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KINETYCZNEJ Z UKLADEM PANELI FOTOWOLTAICZNYCH DLA ZASTOSOWAN
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Abstract—This paper presents the design and investigation of a photovoltaic—flywheel system for household purposes. The main
goal of this work is the electrical and mechanical integration of the electromechanical high speed kinetic energy storage as UPS
(Uninterruptible Power Supply) with photovoltaic solar system. The paper contains calculation and division of photovoltaic pan-
els system according to its integration with active magnetic bearing (AMB) flywheel and external electric grid. The photovoltaic
solar installation costs as well as its size were considered. The composite shell AMB flywheel prototype configuration design (us-
ing CAD-software) and two different material variants are investigated and presented. In particularly, the structural composite
shell stress calculations of two different materials vs rotational speed are performed using a direct coupling of SolidWorks and
Matlab® software. The analytical calculations of PV—flywheel system are provided in order to choose optimal type of photovoltaic
panels according to motor/generator flywheel and household energy system requirements. All elements of PV—flywheel system as
transducers, bridges, wiring diagrams, etc., are optimized using Simscape tools. Finally, short- and long-time simulations results
of PV-AMB—flywheel system and initial experimental results are presented and discussed.

Keywords: photovoltaic solar system, photovoltaic panels, AMB flywheel, kinetic energy storage, UPS device,
motor/generator, composite materials.

W artykule przedstawiono wstepne badania zintegrowanego uktadu paneli fotowoltaicznych z tozyskowanym magnetycznie za-
sobnikiem energii kinetycznej. Gtownym celem pracy jest proba integracji elementow elektrycznych i mechanicznych wysoko-
obrotowego elektromechanicznego magazynu energii kinetycznej jako urzgdzenia UPS z uktadem paneli fotowoltaicznych. W
szczegolnosci przeprowadzono obliczenia najwazniejszych parametrow elektrycznych tozyskowanego magnetycznie zasobnika
energii polqczonego z uktadem paneli fotowoltaicznych celem jego integracji z trakcjq sieci elektrycznej niskiego napiecia. Wy-
korzystujqc pakiety oprogramowania: CAD, SolidWorks i Matlab, wykonano badania symulacyjne wskaznikow wytrzymatosci
kota zamachowego zasobnika energii kinetycznej w szerokim zakresie predkosci obrotowej dla dwoch roznych typow materiatow
kompozytowych. Nastepnie, wykorzystujqc miedzy innymi narzedzia Simscape, przeprowadzono optymalizacje elementow systemu
celem dopasowania jego glownych parametrow do wymagan stawianym domowym instalacjom fotowoltaicznym z akumulatorami
energii elektrycznej. Wyniki badan symulacyjnych, przeprowadzone w cyklach krotko—i diugo— czasowych, uktadu paneli fotowol-
taicznych zintegrowanych z elektromechanicznym akumulatorem energii potwierdzily wstepne obliczenia i zalozenia.

Stowa kluczowe: instalacja fotowoltaiczna, panele fotowoltaiczne, tozyskowany magnetycznie zasobnik energii
kinetycznej, magazyn energii kinetycznej, urzqdzenie UPS, silnik/prqdnica, materiaty kompo-
zytowe.

1. Introduction

A UPS device is an uninterruptable power supply, the main objec-
tive of which is to maintain the operation of other devices in the event
of a power supply failure. These devices belong to an important group
and may be useful in many fields. Small-scale UPS devices are mostly
used in hospitals to maintain the operation of medical equipment in
case of a power blackout; many of these devices are also used to main-
tain power in server computers and home appliances. Energy storage

devices support electric grids where uninterruptible power supply is
needed. Main advantages of energy storage systems and applications
in electrical power systems have been described in [19, 22].
Photovoltaic (PV) panels (solar cells) make it possible to convert
solar energy into electric energy, which can supply electric devices.
These panels are useful in many fields of science and applications
of residential distribution grids as well as in PV—thermal domestic
systems [21, 24]. Solar cells can be used to power many domestic
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devices, for example in the field of home appliances, where charge
accumulators and conventional UPS are suitable for further supply
[3]. Due to the cycle of day and night, as well as changes in weather
conditions, the panels are not able to fully supply devices designed to
work continuously.

