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Abstract: Power sensitive devices such as computers, data centers and several manufacturing systems re-
lay on UPS (Uninterruptible Power Supply). Typically these auxiliary power systems use a battery to be
able to maintain the devices running for a short period of time until the main or a second power source is
resumed. This study is focused on defining and developing a conceptual model of a UPS device that uses
a rotational mass (flywheel) instead of a battery to store backup energy. The developing of this design
contains a series of steps that allow inertial characteristics of the flywheel to be calculated for a specific
power requirements. Development approach is demonstrated with an example for reserve energy genera-
tor maintaining 18.5 kW for 25 seconds. The primary advantage of this design is the ability to obtain a
cost-effective solution at early stage of the product development process. This is achieved by several
computational models prepared to evaluate structural rigidity and efficiency of the system. Virtual proto-
typing application combines overall product performance optimization, time and expenses reduction and
detailed diagnosis of ongoing physical phenomena.
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1. INTRODUCTION The key element, when it comes to energy storage ef
ficiency, is the amount of energy required to keélep
energy storage equipment charged. In the caseflgf a
wheel, for example, energy is required to keepfipre
wheel spinning (this is called standby loss). k& thse of
batteries, energy is required to provide the batewith

a float charge (this is called trickle charge lo$s)both
cases, the energy that constantly feeds these edetaic
keep them in a state of readiness is lost forddgr.

This study examines in detail an uninterruptiblevpo
er supply (UPS) with kinetic energy storage device
(KERS) of mechanical type (flywheel) system thas ha
several benefits in comparison to the traditiond&3U
systems. The system have substantially biggeredftest-
tiveness compared to the other devices becausheof t
low static losses and the absence of frequent eraint
nance, that can give up to 20 years of life. Theeot
benefit is it is cheaper to maintain one KERS systiean
running several conventional UPS device when tieee
bigger power demand. The only downside of flywheel
UPS systems is the static power losses that adedde
accelerate the mass and overcome the friction and a
resistance in the system. Two types of flywheeks ar

In recent years uninterruptible power supply degend
much on the battery packs as to be able to maiiein
stable power output until the main electric souwraa be
recovered.

There are a variety of technologies that can bd tse
store energy on the utility power system, includilegd-
acid, nickel-electrode, and sodium-sulfur modulattdsr-
ies; zinc-bromine, vanadium redox, and polysulfide-
bromide flow batteries; superconducting magnetergn
storage (SMES); flywheels; electrochemical capasito
(ultracaps); compressed air energy storage (CAES)
pumped hydro; and production and storage of gasgs s
as hydrogen (to run fuel cells or hydrogen IC eag)n
Of these technologies, batteries and flywheelscare-
monly integrated at the distribution system levad @re
commercially available [3]. The low side of the teay
powered UPS technology lies in the limitation of thad
acid batteries mainly used for storing energy. bt of
the battery driven UPS system is substantially é&igh
compared to a system with rotational flywheel desig
especially when the power output exceeds sevelal ki

watts. mainly used for energy storage, first concept zgilan
idea with low inertial characteristics, but to canpate
for this, the rotational speeds are often excee8ih@00
rpm. Because of that the flywheel is often madégbit-
" Corresponding author: Technical University — Sofia, weight composite material like carbon fiber. Second
8 "KI. Ohridski” Blvd., Sofia, Bulgaria, concept is a heavyweight type of flywheel that adew
E‘_er'r']:aﬁ?’:fdfez22&%‘;’3&;&5@020316(?(Zli;niberov) rotational speed but have a massive inertial moment
gdt@tu-sofiabg (G.Todorov), ' ' ’ Current research focuses on heavy flywheels beoafuse

msemkov@3clab.com (M. Semkov). their relatively low cost.
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2. NEW CONCEPT DEVELOPMENT

2.1. Stateof theart

Developed UPS module consists of KERS of me-
chanical type (flywheel) that is working in combiioz
with a generator driven by the internal combustim
gine. It is characterized in comparison with simigs-
tems with very simple design. This concept hasifign
cantly increased reliability and lower cost duahe use
of only one reversible asynchronous electric ratwt the
removal of complex control electronics. Its greatera-
bility (due to the elimination of chemical batterieith a
limited life expectancy, reduced time to accumulane
ergy in the flywheel) allows operation at frequentaks
power and low total cost of maintenance for thetilifie
of the module.

