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A Novel Energy Storage System based on Flywheel for
Improving Power System Stability

Jinbo Wu', Jinyu Wen*, Haishun Sun* and Shijie Cheng*

Abstract — In this paper, a novel flywheel energy storage device, called the flexible power
conditioner, which integrates both the characteristics of the flywheel energy storage and the doubly-fed
induction machine, is proposed to improve power system stability. A prototype is developed and its
principle, composition, and design are described in detail. The control system is investigated and the
operating characteristics are analyzed. The test results based on the prototype are presented and
evaluated. The test results illustrate that the prototype meets the design requirement on power
regulation and starting, and provides a cost-effective and effective means to improve power system

stability.
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1. Introduction

The secure and stable operation of power systems is
heavily dependent on the power balance between the
generators and the loads. Renewable energy generation
changes, load changes or short-circuit faults on the
transmission lines, or a variety of power system equipment
may cause power imbalance between the supply and
demand sides. This power imbalance may become the root
cause of power system instability and even blackouts.
Using energy storage devices in power systems is a
promising means to compensate for the unbalanced power
and enhance system stability.

Batteries have been traditionally used to store energy,
but their service times are generally too limited to be
widely used in power systems 0—4]. Capacitors, including
super-capacitors, are frequently used to compensate for
power inadequacy in power systems, but they are incapable
of supplying active power 0-8]. Flywheel energy storage
systems have very high power density and high energy
density at high speed. They also have long service times,
low maintenance costs, and are insensitive to environ-
mental changes. The concept of using flywheels to store
energy has been applied with some amount of success,
typically, in wind power generation, automotive, and
aerospace applications 0—13]. However, the application of
this energy storage method to enhance power system
stability is just beginning to be studied 0-15].

This paper proposes a novel energy storage system based
on flywheel, called the flexible power conditioner (FPC).
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As shown in Fig. 1, the FPC is composed of a doubly-fed
induction machine (DFIM), a flywheel with very large
rotating inertia, a voltage-source pulse width modulation
(PWM) rectifier-inverter pair connected between the rotor
and the grid and used as an AC exciter, and a corres-
ponding control system.

Upper level controller
I
Middle level controller C@
it 1T 1
Electrical || Position | | Electrical || Bottom level
measure detection measure COl'ltl'l]llEl‘

rotor

flywheel

|
nos

i

Grid +

HH

Stator

Fig. 1. Structure of the proposed FPC

Traditional flywheel energy storage systems typically
use synchronous machines to drive flywheels and are
controlled by back-to-back rectifier-inverter pairs. On the
other hand, DFIMs, which have been widely used in wind
power generation 0—18], are applicable in flywheel drive
systems. Compared with the synchronous machine
technology, the DFIM approach is more effective due to its
ability to deal with large rotor speed variations around the
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synchronous speed and to achieve full speed-range control
of the machine by excitation converters rated at only a
fraction of the total power 0-21].

By incorporating the flywheel energy storage and the
DFIM, the proposed FPC is able to store energy as
available, supply a large amount of active power as needed,
and provide reactive power for voltage support as
necessary 0-23]. The advantages of the proposed approach
are as follows: First, the induction machine can be
controlled to work as a generator or as a motor, second, a
prime mover is not needed to generate active power. In
addition, the classical oriented vector control can be used
to control the power converters.

A prototype of the FPC is developed as shown in Fig.
2(a). The rest of the paper is organized as follows: In
Section 2, the structure of an FPC based on the flywheel is
described. The control system of the prototype is
investigated in Section 3. Section 4 analyzes the FPC
operating characteristics. The test results of the prototype
are presented and evaluated in Section 5.
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Fig. 2. Structure of the proposed FPC

2. Structure

The structure of the proposed FPC is shown in Fig. 1.
The dynamic energy stored in the rotor (or flywheel) is
determined by

E=Jo?/2 1)

where J represents the rotor inertia, and w, is the rotor
electrical angular speed. As the rotational speed is kept
constant, the stored energy is proportional to the inertia of
the flywheel.

