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RESEARCH ON THE PLANNING OF DISTRIBUTED
PHOTOVOLTAIC STORAGE SYSTEM CONSIDERING
MULTIPLE UNCERTAINTY FACTORS

ABSTRACT

Aiming at the problem that the uncertainty factors of photovoltaic
power generation and electric vehicle charging affect the planning results
of the photovoltaic storage system, a model of photovoltaic power
generation and a load distribution model of electric vehicle charging with
consideration of uncertainty factors are established, the robustness of the
photovoltaic storage system is analyzed, and a robust planning model of
the photovoltaic storage system is constructed. Distributed photovoltaic
storage system is a whole composed of decentralized photovoltaic power
generation system and energy storage equipment. On the one hand,
distributed photovoltaic power generation is susceptible to uncertainties
such as weather, dust, and foliage, and on the other hand, the distribution
of electric vehicle charging load demand is uncertainty due to the
behavioral habits of vehicle owners and external factors. These factors
bring challenges and threats to the development of power grids. Therefore,
this project systematically researches the planning method of distributed
photovoltaic storage system in view of the multiple uncertain existing in

the distribution of distributed photovoltaic power generation and electric
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vehicle charging loads. The main work is as follows:

(1) An approach to modeling photovoltaic power generation based on
the fusion of model and data-driven. Firstly, from the equivalent circuit
inside the photovoltaic cell, the dual diode equivalent model of the
photovoltaic cell is established and its parameters are corrected for any
working condition; Secondly, starting from the basic information of each
photovoltaic cell in the photovoltaic module, the series-parallel connection
theory of electric circuits is applied to establish the electrical model of the
photovoltaic module; On this basis, experiments are carried out with the
uncertainty factor of dust accumulation on the surface of photovoltaic
modules, data-driven approach is used to portray the value of the loss of
solar radiation transmittance, and the modeling method of photovoltaic
power generation under uncertainty is given; Lastly, experimental results
validate the effectiveness of the model-data-driven fusion approach to
modeling photovoltaic power generation.

(2) Robustness analysis of distributed photovoltaic storage systems
under source-load multiple uncertainties based on system characterization.
Firstly, a spatio-temporal distribution uncertainty prediction model of
electric vehicle charging load demand considering the characteristics of
road network, weather, and charging queue waiting time is established;
Secondly, a framework for analyzing the robustness of distributed

photovoltaic storage system considering the multiple uncertainty factors of
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source and load is constructed. Based on the system characteristics to
evaluate the system, the robustness indexes for evaluating the distributed
photovoltaic storage system are given; Lastly, the IEEE33 test network is
adopted to analyze three cases: distributed photovoltaic output uncertainty,
electric vehicle charging load spatio-temporal distribution uncertainty, and
simultaneous consideration of source-load uncertainty. The simulation
results suggest that the method can be used to evaluate the robustness of
the system, which proves the feasibility of the method.

(3) Research on robust planning of photovoltaic storage systems based
on shared energy storage. Firstly, the operation mode and system structure
of the shared energy storage plant in the photovoltaic storage system are
analyzed; Secondly, a deterministic planning model for the photovoltaic
storage system is established. On this basis, considering the uncertainty of
photovoltaic power generation and load demand, a robust planning model
of the photovoltaic storage system that can cope with the source-load
uncertainty factor is constructed; Lastly, the column-and-constraint
generation (C&CQG) algorithm is used to solve the model, and the results
of the simulation experiments have confirmed the feasibility of the robust
planning method for the photovoltaic storage system based on shared
energy storage.

