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Experimental Verification of General-Purpose Flywheel Energy System
for Multiple Parallel Operations
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This paper describes the performance of a power-leveling system with a 3.0-MJ, 9500-r/min flywheel energy storage. For the
purpose of cost reduction, this system uses low-cost structures for the flywheel and the components used in the general-purpose
products. Time delay of the measurement circuit limits the power control performance. To overcome this problem, a time delay
compensation scheme based on the Smith predictor is used in the power control to improve the control performance of power
regeneration. Consequently, the setting time is reduced by 40% as compared to the case when the compensator is not used. In
addition, the effectiveness of power-leveling control in a prototype is evaluated experimentally. From the harmonics analysis, it
was confirmed that power fluctuation was suppressed up to 84.6%. Furthermore, analysis of the vibrations during the
power-leveling operation is carried out using an acceleration sensor. From the results, it was confirmed that the vibration levels of

the prototype are sufficiently low.
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Table 1. Comparison of the proposed sytem and conventional system.

Evaluation item

Specially designed

Proposed Flywheel

General purpose

Bearing Magnetic Bearing Ball bearing
Special high speed General purpose
Motor
motor motor
Equipment Exclusive design is Exclusive design is
Inverter . .
essential not required
X L It is possible to use
Exclusive design is . .
Controller . inexpensive
essential R
microcontrollers
x O
. (Change of (Specification can be
E 1
xpandability specification is changed by number
Performance impossible) of parallel)
Ener A
& @] (Rotation speed is
Density oo A
limited by bearing)

i e A .
Fig.1. Photograph of the prototype Flywheel System. This

system adopts general purpose ball bearings in order to reduce
costs and improve performance because the rotational speed is
suppressed within 9500 r/min.

Table 2. Specification of the Flywheel system.

Rated voltage 200V
Rated current 126A
Rated speed of rotation 9500r/min

Accumulated energy 3.0MJ

Weight of FW 241kg

Diameter of FW 45cm

Energy density 17.2 kJ/dm®
. Vacuum case
39200V Bearing
3 . | General
Regenerativel
converter p UTpoOse
nverter
A
' -+ . .
PIC L. _I .4 Oil Vacuum
micom P pump pump
Controller
Inverter FRENIC5000G11
Controller PIC16F887
Sampling Time 20ms

Fig.2. Configuration of the Flywheel system including the accessories
parts.
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(b)With smith predictor.
Fig.3. Block diagram of time delay compensation scheme based on Smith
predictor. This compensation eliminates the effect of delay time by
estimating the output of the controlled object G(s) after the lapse of delay
time.
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(b)With smith predictor.
Fig.4. Step response of the regeneration power on the experimental
results. The experimental conditions are as follows; the steady rotation
speed is 6000 r/min and the load is changed from 0.0 kW to 2.0 kW.
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(b)Phase characteristic.
Fig.5. Bode diagram of the demonstrated flywheel system when Smith
predictor is applied. (Rotation speed is 6000 r/min)

Induction  Flywheel

PWM rectifier Inverter machine
30200V
3
6944Ki L Jﬁi
i f pload
I Step down Powor

T Chopper || cier |—>| HPF |

Fig.6. Configuration of the experimental system for the power fluctuation
compensation. By using the step down chopper, this system simulates the
power fluctuations which caused PV.
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Fig.7. Experimental results of the power fluctuation compensation
control when applying Smith predictor.
(Rotation speed is 5500r/min)
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Fig.8. Harmonic analysis during the power fluctuation compensation
control. The experimental conditions are similar to Fig. 9.
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Fig.10. Analysis of the vibration velocity during the power fluctuation
compensation control.

