC > 30%).

The 24-h simulation results of FUN.3 are shown in
Figure 6. First, the UC power is always zero, which means

that the EVCS is working in islanded mode. Second, the
waveform of PVC output power is the same with the
input PV panel power which means that there is no PV
curtailment. All the PV power generations are used for
EVCS power supply. Third, with no contribution from the
utility, tertiary controller and the converter level control
have limited the EV load to keep the power balance of the
station in islanded mode. P_EV is the curve of EV load
requirement of EVCS, while EV_cut is the curve of EV load
during the real operation. The shadow area marked in Figure 6
is the area between the curve of PV_EV and EV_cut, which is
the EV load shedding for power balance. Finally, the enlarged
figure in Figure 6 shows that at 6:18 a.m., the overload of the
station happens, and all the EVCs are disconnected from the
DC bus.

Energy Management Logic of the Fourth
Functionality
FUN.4 is designed for energy flow real-time optimization in grid-
connected mode. The objective of FUN.4 is minimum operational
cost for the station. The purpose of the real-time optimization is
to improve the performance of the energy management strategy
FUN2. From the energy management result of FUN.2, as shown
in Figure 7, it can be noticed that:

FIGURE 6 | Power distribution of each converter in a 24-h simulation of the third functionality (FUN.3).
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FIGURE 7 | Power distribution of each converter in a 24-h simulation of the second functionality (FUN.2).

FIGURE 8 | Detailed flowchart of the fourth functionality (FUN4).
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1) Stage 1—from 0:00 a.m. to 2:00 a.m. (midnight): According to
the logic of FUN.2, the ES battery should be charged with
utility power when the electricity price is in valley value during
the midnight. As the ES battery capacity is not big enough, the
battery has been fully charged before the sun rises. This fully
charging of ES battery during night may lead to a situation
that there is little space to store the extra PV power during the
day. This will lead to an increase in PV curtailment and, thus,
operational cost of the station.

2) Stage 2—from 13:00 p.m. to 17:00 p.m. (afternoon): Also
according to the logic of FUN.2, the ES battery
should discharge power with higher priority than utility
for the load, but the electricity price from 13:00 p.m. to 17:
00 p.m. is actually lower than the next 2 h. Thus, it is better
to stop the battery discharging from 13:00 p.m. to 17:00
p.m., and save the battery energy in this period to be used
from 18:00 p.m. to 20:00 p.m.. This kind of energy

optimization can help the station to save more
operational cost.

These two stages are only two examples for further energy flow
optimization in grid-connected mode. Different from the FUN.1
and FUN.2, charging of ES battery in FUN.4 is decided by the
prediction of PV power generation and EV load requirement. If
the prediction result is that the PV power generation during the
day is much bigger than the EV load, then the ES battery should
be less or even not charged during the night. If the prediction
result is that the PV power generation during the day is much
smaller than the EV load, then the ES battery should be fully
charged for maximum operational cost saving. Furthermore,
discharging of ES battery in FUN.4 should pick the time
period when electricity price is in higher value, so that the
operational cost of the station can be further saved.

The energy flow optimization of FUN.4 includes two parts: the
main function for optimized ESC power calculation with the
objective of minimum operational cost and subfunction for
operational cost calculation. The detailed information of these
parts is introduced in this section.

Main Function
As mentioned above, the objective of this main function is to
optimize the energy flow of EVCS, so that the operational cost of

FIGURE 9 | Power flow of each converter using FUN.1, FUN.2, and FUN.4.

TABLE 2 | Operation cost of station between different functionalities.

Cost ($/day) FUN.1 FUN.2 FUN.4

Total cost 174.3 (100%) 167.8 (96.2%) 157.0 (90.1%)
Battery degradation cost 1.2 4.2 2.9
Electric cost 173.1 163.5 154.1
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the station is in minimum value. The input parameters of the
main function include the PV power prediction values PVC(i)
and EV load prediction values EVL(i). The output of this main
function is the average ESC power in 1 h ESC(i), totally 72 output
values for the following 72 h, x(i); i � 1,2 . . . 72.

This main function uses a typical optimization
function “fmincon” in optimization toolbox of Matlab. The
function expression of main function in this paper is
designed as Eq. 3.

