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Abstract
This paper introduces the composition and working principle of flywheel energy storage
system, and summarizes the discharge control strategy of flywheel energy storage System.
In this paper, the control strategy of the flywheel energy storage system of the discharge
operation is broadly divided into the motor feedback modulation control strategy and the
control strategy of the additional DC circuit; On this basis, the characteristics of discharge
operation control strategy of flywheel energy storage system and the problems in control
operation are analyzed, and finally, the paper summarizes and forecasts.
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1. Introduction
With the development of society and the deterioration of the environment, the traditional energy is
increasingly scarce, which greatly promotes the development of new energy technology. However, the
new energy such as wind energy, solar power generation and other widespread intermittence, volatility
and other issues. Flywheel energy storage system can not only improve the utilization rate of new
energy generation, but also improve the output power quality in the new energy generation system.
Compared with other energy storage methods, flywheel energy storage has the characteristics of high
energy storage density, high discharge power, fast charging and discharging speed, long service life, as
well as environmental friendly and pollution-free, and has a bright future[1]. At present, researchers
have applied it to the fields of electric vehicle[2], wind power generation[3], UPS[4] and so on.
In this paper, according to the principle and structure of discharge operation control, the operation
process control strategies are summarized, mainly from the motor feedback modulation and additional
DC-DC converter control strategies are classified and summarized.

2. The Composition and Working Principle of Flywheel Energy Storage System
The flywheel energy storage system, also known as the flywheel battery, is a device that uses
high-speed rotating flywheels to store energy in the form of kinetic energy. Its basic structure is
composed of five components such as flywheel, bearing, motor/generator, power electronic control
device and vacuum chamber[5]. It has three operating modes, namely charge mode, hold mode, and
discharge mode. The charging mode refers to that the flywheel rotor absorbs energy from the outside
and causes the flywheel speed to increase, and the energy is stored in the form of kinetic energy.
Discharge mode refers to that the flywheel rotor transfers the kinetic energy to the generator, and the
generator converts the kinetic energy into electric energy, and outputs electric current and voltage
suitable for the electric equipment through the electric power control device to realize the conversion
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from mechanical energy to electric energy. Holding mode means that when the speed of the flywheel
reaches a predetermined value, it will neither absorb energy nor output energy, as shown in Fig. 1.
flywheel

Electric/generator

Electric control and
power quality
regulation

Power input

Power output

Fig. 1 Flywheel energy storage system working principle diagram
The energy stored in the form of kinetic energy by a high-speed rotating flywheel can be expressed
as[6]
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In the formula, v is the flywheel edge shallow velocity; m is the flywheel mass; J is the rotational
inertia of the flywheel;  is the angular velocity of the flywheel. The formula for the inertia of the
flywheel is
1
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In the formula, r is the radius of rotation of the flywheel.

3. Discharge Control Framework for Flywheel Energy Storage System
When the flywheel is in the discharge state, the motor operates as a generator. As the energy is released,
the speed will gradually decrease, resulting in a gradual decrease in the DC bus voltage at the IGBT
output[7]. Therefore, in the flywheel energy storage discharge operation, the first requirement is to
keep the DC bus voltage output from the power conversion circuit constant and realize energy
feedback. At this time, the output DC power can be supplied to the DC load, or can be fed back to the
grid after the inverter.
In the discharge operation of flywheel energy storage system, the motor current and DC side current
are reversed. The double closed loop control structure of DC bus voltage outer loop and motor current
inner loop is commonly used. As shown in Fig. 2.
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Fig. 2 Schematic diagram of discharge operation control principle
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4. Motor Feedback Modulation Control Strategy
Electric energy conversion circuit is the pivot of flywheel energy storage system. It drives the motor
based on power electronic switching device to realize the mutual conversion of electric energy and
mechanical energy, and provides interface to the external system. IGBT in switching device is used in
flywheel energy storage system with its high switching frequency and simple driving circuit[8]. The
flywheel energy storage motor conversion circuit is a three-phase bridge circuit composed of fully
controlled devices, as shown in Fig. 3. It can be used as a bidirectional PWM converter to meet the
functional requirements of flywheel converter circuit to achieve bidirectional flow of energy.
The motor feedback braking mode is a cost-effective discharge mode. This control method does not
require any additional power electronics, and can be directly applied to the main circuit topology of
FIG. The feedback braking of permanent magnet brushless DC motor (BLDCM) usually has two
modes: half-bridge modulation mode and full-bridge modulation mode. The latter has a switching loss
of 1 times more than that of the former[7].
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Fig. 3 Flywheel energy storage system power conversion main circuit topology
The literature [9] [10] uses the working mode of motor feedback braking, and gives the equivalent
circuit of the energy feedback braking of the flywheel unit, as shown in Fig. 4. The DC loop voltage
can be maintained stable by adjusting the step-up effect of the inductance of the motor, and then the
DC/AC inverter can supply AC power to the load by controlling, that is, in a PWM cycle, constant DC
voltage can be output by changing the duty cycle of the power switch.
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Fig. 4 Equivalent circuit of flywheel unit energy feedback braking
The motor feedback brake half-bridge modulation mode can reduce the rate of change of current
during commutation, which will result in large torque ripple, and uneven heating of the upper and
lower bridge power devices is not conducive to long-term stable operation. Literature [11] proposed a
"new six-shot PWM" modulation method, which realizes that the inverter still has only one power
device switching action at any time in one cycle. It better solves the problem of torque ripple caused by
uneven heating of the power device and slow construction flow rate, and the method does not need to
increase the power device, and the implementation is easy and the applicability is strong.
In [12], the permanent magnet synchronous motor is used, and the regenerative braking principle of the
motor is used to control the electric energy conversion circuit to reverse the cross shaft current and the
motor back EMF, so that the phase voltage of the motor phase lags behind the back EMF, and the
amplitude is smaller than the back EMF. Finally, the stator current flows from the high potential to the
low potential, and the mechanical energy of the flywheel is output to the electric energy.
Literature [13] proposed a discharge strategy, which achieves global linearization by incorporating
speed into the algorithm of the voltage controller and combining the DC bus voltage design controller.
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It better solves the problem that the frequency and amplitude of the output AC voltage continuously
decrease during the discharge process, which ensures the stability of the discharge operation process.
In [14], the required electromagnetic torque and the given current are calculated by using the motor
speed obtained by MRAS speedless observation. This value can be used for vector control to realize
the discharge control of FESS. This method can better maintain the voltage constant, and at the same
time ensure the fast and reliable state switching of the flywheel energy storage system.

