
 
 

 
Journal of Mechanical Science and Technology 24 (2010) 231~235 

www.springerlink.com/content/1738-494x 
DOI 10.1007/s12206-009-1133-6 

 

 
Design of magnetically levitated rotors in a large flywheel energy storage system 

from a stability standpoint 
Seong-yeol Yoo1, Wook-ryun Lee2, Yong-chae Bae2 and Myounggyu Noh1,*  

1Division of Mechatronics Engineering, Chungnam National University, Daejeon, 305-764, Korea 
2Korea Electric Power Research Institute, Daejeon, Korea  

 

(Manuscript Received May 1, 2009; Revised September 26, 2009; Accepted October 16, 2009)  

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
The stability of flywheels in an energy storage system supported by active magnetic bearings (AMBs) is studied in this paper. We de-

signed and built two flywheel energy storage systems (FESS) that can store up to 5 kWh of usable energy at a maximum speed of 18,000 
rpm. One is optimized to store as much energy as possible, resulting in a flywheel with a strong gyroscopic coupling. The other has a 
much smaller gyroscopic coupling for ease of control. To analyze the stability of the system accurately, we derived the dynamic models 
of the rotor using finite-element method and integrated them with the models of the bearings, amplifiers, and sensors to obtain the simu-
lation model of the system. We validated the model through experiments and compared the stability of these two systems.  
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1. Introduction 

Flywheel energy storage systems (FESS) store electric en-
ergy in terms of the kinetic energy of a rotating flywheel, and 
convert this kinetic energy into electric energy when necessary. 
A FESS is a viable technology for energy storage because it is 
environmentally safe, can sustain infinite charge/discharge 
cycles, and has higher power-to-weight ratio than chemical 
batteries [1]. FESSs commonly use active magnetic bearings 
(AMBs) for contact-free operation to maximize the efficiency 
of the system. 

The energy storage capacity of a FESS is proportional to the 
principal mass-moment of inertia pI  and the square of the 
running speed Ω . The energy capacity is independent of the 
transverse mass-moment of inertia tI . Therefore, if we only 
consider the aspect of the energy storage, a radially thick fly-
wheel (larger /p tI I  ratio) is advantageous over a slender 
flywheel (smaller /p tI I  ratio). However, the gyroscopic 
moment of a radially thick flywheel is bigger than that of a 
slender flywheel, which could make the system unstable. 

Many researchers have investigated flywheel systems using 
flexible rotor modeling in recent years. Hawkins, et al. [2] 
studied the controller design and modeling for large capacity 
flywheel systems with AMBs. Ahn, et al. [3], Jeon, et al. [4], 

and Lei, et al. [5] investigated the modeling of a flexible rotor 
with AMBs. Mohiuddin, et al. [6] applied reduced order mod-
eling for flexible rotor-bearing systems. 

In this paper, we designed and built two flywheel systems. 
One is optimized to store as much energy as possible, while 
the other has a much smaller gyroscopic coupling for ease of 
control. To analyze accurately the stability of the system, we 
derived the dynamic models of the rotor using finite-element 
method and modal truncation. The rotor model is integrated 
with the models of AMBs, amplifiers, and sensors to obtain 
the simulation model of the system. This model is validated 
with the experimentally obtained system responses. Finally, 
we compared the stability of the two systems using the sensi-
tivity functions and pole locations of the closed-loop transfer 
functions.  

 
2. System description 

The two flywheel systems considered in this paper are 
shown in Fig. 1. The flywheels are made from multi-layer 
fiber-reinforced composites and are fitted to metal rotors 
through aluminum hubs. The rotors are supported by a set of 
two radial AMBs and a thrust AMB. As AMBs are open-loop 
unstable, a set of five non-contact position sensors detects the 
position of the rotor so that the feedback controller can adjust 
the coil currents of AMBs to maintain contact-free operation. 
The radial AMBs in FESS-II have slightly bigger capacity to 
counteract the increased mass. A motor/generator is located  
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either below or above the flywheels. These two systems are 
designed to store the same 5 kWh of usable energy at the same 
operating speed of 18,000 rpm in a vacuum environment. 
Table 1. compares several parameters of these two systems. 

