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Research on Control Strategy of High-Speed Grid-Connected FESS (Flywheel Energy
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Wenping BU*, Zhilin DING, Shuling FENG, Xing CAl, Yunfang ZHANG, Xiao YU, Wenhao HUANG

Abstract: FESS (flywheel energy storage system) motor is used in important load fields for instance rail transit; meanwhile the power flow is formed through the connection
between FESS (flywheel energy storage system) and power grid system, which can critically improve the power flow fluctuation caused by new energy grid integration
regarding wind and photovoltaic generation concerning that the motor speed in FESS is related to its energy storage capacity. Aiming at the limitation of current low motor
speed in the FESS, this article puts forward a high-speed grid-connected FESS, and designs a model via the proposed dual-PWM two-stage control form, which is named
as double closed-loop control. In this article, the FESS, as well as the power grid system, is analyzed and simulated in three stages: charging, pre-grid connection and grid
connection. In this way, the flywheel motor speed and DC bus voltage signal are sampled to design the flywheel motor side with the proposed method. Then the
grid-connected double closed-loop control method is designed for the sampling observation points, which realizes the efficient design on the control strategy of proposed
high-speed grid-connected FESS and the verification of voltage and current parameters. The simulation experiments show that the operation process of the grid-connected
FESS motor obtains its rapid speed response characteristic, which can meet the proposed design requirements during the charging and discharging process.

Keywords: dual-PWM converter; grid-connected control; high-speed FESS; two-stage control

1 INTRODUCTION

The global energy shortage is becoming increasingly
serious, and renewable energy has been greatly developed,
which has brought about the stability as well as reliability
issues regarding the power grid characteristic. The
proportion of renewable generation in traditional energy
units has increased to constitute a new power system
structure [1]. Under the role of the new power system, by
connecting the ES (energy storage) unit in the network, the
user demand concerning the side of power supply can be
adjusted, the supply and demand balance pressure of the
load side user can be alleviated, and the system stability
can be improved [2]. Countries around the world, such as
China, the United States, the United Kingdom, Iran and
Nigeria, have conducted research on energy storage
technology to improve the stability of power systems [3-9],
breaking through the key technology of large-scale energy
storage in the power system [10], developed a variety of
energy storage structure forms [11], forming an energy
storage scheme suitable for different places and
environments [12-14]. Flywheel energy storage has
attracted amount of attention concerning a competitive ES
(energy storage) technology in the current energy 'carbon
peak and carbon neutrality' due to its significant
advantages of large instantaneous output, long life, low
loss and not limited geographical environment [15-19].
Literature [20] described and studied the specific
application technology of ES (energy storage) technology
concerning the power system from the user demand side,
including the system operating voltage quality
requirements, the differentiated demand of equipment load
level on power quality. The FESS technology is compared
from the load level as a demand point, starting from the
power demand side. The particularly important load above
the first load needs to use the flywheel energy storage and
diesel generator set combination system to meet the system
demand. Literature [21, 22] compared and analyzed the
FESS technology from the aspects of energy storage motor
structure characteristics, intermediate power electronic
devices, mechanical bearings, motor materials and power

quality. By its comparison of reluctance motor, induction
motor, and PMSM (permanent magnet synchronous motor),
from which can be inferred that although the PMSM is
higher in unit cost, its high efficiency can make up for the
cost defects to a greater extent, thereby improving the
application scope of PMSM as FESS technology.
Literature [23] used the current control method to design
the FESS applied to the satellite system; at the same time
the Z-N algorithm and the current control method were
compared and analyzed by using the Bode plot to analyze
the system stability, system step response, torque output
and voltage and current parameter characteristics. From the
perspective of flywheel energy storage multi-parameter
control and grid connection, literature [24-26] analyzed the
characteristics of each parameter under FESS operation,
and the normality and stability of the proposed system is
provided with a certain parameter test guarantee combined
with its power flow. Literature [27, 28] estimated and
analyzed parameters such as response state, voltage, and
current fluctuation from the perspective of flywheel energy
storage operation fault detection, providing data support
for scene parameter estimation under the continuous access
of new energy. Concerning the speed of the FESS is
proportional to its power capacity, therefore, in order to
enhance the FESS power capacity, this paper establishes a
high-speed grid-connected FESS based on the flywheel
technology. In order to suppress the harmonic injection in
the procedure of grid-connected FESS, this paper uses
L-type filter to design grid-connected port connector, and
uses dual PWM two-stage control mode to control the
parameters of grid-connected side and flywheel energy
storage motor side in real time, so as to achieve three stages
in the process of grid-connecting: charging,
pre-grid-connected and grid-connected. Observe the
matching degree between flywheel energy storage motor
speed, DC voltage stability state and system preset state,
and compare and analyze the voltage and current operation
state of grid-connected side. By comparing and analyzing
the above-mentioned three states with the collected
observations, this paper establishes its operation mode and
the power grid improvement effect of FESS.
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2 FESS STRUCTURE AS WELL AS GRID-CONNECTED
DESIGN SYSTEM
2.1 Structural Design of FESS

