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Abstract 
A flywheel generator is suitable as electric power quality improvement equipment that absorbs short-term 
fluctuations of load and of the power renewable energy such as wind and photovoltaic power generation. This 
paper presents a model for controlling the electric power by rotating the stator of a flywheel generator 
mechanically. The system can be constituted at low cost, since the structure is simple. Furthermore, there is no 
generation of higher harmonics, because no semiconductor converters are used. 
 
1. Introduction 
Nowadays, because of the global warming and exhaustion of energy resources, Wind Turbine Generator (WTG) 
systems are remarkably increasing as one of renewable energy resources in the world. But in the case of WTGs, 
the power fluctuations caused by fluctuations of the wind speed, wind sheer, the turbine tower shadow and 
rotational sampling are the most crucial issue in providing their energy to utility. An example waveform of the 
generated power output of a WTG is shown in Fig. 1. There are long-term fluctuations due to turbulence of the 
wind speed and short-term fluctuations measured in seconds. When WTG is integrated into a weak or stand-
alone electric power system, the fluctuations can cause voltage and frequency fluctuations of the power system 
and the electric power supply becomes unstable. Furthermore, when the Maximum Power Point Tracking 
(MPPT) operation is carried out, short-term fluctuations tend to increase. 
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Fig. 1 Output power waveform of a wind power plant (600kW, 2 units, Hokkaido, Japan) 

 
In order to absorb the power fluctuations, an energy storage system such as a battery or a flywheel generator is 
required to be parallelly connected with a WTG. A flywheel generator is suitable for energy storage system that 
absorbs short-term fluctuations of a WTG. Flywheels have an advantage over other energy storage systems. 
When rapidly discharged and charged, batteries are inefficient and their lives shorten. In contrast, flywheels are 
capable of highly efficient short-term charge and discharge and they have almost infinite life cycles. 
Accordingly the cooperation between WTGs and electric power systems becomes easy. Moreover, even when 
the load power rapidly fluctuates the system can supply a constant electric power, because it is possible to 
compensate for the fluctuations at high speed. Therefore, the stability of the power system increases, and the 
effective utilization of resources can be achieved. 
 
2. MPPT with Pump Up operation 
The blade of WTG has the optimum angular velocity for every wind speed, that is, more energy can be 
extracted from the wind energy by adjusting the angular velocity of the blade to the wind speed. The 
fundamental equation of WTG is, 
                                                 
1 ttakaku@nr.titech.ac.jp 

mailto:ttakaku@nr.titech.ac.jp


t
ωωJPP

d
d

wgw =−   (1) 

where : moment of inertia (kgmwJ

fP

2), ω : angular velocity (rad/s), : captured wind power (W), : electric 
torque. Therefore the Maximum power point tracking (MPPT) operation can be realized by adjusting of the 
electric power of WTG. But the response of the blade’s rotation is not fast because of the blade’s inertia. The 
largest scale of commercial WTG is 2.5 MW (NORDEX), whose energy time constant is 10 s. Therefore it’s 
thought that slow response of WTG caused by the blade’s inertia will be an important problem of MPPT. In 
order to realize more quick response of the blade’s rotation, we consider a system in which a WTG is supplied 
with the energy from a flywheel as shown in Fig. 2. The equation for angular motion is modified as Eq (2) 
where  is the power from the flywheel. When the wind speed is decreasing, WTG generates more power than 
captured power to follow the wind speed. On the other hand, when the wind speed is increasing, WTG is fed 
with power from the flywheel. Thus the inertia of WTG can be compensated by flywheel, so that blade’s speed 
can be controlled around the optimum for the wind speed when even wind speed is increasing rapidly. 
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Fig. 2 Power flow of Pump-up operation of WTG with a flywheel. 

 
In order to prove the effect of this pump up operation, we installed a distributed power supply system with 10-
kW WTG, 10-kW PV and 10-kW flywheel generator in Hikawa, Shimane prefecture. In the future, the 
demonstration experiment will be carried out. 
3. Rotating stator type flywheel generator 
Although a flywheel generator is suitable as electric power quality improvement equipment for WTGs, a 
flywheel requires expensive semiconductor converters such as inverters and rectifiers which have a 
disadvantage of generation of higher harmonics by switching. 
 
Hence we propose a model for controlling the electric power by rotating the stator of a flywheel generator 
mechanically. The system can be constituted at low cost, since the structure is simple. And there is no 
generation of higher harmonics, because no semiconductor converters are used. Consequently, it is effective for 
the utilization of renewable energy in isolated communities such as remote sites or small islands. 
 