ESC(i) � fmincon(@FUN4, X0, A, B, [], [], lb, ub) (3)

where @FUN4 is the sub function for operational cost calculation;
A, B, [], [], lb, ub are the constraints of ESC(i) obtained from the
following limitations:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

ESC(i) + PVC(i) + UC(i) + EVL(i) � 0;%Power balance of the station should be kept
ESCmin ≤ ESC(i)≤ ESCmax;%Optimized ESC power within its nominal power capacity
0 ≤ PVC(i)≤ PVCmax(i);%Optimized PVC power within its nominal power capacity
0 ≤ UC(i)≤ UCmax;%Optimized UC power within its nominal power capacity
SOCmin ≤ SOC(i)≤ SOCmax;%Battery SOCwithin boundary
SOC(i) � SOC(0) + Σ[x(i)p1hr÷CapES];% SOC(i) calculation method

(4)

The final output of this main function is the array of average
ESC power in 1 h, which includes 72 output values for the
following 72 h, x(i); i � 1,2 . . . 72. This array x(i) fits the
constrains listed in Eq. 4, and can input x(i) into the sub
function @FUN4, the calculated operational cost of the EVCS
is in minimum value.

Subfunction
The objective of subfunction FUN4(x) is to calculate the
operational cost of EVCS in 24 h. The detailed flowchart of
FUN4(x) is shown in Figure 8. The input array x(i) is the
average ESC power in 1 h, which includes 72 values for the

following 72 h, x(i); i � 1,2 . . . 72, and the output FUN4(x) is
the operational cost in 1 day. This operational cost includes the
cost from electric charge and battery degradation.

Operational cost for electric charge )
According to the ESC power x(i), predicted PV power generation
PVC(i) and EV load requirement EVL(i), the average UC power
UC(i) in each hour is calculated first. Then the operational cost
for electricity bill Cost_UC(i) in each hour can be calculated with
consideration of peak/valley price.

Operational cost for battery degradation
Besides the operational cost for electricity charge, the
degradation of ES battery is another main component for
operational cost of the station. Two kinds of degradation are
considered here:

1) Degradation Caused by Shelf Life

According to related literature (Shen et al., 2014), shelf life of
ES battery is a linear effect. Normally it is defined as the time till
the battery is degraded to 80%. Assume the battery with a shelf
life of 20 years, each year the battery will experience 1%
degradation. Thus, the shelf life of battery can be calculated
as Eq. 5, where ΔCshelf(t) is the degradation of battery capacity
caused by shelf life in t days, Cap0 is the initial capacity of new
battery, Shelf Life � 20*365 � 7,300 days where the unit of t
is day.

ΔCshelf(t) � Cap0 × 1 − 80%
Shelf Life

× t (5)

2) Degradation caused by charging/discharging battery

FIGURE 10 | Optimized energy storage converter (ESC) power and ESC power feedback using FUN.4.
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The battery degradation estimation caused by the charging/
discharging battery has already been used and introduced in
many related literature (Stroe et al., 2016; Xu et al., 2018; Wang
et al., 2020). According to their findings and the design
specifications, the lifecycle of Li ion battery is about 5,000
cycles when its depth of discharge (DOD) is 100%. This
lifecycle was tested with constant discharging rate (1C) in
each charging and discharging cycle during the whole
lifetime. With constant DOD, the capacity loss in one
charging/discharging cycle can be estimated as the reciprocal
of the life cycle number, but in real application, the DOD of ES
battery is fluctuant. To estimate the capacity loss of ES battery
based on this fluctuant DOD, the SOC change of ES battery
within each continuous charging or discharging period (even if
the charging or discharging rate varies in this period) is

calculated. The SOC change in the ith period is denoted as
ΔSOCi.

Assume the battery is charged or discharged with a constant
depth of discharge (DOD) of ΔSOCi, The corresponding
lifecycle (Cyclei) can be calculated in Eq. 6, where
Cycle0 � 5,000 is the life cycle of battery when DODi � 100%,
DODi � ΔSOCi.

Cyclei � Cycle0÷(DODi)2 (6)

Then the battery capacity loss (ΔCapi) caused by the ith
charging or discharging period can be estimated in Eq. 7,
where Cap0 is the initial capacity of fresh new battery,
the factor of 0.5 is applied considering that the ith period
only covers either a charging or a discharging process, not
both.

TABLE 3 | Operation cost of station under battery capacity sensitivity study.

