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Hybrid energy storage capacity optimization configuration for smoothing PV
output based on CEEMDAN-HT
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Abstract: PV output is intermittent and volatile, and the use of energy storage devices can reduce the impact of PV
grid-connected on the grid. A capacity configuration of a hybrid energy storage system (HESS) composed of super
capacitor and battery is proposed based on the effect of smoothing the PV power fluctuation. An algorithm of recursive
average and median average weighted filtering is used to smooth the PV output, and the PV grid-connected power and
HESS reference power are obtained. The high frequency and low frequency components of HESS reference power are
extracted by complete ensemble empirical mode decomposition (CEEMDAN) and Hilbert transform (HT), and the
internal power of HESS is allocated once. Then, in order to avoid frequent over-limits of HESS state of charge (SOC) and
to ensure that HESS can continue to work, this paper proposes a balanced management method of HESS power. This corrects
the attenuation of primary distribution power, and then configures the capacity of the corrected HESS reference power.
Finally, an economic evaluation model is established based on life cycle cost (LCC), and different energy storage capacity
allocation strategies are adopted. The effectiveness and economy of the proposed method are verified by actual data
simulation.
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Fig. 1 Structure of PV-storage system

MRAERE 1Pk, mER@Q). Q).
Pgrid (t) = va (t) + Phess (t) (1)
IDhess (t) = Pba (t) + Psc (t) (2)
Q) A H, BRI S Th & 56 R s a
HIEMEHNEEHERGESEDE, HE
Pe (t) >0, fERERGAH, RZIBRERGFLHL.

1.2 SRR

XF AR LA DI AL 2R, s QIGDW
1617—2015 LR RN HINEARIE D, Jefk



EHR, &

3T CEEMDAN-HT -G IR iR G e B & - 45 -

S IR BRI B IOAH, RESH
XA, AL 1 min WA AL A I LA &
] 10%- 10 min A THARLAN T FEH LA E 1) 30%
NARHE, BT ARSI, BRI IE
KXE)I7-

P,(t)—P, (t—At)

5(@t) =2 x100% 3)

pv.er
A 5() ABIRPEIEIE; P, e R B
JE BENLA B AUNIGARRFEI 1R[], A< SCHL 1 min.
1.3 ERERGHFIRE

fifi e R G TS AR A f HUIRAS |, B
RERARRETEEPEAEME. Soc=1, Y
e RGO, A, Soc=0, UWHIERER
GO TERE. Oy TR RE RS IRE, R
G ok W, B A S SOC Wl 4h 1 e N
Soceg =05+ BRAEBEA[ Socmin + Socma 1o SOC HIZ)
SEREAN

Dol P (D)t
Sec(t-)———2 " pP1)<0
Soc (t) = i
T YOt
Spc(t-1)——=——, PR(t)>0
B 74is
(4)
Kb P() NS ARG RNOEIIR: E, Nk R
G At n, MRS EREEROR, g, | 1,

RN RE RS S HRCRE R RCR s AT NfERER
RATCERS AR o NSRS )
2 HREEHFHIS HESS ThE S EE
2.1 RE W FINEE

I HE P 2 PE PV R AR e AR B Th 2 AT R
FE, BRI RN L AR5 Bk 2 A B 4 A 38— A
B (et t), 2 fax g R gdE R EHCF A1,
T EEEA, 193 E R E R T
JBHEF YA PE R & B BAYE T A5 5 dh R R i
i, B RS, XS A Bkb T (s 5 40|
BORZE, AR TSI R A IR 2, A5 R
FERAER D, FEg R A a0, FE T
PEPBFXT AR e Rt Th 3R AT AR, IR E] M
AN EHE I BRI i RME S e/ ME, 2 J5 X4
B REHCEME, Whatdad, [8R88Fg
HIGR S DhR . A E - B nT v B TR AR Y
kTR B R R 22, TS 5 R S
(EHER NS, W 45 SRt B — 58 R 5 1200,

SCHR [21] 4 H f /> = el & AV SRS AH 45 &
AR, PRI B BAME R AR 1 B/
T ARAUN A AR IR 2 L YR I N A ] R PR
SR PR R i e A AR L, R AHE P 3 A e
ST AA) B AT AL B (CA R TR RR AL e %), AR
AR SN FEE SR E . BTV T
R 1A= (G) s