3.1 Principle 
The ratio of the difference between the synchronous speed and the rotor speed to the synchronous speed is 
called slip s . Currents, electric power, generation torque of three-phase induction motor, etc. become functions 
of only slip s  under a steady voltage. When the stator is rotated at  (rpm), slip sn s  is given by Eq. (3), 
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where : rated speed (rpm), : flywheel rotation speed (rpm). Therefore, if the flywheel and the stator rotate 
in the same direction, the induction machine works as a motor while it works as a generator in the reverse 
direction. 
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3.2 10-kW stator rotation type flywheel generator 
We developed a 10-kW rotating stator type flywheel generator for a practical application. The photograph of it 
is shown in Fig. 2. The stator of an 11-kW squirrel cage induction generator is coupled with a 0.4 kW induction 
motor by a timing belt. The stator is able to rotate freely, since a turntable supports the induction machine. 

 
Fig. 3 The 11-kW rotating stator type flywheel generator 

 
3.3 Losses of the 10-kW flywheel generator 
Figure 4 and Table1 show losses of the 10-kW flywheel generator. The total loss at rated speed 1500 rpm is 247 
W, and at maximum speed 2625 rpm is 830 W. It is very low loss. Since it rotates with low speed, there is 
comparatively small windage loss. However, the windage loss comprises 38 percent and 67 percent of the total 
loss at rated and maximum speed respectively. 
 

 
Fig. 4 Losses of the 10-kW flywheel generator as a function of the flywheel speed. 

 
 
 



Table. 1 Losses of the 10-kW flywheel generator at 1500 rpm and 2625 rpm. 
 Iron loss Copper loss Windage loss Bearing loss Total 
1500 96W 17W 104W 29W 247W 
2625 201W 19W 560W 50W 830W 

 
3.3 He and Air mixture gas for windage loss reduction 
The windage loss gives some contribution to the total losses of flywheel machines. To reduce the windage loss, 
the rotor can be operated in a low pressure/vacuum chamber. However, this method finds difficulties in 
removing heat from the rotor, sealing and designing a suspension system. In order to solve these problems, we 
have proposed helium and air mixture gas. The windage loss reduction can be achieved by helium 50% and air 
50% mixture gas, and the breakdown voltage in not much reduced. In addition, thermal property is better than 
that of air. Figure 5 shows the windage loss of the flywheel with different concentrations of helium. 
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Fig.5 Windage loss as functions of the flywheel speed (a) and of the He concentration at 2625 rpm (b). 

 
3.4 The output power control by rotating stator of flywheel generator 
First, we conducted an experiment that the generator output power was made to change by rotating the stator of 
the manufactured flywheel generator. Figure 6 shows the configuration of the experimental system. Rotation 
speed of the flywheel  was measured using a reflecting photo-interrupter. Rotation angle of the stator fn sθ  was 
detected using a rotary encoder. Slip s  was computed from Eq. (3). 
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Fig. 6 Experimental configuration of flywheel generator output control 
 
Steady voltage of ac 200 V, 50 Hz was applied to the flywheel generator. And when  became rated speed  
(1500 rpm), the stator of the induction motor was made to rotate in the same or reverse direction of the 
flywheel. The direction of stator rotation was made to change at 1 Hz. The measured output power of flywheel 
generator , slip 

fn 0n

fP s , flywheel rotation speed , and stator rotation speed n  are shown in Fig. 7. When the 
stator was made to rotate in the same direction as the flywheel, 

fn s

s  became positive and the flywheel was 



accelerated. While the stator was made to rotate in the opposite direction, s  became negative and the flywheel 
was slowed down. It can be confirmed that s  varies by the stator rotation, which it does discharge and charge 
from the flywheel generator. 
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Fig. 7 Time traces of output power of flywheel generator , slip fP s , flywheel rotation speed , stator rotation speed n . fn s

 

 
Fig. 8 Measured voltage and current waveforms in a charging phase (a) and in a discharging phase (b). 

 
Figure 8 shows voltage and current waveforms of experimental results. Fig. 8(a) shows charging waveforms, 
and Fig. 8(b) discharging waveforms of flywheel generator. It is confirmed that there is no generation of higher 
harmonics 
 
4. Summary 
We developed a 10-kW rotating stator type flywheel generator for a practical application. The stator of an 11-
kW squirrel cage induction generator is coupled with a 0.4 kW induction motor by a timing belt. The stator is 
able to rotate freely, since a turntable supports the induction machine. Experiments revealed the feasibility of 
the power fluctuation compensation by the stator rotation of a flywheel generator. And the electric power 
control without harmonics was demonstrated. By using this device, it is possible to realize a low-cost power 
fluctuation compensator or instantaneous voltage dip compensator. 
 
 