D DR L WERERERTHS 2 Edbhote, Lt
Mo T, T3 O CHEE DR E, B % (KR
FTHERY MZEDEEAT S 2 L TRBE S b A
ETHHEBELDLND,

6. #&am

KBTI, WA v A— 2 ETHID b T v AT 22—,
PIC ~ A a2V ZHAE LY CHENBIER 7 7 A K
A —NVBENITHEBOBREELIT oIz, RUAT AT, K
X RBHEENEMAE S T AR BEL, A IAEICE
% MBI A E AT 5 2 L TR D SR EE T - 72,
FEBRER LY, MEREEAT D 2 & TEERERHA 40 %K
WL, HEBKRERAREIC X D HIEMERE O BB A R T E T,
EbIT, AIET AT L& TR ZE B I 0O FERER
BRAEATVY, 7 T4 KA — AV ORMEIC L EBNEAT

IEEJ Trans. ©@,V0.0@®, No0.O®, 000



T T A RA I AT A D ERERGEE

(OHsiE —, fil)

% 1 O Rotation Trequency component " ]
v
0.8- -
=} 4
'3 0.6 _
s | Carrier frequency 7
204k Natural frequency duency
g component
.% 02 I component
5T X ]
> 0.0 et ahmate wdhe
10 100 1000 10000

Frequency[Hz]

(a)Radial direction
— 2.5 0 T
2 Rotation frequency component |
E 20F -
2 T 1
8 1L5F —
[ o B
10} -
=t - . . . i
g 0s L BearlngDhbratlon ]
> 0.0 [ L @—*‘P |

10 1000 10000
Frequency[Hz]
(b) Axial direction

Fig.11. Harmonic analysis results at maximum vibration velocity in each
direction.

Vibration acceleration[m/s?]

b

—_—

00 1000
Frequency[Hz]

10000

Fig.12. Harmonic analysis result at maximum vibration acceleration.
(Axial direction)

84.6 %I TE 5 Z L MR LT=, £/, BHLEHEENE

W OAREN AT 22171,

AR S AT LS R O LY 7T HE

RIFEI L~V THDZ EEHLMIC LT, S%ITEB O
i AT A BEOBROFFMZIT\, BSIL B E
ELTOREZB ML TV,

X ik

M

@

3

@

B.H.Kenny, P.E.Kascak, R.Jansen, T.Dever, W.Santiago : “Control of a
high-speed flywheel system for energy storage in space applications” ,
IEEE Trans on Industry Applications, Vol.41, No.4, pp.1029-1038(2005)
K.Murakami,M.Komori,H.Mitsuda : “Flywheel Energy Storage System
Using SMB and PMB” ,IEEE Trans on Applied Superconductivity, Vol.17,
No.2, pp.2146-2149(2007)
Z.Kohari, Z.Nadudvari, L.Szlama, M.Keresztesi, I.Csaki : “Test Results of
a Compact Disk-Type Motor/Generator Unit With Superconducting
Bearings for Flywheel Energy Storage Systems With Ultra-Low Idling
Losses” , IEEE Trans on Applied Superconductivity, Vol.21, No.3,
pp-1497-1501(2011)

F.N.Werfel, U.Floegel-Delor, T.Riedel, R.Rothfeld, D.Wippich, B.Goebel,
G.Reiner, N.Wehlau : “A Compact HTS 5 kWh/250 kW Flywheel Energy
Storage System” , IEEE Transactions on Applied Superconductivity,

(%)

(6)

M

®)

©)

(10)

(11

(12)

R E -

Vol.17, No.2, pp.2138-2141(2007)

M. Strasik, P. E. Johnson, A. C. Day, J. Mittleider, M. D. Higgins, J.
Edwards, J. R. Schindler, K. E. McCrary, C. R. Mclver, D. Carlson, J. F.
Gonder, and J. R. Hull: “Design, Fabrication, and Test of a 5-kWh/100-kW
Flywheel Energy Storage Utilizing a High-Temperature Superconducting
Bearing” , IEEE Transactions on Applied Superconductivity, Vol.17, No.2,
pp.2133-2137(2007)