Nowadays, flywheels and batteries are viable energy storage tech-
nologies, which become practical solutions for applications where en-
ergy has to be saved for further use at any time. An overview of dis-
tributed energy storage systems for applications in future smart grids
is presented in work [10]. Due to significant improvements in materi-
als and mechatronics technology, the flywheels find the most promis-
ing applications for energy storage and become an alternative to bat-
teries in UPS systems [4, 5]. In comparison to batteries, the flywheel
has higher energy density (up to 100 Wh/kg), higher maximum peak
power (over 10 kW/kg) and higher efficiency. A review of flywheel-
based energy storage systems has been given in [17]. The active mag-
netic bearing (AMB) flywheel prototype design and control approach
have been given by the author in [11, 12]. Major advantages of AMB
flywheels result from modern technologies of composite materials
with high tensile strength, which allow for high rotational speeds and
high energy density [2, 7]. Also, flywheel design needs efficient solu-
tions in electric motor/generator technologies using permanent mag-
net solutions and advanced control systems [8, 13, 23].

In a context where renewable energy from solar panels has low
predictability and strong variability, integration into power systems
may cause instabilities of these grids [14, 21]. Moreover, there are
other, similar aspects that make integration of solar panels and elec-
tromechanical flywheel technology a challenge [9]. Therefore, this
system always requires initial modelling and calculations according
to the specific power system integration. In particular, the main ad-
vantage of UPS-flywheel integration with a photovoltaic solar system
is that it provides efficient production control as well as good power
management with energy saving and smooth power grids. Flywheels
can address solar frequency variability and offer fast power response
with high ramp rates and amplitude [1, 8].

If these renewable energy technologies are synthesized, it will be
possible to charge accumulators and supply households by using both
photovoltaic panels and solar panels’ energy [6]. In the case of ad-
verse weather conditions, accumulators should also be charged from
the electric grid to provide continuous power supply. Integrated en-
ergy storages have huge potential because they reduce usage of the
power grid by devices which require continuous power supply, and
they are also irreplaceable for devices sensitive to voltage spikes.

2. Photovoltaic system

The application of photovoltaic solar panels as alternative sources
of energy makes a device independent from the power grid. Solar
cells can convert solar energy directly and supply devices with elec-
tric power or store it (e.g. in the accumulator as flywheel) for later use
or for sale. Unfortunately, solar cells are very vulnerable to varying
weather conditions. Nowadays, the market offers many standalone
photovoltaic panels and whole photovoltaic systems. In this paper, the
system design will concentrate on offered solutions that contain only
photovoltaic panels without any additional components.

The selection of a photovoltaic installation should be made in a
few steps. The first step is to determine the type of the installation.
The most optimal solution is a hybrid installation, which is a com-
bination of an in-grid installation (a photovoltaic solar system con-
nected to power grid) and fixed installation (which is attached to the
defined surface at a certain angle).

The second step involves determination of the quantity of solar
panels. The chosen method uses nominal power of photovoltaic pan-
els and includes losses accounted for by corresponding coefficients:

E,=Ppy - W - Wy -W5-S M

where: § — losses, W; — average daily number of hours of sun-
shine in STC (Standard Test Conditions), W, — deviation from
the horizontal plane factor, W; — module temperature factor,
Ppy,— nominal module power, and E, — the electrical efficiency of the
photovoltaic solar system.

Losses of the system are given as:

S:S1'S2'S3 (2)

where: S; — coefficient including losses from the storage device and the
voltage drops occurring on the lines (these losses should be assumed to
be 6 %), S, — electric to kinetic energy conversion of the fly-
wheel (since electromechanical storage is characterized by
high efficiency, we can assume that the average loss is 10 %),
S; — the losses generated by variable insolation and temperature dif-
ferences (based on the datasheets, we may assume that this value is
about 10 %).

