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|. INTRODUCTION

Recently flywheel Energy Storage System (FESS) has
attracted new research attention in several applications such as
improving power quality and uninterruptible power supplies
(UPS). One of the applications that FESS can be of much
interest is combined with wind power where the generated
energy is very intermittent. The reason for this recent research
interest is due to the latest developments of relevant
technology, such as magnetic levitation, composite materials,
low-loss machinery and power electronic switch, particularly
in high-power insulated-gate bipolar transistors (IGBTs) and
field-effect transistors (FETs) [1][3]. It was found that the
flywheel is a very reliable solution for short term energy
storage, it can provide high power for short periods with range
of few seconds. Compared with other traditional energy
storage systems such as batteries and capacitors, flywheel has
its own advantages; high dynamics, long life time and good
efficiency. Moreover, it has less fire hazards because it is
completely chemical free. Finally, the state-of charge of the
flywheel is always easy to be known by measuring its
rotational velocity.

Moreover, the sizing of the FESS is very flexible because
the rated power capability is not directly tied to energy storage
capacity since energy transfer, to charge and discharge a
flywheel, is provided by motor-generator. Therefore, energy

storage capacity and power capability can be flexibly tailored
to meet specific grid requirements [4].

Based on these factors, it has been made possible, attractive
and feasible to construct flywheels strong enough to operate
reliably at high speed to achieve higher efficiency and higher
stored energy. For example, the University of Texas at Austin
has subjected a composite flywheel spinning at about 48,000
r/min to more than 90,000 charge-discharge cycles with no
loss of functionality (which is very high if compared to
batteries). Another example is the FESS installed in an AMD
semiconductor fabrication facility in Dresden, Germany. The
system can supply or absorb 5 MW for 5 seconds—that is, it
can store 25 MJ. In addition, FESS is very promising to be
used on the International Space Station as NASA estimates
that more than US $200 million will be saved if flywheels
replace the first generation of space station batteries [5], [6].

One of the points that should be taken into consideration is
the selection of the motor/generator combined with the
flywheel, high speed operation and high reliability
requirements limit the available selections to brushless and
permanent magnet (PM) machines. PM machines offer higher
efficiency, smaller size for the same rating, lower rotor losses
and lower winding inductances which make them more
suitable  for rapid energy transfer in  flywheel
applications [1],[7]-[9].

FESS operates in three operating conditions: charge, stand-
by and discharge. In the charging mode, the power grid injects
energy into the flywheel through a bi-directional converter.
When the flywheel reaches to the maximum stored Kinetic
energy limit, the FESS moves into the standby mode in which
the charging current is kept small to maintain it charged and
spinning at the rated speed. If a power outage occurs, the
FESS switches into the discharge mode, the Permanent
Magnet Synchronous Machine (PMSM) acts as a generator to
provide energy to loads through bi-directional power
converter. When the power grid recovers from failure, the
FESS re-enters the charge mode and ready to handle the next
power quality event.

This paper presents the integration of a flywheel energy
storage system (FESS) with a wind turbine to supply power for
a residential. The system understudy is located in a total area
where there’s no connection to the grid. The main supply for
electricity is a wind plant. However, it is well known that the

13" LACCEI Annual International Conference: “Engineering Education Facing the Grand Challenges, What Are We Doing?”

July 29-31, 2015, Santo Domingo, Dominican Republic
DOI: http://dx.doi.org/10.18687/LACCEI2015.1.1.106

ISBN: 13 978-0-9822896-8-6

ISSN: 2414-6668



CONVERTER

CONVERTER

M_AA

o« A L -

Vv

3 A
. -

il

Flywheel

EXE

Doubly Fed Induction
Generator

GRID SIDE ROTOR SIDE
= CONVERTER CONVERTER

Residential Lumped )

Load L R —”3} _”5} a . —”5} —Hf} Wind i

! Turbine ‘\

1 I

AC Bus (Ym_AvAvAv —
mm AvAvAvi

At At

rETE

Fig. 1 System understudy.

intermittent nature of wind power prevents the sole reliance on
it. Thus an energy storage should be combined to it. In this
study the FESS is selected to be used to compensate for wind
power intermittency. Real wind data and load patterns are
selected to be used in this study.

The rest of this paper is organized as the following: section
Il presents a brief discussion about the doubly Fed Induction
generator (DFIG) which will be used in this study. A detailed
description of the system under study is presented in section
1. The results of the simulation along with analysis and
discussion are provided in section IV. The conclusion of this
work is outlined in section V.

1. DFIG BASED WIND TURBINE

The Double Fed Induction Generator (DFIG) consists of
wound rotor induction machine and two power electronic
converters. The stator of the DFIG machine is coupled directly
with the AC grid without any power electronics interface. The
wound rotor is connected to the grid through bidirectional AC-
DC-AC converter. The AC-DC-AC converter consists of two
back to back inverters with common DC bus. Active and
reactive power supplied by the DFIG can be controlled and
regulated through the power electronics converter. The power
electronics converter controller consists of two sub controllers,
rotor side controller and grid side controller [10]. The rotor
side controller regulates the DFIG speed and the reactive
power [11]. Different reactive power control strategies can be
used to regulate the terminal voltage at the point of common

coupling by injecting necessary reactive power or power factor
improvement [12]. The grid side controller controls the total
power supplied to the grid by controlling the power injected
from the rotor to the grid when the generator slip is greater
than zero or rotor absorbed power when the slip is less than
zero [10]. The total supplied power by the DFIG is calculated
as:

Porig= ProtortPstator

The DFIG shows advantages over the other types of
variable speed generators used in wind power applications.
Compared with full converter synchronous generators the
DFIG uses smaller size power electronics converter which
reduces the cost and size. The power electronics converter in
DFIG process only 25-30% [1] of total power produced by the
wind turbine compared with 100% converter rating in full
converter topology. DFIG has wide speed rang compared with
direct coupled induction machine which operation is limited
within the sub-synchronous speed. On contrast, the DFIG can
work in sub-synchronous and super-synchronous speeds with
slip rang +/- 0.3.

