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1 General Introduction 

An advanced composite flywheel has recently been 
developed for various energy storage applications 
including electric utilities, frequency regulations, 
hybrid or electric vehicles and spacecraft [1-5]. The 
composite flywheel rotor has characteristics of 
distinctively high energy density, long life and 
lightweight. Recent efforts in development of the 
flywheel have been devoted to material hybridized 
and press-fitted multi-rim rotor to further increase 
the performance and insuring the safety of the 
flywheel [6]. The pre-stresses developed by the 
interference between multi-rims reduce the net 
stresses in the rotating rotor, and yield a higher 
rotating speed and higher energy storage capacity [7-
9]. Filament winding with the fiber tension is a 
typical process of manufacturing the composite rotor, 
followed by the stages of heat buildup, curing, and 
cooling. The curing process causes tremendous 
amount of tensile stresses primarily due to the 
anisotropic thermal expansion of individual plies, 
which deteriorate the performance of the rotor since 
the inertial forces also generate the radial tensile 
stresses during the rotation [10].  

An advanced composite flywheel rotor consisting of 
intra and inter hybrid rims was designed to optimally 
increase the energy capacity, and was manufactured 
using filament winding with in-situ curing. In this 
investigation, a comprehensive study was conducted 
with the intent to implement composites in high 
performance flywheel applications. 

 

2 Design of the advanced flywheel rotor 

2.1 Inter hybrid rotor and Intra hybrid rotor 

The performance of a flywheel rotor made of 
composite material is always deteriorated by tensile 
stress in the radial direction, which is generated by 
both the curing process and the centrifugal force 
during rotation. The press-fit of multiple inter-hybrid 
rims (“inter-hybrid” means each rim is made of a 
single composite material, either CFRP or GFRP, 
but the material might differ from rim to rim) with 
interferences has been known as an effective way of 
reducing the radial tensile stress. However, it is 
relatively expensive and difficult in the viewpoint of 
manufacturing. On the other hand, a flywheel rotor 
consisting of a single intra-hybrid rim (a rim that is 
made of comingled composites with different 
carbon-glass ratio) is less costly and relatively easy 
to manufacture, but the radial tensile stress cannot be 
effectively reduced. 

2.2 Stress analysis of a rotor 

A stress analysis to calculate the deformations and 
the strength ratios of the multi-rim rotor with 
interferences as shown in Figure 3 can be found in 
many previous publications [10-12]. The governing 
equation for a rotor of rotational speed is written as 
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Where r and  are radial and circumferential stress, 
respectively,  denotes a density, and  is the 
rotational angular velocity. Assuming the plane 
stress state, the stress-strain relationship can be 
written as 
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Where  and Q are the strain and the stiffness matrix 
in cylindrical coordinates. In the axisymmetric case, 
the strains are defined by the radial direction 
displacement ru : 
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In case of Intra hybrid rotor, Between rims, the 
following compatibility conditions should be met: 
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In case of Inter hybrid rotor, Between rims, the 
following compatibility conditions should be met: 
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Three strength ratios are considered: Rr= r(the 
radial stress)/Y, R= (the circumferential stress)/X 
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2.3 Advanced hybrid rotor 

In order to reduce the stress along radial direction 
induced by the centrifugal effect during high-speed 
rotation, the inter-hybrid rotor is the best option 
because the interferences between adjacent rims can 
effectively decrease the radial stress. However, 
fabricating all the rims separately is costly and time-
consuming. In this study, a new method was devised 
by winding every two rims together to form an intra-
hybrid rim, which means the original 4-rim rotor 
now consists of two intra-hybrid rims, and the 
interference was given between two intra-hybrid 
rims. Although the reduction of radial stress in the 
rotor comprising 2 intra-hybrid rims is not as much 
as that in the rotor comprising 4 inter-hybrid rims, 
the manufacturing process was simplified 
considerably. Since the rotor incorporated both intra- 

and inter-hybridization technology, we named it 
Advanced Hybrid Rotor. To evaluate the stresses 
within such an Advanced Hybrid Rotor, three 
sources of stresses were considered. Fig. 2 is the 
schematic representation of those sources, which are 
the thermal residual stresses developed in each intra-
hybrid rim after curing process, the stresses 
developed after press-fitting of two intra-hybrid rims 
due to the existence of interference, and the stresses 
generated by the centrifugal effect in high-speed 
rotation. The superposition of stresses from the 
aforementioned three sources is the stress state of 
the Advanced Hybrid Rotor.  