Then, the calculated nominal module power is given as:

U

= 3)
Wy Wy -Ws-S

Ppy

where: U — daily energy consumption, usually ranging from 1.7 up to
3.5 kW/day for an average household.

These calculations should be carried out for different seasons. In
summer higher nominal power should be selected. In winter season
smaller /¥, factor should be applied. Solar PV systems generate large
excess of energy in the summer season, and this excess energy can be
discharged to the grid.

The I-V characteristics of PV are important properties during de-
sign of the photovoltaic energy system. In particular, the /-J" model of
the PV cell is described by:

Vpy = ln(l Ly +1]KT 4)
q

sat

where: Vpy and Ipy are photovoltaic operating voltage and current
respectively, / and [, are the short-circuit and saturation currents,
K — the Boltzmann constant, and 7 is absolute temperature. In the
case of a PV array, the total voltage and current are V., =N, Vpy and
1,,0,=NpIpy, where N; and Np are the number of series and parallel
PV cells respectively. In our case, the characteristics of PV power and
current vs. voltage are given in Fig. 5 in the section containing PV
simulation calculations.

2.1. Flywheel integration with pv array photovoltaic solar
system

The proposed household photovoltaic solar system consists of 10
PV panels connected in series with a total electric power of 2.5 kW
and output voltage of 240 V. The photovoltaic solar system and energy
storage flywheel interconnection is given in Fig. 1.

Solar panels are connected in series configuration for easier
installation, and in the absence of complicated wiring, with less
components.

The PV—flywheel installation requires the use of energy convert-
ers. Commercial converters adjusted to PV systems (for e.g. Sunny
Boy 1300TL) are used. The basic parameters of the converter are: 600
V maximum input voltage and 180-260 V rated voltage. The final
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Fig. 1. Power system interconnection

element required for integration of the photovoltaic solar system with
the flywheel is an inverter (for e.g. Yaskawa V1000 CIMR-VCBA*1).
This inverter is fitted with a built—in control system that allows for
motor control (to put it simply, the inverter controls the “charging”
process of the flywheel).

3. AMB flywheel

Flywheel is the electromechanical energy storage device where
storage energy is in the form of kinetic energy. This energy is stored
using a flywheel coupled to the electrical machine. Stored energy de-
pends on rotational speed. In order to provide flywheel high rotational
speed operation the robustness of the control system is essential. The
AMB system identification with disturbance observer—based control
is one of common approach [15, 16]. In embodiments of the AMB
flywheel the electric machine works alternately both as a generator
and as a motor. The use of rotating mass requires precise control (loss
of control of the moving object may cause a serious crash). Authorial
AMB flywheel configuration is presented in Fig. 2.
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Fig. 2. AMB flywheel configuration as electromechanical energy storage de-
vice

The flywheel configuration (Fig. 2) consists of the coreless syn-
chronous motor/generator attached to the high-strength aluminium
cylinder rotor supported by hybrid magnetic bearings. Technologies
of the Halbach arrays based solid-magnets supports combinations
with the active magnetic dampers are used as the energy saving sus-
pension rotor system. The main rotor with motor drive and generator

are connected with the composite shell. The bearingless motor in the
middle of the shaft provides efficient damping of first bending mode
of the rotor. Flywheel’s composite shell rotor along with the motor/
generator unit are assumed to be placed into a sealed vacuum cham-
ber, which provides serious problem with heat transfer, produced by
rotor losses [20]. The main parameters of the flywheel prototype giv-
en for two different shell material variants (see Table 1) are collected
and presented in Table 2.

3.1. Flywheel design

The flywheel shell composite material data are collected and pre-
sented in Table 1. The advanced composite materials were selected to
reduce cost as much as possible and achieve desired performances.
During performed simulations, two variants of proposed materials
were considered. In both cases, the most important factor was resist-
ance against to stress, deformation of the material, radial displace-
ment, and the rotor strength for wide range of rotational speeds. Par-
ticularly, the composite material properties for the both considered
variants A and B can be found in datasheets.

