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Abstract- In this study, a flywheel energy storage system (FESS) has been designed for smart grid applications. The
requirements of the flywheel and electrical machine, which are the most important parts of FESS, have been determined.
Analytical solutions approach has been performed for the flywheel with a capacity of 40 kWh. A high-speed permanent magnet-
assisted synchronous reluctance machine (PMaSynRM) has been designed with Ansys Motor-Cad to meet the requirements of
system. The torque-speed-power graph, thermal situation, magnetic flux lines, efficiency map, power map, and power factor map
of FESS were analysed and obtained using the finite element method. Analyses were performed using Ansys Maxwell and the
Machine Toolkit plugin. The results showed that the designed FESS offers high efficiency, high speed, and high energy storage

capacity to be used in the smart grid applications.
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machine.

1. Introduction

In the developing and changing world, the need for
electrical energy is increasing day by day. There is a trend
towards renewable energy sources, both to avoid the depletion
of fossil fuel sources and to avoid harmful effects such as
greenhouse gases [1]. It is important to obtain energy, it is also
important to use and store energy efficiently. To meet these
expectations, it is necessary to make electricity grids smarter.
Smart grids are one of the topics that have gained importance
recently. Smart grids allow efficient two-way communication
with the electrical grid [2]. The general structure of smart grids
is shown in Fig.1 [3]. Smart grids facilitate the use of
renewable energy sources and contribute to environmentally
friendly energy production. More efficient and widespread use
of renewable energy sources can be achieved by improving
integration with the grid and using energy storage systems [4].
For this purpose, there are applications such as distributed
generation and distributed storage in smart grids [5]. Energy
efficiency and reliability are very important in distributed
generation. Smart grids should enable the integration of
energy resources into the distribution grid in a wide range
from small power generation to large power generation [6].
Thus, it will be possible to both produce and consume energy
at the household level. This will transform the household that

only consumes energy into a productive consumer.
Distributed storage is an application that is used to meet the
energy demand when necessary by storing the excess energy
produced. Connecting the wide-scale energy storage system to
the grid is important for more efficient use of energy-
sustaining resources such as renewable energy [7].

There are many energy storage systems such as
mechanical, chemical, electrochemical, electrical, and thermal
[8], [9]. One of them is FESS. FESS is a mechanical energy
storage system. Due to its advantages such as long lifetimes,
high dynamics and good efficiencies, FESS is a suitable
system for short-term energy storage [10]. Recently, studies
on FESSs have increased. Some of these are related to the
control of FESS [11], [12] and some studies are related to
machine design [13-14]. There are many designs on FESS
with different energy levels. In [15], the flywheel with a
storage capacity of 5 kWh is designed. In [16], a flywheel that
stores 8 kWh and can reach a speed of 18000 rpm has been
designed. There are also studies about the flywheel, which can
store 20 kWh and 0.5 kWh [17-18].

In this study, a 40kWh capacity FESS design to be used
in smart grid applications has been presented. The aim of the
study is to realize the design of a high energy storage capacity,
high speed, and high efficiency FESS. Therefore, the size of
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the flywheel and the required speed of the flywheel to store
the targeted energy level were calculated. Considering
requirements of FESS, the PMaSynRM was designed. Design
and analyses of PMaSynRM were carried out in Ansys Motor-
Cad and Ansys Maxwell. Torque-speed-power graph, thermal
status, efficiency map, power map and power factor map of
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Fig. 1. A model of the smart grids.

2. Flywheel Energy Storage System (FESS)

FESSs are mechanical energy storage systems. In this
system, there are flywheel, an electric machine that works as
both motor and generator, bearings, and a driver [19]. FESS
can be integrated into the grid together with the microgrid
energy management system and power electronics controller.
The structure of FESS is as shown in Fig. 2.
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Fig. 2. The structure of FESS.

FESS stores mechanical energy by turning the flywheel.
It is important to define the size of the flywheel because it
determines the amount of energy to be stored.

2.1. Operating Principles of FESS
The energy stored in the system (E;,;) depends on the
moment of inertia (J) and angular velocity (o) of the flywheel
as shown in Eq. (1).
1
Etor = 5] w? (1)

The energy used or stored in FESS is directly related to
the speed change of the flywheel. The change of energy is
calculated as in Eq. (2).

1
Eaiff = ) (Whax = Wmin 2)

The torque equation for the electric machine is shown in
Eq. (3-4). Eq. (3) is motor mode and Eq. (4) is generator mode.