Yuezu Huang (Control Science and Engineering)

Supervised by Prof. Yuan Ge
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PR BT B SR LRI SEBRE OU R AR RE (135 kA AR B it <€ AAR
Xof fai L, PIA SO i ik 9 R PR ANBIE A, AN EE RO G AR A R i 5 77 THI 8
o, BIEEACACE B 7 T AT TN A
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4.1.1 £EFEEBEER

L fgRel2 e — MR B REBOR S5 I A PO 4 O K AR X, FLSeBl 1 ke
BRI P A BORIE IR 2 88, Be fEfS A SR 2 505 il sl . L5 fife
I BT 7 AR etdne B 2 B RO, (/9 RE e R LM B pe LA A F AL
T4 BMCLHEIRAVIRE, ERETHR M B H IR T2 —Ffk, KLl
—E VT A 1A 2 ARt L AR AN R LA SR O AR SE o MR 2 A IR 18]
PRI 22 EANRR I, Job 1 i BE BRI PR BT % o A2 1R Y B3R 2 At e 7R i AR,
ok 2022 F S AR RE L R TR AR REIR L B R 1 2T O . F AT
R RN PR P i B P T2 AT P RS AR A AN S rp AU T E PRt
HIILE A e Lot RES A2 DR IIE 5 /5 SR IO AT I 1 K B B 00 4% 10 ik e B U0 i 36
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JREEBE, JREGE AN S =05 B s O e . Bl 20 A OGN LBl AR S0t
LB R 4R, AR AT 1 2 g e r @ AR B RO AN W &, i RE R
T T E S AE LU 25 AL o B b UL Ak RE Rt mT LI L & PR A B AL RE
TR 73 B A e S v A e A B, 8 A SR ) i e A AE T 2 U PR LY
THOL, I KM A A RE BEUR AU AR R BOAS, 3 ik BE BRI AR 26

S

b

40



RT3

AR T AL AR REAE D D S IUIRAE 5. T 22 . R R T e 251 22
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FE R S Ak RE Rl IR BB BRI, SRIEIZATI BUN 2 5 5 ek, 8248
LAk AE R T H P 5T AR IR IR 1 H . e AL 2R i £ S 5
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FL R L P LB, et ORI N RE ST, D> 1S LA

4.1.2 BT HEZMHEERLERR SN

BT IERD G RGN 4-1 Prox, BIFOUIREEIR RS 1. JeiReEl R
v JEIRBEIE R GE n 0 AR AR A RDCAR BRI . S OUIRBEIR R 58
A EEh AL AR, HILFEA SO RA L . JGRERIE RS AT
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Tk AE FELIG A TE R RIS . LA AR B W e T EOR BN B, LR
i B FiL i R AR R oty S8 AR SRR BT AR 555 26— 3l o0 I e LR AE AR A IS A7
i FELBEAE = U IR B L P B I PP (1 22 40

42 RMERGHEERARIEE

42.1 BFRERE

AT LI fitk 28 GRS IR (R 000 R A e /N H b e 8, 22518 1 BT
EBABATUES A, $5T RS 32 B & 3 B B BE A ARG ORI E S 4 BE AR B3 B
AR, BATHAEEAFOUR,. LEAERE RGN SR ITHILE A T R AR K
IR LI R A . H AR ek B RE s @4- D s -

min Ctotal = Cint + Cope (4_1)

Rt G RGN 25 G RA o Wb RGO A €, A
Stk RGIEAT A

ER, SRR A AT A LA T BT

(1) LB ARA

BV A R A R 1 3 R R, LA, SEHE d A Ok
PRAIBE SRR RO R, I1a(4-2)

1+ p)' 1+ p)™
= M bat.int Ebat.max M va.int I)pv.max (4_2)

(I+p)=—1° 1+ p)™ -1
e p AICRFIFEZAERE R R BTN, ALl B B IS F 75 i
Conine NIIEFMERE BRI BLLE BT IRA: B NILFMHERERENR R 7,
NNRBEBIMER T s ¢, AR BB =BT P NGRS
BAHAE

Tl RGIEAT U A OFE RE N & AIedEy C,, « EH A C,,, AT

JRAS Cypyy» BHT(4-3) 718

int

Copc = Com + Cgrid + Cfucl (4_3 )
(2) IBATHEY A
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Jeft RGBT A RGN SE R REAIR TR e IS AT HE S R
HAtSEREX N s

