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�Abstract –An integrated flywheel energy storage system 
topology is presented in this paper, which is based on an inner-
rotor large-airgap surface-mounted permanent magnet 
synchronous machine and which aims at achieving a unity energy 
to power ratio. The proposed synchronous machine is equipped 
with a thick carbon-fiber cylindric layer that acts as both the 
flywheel and the sleeve; as a result, this layer ensures permanent 
magnet containment and storing/delivering the required amount 
of energy simultaneously. In order to comply with all the design 
targets and constraints, a two-step design procedure is employed: 
a preliminary design is achieved analytically, by using an 
integrated mechanical-electromagnetic-energy modelling. 
Subsequently, the preliminary configuration is refined and 
validated through finite element analyses, which regard a 
performance assessment on mechanical, electromagnetic, 
energy, and thermal aspects at different operating conditions. 

Index Terms —Finite element analysis, Flywheels, Integrated 
design, Modeling, Permanent magnet machines 

I.   INTRODUCTION 

nergy Storage Systems (ESSs) play a key role in modern 
power systems, allowing for a number of grid services, 
among which load levelling, frequency regulation, peak 

shaving and transient stability [1], [2]. Different ESS 
technologies have been proposed in the literature depending 
on the specific application, among which the most popular are 
electrochemical batteries, supercapacitors and Flywheel ESSs 
(FESSs) [1], [3], [4]. In particular, FESS represents a viable 
alternative to both batteries and supercapacitors due to its high 
dynamic response, low maintenance, long lifecycle, high 
efficiency and low environmental impact. On the other hand, 
FESS suffers from self-discharge rates much higher than other 
ESSs, and its design and manufacturing require advanced 
knowledge on different electromagnetic and mechanical 
aspects. 

Despite sharing almost the same elements, several FESS 
configurations have been proposed in the literature, which can 
be roughly classified in split and integrated topologies [5]. In 
the latter, the flywheel is integrated within the rotor of the 
electrical machine at the aim of minimizing volume, weight 
and costs, increasing the efficiency and reducing the overall 
losses as well. These advantages could be more evident if a 
Surface-Mounted Permanent Magnet Synchronous Machine 
(SPM) with an inner rotor structure is adopted [6], [7]. This 
configuration presents both advantages and drawbacks 
compared to its counterpart (outer-rotor SPM), particularly a 
large equivalent airgap is needed, especially if a relatively 
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high energy content is required, causing a significant PM flux 
leakage and, thus, reduced torque density. This issue does not 
occur in outer-rotor SPM, which, however, maybe 
characterized by relatively large inner and outer rotor 
diameters, which could prevent the achievement of high 
rotating speeds. Moreover, the outer stator in inner-rotor SPM 
acts as a preliminary enclosure, thus increasing safety of the 
overall FESS. 

In this context, the design of an integrated FESS topology 
consisting of an Inner-Rotor Large-Airgap Surface-Mounted 
Permanent Magnet Synchronous Machine (IRLA-SPM) is 
presented in this paper. In particular, the proposed FESS needs 
to store a relatively high amount of energy compared to its 
rated power (8 kWh vs 8 kW). This results into an inner-rotor 
SPM characterized by a large equivalent airgap, most of which 
is represented by the thick carbon-fiber cylindrical layer 
required for matching the energy constraint above mentioned. 
The preliminary design of IRLA-SPM is carried out by means 
of a multi-parameter analytical design procedure [8]–[10], 
which guarantees the compliance with all design 
specifications and constraints through appropriate 
mechanical, electromagnetic, and energy modeling. 
Moreover, the design procedure enables minimizing the axial 
length, making the overall FESS suited for transportation and 
installation, by avoiding mechanical resonance phenomena at 
the same time. The proposed configuration is validated 
through extensive Finite Element Analyses (FEAs), which 
regard electromagnetic, mechanical, energy, and thermal 
performance assessments at different operating conditions. 

II.   FESS OVERVIEW 

A.   System description 

A schematic representation of the proposed FESS 
configuration is depicted in Fig. 1, together with its main 
geometric dimensions, while material parameters are reported 
in Table I. The overall system should store 8 kWh of usable 
energy at 8 kW rated power, which are both set as design 
targets in order to make the designed FESS similar to 
electrochemical batteries for residential prosumers in terms of 
power and energy capability. Additionally, the system should 
be as flat as possible in order to be transported and installed 
relatively easily. For this reason, minimum FESS axial length 
is imposed as a design target. 