FPC is a novel flywheel energy storage device which
integrates both the characteristics of the flywheel energy
storage and the DFIM. The structure diagram of the
flywheel and drive motor is shown in Fig. 2, where the
flywheel with very large rotating inertia is at the bottom
and the DFIM is at the top. For storing/releasing energy,
the structure of the DFIM is designed as the vertical three-
phase wound rotor induction motor and the motor is
operated in a no-load and no-turbine-driving condition that
is different from the DFIM used in wind power generation.
Its stator windings are connected with the power grid, and
the rotor windings are connected with the AC excite. In
addition, a photoelectric encoder is installed at the top of
the DFIM to measure the rotor position, and a flywheel is
added to the rotor in order to increase the inertia of the
rotor. Magnetically levitated bearing is used to decrease the
friction loss of the rotating shaft. To levitate the flywheel, a
permanent magnet ring is added at the bottom and a
stationary steel plate the same size as the flywheel is fixed
under it.

By controlling a pair of back-to-back connected voltage
source converters, the change in the rotational speed of the
DFIM and the flywheel is achieved; therefore, energy is
stored or released. One power converter is connected with
the power grid and converts the three-phase grid voltage to
a DC voltage. The converter connected with the rotor
windings can provide AC excitation currents with the
required amplitude, frequency, and phase in which a vector
control technology is used 0.

3. Control System

The control system of the FPC is composed of three
controllers: upper level controller, middle level controller,
and bottom level controller. The upper level controller
performs variable sampling operations and coordinates the
controls between the FPC and other devices in the system
by taking the power system stability analysis into full
consideration. It calculates the active and reactive power
exchanges between the FPC and the grid for the power
system stability. The upper level controller also produces
the power set points for the middle level controller. Using a
suitable vector control strategy, the middle level controller
calculates the three-phase variable-frequency excitation
voltages for the rotor excitation of the FPC. The bottom
level controller performs the PWM technology-based
excitation control, as proposed in 0.

Changing the sinusoid modulation waveforms of the
inverter can change the frequency, phase, and magnitude of
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the excitation voltage for the DFIM. The rectifier is mainly
used to keep the voltage of the capacitor U, constant. This
control technology has been widely used in pumped-
storage units and wind-mill generators 0-28]. For
simplicity, the detailed design of the bottom level
controller is not discussed in detail in this paper.

The DFIM is modeled by the following equations in the
direct (d) and quadrature (g) axis reference frame 0, 29],
which rotates at synchronous speed (w,=2xf;):
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where u is the voltage, i is the current, R is the resistance, L
is the reactance, ¥ is the flux linkage, T, represents the
electromagnetic torque, and w=2zf| is the synchronous
electrical angular speed. w,=w-w,. P, and P, is the stator
output active power and rotor input active power,
respectively. Subscripts d and ¢ indicate the direct-and
quadrature-axis components under the rotation synchroni-
zing reference frame. Subscripts s, r, and m indicate the
stator, the rotor, and the mutual quantities, respectively. D
represents the damping torque coefficient proportional to
the rotor angular speed. n,is the number of pole-pairs. The
mechanical torque 7, is zero.

The stator flux linkage orientation control technology is
used to ascertain the excitation voltage of the DFIM used
in wind power generation. However, the precise
measurement of the flux linkage is difficult to obtain. The
voltage is easy to detect and control. The stator voltage
orientation control (SVOC) technology is used to design
the middle level controller of the FPC as shown in Fig. 3.
The SVOC orients the ¢ axis of the synchronous reference
frame along the stator voltage and the d axis is 90° behind

Fig. 3. SVOC technology

the g axis.

By not taking into account the derivatives of the stator
and rotor flux and considering R,, the steady state
equations are deduced:
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where 6 =L,[L,/L,, -L,.

The middle level controller is designed to conduct the
excitation control by decoupling the control of the active
and reactive powers. A small amount of power flow exists
between the rotor windings and the grid. The proposed
excitation control is designed and aimed at the power flow
of the stator windings. The active and reactive power flows
of the rotor windings are compensated in the power set
points produced by the upper level controller. The middle
level controller is composed of the power and current loops,
as shown in Figs. 4(a) and (b). P,; and O, are the power
set points produced by the upper level controller.

The upper level controller implements the control
strategy at the power system level. The flexible design of
the upper level controller is adopted according to the
requirements of power systems. Besides setting P, and
QO directly, the upper level controller generates the
regulation power signal depending on the grid requirement
and FPC current state. In the FPC prototype, variable
sampling PI control is used to calculate the active and
reactive power exchanges between the FPC and the grid for
the power system stability. The developed control strategy
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for direct start is used in the monitoring system of the
prototype.