Py =[P, (t-L/2+1)+P, (t-L/2+2)+L +

P, (1) +L +P, (t+L/2)]/L

(5)
A P (t) NI HE 34385 B 2Btk 5
TN LN HEDES W ORI, ALK
H450).
HE SRR th 7 A X=X (6) s
Pus®) =[Py (t—=M)+P, (t-M +1)+L +

va (t) - va,max - va,min :I/(M - 2)
Xt P () NG E T8 5 Frfs 2R
FHRZhAR; MOIEEEAENEG Py sy Poyin 72051
D UE A M ) B R AR B /M
Il g FE T E A @) R
Pgrid (t) =A1-®)R4 (t) + @P; (1) (7
XA, o FBUHE.
TSGR H bR v ZE SRR EEAUE o RN, 6
R 355 B Z b v 22 an =X (8) 7«
a(t>=\/%i(PpV(t)—P_pv)z ®)
X o) MR sz, JetRiksh @z o
AR n B NG P, AR Th R P
BUE o 15T H AN

(6)

0, oc<h
0= hthl«f—hl), h<o<h, ©)
M, oc=h,

Xt h v h AR bR EZER B IR
©e(01). Ho<hhl, 0=0, BligHR—FFH
SR AL R G R D BRI BN R . R BNERE
RERZ, ol o Wi e, XHFHEMA
P B AT IR B HE S A R A R ks, 4
o =h i, BUH o NN, [ 5w HAE .
2.2 #F CEEMDAN A9 HESS Th&E 2

EMD & —Fp 5 4 50 11 5 & RAE 5 0



- 46 - €& REP B A

7%, AR5 R OR I AN 75 BP0 S 1 B AT T 2 R 2
ZITEN LK SR () AR AR AR R M 5 o —
Z5) [E 45 15245 B8 B (intrinsic mode function, IMF), {H
NRGERGFEESRENS, AESEMNSA —T
H1i% %R, CEEMDAN #& Antico 55 A1t 2014 42
A —F o EMD 8%, 5 E AR E R R A
SS I AR, WA EMD 2@ s IANTA
BRI IMF 2> & . it CEEMDAN 73 fii 15
E|—Fr IMF & )5, BT mrEi s, 53R
K—F IMF i, SRR ZER 7 EE ik
Yo JBILIX P71, AT LA ROk 8 7S M A )
ERAI 3 5 4 3 1) 20,

Ak P (8) AFF R HESS 2% T3, P (1)
SRR

IR 1 W m A IRE  fE 5 P ()
t, BREFE S P () +(-)'sb (t), Hrigq=1.2,
XS T 1EAT EMD 40f#, 13205 1 Bl A AR
By AR N(L0) R

By (Ress (1) + (=1)% by (1) = e (1) +1; (10)

Xrf: E () it EMD 2B 2 1 EE
RS BREL: b (t) il 2 A = T 0 A 1 A e S S
s i=12,L W NI FE RS IR EL & N EMELE;
r AR AR R R &

IR 2 XTI EMD Zr 3210 N B A S
PRFIEAT BN oRF¥MA , 192] CEEMDAN 73 H
MIEE LB AR R £, B

m(t) = %i IMFl,i (t) (11)

IR 3. KR5S 5 CEEMDAN 43 fift (1) 55
1A SR AEZ, BRI LNARE.
L(t) = Bess (1) = Ty (1) 12)
AU A4: AF 1 (t) FRENINIE SRR B R
BEHE S, WEE ST EMD @, 82T
N B[ A RS s 2L (1), B
E(r(t) + (=D eb (1) =1, (1) (13)
YR 5: XTHH EMD Zr 3 21 8T N B A
RS SR B AT BT >R P 341H , 193] CEEMDAN 43
fR e 2 Y E A R, B

=231, 19

IR 6. F 1M 4E S CEEMDAN 20 H i 4
2 YA RS REUEZ, BRE 2 AR

R0 =16 — Ty 1) (15)

BB 7 . EEALE S ALE 6, HERSBNER
BESNRIHRE, TORGk s R IMF, U5
R IE. MR IR I A S R AU KA, A
JFURES B (1) S REE RN

P ) =3 T () + 1 (1) (16)

2.3 EF HT B9 HESS ThE 4L

SCHR[L0] W45 th AN [R] 23 A %) HESS Bie B 1
SO o AN SO AR IR I AT R

A KA W (HT) W — ML B A bR
XMES s()5MHEMES h(t) =1/(at) (FEHRZ 5,
IR FEAS 5 s(b) (1 R5R I A2 R0 B A A7 4R A0 (A5 5
AT, i E S 1 B IE R S W 1S
FITZ MR, HT $2EL CEEMDAN 4 fiif5
A IMF [RS8 1 A2 10 20(17)—30(20) .