The FESS rotor consists of several cylindric layers, among 
which the PM ring and the flywheel/sleeve; in this regard, the 
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Fig. 1.  Schematic representation of the integrated FESS topology considered 
in this paper. 

 FESS MATERIAL PROPERTIES 

Description Symbol Unit Value 

Flywheel/Sleeve (CFRP 60%) 

Specific mass density ρ(s) kg/m3 1500 

Radial Young’s modulus E(s)
r MPa 150000 

Tangential Young’s modulus E(s)
θ MPa 10000 

Radial Poisson’s ratio υ(s)
r - 0.34 

Tangential Poisson’s ratio υ(s)
θ - 0.02 

Max radial tensile stress σ(s)
r,max_t MPa 10 

Max radial compression stress σ(s)
r,max_c MPa 200 

Max tangential tensile stress σ(s)
θ,max_t MPa 2400 

Max tangential compression stress σ(s)
θ,max_c MPa 1200 

Rotor and Stator Cores (M235-35A) 

Specific mass density ρ(yr) kg/m3 7600 

Radial Young’s modulus E(yr) MPa 185000 

Radial Poisson’s ratio υ(yr) - 0.30 

Max stress σ(yr)
max MPa 700 

Permanent Magnets (ferrite) 

Specific mass density ρ(m) kg/m3 5000 

Radial Young’s modulus E(m) MPa 180000 

Radial Poisson’s ratio υ(m) - 0.28 

Max tensile stress σ(m)
max_t MPa 60 

Max compression stress σ(m)
max_c MPa 600 

Magnetic remanence Br(m) T 0.4 

number of magnetic poles is set to 2 in order to enable high- 
speed operation by limiting electrical frequency and the 
related losses properly. Similarly, ferrite PMs are chosen not 
only to address PM cost and availability issues, but also due 
to their very low eddy-current losses compared to NdFeB 
solutions. The flywheel/sleeve is instead made up of carbon-
epoxy composite with unidirectional circumferential fiber 
distribution, which maximizes the resistance and stiffness in 
circumferential direction, thus best fitting the typical stress 
distribution in rotating cylindrical components [11]. 
Furthermore, the flywheel/sleeve is prestressed in order to 
increase mechanical retention of PMs at high-speed operation. 

Regarding the stator, a conventional three-phase winding is 
employed, while the silicon laminated steel M235-35A 
manufactured by Sura is chosen, especially for its very low 
specific losses at different frequencies of the magnetic flux 
density. 

B.   Design procedure 

The design of IRLA-SPM has been achieved through a 
multi-parameter analytical design procedure [8]–[10], whose 
flowchart is depicted in Fig. 2. The procedure starts from a 
number of tunable variables, which are summarized in Table 

II; these can vary within appropriate ranges that are 
determined a priori based on the expected FESS size and 
performance. Tunable variables concur with design targets 
and material properties to determine derived variables through 
appropriate modelling. As a result, a number of IRLA-SPM 
configurations are achieved, each of which is represented by a 
multi-dimensional array of variables. All these configurations 
are then processed in order to verify their compliance with all 
operating constraints: these consist mainly of mechanical, 
electromagnetic, and energy relationships, as detailed in the 
following section. Among all the remaining IRLA-SPM 
configurations, the final geometry is selected by means of an 
optimization criterion, which is, in this case, the minimum 
axial length. 

III.   DESIGN CONSTRAINTS 

A.   Mechanical constraints 

From a mechanical point of view, the flywheel/sleeve 
design represents a key issue for IRLA-SPM due to the large 
thickness of the carbon-fibre layer (s) needed for storing the 
required amount of energy. In this regard, the low mechanical 
resistance of the epoxy-matrix in radial direction limits the 
maximum thickness of this layer. Therefore, a multi-rim 
structure is adopted, which involves more cylindrical elements 
coupled to each other with interference [12], [13]. 