2.4 Design of hybrid rotor 

The design of the Advanced Hybrid Rotor was 
optimized with respect to internal stress distribution 
and manufacturing cost. The predetermined 
specifications of the rotor are listed as following: 
usable energy 35kWh, maximum rotating speed 
15,000 rpm, inner diameter 539.5mm, length 
1340mm, maximum hoop-directional strain of the 
inner surface during rotation 0.8%. Three different 
designs satisfying those given conditions and 
possessing the same value of Ip/It (the ratio between 
polar moment of inertia Ip and transverse moment of 
inertia It), mass, and specific energy density (SED), 
were compared. Those designs were the inter-hybrid 
rotor which consists of 4 separately wound rims, the 
intra-hybrid rotor which consists of 4 rims wound at 
the same time, and the Advanced Hybrid Rotor. To 
avoid excessive radial compressive stress applied to 
the inner intra-hybrid rim during the press-fitting of 
the Advanced Hybrid Rotor, the interference 
between two rims was calculated such that the radial 
compressive stress was limited to below 6 MPa. The 
properties of the hybrid material used for each rim in 
three different designs are listed in Table 2, which 
the result of optimization is listed in Table 1. 
Comparing the radial stress within each rotor during 
rotation, it was discovered that the following 
inequality held: Inter < Advanced < Intra, while in 
terms of manufacturing cost, the reverse order held: 
Inter > Advanced > Intra. Fig. 4 shows the radial and 
hoop strength ratio along the radial direction of the 
rotor corresponding to 0 rpm and 15,000 rpm. It can 
be seen from Fig. 4(a) that for the inter-hybrid 
design, the hoop strength ratio is lower than the 
radial one in most region along the radial direction 
when the rotor is at rest; when the rotor is rotating at 
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the maximum speed, the hoop strength ratio is 
always higher than the radial one, and the maximum 
value of the hoop strength ratio is always below 0.4, 
which means the safety factor is more than 2. For the 
intra-hybrid design, as shown in Fig. 4(b), the 
situation is much worse than the previous one: the 
maximum radial strength ratio approaches 0.8 when 
the rotor is rotating at full-speed. For the Advanced 
Hybrid Rotor, both the radial and hoop strength 
ratios are below 0.4 in most of zone along radial 
direction, and thus the balance between performance 
and cost was achieved with this design. 

In this study, the design of a 35 kWh press-fitted 
flywheel rotor consisting of four intra-hybrid rims 
and working at 15,000 rpm was optimized to 
minimize the maximum radial tensile stress as well 
as to reduce the cost and simplify the manufacturing 
process. Design variables include thickness of each 
rim, carbon-glass volume fraction ratio in each rim, 
and interference between two adjacent rims. Three 
situations were considered in the optimization 
process: cured rims with residual stresses prior to 
press-fitting; a stationary rotor after press-fitting, 
and a rotor at the maximum rotating speed. The rule 
of mixture was used to calculate effective properties 
of the hybrid materials. The optimized rotor has a 
mass of 1005 kg, an inner diameter of 539.5 mm, 
and a height of 1340 mm. Starting from the 
innermost rim to the outermost one, the thickness of 
each rim is 36.8, 55.0, 52.0, and 40.0 mm, 
respectively; the carbon-glass volume fraction ratio 
is 11, 30, 79, and 100%, respectively; the 
interference between the second and the third rim is 
0.2 mm. The estimated maximum tensile and 
compressive stresses in both radial and 
circumferential directions under the aforementioned 
three situations are always below material strengths. 

 

3 Fabrication of the advanced flywheel rotor 

The inner two intra-hybrid rims (rims 1 and 2) were 
manufactured as a whole part through continuous 
filament winding under in-situ curing conditions, 
and so were the outer two rims (rims 3 and 4). The 
outer surface of rim 2 and the inner surface of rim 3 
were CNC-tapered for press-fitting. [Fig. 5] 

Machined rims were finally press-fitted using a 
hydraulic press with a maximum compressive force 
of approximately 1000 ton. [Fig. 6] 

 

4 Conclusions 

In this paper, the advanced rotor which is constituted 
with the inter hybrid rotor and intra hybris rotor is 
suggested. The optimization of the inter hybrid rotor , 
intra hybrid rotor, and advanced hybrid rotor was 
performed respectively in order to compare both the 
performance and the fabrication cost of the rotor. 