5. Control Strategy of Additional DC-DC Converter Circuit
DC-DC converter is the core of switching power supply, which can convert one DC power supply into
another with different output characteristics. The basic means of the DC-DC converter is to turn on and
off the switching device, so that the load line with the filter is connected to the DC power supply for a
while, and then disconnected, and another level of DC voltage is obtained on the load[15]. Due to the
characteristics of the flywheel, the most widely used in the flywheel energy storage system is the
DC-DC converter without isolation transformer, among which the Buck-Boost application is the most
common.
During the discharge operation, the mechanical energy of the system is converted into electric energy,
and the motor speed decreases, causing the voltage at the motor terminal to gradually decrease.
Therefore, considering the Boost boost circuit before the load, the control strategy of the additional
DC-DC conversion circuit can be proposed.
The literature [16] [17] proposed the circuit topology of the flywheel energy storage system that
introduces the boost circuit, as shown in Fig. 5. By controlling the closing of the switch SB, the
boosting circuit can be operated in both short-circuited and unregulated states, and finally the control
voltage rises to the set DC bus voltage value.
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Fig. 5 Main circuit topology of flywheel energy storage system with boost circuit
The introduction of the booster circuit makes the control of the main circuit topology simple, but
causes the flywheel unit to be completely out of control, the current wave difference, the torque ripple
is large, and the hardware cost is increased, and the reliability is lowered. The literature [18][19][20]
uses a flywheel motor conversion circuit with a bidirectional buck-boost link as shown in Fig. 6. The
bidirectional buck-boost circuit outside the dotted wire frame is controlled by DC chopper to adjust the
average phase voltage of the stator, and then DC/DC boost chopper is applied to the DC voltage
obtained by PWM rectification to output DC voltage which meets the requirements.
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Fig. 6 Conversion circuit of permanent magnet brushless DC motor with bidirectional buck-boost
Reference [21] proposes a simplified DC-DC conversion circuit that uses a bidirectional buck-boost
design to remove V1 of Figure 6, leaving only the freewheeling diode VD1. When the motor is running
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in the state of power generation, the energy will be converted from kinetic energy to electrical energy.
The uncontrollable rectifier bridge and bidirectional DC-DC converter are formed by the diodes in the
inverter circuit to inject energy into the DC bus, and the constant voltage of the DC bus is achieved.
A novel DC-DC circuit is proposed in [22] and [23] respectively. In [22], the inverter circuit, the
storage capacitor and the DC-DC converter in the rectified state together constitute the energy
feedback main circuit, which widens the system voltage regulation range and improves the power
capacity. The DC-DC converter module in [23] uses Cuk chopper circuit, which makes the circuit
simpler and easier to implement.
In [24], a two-degree-of-freedom PI control strategy based on bidirectional DC/DC is proposed, which
not only improves the instability of single-degree-of-freedom control, but also has better resistance to
load interference and target value following.
In order to deal with the nonlinear characteristics of the Buck-Boost converter, the literature [25]
proposed the double-loop cascade nonlinear control of the flywheel energy storage system based on
the additional bidirectional DC-DC converter. The voltage outer loop adopts a robust sliding mode
variable structure and increases the current limiting link. This method ensures smooth and safe
discharge operation, and improves dynamic characteristics such as output voltage regulation time and
overshoot compared to dual-loop PI control.
The literature [26] improved the sliding mode observer in the literature [25], and presented a charging
and discharging control method for the flywheel energy storage system based on the improved sliding
mode observer. It switches to the synovial variable structure control at a certain set value of the
rotational speed, which better solves the problem that the estimated angle of the sliding mode observer
is deviated when the flywheel motor runs at high speed.

6. Summary and Prospects
This paper analyzes the discharge operation process of the flywheel energy storage system and
summarizes its control strategy. At present, the discharge operation control of the flywheel energy
storage system is the control hub for the power conversion circuit during the discharge process. The
research on this aspect is also the most comprehensive. For the energy feedback of PMSM,
considering that the DC-side capacitor voltage is related to the injected active power, it is necessary to
control the output power of PMSM to the DC-side according to the change of capacitor voltage to
stabilize DC voltage. Since the DC-DC converter circuit is a nonlinear circuit, researchers have
applied nonlinear control theory to it for better control[7]. The control of the flywheel energy storage
system based on the artificial intelligence method will bring revolutionary changes to the field of
flywheel control.
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