There are several parts in FESS (Flywheel Energy
Storage System), which include the bidirectional DC-AC
converter, the PMSM (Permanent Magnet Synchronous
Motor) and the flywheel motor, and its structure is shown
in Fig. 1. The bidirectional DC-AC converter realizes the
connection of the FESS to the large grid through the energy
exchange function, optimizing energy management.
Actually, during operational procedure, considering the
margin between the converter output current and the DC
voltage, the operating equation of the FESS under the
ig — iy plane can be obtained through the output FESS
parameters, which can be expressed as follows:

2
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In the formula, Uq. represents the converter voltage of
the DC side, Imax represents the converter output current

vector ¥/, maximum value, which also means the

permanent magnet flux linkage, Ls represents the stator
d-axis inductors, and L, represents d-axis inductors, and p
represents the pole pairs number, iy represents the stator
d-axis current and i, represents the stator g-axis current,
and T, represents the motor electromagnetic torque. Via
depicting the above equation, the charging mode and
discharging mode operation strategy diagram of the FESS
can be obtained as represented in Fig. 2. Via the current as
well as speed loop as the feedback control quantity
modulation control during the start-up charging process,
the two-stage control method of current and voltage loop is
adopted in the process of stable discharge of the system.
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Figure 1 The proposed high-speed grid-connected FESS Structure diagram
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Figure 2 Operation and control strategy of the proposed FESS

2.2 Grid-Connected Design of FESS

In the grid-connected design, the output impedance of
the bidirectional energy storage converter can be expressed

as Z,(s)=1/Y,(s), its Norton equivalent circuit is shown

in Fig. 3, and the grid current transfer function expression
can be established according to the superposition principle.

faono-2) ®

Zg (s) 3)

The current transformation in the grid-connected
process reflects the operating condition of the current,
which is the evolution of the small signal model, assuming
that when removing the grid-connected inverter, it will be
inferred that the grid voltage u; remains stable; when
impedance of the grid is set to zero, then the output
impedance of inverter Z,(s) remains stable, and the
fundamental stability of the grid-connected current will be
regulated by H(s).

Converter Grid

Ug

Figure 3 Grid-connected inverter norton equwalent model diagram

During the grid-connected process, the harmonic
interference model can be established, as represented in
Fig. 4, and there the grid-connected current equation can
be written through the transfer function:
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Through Eq. (4), the harmonics in the grid-connected
process can be analyzed, and the grid-connected
parameters are designed regarding the harmonic content in
order to meet the system requirements.

Figure 4 Grid- connected current harmonic injection equivalent model
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The FESS access to the power grid, and the
closed-loop feedback system is designed regarding the
flywheel motor parameters including voltage, speed and
current, and the voltage and current vector parameters of
the power grid are considered at the same time so that the
FESS as well as the grid will be smoothly carried out in the
process of grid-connected, forming a closed-loop feedback
channel in the charging, pre-grid and grid-connected stages
of the FESS.

3 PARAMETER DESIGN AS WELL AS GRID-CONNECTED
ANALYSIS OF HIGH-SPEED FESS
3.1 ESS (Energy Storage System) Designing

Generally, the operating state of the FESS can be
expressed by its stored energy calculation formula as
follows:

1.9
E=—Jw 5
2 (%)

In the formula, E represents the energy value of FESS,
o represents the motor angular velocity, J represents the
motor inertia moment. Via observing Eq. (5), it will be
inferred that the energy capacity of FESS is related to its
angular velocity @ and moment of inertia J. In the actual
design process, if the flywheel design is completed, its
energy storage capacity improves in the later stage; its
angular velocity growth is an effective method. Indeed, the
differential energy AF can be regulated or adopted by the
FESS and can be expressed as follows.

