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ARTICLE INFO ABSTRACT

For micro-grid systems dominated by new energy generation, DC micro-grid has become a micro-grid technology
research with its advantages. In this paper, the DC micro-grid system of photovoltaic (PV) power generation
electric vehicle (EV) charging station is taken as the research object, proposes the hybrid energy storage tech-
nology, which includes flywheel energy storage and battery energy storage. Flywheel energy storage is used to
stabilize high frequency power fluctuations and some low frequency power. Lithium iron phosphate (LiFePO4)
battery is used for balancing the reference power to maintain the DC bus voltage balance. Composition of the DC
micro-grid and various operating modes are analyzed, a hierarchical coordinated control based on the power
monitoring steps of the 5-layer DC bus voltage is proposed. Finally, simulation analysis is carried out on the
MATLAB/Simulink software platform. Under different working states such as PV input power change, AC and DC
loads change, EV charging condition change, and battery over-discharge, the proposed control strategy can make
the DC bus voltage at different voltage layers effectively switch, and keep the DC bus voltage balance, thus to
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achieve flexible and reliable operation of the DC micro-grid system.

1. Introduction
1.1. Motivation

Distributed generation (DG) system with renewable energy as its
main component is connected to the large power grid, which will affect
the power quality of the power system. The micro-grid constructed by
distributed energy and load can satisfy demand of local users for power
quality and power supply security, and at the same time, it can reduce
the impact of a large number of distributed power infiltration on the
power system [1,2].

Many DGs and energy storage devices exist in the form of DC
output, such as PV power generation system, fuel cell, storage battery,
super-capacitor, etc. Especially solar energy is widely distributed, clean
and pollution-free, and it is internationally recognized as an ideal al-
ternative energy source. With the wide development and popularization
of electric vehicles (EVs) in the world, the local absorption of photo-
voltaic (PV) energy in the form of micro-grid charging stations is a
direct and effective way to achieve low carbon [3,4].

Compared with AC micro-grid, DC micro-grid can reduce the
number of DC/AC converter in equipment, and it is easy to coordinate

* Corresponding author.
E-mail address: shdl_shenlei@163.com (L. Shen).

https://doi.org/10.1016/j.epsr.2019.106079

control between micro-grid sources. Power balance between power-
source supply and load can be achieved by controlling the stability of
DC bus voltage. There are no problems in DC micro-grid, such as fre-
quency and power angle stability, reactive power circulation, etc. In the
micro-grid system dominated by new energy generation, DC micro-grid
is an ideal solution.

1.2. Literature survey

The introduction of EVs and distributed renewable resources (DRRs)
into the micro-grid is aimed at achieving the three most critical goals of
the century: the use of environmentally friendly energy, reliable supply
of load demand and sustainable development of power systems. The
smart micro-grid and its role in future power systems were introduced
in study [5], including the study of multiple grid architectures and
control schemes. And through the evaluation of load and resource
priority, the load and energy distribution and the hierarchical method
based on Frank Wolf algorithm and Danzig Wolff decomposition are
used to solve the large-scale economic dispatch problem of smart grid
and so on. In study [6], a novel method for simultaneous allocation of
DRR and EV parking lots is proposed. This synchronization method will
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certainly improve the performance of smart distribution network,
thereby achieving the best level of loss reduction, involving the deci-
sion-making factors of the parking lot investors and the constraints of
the distribution network.

In recent years, there have been preliminary theoretical studies on
the structure, operation mode and control method of DC micro-grid
[7,8]. On the one hand, there are many controllable units in the micro-
grid and they are scattered. In order to ensure their reliable and stable
operation, under different operating conditions and load switching, the
hierarchical coordinated control of power electronic converters needs
to be further studied. On the other hand, the energy sources in micro-
grid, such as PV and wind power, have obvious intermittence, so in-
creasing energy storage system is very important to maintain system
stability, but it is difficult for a single energy storage device to meet
both power and energy requirements [9-11].

At present, there are many studies on hybrid energy storage system
composed of super-capacitors and batteries to suppress power and en-
ergy fluctuations [12-15]. However, super-capacitors have some
shortcomings, such as low energy storage density, improper installation
location or use, which can lead to electrolyte leakage and high price.
Compared with super-capacitor energy storage, flywheel energy storage
has great advantages in power quality, frequency support, load change
and so on [16-18]. Hybrid energy storage system is ideal for smooth
control of DC bus voltage [19,20].