Table 1. Summary of different variants of materials for composite rotor

variant A variant B
carbon fibre without impregnation imserseiin(a é:g;\;ith
fiberglass type ECR type S
aluminium 6060-T6; 7020 6082-T6; 7075-T6
steel E590K2; 1.4034 E590K2; 1.4122
POM C H
magnet neodymium sintered neodymium tied W4

Table 2. Summary of the results of calculations for various variants of
composite rotor

variant A variant B
mass [kg] 25.56 24.01
volume [m?] 0.01 0.01
density [kg/m?] 2496.20 2344.67
outer radius [mm] 136 136
inner radius [mm] 84 84
height [mm)] 256 256
mom‘;ﬁ;_‘r’;j]“ertia 0.29 0.27
rotation speed [r/min] 15000 30000 15000 30000
linear speed [m/s] 213.52 427.04 213.52 427.04
the angular velocity 1570 3140 1570 3140
[rad/s]
angular acceleration 26.17 52.33 26.17 52.33
[rad/s%]
torque [Nm] 7.68 15.35 7.21 14.42
power [KW] 12.06 48.2 11.32 45.3
kinetic energy [M]] 0.36 1.46 0.34 1.36
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a)

b)

Fig. 3. SolidWorks models: a) AMB rotor, b) composite shell flywheel

In the meantime, preliminary studies were performed with

Moreover, this model also allows to determine the photovoltaic
panel’s parameters (Fig. 4). The main parameters were chosen
based on the PV datasheets. The PV simulation model enables
to change default parameter for more suitable by the user (user-
define).

The PV model also allows conducting a preliminary study
of the whole photovoltaic solar system. For example, this pre-
liminary study includes current and power of PV system due
to voltage and temperature change. These results are presented
in Fig. 5, where given relations between voltage vs power, and
voltage vs current provide useful information about PV system
performances.

Another analysis according to PV parameter design is given

10 T T T T T T
associated with the power of the motor/generator, the stored ki- . é T T T TR T TR R R I T e gz - - g
netic energy and torque. The results are shown in Table 2. < e ™ s u‘,; .
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and shape factors of the flywheel rotor. In particularly, usage 0 . . . . . . b b l.b
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characteristics, long-cycle time response of charging and dis- Voltage (V)
charging of the PV—flywheel, and structural calculations of the
composite rotor for desired rotational speed range. Modelling Fig. 3. Preliminary study of PY-array
of the PV—flywheel system integration was realized using Mat-
lab/Simulink® software. Simulink/Simscape tools and libraries 1000 1
are used to create a virtual model of the system dynamics. Mod- x
elling of composite rotor and structural calculations were made & 8001 1
using SolidWorks. 5 600 F 1
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Fig. 4. PV-array model block settings

for luminescence and temperature response in the time-domain. In
particularly, the PV—array model block contains two inputs: /. — light
intensity, and T - temperature. The first parameter, light intensity, al-
lows to simulate changes of the weather conditions and cycle of day
and night. Second parameter represents temperature which allows in-
creasing performance of the simulation. In our case, for the selected
PV system, the designed reference of /.. and T are plotted in Fig. 6.

In case of the PV power system modelling, which consists of
the AMB flywheel, the sufficient model of electric motor/generator
is performed. We considered the motor/generator model and signals
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Fig. 7. Dialog window with motor configuration

connections with the flywheel core parameters (i.e. moment of inertia,
angular speed, etc.). Simulink/Simscape library was used to design
dynamic model of the electric motor/generator. However, this motor/
generator model should be fully compatible with other system compo-
nents. Particularly, the model contains control system which enables
the bypass control logic inverter. The model block of PM synchronous
motor drive (with major parametrization presented in Fig. 7) gives the
ability to configure the motor parts as well as allows to configure the
control system. PM synchronous motor drive includes the ability to
work as generator.

The motor/generator dynamics are given as result of following
governing equations:

d,o 1y, R L X
2 L d de LdP mlq Q)
—i,=—V, ——i, ——*po,i; - 1 (6)
q q q m
at? L, L, L, ;
T,=15 p[iiq +(Ly - Lq)idiq] )

where: — inductances in ¢ and d axes respectively, — resistance of
the stator windings, — currents in ¢ and d axes, — voltages in g and d
axes, — angular velocity of the rotor, —amplitude of the flux inducted
by the permanent magnets of the rotor in the stator phases, —number
of pole pairs, — electromagnetic torque.