15, 1.9
AE=—Jw,, ——Jo, 6
2 rH 2 rL ( )

In the rated speed there is the highest rated speed,
denoted as w,;; , the lowest rated speed, denoted as w;
usually the highest rated speed is 2 times the lowest rated
speed, ie w.; =2w,;, . At that time w., =20, , the
flywheel reaches FESS capacity maximum value of the
design.

AE =%J(2a))—%.]a) =1.5Jw )

The flywheel motor adopts PMSM, through the
control strategy analysis and FESS modeling, the current
energy parameter of the flywheel rotor as well as PMSM
are represented under the dg shaft system.

First, the motor voltage equation is expressed as follows:

. dy,
ug = Riy +Ttd_pa)rl//q
®

. dy
u, = R, +d—tq—pa)rt//d

and the motor magnetic field equation is expressed as
follows:

{‘/’d =Lz +yy ©
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the motor torque equation is expressed as follows:

Q:l.sp[y/fqur(Ld—Lq)idiJ (10)
Equations of motion:

TE:T,+Jﬂ+Ba), (11)

dt

In the formula, ug represents stator d-axis voltage and
uq represents stator g-axis voltage, iz as well as i, represent
the stator d-axis current and g-axis current, R, represents
the stator resistance, g represents the motor d-axis flux
linkage and . represents the motor g-axis flux linkage,
respectively. @, represents the motor mechanical angular
velocity, Ls as well as L, represent the stator d-axis
inductors and stator g-axis inductors, respectively. ¥y
means permanent magnet fluxes, p represents the magnetic
pole pairs number, and 7. represents the motor
electromagnetic torque, 7; represents the motor load
torque, J represents the inertia moment, and B represents
the friction coefficient.

3.2 Design of High-Speed Fess Concerning Grid-
Connected Control System

At first, the proposed high-speed FESS needs to
connect to the power grid during operation, and the energy
conversion and connection is carried out through the
converter in the middle, and the excess electrical energy is
converted into the motor mechanical energy via the
high-speed FESS when the energy on the grid side is
surplus, which results in the flywheel energy being
transmitted into electric energy via the grid. Then, in the
process of grid connection, it is necessary to design the
connection port filter to meet the indicators of the power
grid, as shown in Fig. 3 where the grid-connected FESS
structure is based on the Norton equivalent circuit, and the
output is formed by calculating its transfer function and
connecting it in series with the input parameters, which
provides a basement for the indicators parameter
designing. If the harmonic injection on the energy storage
side of the grid is considered, the proposed equivalent
model concerning the harmonic content circuit as shown in
Fig. 4 can be obtained. The design of the filter needs to
consider the energy relationship between the FESS as well
as the grid, which includes charging, pre-grid-connected,
and grid-connected mode.

3.2.1 Charging

In the charging stage, the connection between the
high-speed FESS and the power grid is operated under the
form of uncontrolled rectification, and the flywheel motor
forms loop control through the form of motor speed and
current monitoring, accelerates the FESS to the specified
speed, and uses the FESS structure to form energy storage,
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as shown in Fig. 2 charging area segment.

3.2.2 Pre-Grid-Connected

After the charging mode, the FESS yields the set
speed, the control form of the converter on the grid side
remains unchanged, and then the FESS motor is switched
from the speed current loop to the current and voltage loop
control at the loop control end, and the grid connection
conditions are provided for the pre-grid-connected stage of
energy conversion by monitoring the system voltage.
When the FESS motor injects energy into the grid side, the
FESS motor voltage is larger than the voltage on the grid
side to form grid-connected operating conditions, as shown
in Fig. 2.

3.2.3Grid Connection

After the FESS access to the power grid, converter in
the grid-side adopts the grid-side bus to detect voltage and
current variables to form a loop, and the power control
mode of the current and voltage on the motor side is carried
out to complete the power conversion process between the

DC bus and the power grid. In this process, the converter
adopts a dual-PWM control mode to facilitate the energy
flow of grid-connected energy from the mechanical energy
of FESS to the electrical energy of the grid, forming an
expected power flow operation, as shown in Fig. 2
discharge area segment.