 
3. System modeling 

3.1 Rotor model 

To describe accurately the dynamic behavior of the rotor, 
we used a flexible rotor model based on finite element meth-
ods [7]. This dynamic model can be written as, 

 
x x

y y

x x

y y

⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎡ ⎤Ω⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥+⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥−Ω⎣ ⎦ ⎣ ⎦⎣ ⎦ ⎣ ⎦
⎡ ⎤ ⎡ ⎤⎡ ⎤ ⎢ ⎥ ⎢ ⎥⎢ ⎥+ =⎢ ⎥ ⎢ ⎥⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦

w wM 0 0 G
w w0 M G 0

w FK 0
w F0 K

 (1) 

 
where xw  and yw  are the nodal displacements in the radial 
planes, and M , G , and K  are the mass, gyroscopic, and 
stiffness matrices, respectively. The gyroscopic effect results 
in dynamics dependent on running speed Ω . The bearing 
forces and disturbances enter into the dynamics through xF  
and yF . 

Typically, the size of the dynamic model (1) is quite large, 
which makes it difficult to adequately design controllers using 
this model. Further, dynamic modes much higher than the 
maximum operating speed may contribute negligibly to the 
overall dynamics. To describe the flexible dynamics of the 
rotor in the frequency range of interest, we can use modal 
truncation [8] to obtain a reduced-order model. Modal trunca-
tion starts by obtaining mass normalized mode shape vectors 
Φ  that satisfy the following: 

 

2

T

T

Φ Φ=
Φ Φ=Λ

M I
K

 
 

(2) 

where Λ  is a diagonal matrix, the elements of which are the 
natural frequencies. If we partition the mode shapes into mas-
ter and slave modes as 
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the dynamic model (1) can be reduced to 
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Table 1. Parameters of of FESS-I and FESS-II systems. 
 

Specifications FESS-I FESS-II 

Mass (kg) 235 400 

Polar moment of inertia (kg-m2) 13.2 13.6 

Transverse moment of inertia (kg-m2) 9.4 27.1 

Axial length of the rotor (mm) 778 1147 

Flywheel diameter (mm) 716 580 

Load capacity of radial AMB (N) 1008 1370 

Axial length of radial AMB (mm) 55 55 

 

               
 

                           (a) FESS-I                                            (b) FESS-II 
 
Fig. 1. A schematic view of two types of flywheel energy storage systems. 
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3.2 Radial AMB model 

The force produced by a radial AMB is related to the coil 
currents in a nonlinear fashion. If a bias force is maintained to 
guarantee a finite force slew rate, the force is also affected by 
the radial position of the rotor. Using the bias linearization 
method [9], the bearing force can be linearized with respect to 
the coil currents and rotor position. This linear relationship 
can be expressed as 

 
, , and ,A A A

q r i qF K q K i A U L q x y=− + = = , (7) 
 

where U
rK  and L

rK  are the radial stiffness of the upper and 
lower radial AMBs, respectively. In Eq. (7), U

iK  and L
iK  

are the actuator gains of the upper and lower radial AMBs, 
respectively. 

 
3.3 Controller model 

As radial AMBs are open-loop unstable, a feedback control-
ler is necessary for stable levitation. Typically, a proportional-
derivative (PD) controller is used for this purpose. The trans-
fer function of a PD controller with the proportional gain of 

pK  and the derivative gain of dK can be written as follows: 
 

( )c p dG s K K s= + . (8) 
 
The problem with this PD controller is that the gain in-

creases unboundedly with respect to the frequency. If we limit 
the high-frequency gain by introducing a bandwidth to the 
controller, the transfer function is modified to 
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where dτ  defines the bandwidth. 