The model of the entire system composed of the motor/generator
dynamics Egs. (5-7), all mentioned components and signal blocks al-
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Fig. 8. Simscape model of PV- flywheel storage system: b) PM synchronous
motor/generator

low to provide control system simulation. In this simulation the refer-
ence input values such as illumination and additional measurement
blocks are used to analyse the correctness of operation of the system.

The whole simulation model is presented in Fig. 8, and total
amount of elements is divided into two subsystems: photovoltaic
model (Fig. 8a) and PM synchronous motor/generator (Fig. 8b). Main
parts of the PV model are: PV array, system diodes and universal
bridges, and as well as designed models of electric signals measure-
ments. The outputs of the photovoltaic solar system (Fig. 8a) are con-
nected to the inputs of the PM motor (Fig. 8b). The model of motor/
generator includes both electric and mechanical signals measurements
and control as torque, rotational speed, etc.

4.2. Simulation results

Simulation of the PV—flywheel system should be performed for
two time different periods. The short period about 10 sec and long pe-
riod representing a complete cycle of operation. Due to the long—time
simulation and large amount of computer memory needed to analyse
the data received during of the simulation is limited to 120 sec, where
5 sec for each represents a time unit (120/5=24 hours as a day/night
cycle). During the simulation mode, the motor/generator is charged
regularly every 10 sec, in order to investigate effects of charging and
discharging of the system. The obtained results for long-time simu-
lations as system outputs: torque, rotational speed and currents, are
presented in Fig. 9.

As shown in Fig. 9, visible changes in the timing of positive to
negative values indicate charging/discharging modes of the motor/
generator operations. These modes provide significant drops in fly-
wheel speed.
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The current time responses (Fig. 9) prove that motor/generator
operation is stable at the acceleration moments of the flywheel. In
the simulation model the PV—flywheel is connected simultaneously to
the power grid. Therefore, during the simulation of the photovoltaic
panels operation is not possible to see any loses due to changes in
light intensity. The PV-array generated output voltage waves for fixed
time-window is presented in Fig. 10.

4.3. Structural calculations of flywheel shell

In this section, the shell structural calculations were carried
out for the material variants A and B using SolidWorks. The radial
stress results for maximum rotational speed 60 000 rpm are given
in Fig. 11.

Figure 12 presents the SolidWorks cross section view of normal
stress distribution in X axis. Based on obtained results given in Fig.
11 and Fig. 12, one can conclude, that in case of material A the maxi-
mum stress value is much less compared with material B. The maxi-
mum stress values are obtained for the flywheel rotational speed limit
and equals 1 760 MPa and 2 310 MPa for shell material sets A and B
respectively. Based on the stress distribution (Fig. 11 and 12) we can
predict how much each shell of material set-ups A and B will expand
in the radial direction.

The simulation calculations given in Fig. 11 show also that the
variant A is a better option than B. The maximum value of stress for
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Fig. 12. SolidWorks cross section view of normal stress distribution in X axis:
a) material A, b) material B
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material B is higher, and their scope is larger compared with material
A.

Next, simulation results are given according to radial stress
versus rotational speed (Fig. 13 and Fig. 14).

In addition, after exceeding 25 000 r/min there is a sudden increase
in the value of stress, and the flywheel variant A is deformed, while
material set-up B remains the same, see Fig. 12a.. This is caused by
lower ratio of tensile strength of the materials used in the embodiment
A. The simulation show good cooperation between the photovoltaic
system and electromechanical uninterruptable power supply.

5. Experimental investigations

In this section the AMB flywheel pre-prototype and its experi-
mental results are given according to energy storage investigations.
The proposed AMB flywheel is designed and fabricated during the
research grant [18].