1.3. Contribution

This paper proposes a DC micro-grid coordinated control technology
for EV charging station based on hybrid energy storage. The hybrid
energy storage includes mixed energy storage of flywheel and battery,
and designed a five-layer voltage coordinated control strategy for DC
bus. The coordinated control of PV power generation, EVs charging and
discharging, and load power demand in the micro-grid system is rea-
lized. The proposed control strategy was simulated and analyzed on
Matlab software platform. There are three main contributions to this
article:

o The paper proposes a basic framework based on photovoltaic power
generation hybrid energy storage electric vehicle DC micro-grid,
which has universality, can absorb new energy and grid connection
well.

o In the hybrid energy storage strategy, the flywheel is used to smooth
high frequency power fluctuations and some low frequency power,
the battery is used to balance the reference power to maintain the
bus voltage smooth and stable, which can improve the power
quality of the micro-grid system.

o Set a higher level power monitoring to improve control performance
and increase control flexibility.

1.4. Organization of the paper

The rest of this paper is organized as follows: Firstly, the structure of
charging station is introduced, and the mathematical principles of
photovoltaic power generation system, LiFePO4 battery and flywheel
hybrid energy storage system are analyzed. Secondly, combined with
the coordinated control of flywheel and battery in hybrid energy sto-
rage system, a hierarchical coordinated control scheme based on five-
layer DC bus voltage is proposed, and the power monitoring steps are
given. Finally, the charging station simulation system is established by
Matlab/Simulink, and the charging station under different conditions is
simulated and verified.

2. Charging station DC micro-grid

The DC micro-grid PV charging station designed in this paper is
shown in Fig. 1. It is mainly composed of PV power generation system,
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hybrid energy storage, EV charging and discharging system, DC/DC and
AC/DC converter, AC and DC loads and central control unit, and
common DC bus. In the PV charging station system, EV can not only
absorb energy from the grid as a load on the grid; it also feeds back
energy to the grid to improve the operational reliability of the grid, thus
fully utilizing the energy storage of the EV.

The micro power supply, energy storage devices, and loads in the
system are connected to the DC bus through corresponding converters.
The DC bus voltage is designed to be 600 V and the AC bus voltage is
380 V. PV charging station is mainly operated in a DC micro-grid
structure, and a hybrid energy storage system is formulated to co-
ordinate and optimize the energy configuration of the micro-grid, to
realize coordinated control of PV power generation and EV charging
and discharging. And PV charging station can change work mode be-
tween on-gird and off-grid, through a Solid State Switch (SST).

Among the composition of charge station:

(1) PV power generation system is composed of PV array and uni-
directional DC/DC converter, and maximum power point tracking
(MPPT) is realized by perturbation and observation (P&0) method.

(2) Hybrid energy storage system consists of battery and flywheel en-
ergy storage. Because of the intermittence and randomness of PV
power generation, it is difficult for a single energy storage device to
meet the requirements of power and energy at the same time. In
hybrid energy storage mode, the battery is responsible for
smoothing the low-frequency power component in the system,
while the flywheel is responsible for compensating the high-fre-
quency power component in the system, so as to meet the power
quality and load demand of micro-grid operation Energy storage
system plays the role of smoothing power and energy demand and
supporting DC bus voltage when operates in off-grid condition and
charging and discharging when operates in on-grid condition.

(3) DC/DC converters can be divided into unidirectional and bidirec-
tional converters. The PV power generation can only use unidirec-
tional energy flow. And energy storage and EV charging and dis-
charging system need to use bidirectional control to realize the
interaction between the two sides.

(4) AC/DC converter includes AC/DC converter in flywheel system and
AC/DC converter on network side. The former can be regarded as
part of the flywheel energy storage system, and the latter can be
used to connect the DC bus and the AC bus of the charging station.
According to the energy demand of charging station, when charging
station is connected to the grid, AC/DC converter on the grid side
provides power and energy demand or absorbs excess power for
charging station; when charge station operates under off-grid con-
dition, AC/DC converter provides voltage and frequency support for
AC side and supplies power.

(5) Charging station loads are classified into AC and DC loads. Among
them, the AC load is usually the constant power type and used
under the traditional metropolis power. The DC load is usually the
constant resistance type and suitable for the DC voltage.

(6) The central control unit is responsible for the monitoring and
control of each unit, including the monitoring of voltage, current
and energy, to achieve central control and coordinate the optimal
operation of each component of the charging station.