Moreover, active and reactive power can be easily
regulated through the power electronic converter. However,
one of the main disadvantages of the DFIG is the performance
of the system during gird disturbance. Since the stator is
connected directly to the grid a voltage transient could produce
high current on the stator winding. Usually the stator winding
can withstand this current but it could cause damage to the
rotor side converter. In order to protect the power electronics
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converter a protection scheme is employed. This scheme
involves a crowbar circuit is used to protect the system from
over current on rotor winding or over voltage in the DC link.

1. SYSTEM DESCRIPTION

The system understudy is shown in Fig. 1, as it can be
seen a DFIG based wind turbine connected to an AC bus. In
parallel a flywheel based energy storage systems is connected
to smooth the output of the wind turbine. The flywheel
construction is based on Permanent Magnet Synchronous
Machine (PMSM) coupled to a steel mass. The energy is
stored as kinetic energy in the rotating mass. The PMSM is
operated in two modes; the motor mode during the charging
and generator mode during the discharging. The rated speed of
the machine is 1750 rpm which is corresponding to 183.25
rad/sec. The equivalent moment of inertia of the rotating disc
is 8 kg/m?.

The two systems are connected in parallel to the AC bus.
A lumped load is connected to the system to represent the load
of residential building or community. It is worthy to mention
here that the used data for the simulation is real data for the
wind speed and load patterns. These data patterns are collected
from area in Texas. The operation of the system is as the
following: when the available power from the wind is more
than the load, the flywheel controller is commanded to charge
the flywheel. In this mode the machine is operated as a motor
and the energy is transferred to be stored as a form of speed
increase. The State of Charge of the flywheel is identified by
its speed. The amount of energy stored in a flywheel is
expressed as:

1
Epw= 7. 0fy

Where J is the moment of inertia and o is the rotational speed.
Since the moment of inertia of the rotating mass is constant
over the entire period of operation the speed accurately reflects
the amount of the stored energy. Vice versa when the load
exceeds the generated power from wind turbine the stored
energy is transferred back to the AC bus. In this mode the
machine is operated as a generator, the rotating mass with its
stored energy acts as the prime mover. Fig. 2 illustrates this
process. The charging area is indicated by the red region while
the discharging area is indicated by the green region. The net
difference between the generated power from the wind turbine
minus the load is plotted using the solid blue line. The
charging and discharging processes of the flywheel are
controlled through two independent PI control loops.

I11. SIMULATION RESULTS

In order to investigate the performance of the system in
islanded operation, a model of the system is built using

MATLAB/Simulink. The wind and load patterns for a real
system are used. However, the available data is hourly,
running the simulation for hours is not feasible. Thus the
system is down scaled for seconds. i.e. each second in the
simulation represents one hour in the real time. Sine, the
energy stored in the flywheel is function in time, it is very
important to down scale the flywheel size as well. The energy
is divided over 3600. In other words the size of the flywheel
used in the simulation should be multiplied by 3600 to be
implemented in a real system in the real time (in hours). For
more validation of the system, the simulation running time was
selected to be 72 sec.

The simulation results are depicted in Fig. 3. Fig. 3(a)
shows the load power in kW. Fig. 3(b) shows the net output
power from the wind turbine which is fluctuating over a wide
range. The energy of the flywheel is shown in Fig. 3(c), it can
be seen that the flywheel is dynamically supplying the load
during the shortage periods of the wind. It should be
highlighted here that a smart charging algorithm is adopted to
prevent the flywheel from withdrawing high current during
charging. It is known that during the charging of a machine, if
the rated voltage is applied suddenly then a high current will
be withdrawn from the supply which may cause voltage or
frequency disturbances in the system. Here, the voltage
reference for the machine is applied gradually to allow soft
charging of the flywheel. The notation used in this figure that
the injected power to the system is positive and the withdrawn
from the system is negative. The smooth charging is clear
when the power is negative (during charging process). The line
to line voltage of the AC bus is shown in Fig. 3(d), negligible
fluctuations within + 1.5% are shown. This level of
fluctuations is allowed by all the standards including

Fig. 2. Charging/discharging of FESS.
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Fig. 3 Simulation results (a) Load power in kW, (b) output power from the wind turbine in kW, (c¢) output power from the FESS in

kW, (d) AC bus voltage in (V), (e) flywheel speed in rad/sec.

NEC [13]. The speed of the flywheel is shown in Fig. 3(e). As
mentioned earlier the machine speed reflects the SoC of the
flywheel. The soft charging of the flywheel is seen here
through the gradual increase in the machine speed. It can be
concluded that the system is capable of running independently
from the from connection

CONCLUSION

A flywheel energy storage system (FESS) is utilized to
compensate for the intermittency of the wind power. Wind
turbine is used in conjunction with a FESS to cover the
electricity demand of a rural residential area. A simulation
model is built in MATLAB/Simulink to investigate the
performance of the system and its capability to continue

supplying the demand. The simulation results showed that the
system is operating continuously without any grid connection.
Voltage fluctuations were negligible and within the allowed
limits which indicates stable operation. The entire system is
clean and it doesn’t involve any chemicals or fossils. The
operation of flywheel to smooth the output power of wind
power system can be promising idea for more deployment of
such systems. Also, this system can be used in promoting
electrification in rural areas.
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