Tem =) 5% +Bw + Ty 3)
o2 = Tem + Bw + T, 4)

2.2. System Sizing and Design of Flywheel

FESS is required to store 40 kWh (1.4 x 108 Joule).
Therefore, the rotation speed and inertia of the flywheel are
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determined from Eq. (2). Considering similar studies in the
literature, the minimum speed is determined for FESS [20].
This enables the control system of FESS to work more
effectively. Therefore, the minimum speed for the targeted
FESS has been determined. Eq. 5 is obtained from Eq. (4),
considering the variable speeds of FESS and its losses due to
changing speed.

1 t2 t2

E](w,znax —wk;,) = fm T,,, wdt + fm Bw?dt (5)
1 t2 t2

E](wznax - w72nin) = ftl TEm wdt + fm PfT dt +

fttlz Pwincl dt (6)

Py, is mechanical friction loss and P,,;;,4 is wind loss in
Eq. (6). Since magnetic bearings are used in the system,
mechanical friction loss for the flywheel is neglected. Wind
loss of the system has been calculated assuming that it
operates at the environment values established in similar
studies in the literature [20]. Wind loss (P,,nq) Of the system
is calculated with the help of Eq. (7).

1

Pyina = aCMp(‘ﬁDE (7)
3.87

Cy = RGOS ®)
D¢

Re =5, ©)

where Cy, p, D,, R,, and p are torque coefficient, air
density, flywheel diameter, Reynolds number and dynamic
viscosity, respectively. The design parameters are given in
Table 1. These parameters have been calculated analytically
so that FESS store the desired amount of energy.

Table 1. Design parameters of FESS

Parameters Values
Flywheel diameter (D, (m) 1.53
Mass of flywheel (kg) 504.18
Material density (T100G/Epoxy) 1.605
(gr/cm®)

Moment of inertia (J) (kg. m?) 149.1
Flywheel velocity (wpin) 523/5000
(rad/s)/(rpm)

Flywheel velocity (wyay) 1486/14190
(rad/s)/(rpm)

Used energy (E i) (Joule) 1.4 x 108
Dynamic viscosity (i) (kg/m s) 1.9x107°
Air density (p) (kg/m3) 5.6 x 1073
Torque coefficient (Cy) 0,007
Reynolds number (R,) 2.6 X 10°
Charge-discharge time (min) 140-60

The speed of the flywheel varies between the speeds given
in Table 1. The energy that changes in these two speed ranges
is the energy that the system can use. This is called a depth of
discharge. The Depth of discharge (DD) shown in Eq. (10)
was obtained from the velocity values in Table 1.

DD =1—2mn ~ 64.8% (10)

Wmax

The efficiency for the flywheel designed using the design
parameters in Table 1 can be calculated with the help of Eq.
(1) and Eq. (7). The efficiency for the flywheel is shown in

Eq. (11).

77 — Prot—Ploss (11)

Pror

Fig. 3 shows that an increase in the speed of the flywheel
reduces the efficiency. As can be seen from Eq. (7), Increasing
the speed of the flywheel increases the wind loss. Thus,
efficiency of flywheel is lower at high speeds. The efficiency
of the flywheel was observed to be the lowest 61.3% and the
average 80%. The lowest efficiency was measured at the
highest speed. A higher efficiency was obtained at lower
speeds. In a review study, the efficiency of hybrid energy
storage systems was examined. The efficiency of a system in
which solar panels and Thermoelectric Generators are used is
between 70% and 99.6%. If solar panels and diesel generators
are used in the system, the efficiency is between 70% and 97%
[21]. When the efficiency of these hybrid systems is
examined, it is seen that FESS has a competitive efficiency.
After determining the design parameters, electric machine
requirements for FESS have been determined.
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Fig. 3. Efficiency graph for flywheel.

2.3. Determining of Requirements for The Electric Machine

PMaSynRM to be used in FESS is designed to meet the
maximum torque required by the system. To calculate
maximum torque, the values of the flywheel at the highest
speed were considered. The highest torque value required by
the system is shown in Eq. (12).
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Tem = Tace + Twina (12)
T,cc 1s the acceleration torque, and T,,;,, is the torque

required to overcome wind loss in Eq. (12). T,.. depends on

the flywheel's moment of inertia (J) and speed variation. T4

depends on wind loss at maximum speed. T, and T,,;,4 are

shown in Eq. (13-14), respectively. Equation (14) can be
calculated by Eq. (7).

dw

Tace = JE (13)
Pwin
Twina = Td (14)

PMaSynRM increases the speed of the flywheel linearly
from minimum to maximum in 140 minutes in motor mode.
The required torque values are calculated using Table 1 and
Eq. (13-14). Calculated torque values are given below.