ES battery
capacity

FUN.1 FUN.2 FUN.4

Total cost
($/day)

Battery deg.
Cost

Total cost
($/day)

Battery deg.
Cost

Total cost
($/day)

Battery deg.
Cost

Elec. Cost Elec. Cost Elec. Cost

100 kWh 176.5 (100%) 0.9 168.5 (95.4%) 2.8 161.4 (91.4%) 2.2
173.4 165.6 159.1

150 kWh 174.3 (100%) 1.2 167.8 (96.2%) 4.2 157.0 (90.1%) 2.9
173.1 163.5 154.1

300 kWh 172.3 (100%) 2.4 159.4 (92.5%) 5.9 148.7 (86.3%) 3.3
170.0 153.5 145.3

450 kWh 169.2 (100%) 3.5 146.7 (86.7%) 6.4 140.2 (82.9%) 4.6
165.8 140.4 135.7

TABLE 4 | Operation cost of station under different weather conditions.

Weather FUN.1 FUN.2 FUN.4

Total cost
($/day)

Battery deg.
Cost

Total cost
($/day)

Battery deg.
Cost

Total cost
($/day)

Battery deg.
Cost

Elec. Cost Elec. Cost Elec. Cost

Cloudy 190.3 (100%) 1.4 184.3 (96.9%) 4.4 173.0 (90.1%) 4.9
188.9 180.0 168.1

Rain 255.0 (100%) 1.2 242.8 (95.2%) 4.2 237.8 (93.2%) 5.1
253.8 238.6 232.6

Sunny (Summer) 146.9 (100%) 2.2 140.5 (95.6%) 5.1 130.0 (88.5%) 3.0
144.7 135.4 127.1

Sunny (Winter) 172.4 (100%) 1.6 161.2 (93.5%) 4.4 151.5 (87.9%) 2.8
170.8 156.8 148.8

TABLE 5 | Operation cost of station under photovoltaic (PV) and electric vehicle load (EVL) prediction error.

PV and EV prediction Total cost ($/day) EMS opt. deviation

PV and EV prediction with no error 100% real power 157.04 Base value 0%
PV prediction with error 85% real PV power 159.77 1.74%

115% real PV power 160.01 1.89%
EVL prediction with error 90% real EVL power 158.79 1.11%

110% real EVL power 159.05 1.28%
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ΔCapi � Cap0

Cyclei
p0.5 (7)

The sum value of ΔCshelf(t) and ƩΔCapi is the final
degradation of battery capacity in t days. Assume
the battery price is 200 $/kWh, then the ES battery
operation cost caused by$ battery degradation can be
expressed in Eq. 8.

Cost battery(t) � (ΔCshelf(t) + ΣΔCapi) × 200($/kWh) (8)

SIMULATION RESULT ANALYSIS

This section first provides a comparison of the performance
of functionalities in tertiary controller, so that their advantage
and disadvantage on station-level operational cost saving
can be seen. Second, as the optimization result are
influenced by multiple input parameters, to analyze the
influence of input parameters, sensitivity study is carried
out to see the impact of the three parameters on the
operational cost of the station. They are the ES battery
capacity, the weather condition, and the PV and EVL
prediction error.

Solution Comparison
FUN.1, FUN.2, and FUN.4 are energy management methods
used in grid-connected mode, while FUN.3 is used in islanded
mode. The operational cost for the station mainly includes two
parts: electric cost for utility power consumption and equipment
expense for battery degradation. As there is no electric cost for
utility power consumption in FUN.3, this section mainly focuses
on the operational cost comparison among FUN.1, FUN.2,
and FUN.4.

The power flow of each converters by using FUN.1, FUN.2,
and FUN.4 are shown in Figure 9. It is obvious that there is no
PV curtailment in these three cases, but the power curves of
UC and ESC are different. With consideration of peak/valley
electricity price and ES battery degradation, the difference on
UC and ESC power will lead to different operational cost of
station, as shown in Table 2. FUN.1 has the longest battery life
with the least ES battery charging or discharging frequency.
Thus, the equipment expense of FUN 1 for battery degradation
is smallest, but its operational cost of station is biggest. Fun.2
has the shortest battery life with the biggest ES battery
charging or discharging frequency. Thus, its equipment
expense for battery degradation is the biggest, but its
operational cost of the station is smaller than FUN.1. Fun.4
is the best solution with the smallest operational cost for the
station.

Comparing the simulation results of FUN.2 to FUN.4, the ES
battery are not fully charged during midnight, as shown in
Figure 10, so that the extra PV power in the noon can be
charged into the ES battery. Furthermore, the real time
feedback of ESC power follows the fluctuation of PV and EV
load requirement, while the average power of ESC in each hour

follows the optimized ESC average power reference of tertiary
controller.

