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Table 1 Common energy storage technologies and their application in power system >

/MW /%
100 ~ 2000 4~10h 60 ~ 70
100 ~ 300 6~20h 40 ~ 50
0.005 ~5 155~ 15 min 70 ~ 80
0.01~20 I ms ~ 15 min 80 ~95
0.001~0.1 Is ~ 1 min 70 ~ 80
0.001 ~ 50 1min~3h 60 ~ 70
NaS Li 0.001 ~ 10 Imin~9h 70 ~ 80
0.01~0.1 1~20h
2
2.1
point of common coupling PCC
2.1.1
13
V-Q 6
14 double fed
induction generator DFIG
DFIG
15
16
PCC
x/r
2.1.2
2 a b
17 10%
25%
.DFIG DFIG
DFIG DFIG
0 b DFIG
DFIG b
2.2

LVRT pPCC



117

19
E.ON
1
2.3
f WpPP
Cmax—
f WPP
2.4
23
400 MW
2.5
25
3
3.1

18

PCC
§
S
=)

LVRT
LVRT

1

LVRT

C o
Swee = fm x 100%

1%

DFIG

Nord Pool

14

max

L

max

21

24

FCRPS Federal Columbia River Power System

105 1

75

60 |
45 |
30 |

15

90

R LA fF 4321847 DX Ak

RELALZE TIHLX 3

0

500 1000 1500 20002500 3000 3500 4000
t/ms

E.ON LVRT

Fig. 1 Requirements for LVRT of wind generator of

E.ON Company in Germany

20

22

5% .

PCC

GB 12326—2000 GB 14549—93

26-27



118 38

PCC
28
0.369 Hz 0.095 Hz
26 29-30
15 31
DFIG
32
3.2 LVRT
LVRT . 20 33-34
LVRT LVRT
LVRT 2 % a
b
T H
dll
N
.% T T %ﬂ
3536 BRI
2 DFIG LVRT
LVRT Fig. 2 Diagram of appendix circuit for LVRT of DFIG
34 LVRT 2 a
Crowbar 2 b Flux
2 LVRT
Crowbar .
37 STATCOM/BESS battery energy storage system LVRT
STATCOM/BESS LVRT . DFIG
LVRT ms ms
LVRT
LVRT 2 a b
LVRT
3.3
WPP .
38 WPP 3
WPP pPCC . 39
WPP



1 119

wPP wpPP wpp
3.4
40 DSTATCOM/BESS
27
ms
3.5
_ . 41-42
Canary -
43-44
45
20 MW 50 MW 1.9 ~6.6
4
a.
b. LVRT ms
C.
WwWPP
d.
e.

1 World Wind Energy Association. Highlights of the world wind energy report 2008 EB/OL . 2009-02-12 2009-02-28 .http //www.
wwindea . org/home/index. php.

2 . J . 2008 32 7 1-9. ZHANG Wen-liang QIU Ming LAI
Xiao-kang. Application of energy storage technologies in power grids J .Power System Technology 2008 32 7 1-9. in Chinese