2.1. PV Power Generation System

4 basic parameters of the PV cell, short circuit current I, open
circuit voltage U,., maximum power voltage U, and current I;,, can be
provided by the manufacturer while in the practical application, which
are measured under the standard condition with temperature
Tref = 25°C, light intensity S, = 1000 W/m? and spectrum
AM = 1.5. From the output characteristic U-I relation of the PV semi-
conductor device, the basic equation of the output current is [2]:
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Fig. 1. Micro-grid structure of PV-based EV charging station with energy storage.
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where U is the output voltage (V), I is the output current (A), C;, C,
refer to correction factors of current, voltage, respectively. With the
effect of changes in solar radiation and temperature considered, it be-
comes:

I=I.[1 — C(eU-dU/(C2lod) — 1)) + dI O]
aS S
dl = I [——(T = 25) + (—— — 1
S°[1000( ) (1000 )] (5)
dU = —bU, [T — 25] — RydI 6)

where S is the actual light intensity (W/m?), T is the actual temperature
(°C), Ry is the equivalent series resistance (), and a, b refer to the
current compensation factor (A/°C), voltage compensation factor (V/
°C), respectively.

Then, the I-U and P-U features of PV cells can be obtained from Eq.
(4) and P = IU.

2.2. Units of Hybrid Energy Storage System

LiFePO, battery has gradually become a large-scale application in
the power and energy storage devices, the discharge voltage from the
analysis of the discharge curve is [3]:
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Fig. 4. Hierarchical control strategy of DC voltage.
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where E, is the battery constant voltage (V), K is the polarization vol-
tage (V), Q is the battery capacity (Ah), it is the actual battery discharge
(Ah), i is the battery current (A), A is the exponential zone amplitude
(V), B is the exponential zone time constant inverse (Ah) "1, i* refers to
the battery current after the first-order low-pass filter (A) in order to
avoid the algebraic loop problem.

The charge voltage of battery is:

Q Q -it + A-exp(—B-it) — Ry-i

K—=<  _j*—K
it +0.1-Q Q—it (8)

Ubat = Ep —

Then, the model of LiFePO,4 battery can be established with the
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battery State-Of-Charge (SOC) as only one state variable.

Lithium battery is an energy storage device with a small power
range, slow rate for storage/release, and limited life, whose compen-
sation is mainly for the low frequency fluctuation of the system power
component. In the meantime, by contrast, flywheel energy storage is of
large power range, fast storage/release rate, near-infinite cycle number,
and considerable capacity, so that it mainly used for the compensation
of high frequency power component [13].

Flywheel energy storage system generally consists of the flywheel
rotor, drive motor, the vacuum chamber, bearings, power electronics
converter and control system. The rotor of flywheel is coaxial with the
drive motor, so it can be seen as a mass attached to the shaft of the drive
motor [18].

A permanent magnet synchronous motor (PMSM) is regard as a
flywheel energy storage required in this article, the electromagnetic
torque equation of which is:

T. = 1.5p[2ig + (Lq — Lg)iaiq] 9

where iy, iq are the stator current of d, q axis component, respectively.
Lq, Ly refer to the stator winding equivalent inductance of d, q axis,
respectively, and A is the permanent magnet rotor flux linkage, p is the
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Fig. 8. System operating characteristics off-grid in general.

number of pole-pairs.

If the loss of motor electromagnetic power has been neglected, the
power output is equal to electromagnetic power of the motor, and let
Lq = Lg, the storing power of the flywheel will be:

Py = 1.5pAiqo; (10)

where w, is the mechanical angular velocity of the rotor.

The power storage/release control of the flywheel can be realized by
controlling the motor speed change based on the g-axis current re-
ference signal of the flywheel stator, which is coming from the power
input reference signal while the rotor speed has been known, according
to formula (10).

3. Hierarchical control strategy
3.1. Hierarchical control of the hybrid energy storage system

This paper uses the way combination of the flywheel and battery
energy storages as a hybrid energy storage, where the flywheel energy
storage compensating high frequency and part of the low-frequency
power for the smooth of the battery energy storage power input, while
battery maintain smooth the stability of the DC bus voltage, so that to
improve the power quality and prolong the service life of the batteries.

