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Abstract   
 

A superconductor flywheel energy storage system (SFES) is an electro-mechanical battery which transforms electrical 
energy into mechanical energy for storage, and vice versa. The 35 kWh class SFES is composed of a main frame, 
superconductor bearings, electro-magnetic dampers, a motor/generator, and a composite flywheel. The energy storing 
capacity of the SFES can be limited by the operational speed range of the system. The operational speed range is limited by 
many factors, especially the resonant frequency of the main frame and flywheel. In this study, a steel frame has been 
designed and constructed for a 35 kWh class SFES. All the main parts, their housings, and the flywheel are aligned and 
assembled on to the main frame. While in operation, the flywheel excites the main frame, as well as all the parts assembled to 
it, causing the system to vibrate at the rotating speed. If the main frame is excited at its resonant frequency, the system will 
resonate, which may lead to unstable levitation at the superconductor bearings and electro-magnetic dampers. The main 
frame for the 35 kWh class SFES has been designed and constructed to improve stiffness for the stable operation of the 
system within the operational speed range. 
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I. Introduction  

 
A superconductor flywheel energy storage system 

(SFES) is an electro-mechanical battery with high 

energy storage density, long life, and good 
environmental affinity. An SFES mainly consists of a 
pair of non-contacting high temperature 
superconductor (HTS) bearings that provide very low 
frictional losses, a composite flywheel with high 
energy storage density and mechanical strength, a 
motor/generator that transfers mechanical energy into 
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electrical form and vice versa, and a vacuum 
chamber that minimizes windage losses. The HTS 
bearings, which offer dynamic stability without 
active control, are the key technology that 
distinguishes the SFES from other flywheel energy 
storage devices, and great effort is being put into 
developing this technology [1-4]. 

The energy storing capacity of the SFES can be 
limited by the operational speed range of the system. 
All other conditions being equal, the wider the 
operational speed range, the larger the energy storing 
capacity of the SFES. The operational speed range is 
affected by many factors, especially the resonant 
frequency of the main frame and flywheel. While in 
operation, the flywheel excites the main frame, as 
well as all the parts assembled to it, causing the 
system to vibrate at the rotating speed. If the main 
frame, flywheel, or any other part of the system is 
excited at its resonant frequency, the system may 
oscillate at great amplitudes, which may lead to 
unstable levitation at the superconductor bearings 
and electro-magnetic dampers.  

In this study, the main frame for the 35 kWh class 
SFES has been designed and constructed for stable 
operation of the system. Stiffness of the 35 kWh 
class SFES main frame was improved from the 
earlier 10 kWh class SFES main frame model, 
leading to a higher resonant frequency, which allows 
for stable operation within the operational speed 
range.  
 
 
II. 10 kWh Class SFES main frame 

 
A 10 kWh class SFES was built and tested at 

KEPCO Research Institute in 2010. The 10 kWh 
class rotor was a vertical axis open-core type 
flywheel, and the housings for the stators of the main 
parts were assembled to the main frame. The 10 kWh 
class SFES main frame was designed and built as 
shown in Fig. 1. Cast iron(FCD 450) was used to 
build the ф1720ⅹ980H main frame, and the 
cross-section of the frame was molded into a 
trapezoidal form and fixed at the bottom flange to 

create a stable overall shape. Support plates were 
used to strengthen the main frame cylinder to 
increase stiffness while only slightly increasing 
weight. As a result, the resonant frequency of the 10 
kWh class SFES main frame was increased with a 
slight increase in weight, leading to lower material 
and manufacturing costs.  
 

 

(a) 
 

 
(b) 

Fig. 1. 10 kWh class SFES (a) main frame and (b) 
cross-sectional view. 

 
The resonant frequency of the design for the 10 

kWh class SFES main frame was simulated, as 
shown in Fig. 2, before it was constructed. For the 
boundary conditions, the anchor bolts at the bottom 
flange were fixed to the ground, and the lower 
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surface of the main frame was frictionless with 
respect to the surface of the ground. The maximum 
rotational speed of the 10 kWh class rotor is 13,000 
rpm, which is equal to 217 Hz. As shown in Fig. 2, 
the first and second bending modes of the 10 kWh 
class SFES main frame are 551 Hz and 555 Hz, 
respectively. The colors indicate the displacement at 
the respective frequency, which increases from blue 
to red. It can be seen that the bottom flange fixed to 
the floor does not move, while the top of the main 
frame shows the largest displacement. The first 
bending mode (551 Hz) is more than twice the 
maximum rotational speed, in other words, the 10 
kWh class SFES main frame will not resonate due to 
the excitation vibration caused by the rotor within the 
operational speed range. 
 

 
Fig. 2. Resonant frequency simulation of 10 kWh class 
SFES main frame. 
 
 
III. 35 kWh Class SFES main frame 
 

The 35 kWh class SFES, shown in Fig. 3, was 
designed according to the general specifications of 
Table 1. The system is a vertical axis inner rotor type, 
with a composite flywheel levitated by two 
superconductor bearings, two radial active magnetic 
dampers and one thrust active magnetic damper, and 
rotated by a motor/generator in the lower part of the 
flywheel. 