UPS devices with KERS of mechanical type (fly-
wheel) have emerged as an alternative to electroiclad
batteries that can prevent electricity outagesngpoitant
applications from medium to high loads. Electrocluain
batteries used in these applications are ofteead-acid
type and in general this is disadvantage. Life €yflthe
batteries is usually between 1 to 7 years deperatiritpe
application and use. They require periodic mainteea
and inspection, emit heat that can also comprothisi
performance. Generally they are environmentallymhar
ful, but the lead storage batteries are relativegéxpen-
sive and widely available.

UPS devices with kinetic energy of mechanical type
(flywheel) have the potential to increase theirleaypil-
ity due to the possibility of reaching over tweggars of
operation with minimal or no maintenance. This ty3as
temperature insensitivity and their unattainabledther
types of battery reliability is additional outcortw their
environmental friendliness.

There are already widely used systems for UPS with

KERS of mechanical type (flywheel) [1, 2, 7] usiag
high-speed synchronous electric reversible motelee-

tric motor / generator connected to the flywheefsh
This module replaces chemical batteries, providimg
energy required for short-term energy supply, wstakt-
ing separate diesel generator. After starting tlesed-

generator group, it can provide a sustained umimnbér

ble power supply.

The disadvantage of these solutions is complex [7]

and costly [6] structure because of the high-spbectric

motor — synchronous electric motor / generator mounted

on a common axis with kinetic energy storage (flgei.
The flywheel and the rotor are housed in a vacuu
chamber, a stator is insulated by a membrane aadtis
side the vacuum chamber. The use of synchronous ge
erator requires a special construction of the flgathto
provide sustainable frequency power output when th
main power supply is interrupted. High speed meidsan
require special bearing solutions, depending orn aed
power availability to maintain their function, véiron
control and special protections to prevent the kingpof
the flywheel, reducing reliability and increasecemgting
costs.

2.2. Concept general scheme
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Fig. 1. Operational scheme of UPS with KERS.

The proposed solution eliminates the high-speedt ele
tric motor, using a reversible asynchronous motor
equipped with an additional section with a rotaredily
coupled by shaft to the flywheel. This significgngim-
plifies and reduces the cost of the modules byeimsing
its reliability due to reduced (up to 3300 rev/nvifith
bipolar motor) speeds. In fact, this solution usenodi-
fied standard asynchronous motor working in reverse
mode. Asynchronous motor is brushless, which also
increases reliability and operating time withoutimbex
nance. To make it more efficient, special bearing$
reduced friction are used, directly attached to ghaft
and flywheel. The concept uses also reduced gap be-
tween the rotor/stator. Complete system is workimg
closed housings as to be able to work in vacuunis Th
leads to a substantial reduction in the overalllmaial,
electromagnetic and aerodynamic drag and significan
reduce noise, which reduces losses when operdimg t
unit in idle mode. Power network, increases itsrale
performance and result increases significantlyoterall
energy efficiency of the module. All these gainduee
the cost of ownership.

2.3. Functionality

Normal mode. In normal mode (idle mode for the
system), the reversible asynchronous three-phastriel
motor operates as an electric motor (for examppelar,
with synchronous frequency exemplary
ns = 3000 rev/min). Thus, it rotates with higher thHem
synchronous frequency modeng (e.g. 3300 rev/min) as
the desired speed is maintained by periodicallyching
on/off via a frequency inverter. A separate, spbcia
prepared section of the stator, is used to drieeethctric
motor. This allows to keep minimal energy consuonpti

"Consumed energy is used mainly to compensate power

losses from mechanical friction in the bearingsttod
reversible three-phase asynchronous electric ergiike
electric losses in the motor (about 2.5% of the inain
power of reversible three-phase asynchronous alectr
motor).