The hierarchical control strategy of the hybrid energy storage
system is shown in the Fig. 2, as can be seen there is a low-pass filter to
separate the different frequencies of charging power borne by the fly-
wheel and battery energy storages respectively. Where, Py is the char-
ging power of the hybrid energy storage system, P; and Py, are the

charging power of the flywheel and battery energy storage respectively,
and T is the time constant of the first-order low-pass Butterworth filter.

Fig. 3 shows the Bode diagram of the power output transfer function
of flywheel and battery energy storage, where wy is the angular fre-
quency under filter time constant T.

As can be seen from Figs. 2 and 3, the value of P; is 1 when the
angular frequency is greater than w, and it becomes proportional to the
angular frequency when the angular frequency is greater than 0 and less
than wy, which means the flywheel energy storage can compensate
output power of all high frequency power component fluctuation
greater than w¢ angular frequency, and share part of low frequency. As a
result, the flywheel and battery energy storage share the power needed
in the system, achieving the balance of power flowing among the DC
bus.

3.2. Operation modes of micro-grid

3.2.1. Off-grid mode

When the micro-grid is running on the off-grid mode, the AC bus
acts as an AC load which is supplied by the DC bus, by this time, the
battery energy storage maintains the power balance of the DC bus for
the voltage support, with equation as follows:

Pyat = Ppv — Pp, — PaL — Pev — P¢ an

where, Pgy is the charging power of EVs, Ppy is the PV generating
power, Pp;, Pap, refer to the load power of the DC, AC side, respectively.

As is known, the charging/discharging of EVs is random and sche-
dulable. In the case of the power from energy storage system is
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Fig. 9. System operating characteristics off-grid with battery energy storage fully charged.

insufficient, so it can be through the control of EVs charging/dischar-
ging for the power supplement required to reduce to power output of
the energy storage system, thus maintain the stability of the DC bus
voltage. But the most direct way to maintain the power balance in an
adjustable range provided by the energy storage system, is via the re-
moval of the loads, which can be divided into important and secondary
ones to ensure the reliability and flexibility of system after cutting off in
order.

In the case of power into energy storage system is abundant, the
energy storage power input should be reduced to maintain the power
balance for a stale bus voltage, by the means of changing the working
mode of the PV array convertor into constant voltage control (CVC)
mode [7]. It will reduce the PV power input, i.e.:

Ppy — APpy = Ppp, + PaL + Pev + P 12)

Where, APpy is the reduced PV power input for the DC bus power
balance.

3.2.2. On-grid mode

When micro-grid is on-grid, the AC bus is connected to the power
system major grid, the stability of the DC bus voltage can be supported
by the major grid through the main bi-directional AC/DC from AC-side.
The power exchanged to AC bus from DC bus can be:

Pac=Ppy — Por. — PaL — Pev — P (13)

where, Ppc is the power into AC bus provided by DC-side.

The charging or discharging of EVs and energy storage can be dis-
patched in a permissible range for the frequency and peak load reg-
ulation of the major grid, however, it will be limited by the capacity of

the main AC/DC converter that the power exchange between DC bus
and AC bus in the process of actual operation. When the main AC/DC
has reached the power limit, it will enter the constant power control,
and lost the ability of voltage regulation. At this point, the AC bus will
be equal to a constant power load or supply, and the energy storage
system will maintain the balance of DC bus power, as follows:

Pg = Ppy — Ppr. — PaL — Pev — Pac 14

Corresponding countermeasures the same as off-grid, when the re-
quired power is beyond the adjustment range of the energy storage
system.

3.3. Hierarchical control of DC bus voltage

In the DC micro-grid, the voltage of DC bus is the only indicator
reflects the power balance in the system. The corresponding voltage
point of power balance varies under different modes of system opera-
tion, so the voltage hierarchical control can be used to achieve co-
ordinated optimization of power allocation in the DC micro-grid. The
hierarchical control strategy of DC bus voltage is shown in Fig. 4, in
which (a)-(c) refer to voltage control characteristics under different
layers of the main AC/DC charging power to AC-side, battery energy
storage charging power, PV power generation with EV charging power
and Load lightening power, respectively. The basic value DC bus vol-
tage is set at 600 V, and each reference voltage point set with per unit in
Fig. 4.