Com = C'om.pv + Com.bat + Com.gt
365 24
Compe = D, D Coulhyy 4 (DAL
d=1 t=1
365 24 (4-4)

Comat = 2 2 Cou P (AL

d=1 t=1
365 24

om gt zz Cgt at,d (t)At

d=1 t=1

e, AR BEERIBATLET T C, 0 AIEEABRER G RIS AT YRS B

C oo PR TEEHHPBATYE B s d RN REG 1 RPN ¢, Ron e RBE%
BATHET A REG () R d ReWZPDeRAR BRI SER L DR, AR
I E AR At VBN THE R o, NIEEARRERE BB AT 4E A
RBHG R, (0N d R 2L ZAERER BN SCPR e OB IR ¢, AIRVTEEHLIN
IBATHET A R P, () NE d R oI ZIBE AL SE R D2

(3) W HL A

365 24

Cg a= Z z [cgrid (t)Pbuy.d (t)At _cgrid (t)f;ell.d (t)At] (4'5)

d=1 t=1

e e () NN 2SS B R I A B, () NEE d R N ZD6ME RS
MR DI s Py () N5 d R o I8 20 Z2 458 10 K R R SI2 H L BE AR D 28
(4) BRRHEA
JCfE RGBT, RN ZE MR KRR, RS T RoR

365 24
fucl Z Z cfuclf)gt.d (t)At (4-6)
d=1 t=1

R o NIREORREG P, () W8 d F o 1 URR LIS B34 T2

422 HREMH

(1) ZEHEELR

4-7
0<E, “-7)

<
at,max — Sbat,max

{O S PpV,maX S Spv,max
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e 5, PSR PRI AF S AR R MDA RE LR M R R R S e /Y
2 SRR IR A S R BRI T A e ) LR iR R R .
(2) WA TEEHLE ST AR

P

gt.min

<P,(O<PF (4-8)

gt.max

A P s P SRR SECH 7 B B ME AR RAE, RN S
S SUNIE &Y E R EY E D
(3) R HINFRLIHR

{0 < R)uy (t) < Ugrid (t)Pgrid.max (4 9)

0 < Pscll (l) < [1 - Ugrid (t)]Pgrid.max
Reft: U h AR, R RN RS, 11 FORE, 0 R
BHL, P ARG S K R PR R R KA HLDh 2R

grid. max

(4) LR B TR 2R

0< })dis (t) < [1 - Ubat (t)]})batmax (4_10)
O S th (t) S Ubat (t)l)bat.max
R)at,max = IUEbat,max (4-1 1)

e Py () s « IS 2L AR RE R A5 BRI s Py (1) R « N ZIL 2k e B &
FIFEHIIR: By e R RER S TS B SRR IR AE; U, (1) AL fE
Be 7RO B0 kA, B 1 AU TE L, 0 AURBUR; o NIk RERL %
R LIRS R BRI EE B R E, A 5 2L

(5) LA RESE B A7 FE R (State of Charge, SOC)Z 3R

SOC() = [E(0) +Y. P, (1)t~ %ZP (WY
SOC.. <SOC(t) < SOC..._
b, SOC() 277 ¢ W 41K AE e A BT LIRS B, E(0) o b A28 B s s
SoAMEs 1 o TR HCE s SOC.. For AL & 07 AR A I M
SOC,,. F7 b RE e 46 LR ORI

(4-12)

(6) FLEEAf A e # 78 U BT 200K

44



RT3

nifzzh (I)At—liPdis(t)At =0 (4-13)
=1 n =
(7) DhEPHZIR
B () = By () + By (1) = By () + B (1) +u,,, (1) = 14, (2) (4-14)