e (0) = H{lyei 3 = h(®) % 1, (1) =

[ T @h-)de =2 [ ey
. L[ b

A L, N AEERSEEG 1, N
BUE S h(t) =1/(at) Jo 1% R o

€ ST E 5 RIE XN
z,(t) = m + jm(t) = A(t)e® (18)

s A~ w; (€) 2B I A AR AR AL
b, R ARALA TS50 R

v, (t) =arctan I“"F:'(t) (19
MFi
e 215 2 25N S R U B s A% Ay
1 dy(t)
f(t)=———2 20
(0 o dt (20)
2 b, CEEMDAN-HT #2HU IMF [ st SR 45 4E
FIEFEWE 2 Fios.

75 SP3BT ot 2
Lo » MIXEEh 2k Bk oA R S R S AR
N e, M, ZJEkc, SHEREERE T [
By AT B0, RUEN, dBge e .,
SBERIRRART ¢, KA BT 2N, hER
MR, FB4 HESS Tha/rfiest Kok

P = Tom
= (21)

PO= Y T 1)

i=m+1

Kot P () NEHE MBI S H % B ()



EHR, &

£+ CEEMDAN-HT [-FHI6R TR A i Re A R EL B - 47 -

NEMJEREBIRSFIE, i) IRE.

HESSZH 1%

CEEMDAN%}i#

I
I
I
|‘ =
R
I
I
|

it

[ 2 CEEMDAN-HT 2B IMF BFBJ3R R 2
Fig. 2 Process of CEEMDAN-HT extracting IMF
instantaneous frequency

gE4 2.1 E 2.3 THTR, HESS T3 7 Hic 9k
& 3 i

|

I

|

4 !

‘IMH(!)| |1'r\.n-z(f)| |1“”-{f)‘ | r(t) |:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, !

T R N vy i

g (n | [en ] e [m ] [em ]

Y D D -1

D Y Y — y B

VR o ) (a0 ] - [so ] [wo ]
I

CEEMDAN-HT

e A7 5
G e +omte, Cppy Ty T+ 6
Pylt) Pra(0)

[ 3 HESS 1hZ 4 He Rk
Fig. 3 Strategy of power distribution for HESS

2.4 HESS IhZREEIR

FESERR THLH, it RE%E B 25 A0 AR il Hhidt 47
7o JCH, SOC ARZERER DL A IR BE i FLfs 5 B
T PR N B, K40 5 i R B 4 1,
LTI A AN R, AR E — K
MRS ARG, HESATARE, #ms
[IEH TAE. N TBiikd CEEMDAN i dfiEid
HT EMERRE BbABES A A S H IR 5,
T2 SOC M IEH Y, 75 ZX — Ik LS % 1)
RAATBIEALTE . AR LB LLE SR B e AR
W T, FELUMERES 5 TSR SLm) faf RS N 52

RO — R IR BB I, BRI 4
B

Pra(1)

EA N '+ Poucd1)
) Prrand 1)

| Socwin=Soc(t) = Socma Pl
Pyl1) - T

& 4 HESS ThZRIEIE 5RRE
Fig. 4 Strategy of power modification for HESS

BIESREW T

1) 4P, (t)>0. P()>0F, e R T
VELERRRIRAS HH S F8 5 FE Th 2R R0 SE A faf HIRZS
SR — R BLIh R, DR E R, S
JERRK, RIS A T N R IR R R, T fif
BERGUE— RN TAE G IR EREE, ASCRA
TigRESE E W RE R B INE, B IR VR
EAMEREREE, Hrl KB AR, Ry
AR R E B E S bt . BIEARRw=(22)
Fiw o

Pscxz (t) = Psc (t)[l Vs (t)]

7 (t) — e*Psc (O[+Socse (1]

Prans (1) = Re (D)7 (1) (22)
Pbaxz (t) = Pba (t) [1_ Vba (t)] + Ptrans (t)

7b (t) — e*Pba (O[L+Socpa (1]

ey ) v 7 () AR AN E it S
HEMZERE T s So (1)« Soew () 1B
BORIE IR S far RS P () AR HLE;
Prans (1) ~ P, (t) 73 7 NAE IE 5 (AR 2 H 25 F0 5 Ha it
SEIE,

2) 4R, (M) <0. P (t)<OIf, HIfRERZ T
VEAEZE HARAS,  EH SIEIS 70 1580 P ) 2R R SIC I i HEUIR S
SRR — IR BCTh &, I s Dy 4, M
IEAXPE SRS, R EIEA
H(23) .