As can be seen from Fig. 4, in this paper, the DC bus voltage hier-
archical control is designed to 5 layers, each one possesses
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Fig. 10. System operating characteristics off-grid with battery energy storage excessive discharged.

corresponding voltage droop control of converter, to ensure the power
balance. According to the location of the DC bus voltage in different
layers, the system working mode can be determined for corresponding
control of converters connected with DC bus without any communica-
tion. To avoid the frequent switching of working mode among 5 layers
during the operation, a hysteresis control should be set for the select of
voltage layer in the switch point. The details of hierarchical control are
summarized as follows:

3.3.1. Control of the bidirectional AC/DC converter

a. Off-grid mode

When it works at off-grid mode, the U/f control will be used to
control the bi-directional AC/DC converter, supports constant voltage
and frequency for the AC bus. At this point, the AC bus is equal to the
load, and should meet the demand of load lightening if the DC bus
voltage is going to be lower than the 5th layer as the lack of power.

b. On-grid mode

According to the power conservation theorem, the current re-
lationship between AC-side and DC-side is satisfied:

Inc_a = 2Usclac_ac/3Uac_d (15)

where, Uac d, Iac a refer to d-axis component of AC-side voltage, cur-
rent, respectively. The voltage control of DC bus can be realized
through the AC-side d-axis current of bi-directional AC/DC converter,
on the basis of Eq. (15).

The control of bi-directional AC/DC converter under the on-grid
mode can be divided into two strategies, the one exports constant active
and reactive power to the AC-side called PQ control, and the other
supports voltage for DC bus shown in Fig. 5, where kac is the droop
coefficient, L is the filter inductance in AC-side, Uac a1, Uac_q1 refer to

control signal of voltage AC-side on d-axis, g-axis, respectively. As can
be seen from Fig. 5, the outer-ring voltage droop control is adopted to
realize to the stability of DC bus voltage, and the inner current control
increase the response speed with decoupling of feedforward control.
When the voltage is below the 3rd or higher than the 4th layer, the
control shown in Fig. 5 can be regarded as a constant power control,
similar with the PQ control.

3.3.2. Control of the converter of the battery energy storage

As is shown in Fig. 4(b), the hybrid energy storage system turns into
a grid standby state on-grid when the DC bus voltage stays at the layer 3
and 4, charge or discharge in free and set aside. In order to ensure the
adjustment ability of battery storage, this paper takes a constant current
charge/discharge control to reach the target value 70% of remaining
power for standby. As to flywheel, a constant power control is taken to
reach 80% of remaining power for standby.

When the voltage of DC bus is in the rest layers, a maximum current
limited droop control, namely double-loop control of voltage outer and
current inner, will be used to control the battery bi-directional DC/DC
for the DC bus voltage supporting. The control structure diagram of
battery energy storage is shown in Fig. 6, where ky,,, is the droop control
coefficient, Ugc ror is the voltage control signal, 612,588 refer to the
actual voltage of per unit value 1.02, 0.98, respectively.

3.3.3. Hierarchical of PV, EV and load

When the DC bus voltage is at the first layer, the PV power exceeds
the energy demand of the system, causing the DC bus voltage to rise. It
is necessary to cut off part of the PV array power to maintain the sta-
bility of the system. Meanwhile, the PV array MPPT reduces the power
to maintain the voltage stable. When the DC bus voltage is lower than
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Fig. 11. System operating characteristics on-grid with PQ control in general.

the 5th layer, the load exceeds the energy supply of the system, causing
the DC bus voltage to fall. It is necessary to cut off the load in order to
ensure the voltage rise, and the power can be balanced by the bidir-
ectional charge and discharge scheduling of the electric vehicle. In the
first voltage layer, the EV only performs charging control; In other
voltage layers, the EV performs bidirectional charging and discharging
control according to requirements.

In this paper, the charging and discharging of EV adopt phased
constant current control, that is to say the current amplitude decreases
stepwise with the increase of the state of charge (SOC) of the EV bat-
tery. In order to characterize the charge and discharge characteristics of
EV, Pgyy is the effective charging power of EV, and the charging effi-
ciency of EV is:

ey = Pryo
B Pay (16)

Conversely, Pgyo becomes the EV discharge power, and Pgy the ef-
fective one, the discharge efficiency will be the inverse of 7gy.

3.3.4. Power monitor

An additional power monitor is used to achieve voltage transition
more smooth in this paper, for the converter control strategy quickly
switching among the hierarchical droop without any communication.

4. Simulation status

Taking the PV hybrid energy storage EV charging station shown in
Fig. 7 as schematic overview of the paper, the system simulation is built
based on Matlab/Simulink.

