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2%, HAERZ BN 5 T B iR 22 20T AR
5 UL T A SO A s O S RE A BT T R
A —E R PUBAE ; 53 50, AR SCEE R 1A 5
PR THRI [E] 2 2.20 s, 38 TS BR AR A ST

5 it

AR SCHESE T — ] TR oL S e R LY
REFEC ALY, 32 H L T =4k PLF-ADP B3k I 7E 26
oAb ms , Bl b i H Y SE R e A R AL T
— PR AR R T . ASCRAREEBANT

DIERGHERTN 7 5T, r g A R 6% 11 S s
HL i RE BV R AR PR AT 0 MRS AT, S5 A Bl
A HL BEARE R O I BEAFE A

DL BT 5N A SR IE R g 45 1A
T Myopic % B . MPC 515 Al —4E | — 4 PLF-ADP 5.
B O B B H R RE BUAS AR, P AR 22 R
1.93 % , 13 B iy £ 550925 B 08 1 6 IXUHE 3 7 OB AR
A NG N = WA R i L R AR IR e N MR 2
BE T MSERT AR AL, SR UEEE O I 2 s T

3) 53 B pRBOE AUE PR Ay 38 ] T RE DT
4, EXT RS HhoC R At A B 67 far A AR G A S A RICR, o

P S LA ) W 25 18 (http : / www.epae.cn) o
S 230k
[ 1] 30, 2020 4E b R Kl b A At i i (R]. B B

[2

[

[6

[

[10]

[11]

[12]

[13]

[14]

[15]

3L F T 75 AT BRAY B, 2020.

[ ZZREMUR) . 2020 4F At 23 JIT AL [A] [ 1< 3.1 % [EB / OL].
(2021-01-20) [2021-05-30]. http: /www.nea.gov.cn / 2021-01 /
20/ ¢_139682386.htm.

AR . 3RO AE N S AEUR o0+ 2020 4 AGE EB /
OLJ. (2018-02-08)[2021-05-30]. hltp://it.people.cnm.cn/ nl /
2018 / 0208 / ¢1009-29812122.html.

Tl A B B R R . A B O B R R |
(2018)[M]. bt ARSHEHLHMAE,2019:7-14.

T, R MR 2L AF . RRIRELIBEN  AYEE O g
W] Ay A ki, 2020,40(7) : 1-9.

FENG Cheng, WANG Yi,CHEN Qixin,et al. Review of energy
management for data centers in energy Internet[J]. Electric
Power Automation Equipment,2020,40(7):1-9.
MIRHOSEININEJAD S,MOAZAMIGOODARZI H,BADAWY G,

et al. Joint data center cooling and workload management: a

L

thermal-aware approach[J]. Future Generation Computer Sys-
tems,2020,104:174-186.

CHEN T Y,ZHANG Y,WANG X,et al. Robust workload and
energy management for sustainable data centers[J]. IEEE Jour-
nal on Selected Areas in Communications,2016,34(3):651-664.
ESFAR, K EELL A TR R TR R R 4 53
AR AHREL HARE iz 7)), 01 A 3 ks, 2020,40(1) :
125-132.

WANG Shouxiang, ZHANG Shantao, WANG Kai, et al. Multi-
objective optimal operation of distributed energy storage con-
sidering user demand response under time-of-use pricelJ].
Electric Power Automation Equipment,2020,40(1):125-132.
PRI SR R SF L T B ST I A R i R TR 08 1 AT
DEALIREE RN LT ). ) A Sk #,2020,40(7) :128-133, 140.
LI Junhui,ZHANG Jiahui, MU Gang,et al. Day-ahead optimal
scheduling strategy of peak regulation for energy storage con-
sidering peak and valley characteristics of load[J]. Electric
Power Automation Equipment,2020,40(7) :128-133,140.
TRBA . ZIH A O B REAE A AR S AL BT D] &
JE : R A R AR, 2015,