Poe (1) = R (1 + 7, (1]

Ve (t) — epsc (O)[1+Socsc (D]

Pbaxz (t) = Pba (t)[l * 7ba (t)] - Ptrans (t)
7/ba (t) — epna (O)[1+Socpa (D]

ZUBIERNSENEP, (1)« B, ) B
T Re R B E -

(23)



=48 - €& REP B A

3 HESSHiEMERSHERERE

3.1 HESS #EIhHRELE

S 2 B I 9] B A e DA 5 2
R ARG TR BT 2 5 R
B, HEE A 55 R B 2 7S A
% WU P LB R A
P, = max {nwnm|nnn[aha)n,9ﬂ1?§5L5E191} (24)

te(ty to+T) dis

K P, () NIERERG RHIIE; P, (1) AfERER
GURHRINR;  t, NRAEVIGEE %,
3.2 HESS SiE B =it E

HRE R G IEH BT, i 2 5 KR SOC B
AMETFIR, FEEHR A SOC MAE T EIR,
SOC iHHITTE WA (4), NItk REsAT F A

SOCmin g SOC (t) g SOCmax (25)

H, Seema > Soemn 7N A HURZS L FIR, R4
EREN TN, FRAESH XA,

H 2 (@25) RN (@) T 1

o max ([P ()t
SOCbeg - SOCmin =
Epe7ais (26)
R QAT
Uwﬂm'“m(L &(ﬂdq
SOCmax - SO(:beg = E
hr

FEW AR N Z PR SRR, Oy ik s s
DAEEOR, B, MBI 2 X (26) I E/ME, IS

- max( [ Pe(t)dt)
hr,dis M4is (Socbeg - j:c min) (27)
ot min [ P Ok
Ehr,ch =
SOCmax - SOCbeg
R, By By 2 BIHKAE RS N2 B A
RANTRHAR,

£ SOC AR, WM EE, Nk EE
(A=A )

) max(j:AT Pe(t)dt)— min(j:AT Pe(t)dt)

essr

E (28)

SOCmax - Socmin

4 HESS Faitl 5&F 7

4.1 fERERGF A ITERE
I A AR S R R A N, 7R
TR RE AT I, ORI i, IR AT I

B Bk, RSO 275 o 4
TR« JBCH 5 S RS FRL TR B A5 PN A R 20 35 v
A FF Aok, G2 DOD, & H B RIS
HB o 0 I 7 iy 15 RS AT T L (1) 35 FE . DOD 5T
FEW(29). thab FEHELE DOD X & it 7 i 1)
AR
Dy (t) =1—Soc (1) (29)

XA, D, (t) N E it SERR IR FE .

& HhIEIR A A BEE DOD I3 KT/,
) FH SE B0 EUHE B8 4518 1257 & H i A3 A A oy 29]

o D
Dra .
Rcir = Rrat (D_CI:J ‘€ [ DmJ (30)
X D, NBUERHIREE: Ry~ Ry, 70 AR
BIURE TR FE AN S BRTBCHIR B2 N BRI I o
o, NIE REL.
FRAE S5 AT A A RS, B SEBREM IR BT
BEUENEAIREH
o D
Ry (Du) “[1FJ
—_fat _| ~rat .e rat 31
dod R [D J ( )
Ko, Ry HHTER SRR VO
28 FIbaE AT 75 A B Al SR 45 SR N
Yoo = R (32)

Z Rdod,t
t=1

4.2 fEgER G Hw AN

ARSORH 75 i JA ST RRAS X i e P B 45 R e
DREVRAS, Rl RE B I B A 5 i e R GUAE AR
SRR A AL BT B AN e AR 8 AR
Po% A T B b U DU AR 4Lk

1) il e v # I EL AA

cir cir

Ffac = (ﬂ‘pfac Pessr + ;!’efac Eessr)é/pvf (p ’Y) (33)
__pl+p)
Coa P )= 0 (34)

X R AEREBC R ERA; Ay, NIIFREA
Ao NEEIBM: O (p,Y) NEFEFTHRE, K
MR p. WHREBLE AT Y (IRREL.