With appropriate control, the back-to-back power
converter pair can generate a three-phase AC voltage over
a wide frequency range around the power system line
frequency; thus, it is possible to directly start the FPC. The
control strategy for direct start seeks to increase w, from
zero to the set point as smoothly as possible and to reduce
the impact on the gird.

As shown in Fig. 5, P, is obtained by the speed control.
The rotor active power is near the stator power because s is
near 1 at the starting point. To ensure that the rotor power
is not more than the maximum active power, P, is
gradually increased from zero.

At the initial stage of the starting point, the rotor current
is small and the reactive power generated by the converter
is insufficient to provide the needs for starting the FPC.
Absorbing reactive power from the grid is required. Thus,
Ot 1s evaluated directly by the following:

‘ (12)

0. =—2kVar @, <250r/min
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@, > 2507/ min

4. Operating Characteristic Analysis

The power flow between the FPC and the grid is
discussed as follows. As shown in Fig. 6, the power flows
of the stator-side windings, rotor-side windings, and total
are given by the following equations:

F =T.0
B =5k =sT,o (13)
P=P-P=(1-5)To,

where P is the total output active power.
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Fig. 6. Diagram of power flow between the FPC and the
grid

Compared with the flywheel system which uses the
synchronous machine, the FPC which uses the DFIM is
more effective due to its ability to control the flywheel
system by excitation converters rated at only a fraction of
the total power with large flywheel speed variations around
the synchronous speed. Fig. 7 shows the simulation
comparison result of the FPC with the flywheel system
which used the synchronous machine in the output power
through the converters in the case of releasing power 4 kW
and storing power 4 kW. As shown in Fig. 7, the output
power through the converters of the FPC is smaller than
that of the flywheel system which used the synchronous
machine, especially when w, variations are from 700 r/min
to 1500 r/min. Moreover, w, variations from 700 r/min to
1500 r/min is the FPC main operation range. Therefore, the
FPC which used the DFIM is more cost-effective than the
flywheel system which used the synchronous machine.

The two modes of operation in the FPC, namely, sub-
synchronous and super-synchronous modes, are calculated
by the slip ratio s.

In the sub-synchronous mode (s>0), the rotor speed of
the FPC is always lower than the synchronous speed,
which means that the slip ratio s>0. Therefore, the
direction of the stator active power is opposite to that of the
rotor active power. When the stator-side windings of the
FPC take energy in from the grid, the rotor-side windings
release energy to the grid through the power converter pair.
The rotor-side windings store energy as the stator releases
energy to the grid. The direction of the total active power is
the same as that of the stator active power because the
value of the rotor active power is less than that of the stator
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Fig. 7. Simulation comparison of the FPC with the
flywheel system which used the synchronous
machine

active power. The value of the total active power is the
difference of the stator active power and the rotor active
power.

In the super-synchronous mode (s<0), the rotor speed is
always higher than the synchronous speed, which means
that the slip ratio s<0. Therefore, as the stator-side
windings store energy from the grid, the rotor-side
windings store energy from the grid. While the stator
releases energy to the grid, the rotor releases energy
through the power converter pair. The direction of the rotor
active power and the stator active power are also the same
as that of the total active power. The value of the total
active power is the sum of the stator and reactive active
power.

Whether the FPC works in the sub-synchronous mode or
the super-synchronous mode, it can flexibly regulate
reactive power by changing the amplitude of the exciting
current as synchronous compensator. The only difference is
that, in theory, the FPC is able to work stably at any speed.
The rotor speed is computed by the following equation:

fu =it (14)
p

where f; represents the synchronous frequency, f,; and f,

indicate the rotor mechanical angular frequency and the
exciting current frequency, respectively, and p is the
number of pole-pairs.

It is inconvenient for the converters to provide DC
excitation currents. In general, the FPC working in
synchronous speed can be avoided. The stator side reactive
power is exchanged with the grid and the rotor side
reactive power is absorbed by the converter.