ZHANG Shuben. Modeling and optimization for energy cost
of data center in cloud Cnmputing[DJ.
Science and Technology of China,2015.
LI Jie, BAO Zhen, LI Zuyi. Modeling demand response capa-

Hefei: University of

bility by Internet data centers processing batch computing jobs
[J]. IEEE Transactions on Smart Grid,2015,6(2):737-747.
WANG Hao,HUANG Jianwei, LIN Xiaojun,et al. Proactive de-
mand response for data centers:a win-win solution[J]. TEEE
Transactions on Smart Grid,2016,7(3):1584-1596.
TRAEA, X ARAR . KOGK AN K HL R G5 5 KA A o B3
ROPLALTRETTILLT ). HURIEAR,2019,43(7) :2449-2460.

WEN Zhengnan, LIU Jichun. A optimal scheduling method for
hybrid wind-solar-hydro power generation system with data
center in demand side[J]. Power System Technology, 2019, 43
(7):2449-2460.

SRIOAR , 50 BBE 55 IR A AN PR A S ST R, 1 )
BORA B HE LA BE R [T]. W 1 B sk 4, 2017, 37(9)
131-138.

ZHANG Xudong, WANG Haojing, WU Geng, et al. Robust po-
wer-loss cost optimization model considering price uncertainty
for active distribution network[J]. Electric Power Automation
Equipment,2017,37(9) : 131-138.

XUBE SR A, 55 T 1) R O R R SE L ]
ML Bk 4, 2017,37(4) : 133-139, 146.

LIU Shu, ZHANG Gaoyan, SHI Shan, et al. High-quality po-



& 10 ST A I AR IS T R L SN B ®

wer-supply for data center[J]. Electric Power Automation
Equipment,2017,37(4):133-139, 146.

[16] WANG Z K,TOLIA N,BASH C. Opportunities and challenges
to unify workload, power, and cooling management in data
centers [ C] //Pr()ceedings of the Fifth International Workshop
on Feedback Control Implementation and Design in Computing
Systems and Networks-FeBiD’10. Paris, France: ACM Press,
2010:41-46.

[17] mW, W meiR =S4k, 4 i bl i RRAT B S 2 5 75 sk

BRI REER LT W) RS A 801k, 2017,41(23) 1 1-7.
GAO Ciwei, CAO Xiaojun, YAN Huaguang, et al. Energy ma-
nagement of data center and prospect for participation in de-
mand side resource scheduling[J]. Automation of Electric Po-
wer Systems,2017,41(23):1—7.

[18] CUPELLI L,SCHUTZ T,JAHANGIRI P,et al. Data center
control strategy for participation in demand response programs
[J]. IEEE Transactions on Industrial Informatics,2018,14(11):
5087-5099.

[19] RAHMANI R, MOSER I, SEYEDMAHMOUDIAN M. A com-
plete model for modular simulation of data centre power load
[EB/OL]. [2021-05-30]. https: //www.researchgate.net / publi-
cation/324181793_A_Complete_Model_for_Modular_Simulation_
of_Data_Centre_Power_Load.

[20] DAS R,KEPHART J O,LENCHNER J,et al. Utility-function-
driven energy-efficient cooling in data centers|C]//Proceedings
of the 7th International Conference on Autonomic Computing
ICAC’10. Washington DC,USA:CM Press,2010:61-70.

[21] SO/ A 77, ST, 45 B X RS R 1 & R 4
A1) BTHAR AR, 2015,30(24) : 188-195.

Al Xiaomeng, HAN Xingning, WEN Jinyu, et al. Robust unit

commitment considering wind power ramp events[J]. Transac-

tions of China Electrotechnical Society,2015,30(24):188-195.

(22] Ui BT ARSI M (ADP) B I H A 7ELR LIS 1107

BAPFELD ] B AR PR, 2019.
SHUAI Hang. Intra-day on-line optimization strategy for mi-
crogrid operation based on approximate dynamic programming
[D]. Wuhan:Huazhong University of Science and Technology,
2019.