2) fkf B T A
\ 1

FI'EP = Z (;i“prep PeSSI’ + /Ierep Eessr) i (35)
" L+ p)* -1

—

Kbt Fy AR TR Ay Ay 5
R PR AR R R AR x 3B
7 R P S K



£+ CEEMDAN-HT [-FHI6R TR A i Re A R EL B - 49 -

EIRER, AF
3) IBAT YD A
Fma = (ﬂ’pma PGSSI' + ;{’ema Eessr );pw (p’Y) (36)

Kb R, AMEREBIRISATUES A A~ Aema 7
Il N FRARE T 28 Y R AS R A A B IS A FRA
4) [AS AR A
1
Fres - ﬂ res (Ffac + Frep ) m

K F ARIBIRMESA; B N ERE R
456 0(33)—x(37), mIfHaFEam AN
Fec = Fae + Fep + Fa = Fes (38)

LCC fac
5 HHIDH

ARSI E PEAE R X 60 MW SEARHLEE S H
S PR RAEEE CRAE RIS 1 min) AHFFEXS 3, 7351
R U AT BREAINBOE BRI e R H 0, I8
& B0 15, 4 1 min A D) PSR H B LA
B 10%LLT, 10 min PN Zh RN IR B L7
30%LA T o SR AT 2R T AR BB I RCR
K 5 Frm .

20} 1531,
60 15
10 12.05
i
| \
[
)

401

(37)

— AR AR TH
. — HARIER

T # /MW

201

OB 10 12 14 16 18 20 22

I 18] /h
5 B IE AR BRR
Fig. 5 Effect of PV power by moving average

H P 5 AT, I A4 ) Y AR X T SR AR X
F IR ITRAE W B ER, SFHIgE R IR 1. W3R 1
AL YEARH AIEE 1 min NE SR R %2 3.58%,
7E 10 min Wi RIS HE T2 25.08%, 45 L
] X 3K
T RRBIBTEER 1

Table 1 Calculation result of PV power data 1

1 min 10 min T
8 B R SZINYi3 R K 5 +,ﬁ%
FEIMW B % ZEMW IR %
JRa6 10.19 16.98 27.55 45.92 31.82
FEM 2.15 3.58 15.05 25.08 4.29

K FINBCHE BG40 R B I RCR S &
AN 6 (A SUAER 1 min A D)2 E)ZR) FTR .
INBLIEE S, YA TR 5 R A D R E R

FEARTCIF A ZERS . H11& 5 AT %0, 7E 09: 34 YR E LA
H 718 12,05 MW, 58473 J5 I 6 R I M T %
A 15.31 MW, RS ERE RGUK R 3.26 MW I HL
B U s BE )T A, SRR R
(IR I TN 13.47 MW, TR EHEHE RSB R
i 1.42 MW [ R DL 0, AL R, ik
I E R RS 50T 1.84 MW R EEH 7, [
UCABRERL B A PR, B T 2 RITE . Sl
VLA S AR S LR 2. MR 2 WA, 7R
1 min WECKIEBIHR NS 3.29%, £ 10 min M
KB R T BEE 20.72%, -1 B M HET- 1328
JGH 4.29%, FIE%E 2.15%, Kk, "4
oK TR B (1) Bl A R B A

20} 13.47 A
601 1% 7~
::}l—& — ARt Th %
Al WYY R
z o0 [oAPW T A
FUURR AR
] 20t / ‘\‘ k( | \| \ﬁ
9 =i : . . w L\\T\
8 10 12 14 16 18 20 25
IR 1) /h
(a) 2 IBLIE B 1 )5 TR 6 AR Th %
50r
— Pl
b — FHE
30+

WENH %

I fi1)/h
(b) 28 INMBLIEBE AT i ek i 8 %

6 IBURRE AR KRR SR REN
Fig. 6 Effect of PV power by weighted filtering and volatility

=2 AREEHELER 2
Table 2 Calculation result of PV power data 2

1 min 10 min o e
¥ mKEE) BRI BORBEE) B ;‘arf/i
BIMW  51%/% B/MW  51%/%

R4 10.19 16.98 27.55 4592  31.82
iR 1.97 3.29 12.43 20.72 2.15
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Table 3 Technical parameters of energy storage system

24 Bt B
SOC 18 0.2~0.8 0.1~0.9
18 I A /4 — 15
PR AN (TT kW) 1500 11 500
P TR YN A (U8 kW) 62 80.6
AL E AR KWhT) 6500 450
AL B BURI(T KWhT) 0.014 0.013
51 KRB Bresl % 3 4
ISR pl% 10 10

Wk, e 22 1% CEEMDAN 3T i#; 77
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