Power breakdown mode. In case of power break-
down, the reversible asynchronous three-phaserielect
motor automatically (in less than a half periodtofrent)
begins to operate as generator with frequencyirsgart
from idle frequencyw, (e.g. bipolar with 3300 rpm) and

Figure 1 represents a scheme of the above describegenerates electricity with a frequenyand voltagelUy

concept model.

as rotated with decreasing frequency, taking tmetic
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energy of the flywheel and maintaining requestedigro - 1
level to the consumers. The generator is autonigtica
switched on, in parallel, powered by an internahbas-
tion engine (ICE), which in the absence of poweaus \
tomatically turned in. It is needed not more th&nse- i 6
conds for asynchronous three-phase electric motdet

switched from motor to generator mode. Thus, jtas- Al 4
sible to accelerate the reversible asynchronousethr ; '
phase electric motor from the reached current (@tg
for bipolar with 2700 rev/min) to that which it edes ]
continuously at idleng (e.g. bipolar with 3300 rev/min). ’ |_|
The entire transition process of switching to UP&en
takes less than 20 seconds. The required energrois
vided by a suitably sized for the purpose kinetiergy
storage (flywheel).

ey

Fig. 2. Section view of design model.

« reversible three-phase asynchronous electric motor

2.4. Specific technical requirements (.1)' .

It is necessary to use a block of three capacitors kinetic energy storage (flywheel) (4);
order to operate the reversible three-phase asynobs  * hermetic housing (2);
electric motor in generator mode and in motor mode* base plate block (7);

These components would enable long term runtimes.  *  collet chuck system (5).

Transition processes (as when the reversible three The flywheel (4) is directly mounted on rotor shaft
phase asynchronous electric generator switcheotorjn  (9) of electrical motor (1). The whole system isgented
require a special electronic unit to manage autwalt ~ on the Fig. 2 by a section view through a symmetry
the timing of the switch to the network. This upib- plane.
vides generator phase synchronization to the nétwor Three-phase asynchronous electric motor (1) is re-
opposite, this unit also controls the entire systenen  Versible as from side to its shaft is connectethéokinet-
the power supply is restored and the internal catin ~ iC energy storage (flywheel) (4). The flywheel iaged
engine is switched off. in a sealed housing (2) closed by base plate ligcknd

Another component is the frequency regulator ofconnected to the three-phase asynchronous eleuitior
three-phase power supply. It provides necessaquéne- (1) by a front flange (8). Used three-phase asyubuis
cy f (e.g. 55 Hz) to the reversible asynchronous threeglectric motor (1) is assembled of two separatéices -
phase electric motor when it is operated in normatle ~ the main section (10) and an additional section).(11
at flywheel speedn(e.g. 3300 rev/min). These sections are mounted and arranged in thénigous

The advantages of the proposed solution is thates ~ (12). The rotor (9) of the electric motor (1) ispported
a single reversible asynchronous motor. This siiiegli by two bearings (3). These bearings have low &l
and decreases the cost of each used module arifi-sign resistance and are designed to work in vacuum emvir
cantly increases reliability. This concept requitsmge ~ ment. Exploded view of the three-phase asynchronous
of one long shaft as rotor for two separate electotors  €lectric motor is presented on Fig. 3.
used in series. This reduces the overall mechanézal Reversible asynchronous electric motor (1) is con-
sistance, which reduces losses when operatingrtiténu ~ nected to the electrical grid by before mentionedtiol
standby normal mode. Generally, it increases oleralunit that consists of three capacitors (15), poineguen-
efficiency of system. cy inverter (18) and switches (16).