For the proper evaluation of the mechanical stress acting on 
the flywheel/sleeve, an advanced mechanical modelling of 
orthotropic materials is implemented. In addition, the stress 
acting on the other rotor layers is considered, namely the rotor 
yoke (yr) and the PM ring (m), because all of them has to 
comply with the following relationship: 

    ( ) ( )
,max ,     , ,     , ,y y

x f xs x r y yr m s      (1) 

in which σr
(y) and σθ(y) represent the radial and tangential stress 

acting on the generic layer (y), σx,max represents the maximum 
allowable stress of the material along the direction x, and sf is 
a safety coefficient, generally assumed less than one in order 
to account for manufacturing tolerance and imperfections. The 
general expression of σr and σθ can be obtained by the 
analytical mechanical model based on the mechanic-elastic 
theory applied to a generic rotating pressurized cylinder [9], 
[14], resulting in the following relationships: 
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where Er/θ (υr/θ) is the Young’s modulus (Poisson’s ratio) 
along radial/tangential direction, αr/θ is the thermal expansion 
coefficients along radial/tangential direction, while c1, c2, t0 
and t are constant coefficients that depend on the inner and 
outer cylinder pressures, rotating speed and temperature 
gradient. Furthermore, k is defined as: 



 

 
Fig. 2.  Flowchart of the multi-parameter analytical design procedure used for designing IRLA-SPM. 

 IRLA-SPM DESIGN VARIABLES 

 
Fig. 3.  Contact pressures acting on the different rotor layers. 
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Ek  . (4) 

In order to guarantee appropriate adhesion between each 
pair of rotor layers at any operating condition, it is necessary 
to impose that internal/external contact pressures (pi/o) acting 
on each rotor layer are always greater than zero: 

    / 0,    , ,y
i op y yr m s  . (5) 

Referring to Fig. 3, the expression of contact pressures pi
(y) 

and po
(y) can be obtained starting from the radial displacement 

ur of each rotor layer, which is defined by the Hooke’s law as 
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in which ΔT is the difference between actual and reference 
temperature in each rotor layer. Then, the radial deflection on 
the contact surfaces between different layers is 
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in which δ1 and δj are the radial interferences between the 
different layers, i.e. the difference between the outer radius of 
a layer and the free inner radius of the following adjoining 
layer, while nrim is the number of rims. Therefore, based on 
(2)-(4) and (6)-(7), the pressure distribution among the rotor 
layers can be achieved by imposing the following boundary 
conditions: 
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Apart from stress and pressure constraints, mechanical 
resonance phenomena should be accounted as well, which 
requires that the critical speed ωcr must be reasonably higher 
than the IRLA-SPM maximum speed, leading to 

 ,max , s
m cr cr

k
M     (9) 

in which ks is stiffness of the shaft to transverse vibrations and 
M is the rotor mass. 

B.   Electromagnetic constraints 

From an electromagnetic point of view, PM 
demagnetization has to be prevented at any operating 
condition, by enabling an adequate flux-weakening capability 
at the same time. Therefore, referring to the magnetic flux 
densities due to stator mmf (B̃m) and PMs (B̅m) separately, the 
following relationship is imposed [9]: 

 
m mB B  (10) 

in which α denotes the magnetic ratio, which should be within 
(0,1). Regarding B̃m and B̅m, their general expressions can be 
achieved by applying both Ampere’s and Gauss’ laws under 
some assumptions [9], leading to: 

 , 2m eq m m cB n I B s H     (11) 

where n and Ieq are the equivalent turns and current of the 
machine winding, whose product represents the overall stator 
mmf, while Hc is the PM coercive force. Consequently, by 
substituting (11) into (10), the following inequality is 
achieved: 

 eq *

m c

n I

2s H



   (12) 

where α* is the maximum allowable value of α in order to 
prevent PM demagnetization safely [9]. 
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Inner PM radius rm mm 

PM thickness sm mm 

Sleeve thickness ss mm 

Sleeve interference fit δ mm 

Active length li mm 

Rated speed ωm,n rpm 

Speed ratio (ωm,max / ωm,n) Δωm - 

D
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Radial and tangential stress σr/θ
(y) MPa 

Contact pressure pi/o
(y) MPa 

Rotor critical speed ωcr rpm 

Magnetic ratio α - 

Storable/deliverable energy  E  kWh 



 

C.   Energy constraints 

The energy requirement is guaranteed by the following 
relationship: 

 
m ,max m ,n

*
rotor rotorE E E

 
   (13) 

in which Erotor denotes the energy stored by the IRLA-SPM 
rotor at a given speed, while E* is the amount of energy that 
should be exchanged by FESS over its full operating range (8 
kWh, from ωm,min to ωm,max and vice versa). Particularly, it is 
worth noting that the FESS minimum operating speed is set at 
the rated speed (ωm,n) in order to always operate within the 
constant-power region. Moreover, Erotor can be expressed as 

 21

2rotor mE J  (14) 

where J represents the inertia coefficient of the rotor mass. As 
a result, substituting (14) in (13) yields 

 
*

2 2
,max ,

2
m m n

E

J
   . (15) 

IV.   ANALYTICAL RESULTS AND FEA ANALYSES 

The main design parameters of the final geometry of the 
proposed IRLA-SPM and its rated values are summarized in 
Table III. In particular, ωm,min has been set to ωm,n in order to 
enable FESS to always deliver/absorb the required amount of 
energy (8 kWh) at rated power. 