In order to validate the proposed hierarchical control strategy of EV
charging station, simulation system has been built under the environ-
ment of MATLAB/Simulink software according to Fig. 1 structure. The
parameters of the system are shown as follows:

(1) The PV power P, is rated at 20 kW, and rated capacity of the bi-
directional AC/DC converter Py, is 30 kW. The PI regulator has a
KP set to 0.8 and a KI set to 5 and time constant T = 1s.

(2) LiFePO4 battery voltage U,y rated at 360 V is used for EVs power,
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Fig. 12. System operating characteristics on-gird with hybrid energy storage charging.

and charge and discharge current uses 15 A and 10 A 2 modes for
constant current charge and discharge. 4 EV piles is set in this
system.

(3) Battery energy storage system Pp,;, with the same kind battery of
EVs, is rated at 100 Ah, 20 kW, and adopt 0.15 C (15 A) constant
current inc control for standby charging/ discharge on-grid.

(4) The storage power of flywheel system P; is 10 kW, the maximum
speed Nyayx is 10000 r/min, minimum speed Ny, 5000 r/min.

(5) A DC-side load constant power type Pp, L1, and two AC-side load
P,p constant power type load L2, L3, are allocated in the system,
each rated at 5 kW, the priority level declines in turn.

4.1. Off-grid

4.1.1. Simulation in general pattern

Due to the system capacity restriction, only 1 EV pile works in the
off-grid mode. As is shown in Fig. 7, at 0.2 s, the simulation begins with
a 20 kW (Ppy) PV power, L1 and L2 switched in as a total 10 kW (Pr)

load. The EV charge current is 15 A with effective charge power about
5.4 kW (Pgyo). The storing power for flywheel (Pg) declines gradually
and the speed n rises with a reduced acceleration, which shows the
remaining power from PV is being smooth transited into the battery
energy storage. The DC bus voltage Uy, rises smooth and works at layer
2, with the battery charging current I, increases gradually. At 2.2 s, as
Ppy reduced to 10 kW, the flywheel responses fast by change mode of
discharge from charge, and gradually transits the power vacancy to the
battery energy storage. The DC bus voltage reaches layer 5 across the
3rd and 4th layers.

At 4.2 s, load L3 is closed, and P;, becomes15 kW. The DC bus vol-
tage declines and continues to work on layer 5. At 6.2 s, the EV charge
current is changed to 10 A, with Pgyo becomes 3.6 kW. Flywheel also is
switched into the charge mode for the voltage smooth control of battery
energy storage. At 8.2 s, Ppy is reduced to 5 kW, and L3 cleared as Py,
changed 10 kW. A small current impact occurred and quickly dis-
appeared in the system.

In off-grid mode, with the change of PV input power and system
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Fig. 13. System operating characteristics on-gird with discharging of the hybrid energy storage.

load, as well as the change of charging condition of EV, the power
complementation of flywheel motor and battery in hybrid energy sto-
rage system can maintain the voltage balance in the second and fifth
layers of the system well, and the transition is smooth and the effect is
obvious.

4.1.2. Simulation with battery energy storage fully charged

As is shown in Fig. 9, about at 1.2's, the SOC of energy storage
battery reaches 80%, and is ceased to be charged for protecting. The
flywheel still maintains the speed standby. The voltage of DC bus rises
into the layer 1, and becomes 639 V maintained by the CVC control of
PV converter. At 2.2's, PV power input is reduced to 10 kW, and fly-
wheel jumps into discharging for power supplementary, and leads the
voltage of DC bus Ug. to be gradually transited to the 5th layer sup-
ported by the battery energy storage discharging.

4.1.3. Simulation with battery energy storage excessive discharged

As is shown in Fig. 10, at 2.2s, the voltage of DC bus is transited
from layer 2-5, supported by the discharging of battery energy storage.
At 5.8 s, a rapid removal of L3 load is took for protecting the battery
energy storage from the SOC declines reached 40%. The battery energy
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storage will still be in discharge, until L2 continues to be removed after
0.05 s (t = 5.85s), and the voltage of DC bus Uy, transits into layer 2 of
battery energy storage charging mode across layer 3 and 4 by the
smoothing of the flywheel energy storage.

In the case of excessive discharge of storage batteries, the system
can effectively cut off the load, maintain the stability of DC bus voltage,
improve the charging and discharging environment of storage batteries,
and further extend the service life of storage batteries.