The flywheel energy storage system (FESS) is designed to run in
vacuum and is supported on low-energy controlled active magnetic
bearings (AMBs). The total storage energy capacity is approx. 5 MJ
which is achieved at the maximum rotational speed equal to 20 000
rpm. Total mass of the rotor with the composite shell equal to 150
kg. Two integrated synchronous (3 pole pairs and 3 phases) motors/
generators of total 100 kW power density are performed to operate the
flywheel. These motor/generators’ cores consists of lamination sheets
and permanent magnets mounted on outer rotor. Motor/generators are
controlled by electronic inverters using the FPGA controllers. The fly-

Table 3. Parameters of the AMBs

parameter radial AMBs axial AMB
nominal width of air gap 0.4 mm 0.7 mm
bias current 5A 5A
maximum current 10A 10A
number of coils 8 2
displacement stiffness 2.6e6 N/m 9.1e6 N/m
current stiffness 208 N/A 1.2e3N/A
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Fig. 16. Energy storage vs flywheel rotational speed range

wheel ratio of the moments of inertia 7,/ equal to 2.28/5.75 kgm?.

The position control of the 5 DOF (degree of freedom) flywheel is
realized by active magnetic bearings in the closed-loop configuration.
The low bias-current PD control algorithm with anti-wind up filter is
realized. Each of the radial magnetic bearing has 8§ electromagnets
which are connected to 4 pairs in serial configuration. The magnetic
bearings parameters are presented in Table 3.

The radial AMB of pre-prototype flywheel is given in Fig. 15. The
flywheel rotor radial and axial displacements are measured by using 5
eddy-current proximity sensors. The axial bearing (thrust bearing) car-
riers the weight of the rotor. The radial and axial AMBs are supplied
by controlled 10-chanells current PWM amplifiers. The maximal cur-
rent of the AMB is equal to 10 A. The flywheel-rotor position digital
control system is realized in the real time. The control algorithm was
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Fig. 18. AMB currents during the flywheel operation at 5 300 rpm

implemented in digital signal processor (DSP) dSpace. The sampling
frequency of the AMBs controllers equal to 10 kHz. For more details

For given flywheel mass and moment of inertia, the calculated
total energy storage characteristic is given in Fig. 16.

A stable levitation of the FESS rotor was achieved successfully.
The measured results of total AMB currents and control command sig-
nal are shown in Fig. 17. The mean value of total current supplied to
the radial AMBs is about 2 A, where thrust AMB operates at 5.55 A.

Next results are given for flywheel operation at angular speed of 5
300 rpm. The measured currents in one radial AMB bearing are given
in Fig. 18. Also, Fig. 18 presents the current command and flywheel-
rotor displacement signals. In this case, AMB output currents oscillate
around the bias current with the absolute amplitude up to 2.5 A. The
obtained currents waves are caused by the flywheel-rotor unbalance.
However, in spite of rotor unbalance and disturbances caused by the
flywheel energy charging and discharging, the stable flywheel opera-
tion is achieved successfully. Thus, measured total consumed power
during the AMB flywheel operation is below 0.4 kW.

6. Conclusions

In this paper, a PV—flywheel integration system for household
purposes has been designed and investigated. Photovoltaic systems
suffer from the memory effect, which significantly increases the cost
of exploitating such systems. This report has shown that the use of
alternative magazines, such as an electromechanical flywheel, signifi-
cantly reduces operating costs, proving that solutions of this kind are
advantageous, and eliminates the memory effect occurring in the com-
mon energy reserve. Due to smooth cooperation of electromechanical
flywheels and photovoltaic systems, integration of these devices is not
a major problem. Integration of the photovoltaic system is possible for
each type of uninterruptable power supply; however, in some cases it
may be unprofitable. Surroundings of photovoltaic panels, such as tall
buildings or trees, were not taken into account during designing of the
installation, but they can affect the performance of the actual system.

In order to obtain an efficient system for household purposes with
high energy densities and high energy power, the combination of a
composite flywheel integrated with a photovoltaic system is required.
Designing of this system includes: PV parameter calculations, design
and strength computations of the flywheel, and integration.

of AMB flywheel configuration please refers to [11, 12, 18].
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