Toee = 17.09 Nm
Tying = 11.65 Nm
Tym = 28.74 Nm

PMaSynRM must produce 28.74 Nm of torque at 14190
rpm, which is the speed FESS needs to reach. PMaSynRM has
been designed considering this situation.

3. Design and Analyses of PMaSynRM

PMaSynRM requirements for FESS were specified.
Ansys Motor-Cad and Ansys Maxwell package programs
were used for the design and analyses of the targeted
PMaSynRM. Since PMaSynRM will work as both a motor
and a generator, a magnet-assisted was preferred. There are
many types of machines suitable for FESS in the literature.
Some of those; Permanent magnet synchronous motor
(PMSM), induction motor (IM) and switched reluctance
motor (SRM) [22]. Since the electric machine in the FESS will
be used as both a motor and a generator, a coiled or
magnetized rotor will be advantageous. Wound rotor
induction motor (WRIM) has a slip ring and brushes structure.
Therefore, it has less reliability than permanent magnets
motors at high speeds. Another type of IM is the squirrel-cage
induction motor (SCIM). When the SCIM compared with
PMaSynRM, it is seen that PMaSynRM has less losses and
higher efficiency [23-25]. In a study, PMSM and PMaSynRM
were compared. When the obtained results are examined, it is
seen that PMaSynRM produces lower torque ripple, higher
efficiency, lower back-EMF harmonics in the high-speed
operating region [26]. In addition, because the magnets are
embedded in the rotor of the PMaSynRM, it is more reliability
at high speeds than motors with surface magnets. Comparison
of PMaSynRM and other electrical machines is shown in
Table 2 [27].

Table 2. Comparison of electric machines
(where "+" denotes advantages, " 0" for a neutral rating, "—" a disadvantages)
Machine Type
Criteria
DCM | IM | BLDC | PMSM | SRM | SynRM | PMaSynRM

Cost 0 ++ - - + ++ +
Torque/power density - ++ ++ 0 +
Efficiency - + ++ ++ + + ++
Controllability ++ + + + 0 + +
Reliability - ++ + + ++ ++ +
Size/weight/volume - + ++ ++ + + +
Overload capability - + + + + ++ T+
Robustness 0 ++ + + ++ ++ +
Field weakening ++ ++ - + ++ ++ ++
Fault tolerant + ++ - - ++ + +
Thermal limitations 0 + - - ++ ++ +
Noise/vibration/torque ] L 0 o ] ] .
ripple

Lifetime - ++ + + ++ ++ +
Future expectations - ++ 0 ++ ++ + T+

(DCM: DC Machine, BLDC: Brushless DC Machine, SynRM: Synchronous Reluctance machine)
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As can be seen from Table 2, PMaSynRM has many
advantages such as high efficiency, low cost, high reliability,
and high fault tolerance. Therefore, PMaSynRM has been
selected as the electric machine in the study.

PMaSynRM is designed in Motor-Cad to meet the
specified requirements. The view of the designed PMaSynRM
is given in Fig. 4.

Fig. 4. 2D view of the designed PMaSynRM

Performance analysis of PMaSynRM was performed
using the Ansys Maxwell Machine Toolkit plugin. The basic
control system provided in Machine Toolkit was used to
analysis the performance of PMaSynRM. The parameters
used in the Machine Toolkit are given in Table 3 and the
features of the designed PMaSynRM are given in Table 4.
Torque-speed-power graph, thermal situation, efficiency map,
power map, and power factor maps were obtained using Ansys
Maxwell Machine Toolkit plugin.

Table 3. Parameters used in the Machine Toolkit

Number of Poles 8
Voltage Control Sinusoidal PWM
Control Strategy MTPA
Max RMS Line Current 200

(A)

Max DC Voltage (V) 380
Maximum Speed (rpm) 14500

Table 4. Features of the designed PMaSynRM

Parameters Values | Parameters Values
Number of slots 48 Peak Torque (Nm) | 296.9
Number of poles 8 Maximum speed 14500
(rpm)
Number of 3 Desired speed 14190
phases (rpm)
Torque (Nm)
1t ) 29
Voltage (V) 380 @Desired speed
Maximum 185 Power. (kW) 404
current rms (A) @Desired speed
Peak power 56 Peak efficiency 94
(kW) (%)

Magnetic analyses were carried out using the finite
element method. With the help of these analyses, a torque-
speed-power graph was obtained. This graph is shown in Fig.
5. When the graph is examined, it is seen that the PMaSynRM
produces between 22 and 296.9 Nm of torque and offers an
operating range up to 14500 rpm. PMaSynRM also provides a
peak power of 56 kW. It was calculated that the PMaSynRM
should provide 28.74 Nm of torque at 14190 rpm for the
purposed FESS. It is seen that the designed PMaSynRM
fulfills this requirement.