5. Test Results

The FPC prototype is developed and its corresponding
parameters are presented in the Appendix. The control
system is designed in Section 3. The relationship of the
total output power and the stator and rotor currents are
presented by the following equations:
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As showh in Fig. 8, the prototype is investigated for the
power exchange between the prototype and the grid in the
laboratory. The grid voltage is set to 380 V. The stator of
the DFIM is connected with the grid and the rotor is
connected with the converter. The transformer connected
between the converter and the grid is used to lower the
converter voltage, and the prototype is also able to work at
800 V. The monitoring system of the prototype, as the
upper level controller, starts the prototype and sets the
points of the exchanged active and reactive powers
between the prototype and the grid. The converter, as the
middle and bottom level controller, controls the DFIM by
changing the excitation current according to the set points
from the monitoring system. Figs. 9-13 show the
laboratory test results and the test data obtained from the
oscilloscope.

5.1 Direct Start

The prototype is tested at direct start. The rectifier cuts
in at first, then the inverter cuts in at 2 s when the DC-link
voltage has been stabilized. After the inverter cuts in, the
proposed control strategy for direct start is used to direct
start the prototype. Since the grid voltage is 380 V, the
limitation of the active power set points is set to 2 kW to
avoid rotor currents that are too big. w.; can be set at any
value within the working range of w,. Fig. 9 shows the test
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Fig. 10. Test results of the FPC prototype on P regulation at sub-synchronous

results of the prototype at direct start (,.~800 r/min).
The prototype is tested at direct start. The rectifier cuts in
at first, then the inverter cuts in at 2 s when the DC-link
voltage has been stabilized. After the inverter cuts in, the
proposed control strategy for direct start is used to direct
start the prototype. Since the grid voltage is 380 V, the
limitation of the active power set points is set to 2 kW to
avoid the rotor currents that are too big. @, can be set at
any value within the working range of w,. Fig. 9 shows the
test results of the prototype at direct start (w,.~800 r/min).
Fig. 9(a)—(d) show the curves of w,, P, P, O, Iy, I, I,
and /4 at direct start, respectively. As shown in Fig. 9, the
start time of the prototype from 0 to 800 r/min is 110 s.
During the direct start, w, changes smoothly without acute
acceleration and deceleration. The overshoot value of w, is
about 30 r/min, and the time is about 20 s. P gradually
increases from 0 to -1.2 kW, and P, is maintained at near-2
kW. Their relationship is the same as shown in (13). At the
initial stage of the direct start, O is about -2 kVar and O
changes to zero after w, is up to 250 r/min. The process of
change in Q is the same as that shown in (16). P and Q are
the same as P, and O, obtained by the control algorithm
for starting. During the direct start, the change of /g, /4, /g,
and /4 are the same as shown from (15) to (16).

5.2 Sub-Synchronous

The prototype is tested on the power regulation at sub-
synchronous. P,.; and Q.. can be set at any value within the
working range of P and Q. Figs. 10-12 show the test
results of the prototype on the power regulation at sub-
synchronous.

When the prototype is tested on P regulation, the order
of the P, value is 0, 4kW, -4kW, 0, -4kW, 4kW, and 0, and
the Q. value constant is 0. When the prototype is tested on
O regulation, the P, value is maintained at 0, and the order
of the Q¢ value is 0, 4k Var, -4k Var, 0, -4k Var, 4k Var, and 0.
Figs. 10—11 show the test results of the prototype on P and
O regulations at sub-synchronous, respectively.

Figs. 10-11 show the curves of w,, P, P, O, Iy, L, I
and Iy on P and Q regulations at sub-synchronous,
respectively. As shown in Figs. 10-11, the P and Q
regulations of the prototype at sub-synchronous are
implemented satisfactorily. Satisfactory performances of P
and Q are obtained. w, accelerates or decelerates with the
positive or negative value of P. Due to its loss, w, also
slows down when P is zero. The relationship between P
and P; is the same as shown in (13). During the power
regulation at sub-synchronous, the changes of I, Iy, I,
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and [4 are the same as shown in (15)—(16). In Figs. 10-11, 12, the P ramp time from -4 kW to 4 kW is 100 ms; the P

the power regulation at sub-synchronous is implemented ramp time from 4 kW to -4 kW is 70 ms; and the Q ramp
satisfactorily. time from 4 kW to -4 kW and from -4 kW to 4 kW are both

Fig. 12 shows the power dynamic response of the FPC about 60 ms. The sensitive response of the power regula-
prototype at sub-synchronous. Fig. 12(a) and (b) show the tion at sub-synchronous is obtained.