 
Fig. 3. Cross-sectional view of 35 kWh class SFES. 

 
Table 1. General specifications of 35 kWh class SFES.  

Specification Value Unit 

Stored energy 35 kWh 

Specific Energy Density 32.5 Wh/kg 

Max. operating speed 12,000 rpm 

sIp/It ratio 0.61 - 

Added mass 160 kg 

Flywheel 1.6 ton 

Inner diameter 456 mm 

Outer diameter 907.7 mm 

Height 1,300 mm 

 

Design Considerations for 35 kWh Class SFES 
main frame 

To increase the storing capacity and size of a system, 
the dimensions of the system are usually scaled up. 
But if the dimensions of the 10 kWh class SFES main 
frame were simply scaled up, as shown in Fig. 4, to 
match the size of the 35 kWh class rotor and stators, 
the 35 kWh class SFES main frame would not provide 
a stable structure in the operating speed range.  
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Fig. 4. Main frame scaled-up from 10 kWh class SFES 
frame. 
 

The trapezoidal shape of the scale-up main frame 
does not provide enough stiffness, which results in a 
low resonant frequency. Compared to the 10 kWh 
class SFES main frame, the 35 kWh class SFES main 
frame is too tall and heavy, so much that no 
adjustments made within the trapezoidal shape would 
allow for a resonant frequency high enough for stable 
operation within the rotational speed range. When the 
bottom flange of the 35 kWh class SFES main frame 
is fixed to the ground, the height and weight of the 
main frame lower the resonant frequency while the 
support plates increase stiffness and resonant 
frequency. But the height and weight factor 
overshadow the increased stiffness due to the support 
plates, which makes the main frame more prone to 
bending at the excitation of a lower frequency. 
Adjustments had to be made in the overall shape and 
fixing points of the main frame during the design 
stage of the 35 kWh class SFES main frame. 
 
Design of 35 kWh Class SFES main frame 

As shown in Fig. 5, the shape of the support plates, 
the number of support plates, the thickness of the 
support plates, the main frame wall thickness, the 
location of the flange fixed to the ground, the flange 
thickness and other dimensional factors were modified 
to increase the resonant frequency of the 35 kWh class 
SFES main frame.  

The final design of the 35 kWh class SFES main 
frame is shown in Fig. 6. The upper and lower module 

s are the parts where the main components, such as the 
superconductor bearing stators, motor/generator, 
active magnetic dampers, etc. are assembled. The main 
frame is strengthened by 16 triangular support plates 
on the upper and lower side each, while the frame is 
fixed to the ground at the flange located at the 
mid-part of the frame. The diameter of the 
ф1720ⅹ2400H 35 kWh class SFES main frame is 
equal to that of the 10 kWh class SFES main frame 
(Fig. 1(a)), while the height is more than two times 
larger. Locating the flange at the bottom, and thus 
fixing the lower part of the main frame would have 
caused the resonant frequency to drop drastically, but 
by fixing the mid-part of the main frame, the 35 kWh 
class SFES main frame resulted in a combination of 
two 10 kWh class SFES main frames, one right side 
up on the upper side and one upside down on the 
lower side, when considering dimensions and shape.  
 

 
Fig. 5. 35 kWh class SFES main frame design factors. 

 

 
Fig. 6. Final design of 35 kWh class SFES main frame. 
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(a) 

 

 
(b) 

Fig. 7. (a) Conical mode and (b) bending mode of 35 kWh 
class SFES main frame.  
 

The resonant frequency of the 35 kWh class SFES 
main frame was simulated, and its results are shown 
in Fig. 7. The colors indicate the displacement during 
each vibration mode, with the displacement increasing 
from blue to red. The first resonant frequency is at 
312.75 Hz, which is a conical mode, and the second 
frequency at 374.4 Hz, which is a bending mode. The 
maximum rotational speed of the 35 kWh class SFES 
is 12,000 rpm, or 200 Hz, which gives a 56% margin 
of safety over the operating range. 
 
Construction of 35 kWh Class SFES main frame 

The 35 kWh class SFES main frame was 
manufactured by casting and precision machining, to 

align the bores where the main components of the 
system are assembled. As shown in Fig. 8, the 
finished 35 kWh class SFES main frame was fixed at 
the mid-part flange to the ground, and then vacuum 
sealed for test operation.  
 

 
Fig. 8. 35 kWh class SFES main frame assembly. 

 
 
IV. Conclusions 
 

In this study, a steel frame has been designed and 
constructed for a 35 kWh class SFES. All the main 
parts, their housings, and the flywheel are aligned 
and assembled on to the main frame. The main frame 
for the 35 kWh class SFES has been designed and 
constructed to improve stiffness, and as a result 
increase resonant frequency, for the stable operation 
of the system within the operational speed range. 
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