3 TER-GAZATIAN A. Energy storage for power systems M . Stevenage Michel Faraday House 1994.



120 38

4

10

11

12

13

14

15
16

17

18

19

20

21

22

23

SCHOENUNG S M BURNS C. Utility energy storage applications studies J .IEEE Transactions on Energy Conversion 1996 11 3 658
-665.
Energy Storage Association. Energy storage technologies and applications EB/OL . 2008-05-10 2008-12-10 . http //www.
energystorage . org.
SCHAINKER R B NAKHAMKIN M. Compressed-air energy storage CAES  overview performance and cost data for 25 MW to 220 MW
plants J .IEEE Transactions on Power Apparatus and Systems 1985 104 4 791-795.
AKAGI H SATO H. Control and performance of a double-fed induction machine intended for a flywheel energy storage system J .IEEE
Transactions on Power Electronics 2002 17 1 109-116.
REHTANZ C. Systemic use of multifunctional SMES in electric power systems J .IEEE Transactions on Power Systems 1999 14 4
1422-1427.
J. 2006 30 8 92-96. ZHANG Hui-yan WEI Tong-zhen QI
Zhi-ping. Study on ultracapacitor energy storage J .Power System Technology 2006 30 8 92-96. in Chinese
ANTHONY G C ALVINJ S JOHN L S et al. Rigid separator lead acid batteries C/OL //Proceedings of the 11" Battery Conference on
Application and Advances. Long Beach California USA s. n. 1996 279-282 2002-08-06 2008-12-12 .http //ieeexplore. ieee.
org/xpls/abs_all.jsp arnumber = 485009.
HAWKINS ] M ROBBINS T P. A field trial of a vanadium energy storage system C/OL //Proceedings of the 23" International
Telecommunications Energy Conference. Edinburgh Scotland UK s. n. 2001 652-656 2002-08-07 2008-12-12 . http //
ieeexplore. ieee. org/xpls/abs_all.jsp arnumber = 988634.
KAMIBAYASHI M NICHOLS D K OSHIMA T. Development update of the NaS battery C/OL //Proceedings of IEEE Power
Engineering Society Transmission & Distribution Conference and Exhibition. Yokohama Japan s.n. 2002 1664-1668 2003-02-19
2008-12-12 .hitp //ieeexplore.ieee. org/xpls/abs_all.jsp armumber = 1176850.
HA T L. SURYA S. Analysis of voltage stability and optimal wind power penetration limits for a non-radial network with an energy storage
system C/OL //Proceedings of IEEE Power Engineering Society General Meeting. Tampa Florida USA  s.n. 2007 1-8 2007-07-23
2008-12-12 .http //ieeexplore.ieee. org/xpls/abs_all.jsp arnumber = 4275501.
CHI Yong-ning LIU Yan-hua WANG Wei-sheng. Voltage stability analysis of wind farm integration into transmission network C/OL //
Proceedings of International Conference on Power System Technology. Chongging China s.n. 2006 1-7 2007-02-26 2008-12-12 .
hitp //ieeexplore.ieee. org/xpls/abs_all.jsp arnumber = 4115920.
D . 2006.
ZHOU Feng-quan JOOS G ABBEY C. Voltage stability in weak connection wind farms C/OL //Proceedings of IEEE Power Engineering
Society General Meeting. San Francisco USA  s.n. 2005 1483-1488 2005-08-01 2008-12-12 .http //ieeexplore. ieee. org/xpls/
abs_all.jsp arnumber = 1489210.
HORNE J FLYNN D LITTLER T. Frequency stability issues for islanded power systems C/OL //Proceedings of IEEE Power
Engineering Society Power Systems Conference and Exposition. New York USA s.n. 2004 299-306 2005-04-18 2008-12-12 .
http //ieeexplore. ieee. org/xpls/abs_all.jsp arnumber = 1397455.
J. 2007 31 7 78-82. GUAN
Hong-liang ZHAO Hai-xiang CHI Yong-ning et al. Requirement for LVRT capability of wind turbine generator in power system J .
Power System Technology 2007 31 7 78-82. in Chinese
J. 2007 31 23 84-89. WANG Wei SUN
Ming-dong ZHU Xiao-dong. Analysis on the low voltage ride through technology of DFIG J . Automation of Electric Power Systems
2007 31 23 84-89. in Chinese
J. 2008 32 10 50-53. LIAO Ping LI Xing-yuan. A survey on
calculation methods of wind power penetration limit J .Power System Technology 2008 32 10 50-53. in Chinese
LUO C L BOON-TECK O. Frequency deviation of thermal power plants due to wind farms J .IEEE Transactions on Energy Conversion
2006 21 3 708-716.
LENNART S LUTZ H ANTJE O et al. Experience from wind integration in some high penetration areas J .IEEE Transactions on Energy
Conversion 2007 22 1 4-12.
J. 2007 31 6 88-92. LI Yu FAN
Gao-feng LI Qing et al. The impact of Dabancheng wind farm integration on power quality of Xinjiang power grid J . Power System
Technology 2007 31 6 88-92. in Chinese