Regarding the flywheel/sleeve, this is made up of 7 rims 
with increasing interferences (from 0.2 mm to 0.9 mm), which 
are needed in order to satisfy mechanical and energy 
constraints simultaneously. This aspect is well highlighted in 
Fig. 4, which shows the distribution of σr and σθ in the rotor 
along the radial direction at the maximum speed (18 krpm); 
due to the multi-rim structure, the maximum stress is always 
within the limits of the materials, even by considering an 
adequate safety factor equal to 0.5. In addition, Fig. 4 shows 
some discontinuities in stress evolutions, which correspond to 
the contact surfaces between the different rims. 

A first validation of the proposed IRLA-SPM has been 
then carried out by Finite-Element Analyses (FEAs), which 
regard mechanical, electromagnetic, energy, and thermal 
aspects, as detailed in the following. 

A.   Mechanical FEA 

Mechanical FEA focuses on the mechanical forces acting 
on the overall rotor, i.e. σθ,r and pi/o distributions. Particularly, 
the distribution of σθ at ωm,max is shown in Fig. 5. It can be 
seen that σθ is higher on the inner surface of the outer rim, and 
it decreases with radial displacement in the inner layers, as 
expected. The maximum value achieved for tangential stress 
is about 1100 MPa, which well matches that obtained 
analytically (Fig. 4). In addition, this value is much lower than 
the maximum stress allowable by the carbon-fiber material 
(approximately 2400 MPa), even considering a safety factor 
of 0.5. The contact pressure distributions at the maximum 
speed is shown in Fig. 6, which reveals that pi

(m) is about 15 
MPa, thus guaranteeing appropriate adhesion between PMs 
and rotor yoke at any speed. Furthermore, Fig. 6 highlights 
that the contact pressures between the different rims are 
greater than zero, meaning that torque transmission and PM 
retention are both ensured properly. 

B.   Electromagnetic FEA 

The electromagnetic FEA results are reported from Fig. 7 
to Fig. 9. In particular, the magnetic flux density distribution 
at rated speed (Fig. 7) reveals quite small values compared to 
magnetic saturation thresholds of the iron core material 
(approximately 1.3 T), thus magnetic saturation is prevented 
at any operating condition; this is expected due to the large 
equivalent airgap of the proposed IRLA-SPM, which results 
in a weak magnetic exploitation of the iron core material. 
However, this is an important advantage in terms of 
minimizing core losses and back-emf magnitudes, enabling 
high-speed operation. The phase back-emf evolutions 
achieved at rated speed (Fig. 8) highlight good sinusoidal 
shapes, quite similar to the ideal ones, and their magnitudes 
fairly match those obtained by the analytical procedure (Table 
III). Furthermore, Fig. 9 highlights the electromagnetic torque 
evolution at rated speed achieved by 2D FEA (blue line) and 
3D FEA (red line). The 2D and 3D simulations, which are 
 

 

 IRLA-SPM FINAL GEOMETRY 

Description Symbol Unit Value 

Rated power Pn kW 8 

Storable/deliverable energy E kWh 8 

Rated speed ωm,n krpm 6 

Maximum speed ωm,max krpm 18 

Rated torque Te Nm 12.7 

Rated current In A 61 

Rated voltage En V 87 

Pole pairs number p - 1 

Magnetic ratio α - 0.68 

Turns per phase nturn - 28 

Winding cross section (single turn) sw mm2 10 

Current density Ac A/mm2 10 

Radial interferences δ1, δj mm 0.2÷0.9 

Rotor yoke outer radius ryr mm 110 

PM thickness sm mm 17 

Flywheel/Sleeve thickness ss mm 337 

Rim thickness srim mm 48.14 

Rim number nrim - 7 

Stator outer radius rys mm 507 

Stator yoke thickness sys mm 24 

Slot height hs mm 15 

Active length li mm 164 

Slot number nslot - 18 

 
Fig. 4.  Radial (top) and tangential (bottom) stress evolutions in the rotor 
along the radial direction at maximum speed, together with their 
corresponding boundaries (red-dot lines, which accounts for the safety 
factor): shaft + rotor yoke (green zone), PMs (purple zone), and 
flywheel/sleeve (blue zone). 