By using insitu-cure the rim 1,2 and rim 3,4 were 
wound. The outer surface of rim 1,2 and the inner 
surface of rin 3,4 were tapered and then pressed 
together to fabricate the advanced hybrid rotor. 

 

Table 1. Optimal result of 4rim hybrid rotors 

Specification Inter hybrid Intra hybrid
Advanced 

hybrid
Unit

Usable Energy kWh

ωmax rpm

Rotor ID mm

h mm

Ir (Ip/It) -

Mass kg

SED_usable Wh/kg

ε θ  at inner 
surface

%

Rim materials 
(Carbon Vf)

10, 35, 72, 100 11, 40, 66, 100 11, 30, 79, 100 %

t 1 39.9 54.2 36.8 mm

t 2 50.3 35.5 55.0 mm

t 3 51.0 34.3 52.0 mm

t 4 42.3 60.1 40.0 mm

δ 0.13, 0.07, 0.15 - 0.2 mm

Rotor OD 906.5 907.7 907.1 mm

Max. Rr 0.17 0.75 0.36 -

Manufacturing 
cost

44,000 25,000 31,000 $

34.89

0.8

35

15,000

539.5

1340

0.62

1005

 

 

Table 2. Material properties of hybrid rotors 
(a) Inter Hybrid Rotor 



Material Properties Rim 1 Rim 2 Rim 3 Rim 4 Unit

E_x 60.6 86.3 125.5 155.4 GPa

E_y 19.5 16.5 12.2 9.0 GPa

v_x 0.3 0.3 0.3 0.3

E_s 3.3 3.4 3.4 3.5 GPa

X 1261 1796 2612 3234 MPa

X' 826 838 857 871 MPa

Y 15 15 15 15 MPa

Y' 47 47 47 47 MPa

S 80 80 80 80 MPa

CTE_x 5.0 2.3 0.3 -0.5 /C

CTE_y 21.9 24.1 26.9 28.8 /C

Density 2043 1922 1739 1599 kg/m3  

 

(b) Intra hybrid Rotor 

Material Properties Rim 1 Rim 2 Rim 3 Rim 4 Unit

E_x 61.2 91.9 119.0 155.4 GPa

E_y 19.4 15.9 12.9 9.0 GPa

v_x 0.3 0.3 0.3 0.3

E_s 3.3 3.4 3.4 3.5 GPa

X 1274 1913 2477 3234 MPa

X' 826 840 853 871 MPa

Y 15 15 15 15 MPa

Y' 47 47 47 47 MPa

S 80 80 80 80 MPa

CTE_x 4.9 1.9 0.6 -0.5 /C

CTE_y 21.9 24.5 26.4 28.8 /C

Density 2040 1896 1769 1599 kg/m3  

 

(c) Advanced hybrid rotor 

Material Properties Rim 1 Rim 2 Rim 3 Rim 4 Unit

E_x 61.2 81.3 133.1 155.4 GPa

E_y 19.4 17.1 11.4 9.0 GPa

v_x 0.3 0.3 0.3 0.3

E_s 3.3 3.3 3.4 3.5 GPa

X 1274 1692 2772 3234 MPa

X' 826 835 860 871 MPa

Y 15 15 15 15 MPa

Y' 133 133 133 133 MPa

S 80 80 80 80 MPa

CTE_x 4.9 2.7 0.1 -0.5 /C

CTE_y 21.9 23.7 27.4 28.8 /C

Density 2040 1946 1703 1599 kg/m3  

 

 

 
Fig. 1 Discretization of a composite flywheel rotor 
for derivation of the stiffness matrix of the j-th ring 
(j=1, 2, 3, …, N). The cylindrical coordinate (q, z, r) 
systems, and the radial displacement and stress 
components of the j-th ring are defined. 

 

 

Fig. 2  Superposition of stress of multi rim rotor. 
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Fig. 3  Optimization of multi-rim hybrid rotor 

 
(a) Inter hybrid rotor 

 
(b) Intra hybrid rotor 

 
(c) Advanced hybrid rotor 

Fig. 4  Stress distribution of each rotors 

 

 

 

 

Fig. 5  Each rim  manufacture using filament 
winding 

 

 



 

Fig. 6  Each rim  assembly using Press-fit 
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