J.Shibata, K.Ohishi, I.Ando, M,0Ogawa : “Fine output voltage control for
inverter system having nonlinear load and time-delay” , IPEC-Sapporo, pp.
1541-1546(2010)

Bingchang Ni, C.Sourkounis : “Energy Yield and Power Fluctuation of
Different Control Methods for Wind Energy Converters” , IEEE
Transactions on Industry Applications, Vol.47, No.3, pp.973-978(2011)
K.Izawa, S.Ichikawa : “Development Report for High Speed Flywheel” ,
JAXA Research and Development Report(2008)
H.Kanki, K.Adachi, M.Uratani, T.Kawada :
misalignment to rotor vibration” , The Japan Society of Mechanical
Engineers Kansai Branch, Vol.84, pp.12-24(2009)(in Japanese)

RETE, ZEME, WAES, NAEF: (m—FDIRATIFA A
P AMRBNC RIS IR BB 28], B AR 2 B Ve SR
25 SCAE, Vol.84, pp.12-24(2009)

H.Hiroki, T.Sato, M.Taguchi, J.Okamoto, K.Nagahashi
method and calculation method of motor exciting force” , Dynamics and
Design Conference 2000, pp.217-221(2000)(in Japanese)

KR, ElEA—, BREZ, MARERS, BfR : [E— 2R
HOFHNER L OGFHREORT ), AR SRS - FHUE
BGEERR SCEE,  pp.217-221(2000)

Al.lgarashi, “Noise of Rolling Bearings and Countermeasures ~

“Study of influence of

: “Measuament

Transactions of the Japan Society of Mechanical Engineers, Vol.80, pp.
1167-1171(1977)(in Japanese)

FARIES  [ZAR 05 &L 20X, HARBMRY: X3,
Vol.80, pp. 1167-1171(1977)

S.Ishizu, E.Uchida, K.Omori, R.Shimada,
M.Tanimoto, Y.Jifuku, H.Yatsuboshi :
IEEJ  Trams. 1A,

I.Takahashi, K.Tanaka,
“ Energy storage system for

Industrial ~ Application ” | Vol.109, No.10,

pp.705-716(1989)(in Japanese)

B —, WHSET, KARE MR, BHEE—, &R, Ah—2, 5
A S, HiRgENE N, RS - TEEREM — L X —#iEE ) | BR
5@ D, Vol.109, No.10, pp.705-716(1989)

(EB) 197241 A 6 BAEMN, 199643 A,
FBITR 7R F KRB LA e RHE Liie
BT, [FE 4 A, ELEHE ) Atk 2004
o4 A, RMEENRERPES RIS, Bl
TEICE D, EICEEMER, BEEEHIE O
MR ptd, Mt (U5 (BEMBEER
F)o 2007 5 63 [ R TANIR L E A E =
¥, IEEE &5

Ho o

(FAB) 19894 7 H 7 HAEh, 201243
A, ERENRPRYRYE, FAE 4 ARKYR
R L RRHE LR B R E T E R LR
Yoz, BIEICED, EICENERIAE IR
I HWIIHETR,

IEEJ Trans. ©@,V0.0@®, No0.O®, 000



T IARA =N AT AOEMEREE ((FHE—, fh)

B E R # (GERB) 198847 A 25 AAEEA, 2013 4E 3
A, REBIRAHFRFRF B L ERHE L
AEMWANSE TP ERE T, SUEICED, £
27 T A KA —VIZBET BT,

w B g (FE£B) 1972410 A 18 HAEE N, 1999 4E 9
A, FALRFRZERE T FeRIZe 528 T8
B RS T, FE 11 A, S5
Fo 2005 4 A, ERMEANEFF AR UE
Hft, BUEICED, Bl V¥ —2H, H
ARRET R X —FH OIS, L (T
%) (HALKF), IEEE =5,

IEEJ Trans. ©@,V0.0@®, No0.O®, 000