 

 
Fig. 5.  Tangential stress distributions in the rotor layers at maximum speed. 

 
Fig. 6.  Contact pressure distribution in the rotor layers at maximum speed. 

 
Fig. 7.  Magnetic flux density at ωm = 6 krpm and Te = 13 Nm. 

 
Fig. 8.  Back-emf evolutions at rated speed (6 krpm). 

 
Fig. 9.  Torque evolution at rated current (61 A) and speed (6 krpm): 2D FEA 
(blue line), 3D FEA (red line). 

 
Fig. 10.  Friction losses evolution with the rotor speed. 

both carried out under the Maximum-Torque-Per-Ampere 
(MTPA) control strategy, show a rated torque value of 13.3 
Nm and 11.6 Nm respectively, with a corresponding torque 
ripple of approximately 3% and 9%. The worse results 
achieved by 3D FEA are justified by the presence of a 
relatively high magnetic flux leakage along the axial 
direction, which can be evaluated by 3D simulations only and 
which reduces the IRLA-SPM torque density unsuitably. 

C.   Losses and efficiency FEA 

In order to assess the performances of the proposed IRLA-
SPM, overall losses and efficiency analysis has been carried 
out by using the JMAG software. Different losses 
contributions have been considered, namely the Joule losses 
in the windings, the core losses into the iron parts and the 
mechanical losses due to air friction in the machine airgap 
(Pair) and in the bearings (Pbear). Regarding mechanical losses, 
Pair is estimated as in [15]: 

    2.8 1.80.8 0.20.004 2 0.33
2

i
air a a m r r

r

l
P r r

r
  

 
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 
 (16) 

where ρa and βa are the mass density and dynamic viscosity of 
the fluid in the airgap, while rr is the rotor outer radius. From 
(16), it is clear that Pair can be reduced acting on the features 
of the fluid in the airgap. For this reason, a vacuum 
containment for the IRLA-SPM has been assumed in order to 
reduce the air density and dynamic viscosity appropriately, so 
that the air drag and the related mechanical losses can be 

reduced as well. The evolution of Pair with ωm is shown in Fig. 
10, which has been obtained by assuming a pressure inside the 
containment of about 5∙10-4 bar in accordance with the typical 
features of the vacuum pumps on the market; this results in a 
value of ρa and βa of approximately 6∙10-5 kg/m3 and 1.5∙10-5 
Pa∙s, respectively. Consequently, Fig. 10 shows that Pair 
exhibits the maximum value (approximately 207 W) at 
maximum speed (18 krpm), while it decreases quickly as the 
rotor speed approaches its rated value (6 krpm). On the other 
hand, Pbear is evaluated as in [16]: 

 0.5bear bear m bearP n FD    (17) 

in which nbear is the number of bearings used (equal to 2 in 
this case), μ is the friction coefficient (assumed equal to 
0.0010), F is the bearing load and Dbear is the inner diameter 
of the bearing, which is assumed equal to 45 mm. 

The losses and efficiency maps of the proposed IRLA-
SPM are reported in Fig. 11 and Fig. 12, which are obtained 
considering the MTPA-Flux-Weakening (MTPA-FW) 
control strategy directly implemented by the JMAG software 
package itself. In order to guarantee the required IRLA-SPM 
dynamic performance at any speed, the DC-link voltage has 
been set to 320 V in accordance with typical values occurring 
for single-phase power system connection. Consequently, 
Fig. 11 shows the overall losses of IRLA-SPM, which 
increase with both torque and speed. In particular, when the 
torque increases, the machine suffers from increased Joule 
losses due to increased phase currents. On the other hand, the 
 



 

 

 
Fig. 11.  Losses map of IRLA-SPM (in W). 

 
Fig. 12.  Efficiency map of IRLA-SPM. 

 
Fig. 13.  Losses distribution at different operating conditions: copper (blue), 
core (purple), rotor friction (green) and bearing losses (orange). 

losses increase with rotor speed mainly due to Pair and Pbear, 
thus justifying the curled shape of the level curves shown in 
Fig. 11. The efficiency map shown in Fig. 12 reveals that the 
proposed IRLA-SPM performs well on almost the overall 
operating range, but especially in the range between rated and 
maximum speed, with a maximum efficiency value of 
approximately 97%. 