4 OPERATION RESULTS AND ANALYSIS OF GRID-
CONNECTED MODE OF HIGH-SPEED FESS

This section, in order to verify the rationality of the
control method of the improved speed flywheel energy
storage grid-connected system, a model with high-speed
grid-connected FESS was built, and the simulation
experimental research of high-speed FESS from charging
to grid connection was completed, and the high-speed
grid-connected FESS parameters are represented in Tab. 1,
and the simulated grid-connected experimental model is
pictured in Fig. 5, respectively. Then Tab. 1 regulates the
design parameters of the high-speed FESS, which are
tabulated as follows.

Table 1 Proposed high-speed grid-connected FESS parameters

Parameter Numeric Value Parameter Numeric Value
The flywheel motor rated speed n 9950 rpm Filter inductor L 8§ mH
Flywheel motor rated capacity S 13000VA DC side voltage Upc 1000 V
The flywheel motor pole pair p 2 Grid voltage U, 400 VAC
Flywheel motor rated current / 21A Grid frequency f 50 Hz
Flywheel motor moment of inertia J 0.05 xg-m? Filter capacitor C 3 mF
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Figure 5 Model diagram of high-speed grid-connected FESS

The circuit structure of simulation experiment is
shown in Fig. 5, which includes power grid module, filter
module, converter module and FESS module. From the
parameter data represented in Tab. 1, the dual-PWM
converter switching frequency is set at 10 kHz. By setting
the simulation time length of 9s, the charging completion
time of the proposed high-speed FESS is 6 s, and the
pre-grid-connected time is 1 s. Starting from 7 s, three state
modes  of  charging,  pre-grid-connected  and
grid-connection of high-speed FESS are established.
Owing to the limited voltage fluctuation range in the
steady-state between charging and discharging process,
this paper can effectively reflect the running state of the
proposed high-speed grid-connected FESS by taking the
grid-connected current as the monitoring variable.

Fig. 6 represents the waveform diagram of DC voltage
and flywheel speed signal of the FESS based on the control
mode. From the picture, it can be seen from observation
that this paper uses mode bit 1, 2 and 3 to set the three states
of charging, pre-grid-connected and grid-connected of the

FESS switching to the status between 5 s and 6 s. During
the charging process of the FESS motor, the DC voltage of
the uncontrolled rectifier part of the power grid represents
its stability in the range of 925 VDC, and the speed of the
flywheel motor continues to increase from zero.
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Figure 6 High-speed FESS charge and discharge mode, DC side voltage and

motor speed sampling signal waveform
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Currently, the motor speed and voltage ring action, the
motor is finally stable in the rated speed of 9950 rpm range.
In the pre-grid-connected and grid-connected links, the DC
voltage as well as the flywheel motor speed remain
unchanged. The system transits from the current and speed
loop to the voltage and current loop, as shown in Fig. 7.
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Figure 7 DC-side voltage, motor speed and grid-connected side current
sampling signal waveform in high-speed FESS charge-discharge mode
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Figure 8 High-speed FESS charging-state sampling signal waveform in
pre-grid-connected mode

Here, it is depicted from Fig. 7 that the motor charging
current in the charging process remains relatively stable,
which is used to absorb the power grid energy; at this time,
the charging current of the flywheel motor is stable at
3.85 A, the pre-grid-connected transition to the grid-
connected process. The flywheel motor maintains the
stable voltage during the external energy conversion
process, and the current gradually transitions to a stable
state of 19.9 A, realizing the discharge regarding the grid,
and the grid-connected FESS process reaches the
grid-connected stable state after 1s, and the response speed
is fast. By observing the DC side voltage, flywheel motor
speed, grid-connected side current and voltage signal, the
multi-parameter monitoring of the FESS in charging,
pre-grid-connected and grid-connected status is realized,
which can effectively grasp and realize the operation of
high-speed grid-connected FESS. As represented in Fig. 8,
the high-speed grid-connected FESS adopts signal
waveform between the charging process and the pre-grid-
connected process, and the sampling time point is
5.5 - 6.3 s. The system is charged to the end at 6 s, and
6 s - 7 s is the pre-grid-connected process to prepare for
grid-connection. The figure shows that the DC voltage and
the grid voltage remain in stable operation. The speed of