The reversible three-phase asynchronous electric If the main power supply is uninterrupted the three
motor is equipped with special bearings. Theseibgar Phase asynchronous electric motor (1) works apaldai
guarantee low power dissipation due to internatin, ~ motor and rotates with frequency which is higheanth
at requested load rating and rotational velocitye Tnho- ~ synchronous. This is maintained by periodicallytel
tor itself is designed to have reduced air gapaelece) ing on/off the additional section of the motor. Jlaiddi-
between its rotor and stator. This dramaticallyugss  tional section is dimensioned to minimize electrgrmet-
electromagnetic power loss. The motor is brushlessic losses. Normal functionality mode is providedtbg
leading to increased reliability.

All these features significantly extend the opeiat
time without maintenance. In distinction from thetery
uninterruptible systems, the proposed solution ioies/
long term runtime. In fact, it only depends onirfitj
regularly the fuel tank of used ICE (internal corsiian
engine).

3. MECHANICAL DESIGN DEVELOPMENT

Developed design of mechanical part of so proposed

UPS with KERS is shown in general on Fig. 2 and-con  Fig. 3. Exploded view of used for developed concept three-
tains next major components: phase asynchronous motor.
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frequency controller (18). The entire rotating pafrthe  the elimination of built-in cooling fan. An additial
module— KERS (flywheel) (4) and the rotor of the elec- advantage is the use of special additional stagotion
tric motor (9) are supported by above mentioned two(11) to drive the flywheel untihy, (e.g. 3300 rev/min)
bearings (3). Important feature is that there impening  and in supporting normal mode with minimal electro-
for rotor shaft (deaf cover) in the back cover (IBjis magnetic losses due to optimized design and a mimim
chamber (14), which consists of sealed housingthad air gap (clearance) of 0.25 mm between the rotpal@
interior of the electrical motor (1), forms a vaowu the additional section (11).

chamber (not more than 100 Pa). It reduces aerodgna This design has a reduction of the total integrated
losses of the rotating elements to a minimum. Tixe a electro-mechanical power loss to less than 3% ef th
sence of movable seals ensures a static vacuurdaasd  useful power of the reversible asynchronous mdtpiir(
not require the use of continuously running vacuumthe generator mode. The total efficiency of the meds

pump. These features: increased to more than 97%. An additional advanitage

« operation of the entire system in a vacuum, leatbng the increase of reliability and increase of opegtime
low aerodynamic power losses; without maintenance due to use of standard brushles

+ low loss by mechanical friction in the bearings; asynchronous motor in reverse mode. General résult

« low electromagnetic losses due to specially sizedthat long term runtimes are ensured, limited onhttie
section for continuous rotation; available supply of fuel to the combustion engieeeya-

« reduced air gap (clearance) between the rotorr() a tor powered by internal combustion engine (19).sThi
the additional section of the stator (11); results in more efficient solution compared to dasi

« ensure minimal energy consumption of reverse-phas&o!utions that are using chemical batteries (acéamu

asynchronous electric motor (1) and the kinetiene ©rS)-

tgﬁ)/ns.torage (flywheel) (4) during its continuousarot 3. DESIGN SIMULATIONS

The reversible a§ynchronqus three-phase electric M0 Examined concept variants are also evaluated by
tor (1) has a short time of active work as a gewer@nd  sing a modern CAE instruments. Several analysie ha
it produces heat that does not require the usemlirii-  peen performed to be able to obtain a good visimua
ously cooling fan. A separate fan (not shown) mviited  the operational parameters and also the force dieite
for withdrawing the heat if frequent switching iBrra-  penavior of the whole concept system. This ledhie t
tor mode presents, as well as initial acceleratiioasyn-  research and development of the innovative threeseh

chronous frequencyinom (€.g. 2900 rev/min). This fan  4synchronous motor/generator with separate sectisns
unit has no mechanical connection with the revésib yescribed in the previous chapter.