[23] CHEN Z,WU L,SHAHIDEHPOUR M. Effective load carrying
capability evaluation of renewable energy via stochastic long-
term hourly based SCUC[J]. IEEE Transactions on Sustai-
nable Energy,2015,6(1):188-197.

[24] POWELL W B. Approximate dynamic programming: solving
the curses of dimensiunality[M]. New York, USA: John Wiley
and Sons.,2007:501-505.

&=

FF(1997—), %, HALRE M A+
B, E BB GGARIE P E T
4% FEALX] (E-mail: wuyunyun_scu@163.com) ;

7 FZR(1985—), 5, 4 im T A, 3K
B WL, TR T @A AR A TGS
B R A Hr R et ALiE 474 (E-mail: jfa@hust.
edu.cn);

A E(1986—), B 3L FRA, 813
B, B, R 2R G @ AIRRR
AT 5 AR AR I AL AR S5 3R 4T BB AR AL S5 4L
Ny 4745"1 2 AR THF

edu.cn),

W

2 —
KA =

(E-mail: xiaomengai@hust.

(4w%E L2 E)

Real-time energy management of data center considering coordinated operation of
multiple types of energy storage
WU Yunyun',FANG Jiakun', Al Xiaomeng',XUE Xizhen',HU Wei*,SHEN Yu*,WEN Jinyu'
(1. State Key Laboratory of Advanced Electromagnetic Engineering and Technology,
Huazhong University of Science and Technology, Wuhan 430074, China;
2. State Grid Hubei Electric Power Research Institute, Wuhan 430077, China)

Abstract: With the development of “Internet+” and cloud computing,the energy consumption of data centers
is increasing rapidly. The problems of high energy consumption and high electricity bills are becoming
increasingly prominent. Energy management and optimization of data centers are important means for opera-
tors to enhance their market competitiveness. However,due to the uncertainty of service requests, electricity
price and renewable energy output,how to ensure the economic real-time operation of the data center is an
urgent problem to be solved. In response to the above problems,a real-time energy management model for
the data center is built,which considers factors such as job scheduling,server sleep policy,coordinated opera-
tion of multiple types of energy storage,and interaction with the power grid. Since the coupling constraints
among the intervals,which exist in both energy storage system and batch jobs,will affect the global optimal
decision of the system, they needs to be decoupled separately. Therefore, a data center real-time energy
management strategy based on multi-dimensional PLF-ADP (Piecewise Linear Function based Approximate
Dynamic Programming) algorithm is proposed. Simulation examples show that the proposed multi-dimensional
PLF-ADP algorithm can consider the coordinated operation of multiple energy storage and batch jobs in the
data center under uncertain environments,and obtain the approximate global optimal real-time energy manage-
ment strategy to ensure the economy of data center operation.
Key words: data center;real-time energy management;approximate dynamic programming;batch jobs; coordi-

nated operation of energy storage;Markov decision process
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Fig.A1 Real-time energy management strategy of data center based on PLF-ADP
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Fig.B1 Forecast information of renewable energy output, workloads in data center and electricity price
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Table B1 Parameters of servers
¥ e SH LVEIES
10,000 Pige kKW 0.12
F 100 T, /h 4
Preac kW 0.2 o /% 10
* B2 BtHIEITESH
Table B2 Operating parameters of battery
ZH Bl 24 VEIES
Ly, /kWh 1,000 Pas kW 200
Ly, /kWh 100 P [KW 200
Lywo /kWh 500 P 0.95
® B3 ERENEITESH
Table B3 Operating parameters of thermal energy tank
ZH e 24 A
Ly /KWh 500 P [kKW 100
Lys /kWh 50 Pa kW 100
Lysy /kWh 250 o 0.95
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Fig.B2 Optimization results of energy storage and batch jobs under various algorithms
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