4.2. On-grid

4.2.1. Simulation in general pattern with PQ control

The AC bus is equivalent to a load when it is adopted PQ control
strategy on-grid, the situation of which is the same as off —grid, so that
only one EV pile is opened for the normal operation of charging station,
at this time. When connected to the grid, the PQ control tracks the
power output control signal quickly, with fast response and high sta-
bility. At the same time, the influence of the control on the frequency of
the network side system is also small, and the error fluctuation is within
the allowable range (not more than 1%), indicating the validity and
reliability of the PQ control strategy.
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The main AC/DC converter is used PQ control to send constant
power to the AC side, with the reactive power constant Skvar, active
power and parameters changes as the same as the ones of case 1. As
results is shown in Fig. 11, the operation of this mode is similar to the
off-grid general pattern.

4.2.2. Simulation with charging of the hybrid energy storage

When system is on-grid, the AC load L2 and L3 are supplied by the
main power grid, so there is only L1 supplied by DC bus. With four EV
piles opened at this situation, results of simulation are shown in Fig. 11.
At 0.2s, the simulation begins with Ppy = 20 kW, P, = 5kW, and
Pryo = 14.4kW. The battery energy storage system is charged with
15 A current, and flywheel charged with constant power of 5 kW. The
Pac is below zero, which means the voltage Ug. of DC bus is just
maintained by the main AC/DC converter through supplying power
from AC- side, and works at layer 4. At 2.2's, Ppy is reduced to 10 kW,
Uyqc declines slightly and continues to work at the 4th layer.

At 4.2's, Ppy becomes 5kW, and Pgyo rises to 21.6 kW. The re-
maining power needed of the load is more than the main AC/DC con-
verter can supply, so the hybrid energy storage system is switched to
maintain the power balance of DC bus, with the flywheel smoothing
and the current of battery is OA due to the voltage of DC bus is still at
the 4th layer. At 8.2 s, Ppy picks up to 10 kW, Pgyo becomes —21.6 kW
as discharge, and the hybrid energy storage system is changed to be
continued in charge, before long the battery and flywheel motor
achieve goals of SOC and speed n respectively to be standby. The vol-
tage of DC bus changes slightly, and continues to work in the layer 3
and 4.

Hybrid energy storage system can effectively control charging under
on-grid mode. Combined with the change of its control strategy and
bidirectional AC/DC converter, the voltage balance of DC bus can be
further maintained.

4.2.3. Simulation with discharging of the hybrid energy storage

As is shown in Fig. 13, at 0.2s, the battery energy storage is in
discharge with SOC more than 70%, and flywheel in discharge with
speed greater than 8000 r/min, the voltage of DC bus works at layer 3.
At 4.2's, Ppy becomes 20 kW, Pgy, is changed to —21.6 kW, as the
hybrid energy storage system is switched to maintain the power balance
of DC bus. The battery is charged to maintain the voltage of DC bus
after it rising into the layer 2 under the power smooth control of fly-
wheel. At 8.2s, Ppy is reduced to 15 kW, and Pgyo becomes 21.6 kW,
the voltage of DC bus enters into layer 4, and the hybrid energy storage
system is changed to be continued in charge. Battery and flywheel
energy storages stop discharging successively after reaching the targets
of SOC and speed.

As can be seen from Figs. 8-13, the DC micro-grid of EV charging
station is well controlled during various cases of operation, and the
proposed hierarchical coordination control strategy is satisfactory.

5. Conclusion

In this paper, the basic structure of the PV power DC micro-grid and
its corresponding control strategy are universal. The hierarchical co-
ordinated control of the hybrid energy storage of the flywheel and the
battery has obvious effect on the smooth transition of the DC bus vol-
tage, which can improve the power quality of the micro-grid system,
and conducive to the coordinated control between the converters and
the improvement of the service life of the electrical equipment in the
system. They have good reference and practical value for the access and
on-site consumption of new energy, as well as the interaction between
EVs and the grid. Central control needs to be set to further improve
system control performance, in order to ensure the reliable operation of
the system, including the realization of power monitoring, convenient
for the scheduling management of the charging station.

This article only concentrates on the overall structure design and
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coordination control analysis of the charging station, so the future work
can focus on its engineering construction and quantitative specifica-
tions. The use of the flywheel in the hybrid system has yet to be ex-
panded. For example, when the battery cannot maintain the power
balance of the system, the flywheel is further supported as a bus vol-
tage.
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