P and Q responses at sub-synchronous, respectively. In Fig.
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Fig. 13. Test results of the FPC prototype on P regulation at super-synchronous

5.3 Super-Synchronous

The prototype is tested on the power regulation at super-
synchronous. P,.; and Q,.; can be set at any value within the
working range of P and Q. Figs. 13—15 show the test
results of the prototype on the power regulation at super-
synchronous

When the prototype is tested on P and Q regulations at
super-synchronous, the order variations of the P.; and Q¢
values are the same as those at sub-synchronous. Figs. 13—
15 show the test results of the prototype on P and Q
regulations at super-synchronous, respectively.

Figs. 1314 show the curves of w,, P, P, O, Iy, Iy, I,
and Iy on P and Q regulations at super-synchronous,
respectively. As shown in Figs. 13-14, the P and Q
regulations of the prototype at super-synchronous are
implemented satisfactorily. Satisfactory performances of P
and Q are obtained. w, accelerates or decelerates with the
positive or negative value of P. Due to its loss, w, also
slows down when P is zero. The relationship between P
and P; is the same as shown in (13). During the power
regulation at super-synchronous, the changes of Iy, /4, I,
and /4 are the same as those shown in (15)—(16). In Figs.
13-14, the power regulation at super-synchronous is
implemented satisfactorily.

Fig. 15 shows the power dynamic response of the FPC

prototype at super-synchronous. Fig. 15(a) and (b) show
the P and Q responses at super-synchronous, respectively.
In Fig. 15, the P ramp time from 4 kW to -4 kW is 70 ms;
the P ramp time from -4 kW to 4 kW is 50 ms; and the Q
ramp time from 4 kW to -4 kW and from -4 kW to 4 kW
are both about 60 ms. The sensitive response of the power
regulation at super-synchronous is obtained.

Based on the test results, the prototype meets the design
requirement on power regulation and starting. The
proposed control strategy is thus implemented satisfactorily.
The prototype meets the requirements on the power
dynamic response for improving the grid stability.

6. Conclusion

This paper proposes an FPC composed of a DFIM, a
flywheel with very large rotating inertia, a voltage-source
PWM rectifier-inverter pair that is connected between the
rotor and the grid and used as an AC exciter, and a
corresponding control system. By incorporating the
flywheel energy storage and the DFIM, the proposed FPC
can store energy as available, supply a large amount of
active power as needed, and provide reactive power for
voltage support as necessary.

The structure of the FPC is described in detail, including
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Fig. 15. Power dynamic response of the FPC prototype at super-synchronous

the flywheel and drive motor, and the converters. The
control system of the FPC, which consists of three levels,
namely, upper level controller, middle level controller, and
bottom level controller, is investigated with an emphasis on
the middle level controller. The SVOC technology is used
for the design of the middle level controller, which
determines the excitation voltage of the DFIM. The bottom
level controller conducts the PWM-based excitation
control for the machine, while the upper level controller
performs a power or voltage control strategy at the power
system level. The control strategy of the FPC direct start is

also investigated in detail and the operating characteristics
are analyzed. The simulation comparison of the FPC with
the flywheel system, which uses the synchronous machine,
is discussed as well as the operation modes of the FPC,. A
prototype of the FPC is developed and tested at direct start,
sub-synchronous, and super-synchronous.

Based on the test results, the prototype meets the design
requirements on power regulation and starting. The
proposed control strategy is thus implemented satisfactorily.
The prototype meets the requirements on the power
dynamic response for improving grid stability. Therefore,
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the FPC provides a cost-effective and efficient means to
improve power system stability by compensating for the
unbalanced power using energy storage.
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Appendix

The parameters of the FPC prototype used are given
below:

Rated power Py =4 kW, Stator rated voltage U,=380 V,
Frequency /=50 Hz, Number of pole pairs p=3,
Synchronous speed 7,=1000 rpm, Rated speed ny =976.2
rpm, Range of slip -0.5<s<0.5, Rated power factor
on—=0.816, Stator resistance R, =1.5818 Q, Rotor resistance
Rr=1.4797 Q, Stator inductance L,,=0.00855 H, Mutual
inductance ,,=0.31395 H, Moment of inertia J=19 kg.m’.
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