asynchronous three-phase electric motor (1). tlased
at rear of the motor casing and it is driven bygenature 31 Eyaluation of aer odynamic behavior

sensor located on the outer casing (12) of revensese The whole concept of the hermetic vacuum chamber
asynchronous electric motor (1). Figure 4 repre&sent  hat js puilt around the flywheel and the motorfeator
exploded view of the built 3d concept variant of the- s designed and evaluated by using the modern CFD
scribed working principle. tools. A graphic is presented below (Fig. 5) theyre-

The main advantage of the proposed solution is theents the power losses over the operational peessur
use of only one reversible asynchronous motorf),  sige the vacuum chamber. These results are obtaiped
lowing which achieves lower cost and higher relighi  seyeral numerical analyses of examined fluid afethe
due to the elimination of long shaft used in theisiens  ~n3mper. Increasing of pressure inside chambes l&ad
of two series-connected electric motors. Another ad exponential increase of power losses.
vantage is significantly reduced aerodynamic losses Requested approximate max value for power losses

noise emission from rotation of flywheel and el@ctr e to air resistance is 100 W. This value requines-
rotor and bearings achieved through the use ofcstat

vacuum chamber (no moving seals). The third major =m==Power, W
advantage is the reduction of mechanical lossethen
) . ) . oo 1000 |
bearings by using special ones with reduced frcéind ./
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Fig. 4. Exploded view of the system. Fig. 5. Pressure over power losses diagram.
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mal pressure value inside vacuum chamber of bar
(60 hPa). This valués possible for most of supplie
vacuum pumps (usual values are of abchPa) and will
be guaranteed by proper sealing of entire asserRinds-
sure will be set once when the system is manufactul
— and will be inspected at periodically as signific
leakage is not expected.

3.2. Overall structural behavior

Mechanical parameters of developed design arl-
uated in general by performing dynamic analysisle-
terminenatural frequencies. Separate simulation mod
built as it is shown on Fig. 6 (meslensity and applie
boundary conditions).

Applied boundary conditions correspond to sys
fixation to ground All bearing supports are presentec

a

springimass system that connects rotor subasse
(electric rotor and attached flywheel) to the cg: Used
values for bearings rigidity is based on suppligdrzn-
ufacturer ones. Electric motor components are neot
in general, mainly to introduce its components’ seasin
this dynamic model.

This simulation modedlso presents a design vari
with additional casing for the motor and is a result
continuous design development proc

Analysis results are shown as deformations by ab
modes on Fig. 7.

First two frequencies are close and are in fathgles
one, about two perpendicular axes. These shpresent
rigidity of the flywheel disk in rotation about plar axes
(in rotation plane). Third frequency is also of tfy-
wheel — in axial direction along rotational axis of ec-
tric motor.

B: Flywheel_asm
Medal
Frequency: N/A

[&] Displacement
Displacement 2
Displacement 3

Fig. 6. Structural simulation modekt— mesh model;
b — applied boundary conditions.
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Total Deformation - Made |
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Fig. 7. Total deformation distribution fields by naturaéduencie:
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Fig. 8. Work range and natural frequencies.

The system rigidity is dominated by the flywheeltas
is the most "flexible" body. Certain increase gfutheel
rigidity could be achieved by adding radial intdrribs,
but this design will also has an increased aeratjma
resistance (torque) and will increase power losses.

All other natural frequencies are pre-defined kgcel
tric motor design characteristics. Fourth and fifth-
guencies are very close and are of rear bearingostp
Their character will be changed in real situatidreve no
additional cover will be used.

Sixth natural frequency is defined by housing rigid
and is axial. It is too high (corresponds to 699&Yy and
is out of work range.

First natural frequencies, in fact, correspond to

independently of duration of power supply break. out
This is also an affordable solution that gives st edfec-
tive alternative to existing UPS with KERS on tharket

as it uses simple, low speed kinetic energy storAge
other advantage is its simplified control managetmen
system.

The concept is successfully demonstrated through an
example of a possible design of a system thatzesli
energy from a rotational mass (flywheel). All iaitien-
gineering analyses that are performed over buituai
prototype shows positive results and further dedhail
design development will take place.
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