the flywheel motor also changes from the acceleration state
to the rated speed state, and the current on the
grid-connected side changes from the charging state to the
pre-grid-connected state. In this paper, the synchronous
state of voltage, frequency and phase detection is realized.
The RMS voltage of the AC side is 400 V, the current of
the energy storage motor is non-sine wave containing
harmonics, the peak current of the charging process is 5 A,
the peak current of the pre-grid-connected procedure is
037 A, and the peak current value during the
grid-connected stage is 28.3 A.
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Figure 9 Waveform of high-speed FESS pre-grid-connected state sampling

signal in grid-connected mode
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Figure 10 Waveform of state-sampled signal in high-speed FESS grid-

connected mode

As represented in Fig. 9 the proposed high-speed
grid-connected FESS changes from pre-grid-connected to
grid-connected transition state, which is inferring that the
DC voltage, motor speed and grid-connected side voltage
signal remain stable, the FESS realizes the discharge
procedure of the main power grid through the voltage as
well as the current loop, and the system is converted from
pre-grid-connected to grid-connected at 7 s, then the ESS
(energy storage system) is discharged to the main grid to
realize energy feedback, and the grid-connected side
current gradually increases until the rated output power of
the ESS reaches variable at 19.9 A. As is depicted in
Fig. 10 that the signal waveform is in the high-speed
grid-connected FESS mode, inferring that the waveform
data of each adopted signal is in a stable state, the FESS
releases energy to the main power grid stably, and the
electrical energy is converted from mechanical energy to
the main power grid; at this time the sampling time is
depicted between 7.7 s - 8.2 s, representing voltage of the
DC side by 1000 V, the FESS motor speed by 9950 rpm,
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the main grid current by 19.9 A, and the main grid voltage
by 400 V.
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Figure 11 Current harmonic spectrum at each mode of the grid-connected
FESS

Actually, in the grid-connected procedure, its voltage
maintains low harmonic interference, but the current is
harmonic due to the power device, and the relationship
between the FESS operation as well as the current
harmonics of the power grid can be all observed through
harmonic analysis of the current. As shown in Fig. 11, the
current harmonic analysis diagram of the grid-connected
FESS in the charging, pre-grid-connected and
grid-connected stages shows that the grid-connected FESS
procedure has an improving effect on the harmonics of the
system, and the grid-connected FESS promotes the
improvement of the power quality on the grid side. Taking
50 Hz as the fundamental frequency, which infers that the
grid-connected can weaken the 5th and 7th harmonic
content on the grid operating side, while in the pre-grid
stage of Fig. 11b, depicting that the comprehensive
harmonic content regarding the grid current gets the lowest
value by only 7.18%, and the harmonic content of Fig. 11c
after grid connection is 16.38%, compared with 52.96% in
the charging stage of Fig. 11a, the harmonic content of the
grid side is effectively improved.

5 CONCLUSION

In order to enhance the flywheel energy storage
capacity and achieve the grid integration of the FESS and
the power grid system, this article designs the structure of
high-speed grid-connected FESS based on dual-PWM
converter and its two-stage control method compared to the
traditional low-speed FESS. Successively this article
establishes the operation structure of the grid-connected
FESS, the working principal mode of the grid-connected
FESS and the model. The proposed control method
concerning double closed-loop which includes the speed
and voltage in the charging stage and the current and
voltage in the pre-charging and grid-connected stage are
constructed, and then the system operating parameters are
observed by combining the monitoring variables such as
DC side bus voltage and flywheel motor speed. The results
infer that FESS can achieve stable control of the voltage on
the grid-connected side during the charging as well as
discharging procedure, and the speed control of the
charging procedure of the FESS can be realized through the
speed loop as well as the current variable loop on the
grid-connected side, reaching the motor rated speed by
9950 rpm and the current by 19.9 A to realize the external
energy supply function, and the harmonic current analysis
of the FESS shows that the harmonic content of the current
with the FESS access to the grid is 16.38%, which has a
great improvement effect on the harmonic content of the
power grid in the charging stage of 52.96%.
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