Parameters Values
Machine Type PM Synchronous
—Power =——Torque
60 296,9Nm (max) - 350
50 - 300
56kW (max) r 250
< 40 T
= L 200 2
= 30 . o
S 22Nm (min) 5 | 150 g_
a 20 (=]
29Nm (14190 rpm) L 100 ©
10 - 50
—_ |
0 L 0
O © © © © © © © © © © © © © © ©0 © © © © ©0 © ©0 © © © © © © © ©
REEEREFEEEREEEREEEEEeaEREEEEE
- - - - - - - - - - Lol
Speed (rpm)

Fig. 5. Torque-speed-power graph of the designed PMaSynRM
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The thermal analysis and magnetic analysis of
PMaSynRM are also shown in Fig. 6. When the thermal
situation of the PMaSynRM is analysed, it is seen that the
highest temperature (90.8°C) occurs in the windings. Since the

magnet type N42UH used in SynRM can be used above
100°C, the measured temperature of SynRM is an acceptable
value [28]. Magnetic flux lines of 8 pole PMaSynRM are also
seen in Fig. 6.
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Fig. 6. Thermal and magnetic analyses of the designed PMaSynRM

The efficiency map shows how efficient a machine is
along the torque and speed axes. It is desirable that the
efficiency is high, but the efficiency decreases as the losses
increase. The efficiency map of the PMaSynRM is shown in

Fig. 7. The highest efficiency of PMaSynRM is 94%.
Throughout FESS's operation, the efficiency of PMaSynRM
varies between 75% and 94%. In this process, the average
efficiency of PMaSynRM was measured as 84%.
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Fig. 7. Efficiency map of the designed PMaSynRM

The power map and power factor map of the PMaSynRM
were also obtained with magnetic analyses. The power map
shows the instantaneous power of an electric machine in the
torque and speed axes. The power map of PMaSynRM is
shown in Fig. 8. The torque of the PMaSynRM is directly
related to its output power. Higher torque is achieved at higher
output power in a speed range. The highest output power of

PMaSynRM is approximately 56 kW. Fig. 9 shows the power
factor map of PMaSynRM. The power factor shows how
efficiently electrical energy is used by electric machine. The
designed PMaSynRM has a power factor greater than 0.9 over
a wide range. Consequently, the high-power factor of
PMaSynRM enables the designed FESS to operate more
efficiently.
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Fig. 8. Power map of the designed PMaSynRM
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Fig. 9. Power factor map of the designed PMaSynRM

The analyses results show that the designed PMaSynRM
meets the targeted requirements. It has been revealed that this
study offers a higher level of energy storage while compared
with the studies presented in the literature [12-15, 18].

4. Conclusion

This paper presents a design for an energy storage
application, which is part of the smart grid applications. In the
study, a flywheel energy storage system (FESS) which is a
mechanical energy storage system was designed. The
parameters of the flywheel have been calculated analytically
to provide 40 kWh energy store capacity. As a result of the
calculations, the maximum speed and required torque of the
flywheel were determined to store the targeted energy level.
PMaSynRM was preferred for an electrical machine that
would meet the specified requirements. PMaSynRM has high
efficiency, high reliability, and good torque/power density.
There are electrical machines with higher torque/power
density, but there is a tradeoff relationship when cost and
efficiency are considered. The rotor of the PMaSynRM has
cavities that feature flux barriers. Therefore, it is difficult to
manufacture the rotor. However, these cavities provide the
advantage of lower inertia as they reduce the weight of the
rotor. The design and analyses of PMaSynRM was realized in

Ansys Motor-Cad and Ansys Maxwell programs. Analyses
were carried out using the finite element method. Thermal
status, torque-speed-power graph, efficiency map, power map
and power factor map of PMaSynRM were obtained.
According to the analytical solution and simulation results, the
efficiency of the flywheel was observed to be the lowest
61.3% and average 80% while the efficiency of the
PMaSynRM was observed to be the highest 94% and average
84%. When the results are examined, it is seen that a FESS
model has been created that offers high efficiency, high speed,
and high energy storage.
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