121

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

41

42

HOLTTINEN H. Optimal electricity market for wind power J .Energy Policy 2005 33 2052-2063.
BROOKS D KEY T FELTON L. Increasing the value of wind generation through integration with hydroelectric generation C/OL //
Proceedings of IEEE Power Engineering Society General Meeting. San Francisco USA  s.n. 2005 1923-1925 2005-08-01 2008-12-
12 .http //ieeexplore.ieee.org/xpls/abs_all.jsp arnumber = 1489544 .
J. 2001 21 12 63-66. CHEN
Xin-ying LIU Meng-jue SHAN Yuan-da. Application of super conducting magnetic energy storage system—SMES in wind power system
of network-forming J . Proceedings of the Chinese Society for Electrical Engineering 2001 21 12 63-66. in Chinese
I 2008 28 4 1-4.
ZHANG Bu-han ZENG Jie MAO Cheng-xiong et al. Application of series-parallel energy storage system with super-capacitor in wind
power generation J . Electric Power Automation Equipment 2008 28 4 1-4. in Chinese
TOMKOI A TAKAHASHI R MURATA T et al. Smoothing control of wind power generator output by superconducting magnetic energy
storage system C/OL //Proceedings of International Conference on Electrical Machines and Systems. Seoul Korea s.n. 2007 302-
307 2007-12-26 2008-12-15 .http //ieeexplore.ieee. org/xpls/abs_all.jsp arnumber = 4412245.
MOHD H A TOSHIAKI M JUNJI T. Stabilization of power system including wind generator by fuzzy logic-controlled superconducting
magnetic energy storage C/OL //Proceedings of International Conference on Power Electronics and Drives Systems. Kuala Lumpur
Malaysia s.n. 2005 1611-1616 2006-04-18 2008-12-15 .http //ieeexplore.ieee.org/xpls/abs_all.jsp arnumber=1619946.
ABBEY C JOOS G. Supercapacitor energy storage for wind energy applications J .IEEE Transactions on Industry Applications 2007 43
3 769-776.
JENKINS E J N. Comparison of the response of double fed and fixed-speed induction generator wind turbines to changes in network
frequency J .IEEE Transactions on Energy Conversion 2004 19 4 800-802.
J. 2008 28 29 111-116.
SUN Chun-shun WANG Yao-nan LI Xin-ran. Synthesized power and frequency control of wind power generation system assisted through
flywheels J . Proceedings of the Chinese Society for Electrical Engineering 2008 28 29 111-116. in Chinese
RICHARD P NICHALAS M JUAN S et al. Integrating large wind farms into weak power grids with long transmission lines C/OL //
Proceedings of IEEE Power Engineering Society Transmission & Distribution Conference and Exhibition Asia and Pacific. Dalian China
s.n. 2005 1-7 2005-12-05 2008-12-15 .hitp //ieeexplore. ieee.org/xpls/abs_all.jsp arnumber = 1546993.
JOOS G. Wind turbine generator low voltage ride through requirements and solutions C/OL //Proceedings of IEEE Power and Energy
Society General Meeting Pittsburgh Pennsylvania USA  s.n. 2008 1-7 2008-08-12 2008-12-15 . http //ieeexplore. ieee. org/
xpls/abs_all.jsp arnumber = 4596605 .
HE Yi-kang HU Jia-bing ZHAO Ren-de. Modeling and control of wind turbine used DFIG under network fault conditions C/OL //
Proceedings of the 8" International Conference on Electrical Machines and Systems. Nanjing China s.n. 2005 986-991 206-06-19
2008-12-15 .http //ieeexplore.ieee. org/xpls/abs_all.jsp arnumber = 1574925.
XIANG Da-wei LI Ran TAVNER P J et al. Control of a doubly fed induction generator in a wind turbine during grid fault ride-through
J .IEEE Transactions on Energy Conversion 2006 21 3 652-662.
MUYEEN S M TAKAHASHI R MURATA T et al. Stabilization of wind farms connected with multi-machine power system by using
STATCOM/BESS C/OL //Proceedings of International Conference on Electrical Machines and Systems. Seoul Korea s.n. 2007
232-237 2007-12-26  2008-12-15 .http //ieee xplore. ieee. org/xpls/abs_all.jsp ~arnumber = 4412232.
LI Wei JOOS G. Comparison of energy storage system technologies and configurations in a wind farm C/OL //Proceedings of Power
Electronics Specialists Conference . Orlando Florida USA s.n. 2007 1280-1285 2007-10-08 2008-12-15 .hitp //ieeexplore. ieee.
org/xpls/abs_all.jsp armnmumber = 4342177.
D . 2001.
MOLINA M G MCRCADO P E. Control design and simulation of DSTATCOM with energy storage for power quality improvement C/
OL //Proceedings of IEEE Power Engineering Society Transmission & Distribution Conference and Exposition Latin America. Caracas
Venezuela s.n. 2006 1-7 2006-08-18 2008-12-15 . hitp //ieeexplore. ieee. org/stamp/stamp. jsp tp = &arnumber =
4104667 &isnumber = 4104474 .
BUENO C CARTA ] A. Technical-economic analysis of wind-powered pumped hydrostorage systems part I model development J .
Solar Energy 2004 78 382-395.
BUENO C CARTA ] A.Technical-economic analysis of wind-powered pumped hydrostorage systems part I model application to the
island of EI Hierro J .Solar Energy 2004 78 396-405.



122 38

43 EDGARDO D C PECASLOPES J A.Optimal operation and hydro storage sizing of a wind hydro power plant J .International Journal of
Electric Power & Energy Systems 2004 26 10 771-778.

44 . - I 2008 36 1 58-62.
TAN Zhi-zhong LIU De-you OU Chuan-qi et al. Optimal operation model for wind-powered pumped storage system J . Journal of
Hohai University Natural Sciences 2008 36 1 58-62. in Chinese

45 . - J. 2009 33 6 13-18. LI
Qiang YUAN Yue LI Zhen-jie et al. Research on energy shifting benefits of hybrid wind power and pumped hydro storage system
considering peak-valley electricity price J .Power System Technology 2009 33 6 13-18. in Chinese

Progress on application of energy storage technology in wind power integration

LI Qiang' YUAN Yue! TAN Ding-zhong’
1. College of Electrical Engineering Hohai University Nanjing 210098  China
2. Jiangsu Electric Power Company Nanjing 210024  China

Abstract The classification and application range of energy storage technology are briefly introduced. Challenges for
large-scale wind power integration are summarized. With regard to the problems in system stability low voltage ride-
through ability of wind the turbine generator wind power penetration power quality and economical operation of the
power system induced by the grid integration of wind power the recent progress of solutions based on the energy storage
technology is discussed and the advantages and disadvantages of various schemes are analyzed. Based on the existing
research achievements and the characteristics of the energy storage technology some suggestions are proposed for the

application of energy storage technology in wind power integration.

Key words energy storage technology wind power integration voltage stability low voltage ride-through wind power
penetration