Impact of Battery Capacity, Weather,
photovoltaic and electric vehicle Load
Prediction Error
Battery Capacity
The installation of ES battery can help to store extra PV
power for PV energy shifting and store utility energy with
valley price for utility energy shifting. These two energy-
shifting operations can both help to limit the operational
cost of the station. The sensitivity study in this section
mainly focuses on the influence of ES battery capacity, as
shown in Table 3.

It can be seen that: along with the increase in ES battery
capacity, the operational cost of station is decreasing, no
matter which energy management functionality is used in
the tertiary controller. This is because the increase in ES
battery capacity means the increase in ES energy shifting
capability. With more PV or utility energy shifting provided
by ES battery, the operational cost of the station is decreased,
but it should be noticed that, though the increase in ES
battery capacity can help to decrease the operational cost of
the station, it can also lead to the increase in the capital cost of
the station. Both operational cost and capital cost can
influence the economic benefit of the station. Thus, the ES
battery capacity design requires consideration of both
operational cost and capital cost of the station.
Furthermore, similar to the conclusions introduced in the
Solution comparison section, with the same battery capacity,
FUN.4 has the best operational cost than FUN.1 and FUN.2.
Thus, FUN.4 with a 450-kWh battery has the most benefit
operational cost for the station.

Weather
The second sensitivity study is about the influence of weather.
Different from other kinds of power generation sources, the PV
power generation capability changes a lot in different weather
conditions. This difference of PV energy in 1 day will lead to the
change of operational cost of the station. Thus, the performance
of FUN.1, FUN.2, and FUN.4 in different weather conditions
should be analyzed.

This section picks four kinds of typical weathers in 1 year as
examples, including cloudy, sunny (summer season), sunny
(winter season) and rainy day. The typical PV power
generation curves in these four kinds of weather are shown in
Supplementary Figure S10. It can be seen that the PV power
generation in different weather changes a lot. As the input of
FUN.4 is the average PV power prediction in each hour, the
difference between predicted and real PV power generation curve
is very big, and this will influence the energy flow optimization
performance of FUN.4.

The operational cost of the station when FUN.1, FUN.2, and
FUN.4 is used in EVCS central controller are shown in Table 4. It
can be seen that:
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• By using the same energy management functionality, the
operational cost on a sunny day (summer season) is always
at a minimum value because the PV energy in this weather is
at the maximum value.

• On the other hand, by using the same energy management
functionality, the operational cost on a rainy day is always at
the maximum value because the PV energy on a rainy day is
small, but the battery degradation speed of FUN.1 on a rainy
day is the smallest because less extra PV power is charged
into the ES battery on a rainy day.

• Though the optimization performance of FUN.4 is always
better than FUN.1 and FUN.2 in these four kinds of
weather, the difference of operational cost between
FUN.4 and FUN.1 on a sunny day (winter season) is
biggest. This means that the advantage of FUN.4 in this
weather is biggest.

Photovoltaic and electric vehicle Load Prediction Error
Different from FUN.1 and FUN.2, FUN.4 requires the
predicted PV and EVL curve as input parameter for energy
flow optimization. Thus, the accuracy of PV and EVL
prediction will influence the optimization result of FUN.4.
The operational costs of the station when FUN.4 is used in
EVCS central controller are shown in Table 5. The
operational cost of the station increases less than 2%, when
PV or EVL prediction error used in FUN.4 is ±15%, which is a
typical value (Majidpour et al., 2016; Shah et al., 2021). It
means a typical prediction error will not influence the
optimization result significantly. FUN.4 is providing a very
good operational performance for the station.

CONCLUSION

The tertiary control strategy for integrated charging station is
designed in this paper, so that the operational cost of the station
can be saved by the energy flow optimization. Four energy
management functionalities of tertiary control are presented,
and their performance are verified by using corresponding
simulation models:

1) Fun.1—ES control for PV energy shifting in grid-
connected mode

Tertiary controller controls the ES power by changing the
droop characteristics of ESC, so that the ES battery can charge/
discharge extra PV power when PV power generation capability is
bigger/smaller than EV load.

2) Fun.2—ES control for utility and PV energy shifting in grid-
connected mode

Tertiary controller controls the ES power by changing the
droop characteristics of ESC, so that the ES battery can charge
power from the utility when the electricity price is low and
discharge power to the EV when the electricity price is high in
addition to the PV energy shifting as in FUN. 1.