Considering now three specific operating conditions, all 
characterized by the rated power (8 kW) but by different 
speeds (6, 12 and 18 krpm), the corresponding results are 
shown in Fig. 13 and Table I. When relatively high torque is 
concerned (at 6 krpm), copper losses are the most significant 
contribution. Differently, when the speed increases, 
mechanical losses (Pair+Pbear) becomes predominant, while 
core losses present relatively low values at all operating 
conditions due to the very low magnetic flux density, as 
foreseen. Among these three cases, the best operating 
condition in terms of efficiency is achieved at 12 krpm, 
whereas lower and higher speed values lead to increased 
losses due to additional Joule or friction losses. It is worth 
noting that Table I also highlights the losses that occur at the 
same speed values but in stand-by operating mode. In this 
regard, the stand-by torque that compensates for mechanical 
resistance due to air friction and bearing losses at any speed 
has been evaluated in accordance with (16) as 
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The results reported in Table I reveal relatively low stand-by 
losses, which, however, could not guarantee storing energy 
effectively for long time periods, as foreseen. 

D.   Thermal FEA 

The thermal FEA focuses on the distribution of the 
temperature in each part of the IRLA-SPM, and it has been 
carried out through the JMAG software. The FEA simulation 
refer to two of the three operating conditions above-
mentioned, namely 8 kW and 6/18 krpm. For both 
simulations, the losses generated in the different parts of 
IRLA-SPM have been considered, together with a cooling 
system set in the external surface of the stator, which 
guarantees a rapid extraction of the heat generated inside it. 
Differently, the very low air density in the airgap due to the 
vacuum containment prevents an effective heat extraction 
from the rotor, as expected. 

Considering Fig. 14 at first, the main heat source is the 
winding, which is characterized by the highest losses 
contribution (Fig. 13) and whose maximum temperature is 
approximately 76 °C. Contrariwise, Fig. 15 shows that the 
maximum temperature occurs into the rotor due to the higher 
friction losses achieved at this operating condition. In this 
case, the maximum temperature is approximately 89 °C. It is 
worth noting that both these maximum values are 
significantly below the maximum operating temperature of 
ferrite PMs (approximately 200°C); this is also due to the low 
losses caused by ferrite PM, thus justifying the use of this kind 
of PMs for the proposed IRLA-SPM. 

V.   CONCLUSION 

The design of an Inner-Rotor Large-Airgap Surface-
Mounted Permanent Magnet Synchronous Machine (IRLA-
SPM) that integrates a carbon-fiber flywheel has been 
presented in this paper. The preliminary design has been 
achieved by a multi-parameter analytical design procedure 
that refers to appropriate mechanical, electromagnetic, and 
energy models. The effectiveness of the preliminary design 
has been then validated by finite element analyses, which 
have regarded mechanical, electromagnetic, energy, and 

 IRLA-SPM OVERALL LOSSES AT DIFFERENT OPERATING CONDITIONS (8 KW, 6/12/18 KRPM) 

Operating 
condition 

Rotor speed 
[rpm] 

Torque 
[Nm] 

Copper Losses 
[W] 

Core Losses 
[W] 

Mechanical 
Losses [W] 

Overall Losses 
[W] 

Efficiency 
[%] 

Rated power 

6000 12.7 231.0 26.9 58.0 315.9 96.0 

12000 6.3 61.0 30.9 163.5 255.4 96.8 

18000 4.2 52.9 23.7 352.0 428.6 94.6 

Stand-by power 

6000 0.053 ~ 0 10.6 58.0 20.1 - 

12000 0.090 ~ 0 27.5 163.5 94.0 - 

18000 0.145 12.5 24.5 352.0 244.0 - 



 

 
Fig. 14.  Temperature distribution at 8 kW and ωm =6 krpm. 

 
Fig. 15.  Temperature distribution at 8 kW and ωm =18 krpm. 

thermal aspects. The results reveal IRLA-SPM a very 
promising solution for flywheel energy storage systems that 
should compete with electrochemical batteries in residential 
applications, especially due to its high efficiency at different 
operating conditions. However, further investigations and 
refinements are needed, among which a reduction of stand-by 
losses and extensive performance assessments by using 
typical daily load profiles. A prototyping stage is also 
foreseen for experimental validation. All these aspects will be 
considered in future works. 
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