For the system FESS-I with a strong gyroscopic effect, the 
controller can be further modified to include cross-feedback 
[10]. 

 
3.4 System model 

The aforementioned models can be put together to construct 
a system model. The actual system includes the power ampli-
fiers that generate coil currents corresponding to the controller 
output. The system also has position sensors that detect the 
radial position of the rotor. The block diagram of the system 
model is shown in Fig. 2. Signal d is the input disturbance, 
which represents an unbalance force. The system may have 
another disturbance in terms of sensor noise that will be added 
to the sensor output. 

 
4. Model validations 

To check the validity of the model we derived, we carried 
out system identification experiments for both systems. The  

 
 
Fig. 2. Block diagram of the system model. 
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Fig. 3. Model identification results for FESS-I. 
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Fig. 4. Model identification results for FESS-II. 

 
procedure of the experiments begins by first injecting swept-
sine signals as the disturbance input d, shown in Fig. 2, and 
measuring the sensor outputs while maintaining the levitation 
of the rotors. 

Figs. 3 and 4 show the experimental results compared with 
the identified models. Except for some discrepancies at the 
low frequency region, the system models derived from full-
scale FEM rotor models (full-order models) match well with 
the experimental observations for the systems FESS-I and 
FESS-II. The reduced-order models are constructed in such a  
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Fig. 5. Real part of the rightmost poles of FESS-I (dotted line) and 
FESS-II (solid line). 
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Fig. 6. Peak sensitivities (solid lines) of FESS-I and FESS-II with 
respect to the running speed as well as the corresponding specific en-
ergy (dotted lines). 

 
way as to include only the first bending modes of the rotors. 
As expected, the reduced-order models correctly predict the 
frequency responses up to the first bending modes. 

 
5. Stability analysis 

A direct way of checking system stability is to look at the 
pole locations of the closed-loop transfer functions. If the 
poles stay on the left half of the complex plane, the system is 
stable. Fig. 5 shows the real parts of the right-most poles of 
FESS-I and FESS-II systems. If the real part becomes positive, 
this means the system is unstable. As the dynamics of the 
flywheel is dependent on the running speed, the poles move 
with respect to the speed. A radially thick flywheel system, 
FESS-I, becomes unstable at around 9,000 rpm, which is con-
sistent with the experimental observations. In contrast, FESS-
II stays stable even at 20,000 rpm. It should be noted that the 
controller gains of the two systems are kept at the same values 
for comparison. The controller gains for FESS-I system can be 
adjusted to guarantee stability in the operating speed range. 
The results in Fig. 5 mean that FESS-I is less stable than 
FESS-II with the same controller. 

Even if the system is stable, the system may be susceptible 
to the disturbances if the poles stay close to the imaginary axis 
of the complex plane. The sensitivity function can conven-
iently be used to quantify how much the system is susceptible 
to the disturbances. Referring to the block diagram in Fig. 2, 
the sensitivity function sT is defined as follows: 

 
se T r= . (10) 

 
The larger the magnitude of the sensitivity, the more sus-

ceptible the system is to the disturbances.  
Fig. 6 shows the peak sensitivities ( )sT jω

∞
 of FESS-I 

and FESS-II (solid lines). The system FESS-I has higher sen-
sitivity peaks than FESS-II except at very low speeds. Fig. 6 
also demonstrates how much FESS-I is better than FESS-II in 
terms of specific energy, which is the stored energy per unit 
mass. As the mass of FESS-I is only 60% of FESS-II, the 
specific energy of FESS-I is more than 70% higher than that 
of FESS-II. Therefore, FESS with a larger /p tI I  ratio is 
preferable to the one with a smaller inertia ratio. However, the 
results of this paper elucidate that one must consider not only 
the energy capacity but also the stability of the system when 
designing a FESS supported by AMBs. 
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