3) Fun.3—ES control for PV energy shifting in islanded mode

With no power contribution from utility in islanded mode, in
some circumstances, the total power capacity of PVC and ESC
might be smaller than EV load requirement. If this happens, the
converter level control will control the EVCs to disconnect from
the dc bus automatically. After the EV load becomes smaller than
the power supply, the EVCS central controller should select and
re-connect several EVCs to the DC bus. Furthermore, tertiary
controller should control ES power to charge/discharge extra PV
power when PV power generation capability is bigger/smaller
than EV load.

4) Fun.4—ES control with energy flow optimization in grid-
connected mode

By using prediction of PV power and EV load in the following
72 h, tertiary controller optimizes PVC and ESC power flow by
changing their droop characteristics, so that minimum
operational cost for the station can be achieved.

The comparison of these four functionalities shows that
FUN.4 can provide the best energy optimization with smallest
operational cost for the station. The sensitivity study of the three
parameters shows the following: 1) ES battery capacity. Larger ES
battery capacity can help to reduce the operational cost of the
integrated charging station. 2) Weather influence. The sunny
weather in summer season has the smallest operational cost in
1 year, while the rainy weather has the biggest operation cost of
the station. 3) PV and EV load prediction error. The simulation
results show that, with a typical prediction error of ±15%, the
operational cost of the station will increase <2%. It means a
typical prediction error will not influence the optimization result
significantly.

The proposed four energy management functionalities can be
used for tertiary control in the actual integrated EV charging
station depending on different availability of site conditions, data
prediction, and operational status. Also, the sensitivity study
provides the developers with more informed suggestions on
the sizing of ES battery, the installation of prediction devices,
and the expected impact from weather condition. Future work
around economics, optimal sizing, and configuration can be
continued based on the modeling and proposed energy
management functionalities in this paper.
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GLOSSARY

ΔCapi Battery capacity loss caused by the ith charging or discharging
period, kWh

ΔCshelf(t) Degradation of battery capacity caused by shelf life in t days

Cap0 Initial capacity of fresh new battery, kWh

CapES Capacity of energy storage, kWh

CC Central Controller

Cost_B Battery degradation cost of EVCS, $

Cost_battery(i) Operational cost for battery degradation in hour i, $

Cost_E Electric charge cost of EVCS, $

Cost_T Total operational cost of EVCS, $

Cost_UC(i) Operational cost for electric charge in hour i, $

Cycle0 Lifecycle of battery when DODi � 100%

Cyclei Corresponding lifecycle of battery in the ith period

Del_Droop Input signal received from central controller (�Delta 1 +
Delta 2)

Delta 1 Output signal from tertiary control

Delta 2 Output signal from secondary control

DOD Depth of Discharge for energy storage

DODi Depth of discharge in the ith period

ES Energy Storage

ES_SOC State of Charge for Energy Storage

ESC Energy Storage Converter

ESC(i) Average ESC output power in hour i, kW

ESCmax Maximum output power of ES converter, kW

ESCmin Minimum output power of ES converter, kW

EV Electric Vehicle

EV_cut EV load during the real operation, kW

EVCS Electric Vehicle Charging Station

EVL EV Load

EVL(i) EV load prediction values in hour i, kW

Ibattery Battery’s current reference of the controllable DC current source, A

Idc DC output current, A

Idc_droop Current reference calculated by droop control method, A

Idc_MPPT Current reference calculated by MPPT control method, A

Iref Current reference of controllable DC current source, A

MPPT Maximum Power Point Tracking

P_ES Output power of ES converter, W

P_EV EV load requirement of EVCS, kW

P_EVCi Output power of EV converter i, W

P_PVC Output power of PV converter, W

Price(i) Electricity price in hour i, $

PV Photovoltaic

PVC Photovoltaic Converter

PVC(i) PV power prediction values in hour i, kW

PVmax(i) Maximum PV output power in hour i, kW

RPV cable resistance value from PV converter to EV parking lots, Ω

SOC State of Charge for energy storage

SOC(0) State of charge in initial time 0

SOC(i) State of charge in hour i

SOCmax Maximum state of charge in hour i

SOCmin Minimum state of charge in hour i

TDelay Sample time delay, s

Ts Sample time of this model, s

UC Utility Converter, also called grid converter

UC(i) UC output power in hour i, kW

UCmax Maximum output power of utility converter, kW

Udc DC output voltage, V

Uref Voltage reference of controllable DC voltage source, V

V2G Vehicle-to-Grid

Vbattery Output voltage of battery, V

x(i) Array of average ESC power in the following 72 h, i � 1,2 . . . 72

ΔSOCi SOC change in the ith period
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