X w () Bon e R ARG TATIREIRAD, NATER —DAHE AR R,

4.3 SAERGEEAIEE

Fe LR it 28 LRI 7 552 DLOBAR th 77 A0 G Dy 2 FONAE D 2 Atk (0 1 1k
DUAL A ESRARAS 1, A9 R S DE AR T TIUIAELFRDA 5 o (AR SEBRIBAT R,
PR RE 2 52 B R AR S5 A € VE D 3 RS20 5 8O 77 B Besh
AMBERUNE G Ao L 25 ) 296 T W o AN 2 PR TR R RIS, DT ASE A3 FOUI A A LA
BIORIE, DL, 75255 82 AT IR AR 2 PR LRI ZS R 5, A5 R &L
RIPALTT AR A

43.1 NEERIA

FES RO R R, A RIS AH 2 B X Fe A AUAL S R IRE i 225 . AN
SETEEE R e AR A, EWRE A GEA R  MERE 5, T S BORAFAEE ETF; A
B, HRBONTEZ AT E MR, WA s ks a1 IRy, 55w
Rl o

R N H AR IL I U ., REWS 20 i 2 e FH6 B ) AN 2 RS
HAT, EALESECAREER, 2N T 2MERAREE, BREART
EAATERE. HERAHE SR ZMEATEE. A LI T SEhril
Y AL S 1 HcdiE S Bl A E 25

AT R MG AATEE (X EAHER) 7Tk ek i 74 E P L&
L2 78 L S er AN PR S Y S i e 7 SRR E 1, B

U={0-2u, <us<+7)u,} (4-15)
s AFERE u =[u,, (1) w, (D5 wy NIRRT H Dl 20 H ) 47 77 D 26
HITRINMEL, = NANHAE B, &M E e AR R A 87047 D 2 i) AN 58 VAR B2 ) B 4R
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PR e 2GR FEURT A7 AT T 2 B FREII AN S B R A0 22 RDBROR IS, ANBA 58 BEBROK, %
Jehl RGBSR

432 EEHXEE

N T Vet N 2 BN E VE R R R OB RGBT 5 KSR
R EAR 5 T 5 N E A R o o AR T A T T IR AR RE MR R 5B AT
PIBT BUE PR LRI, BEAS KAt AE DG IR Y 0 AN A s U 550 55 37 53 ROt R 4t
ERE A ER/NMAC IR il RERC BN 3 /D R R GEA & e (1 007 %8 AE BT
BeE M AL o, 28— B B A = Z A St e AR A RE R 2 ke i i, 2
B BN A B B R AL b, SRAFFTREIB RN “ el ISR N R4
LIS AT T 5 s SRR 36 — B BORAS B DU SR N5 — B BUAAAS B i i
fift. HET

431 TR ES, HEREHEIRIBALT.
ngn{cT)h+rq?xq?P(bTx)} (4-16)
st Ay<d, (4-17)
Bx<e, (4-18)
Cx=f, (4-19)
Dy+Ex<g, (4-20)
Fx=u (4-21)

Kb Yy NH T BRRE, x NHE HBAE, o AINHELRE, by ey 4.
By C. Dy Ev F~ d+ ev [y g NOURERLE) R EUR AT R BOERE

4.4 RfEFE

fE 432 /N H T 6l REPN B EFERIRIBAL, AT R 4R A4
5% (column-and-constraint generation, C&CG)HEAT K fi#, 1% A& T — min-
max-min B ILMERIRIEAL . 2 T e A8 A Mk oR faionf ) R g, 75 206 2
(4-15) 1T P I B S R AR TR S AT AR AL B, K O A A28 4 i Dy = i) LA 7 ]
RRAZ B IEAR SR, b 28 il JE et R GRRIRA ), 7 ) 2 T R L IR B
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EFIEE T B RGNAIBAT R, 32 0] fS 7 ) A WA AL 8 10 iR ) A 3
SEfR, SRIASFEINE 4-2 BT

HTILZAEREIPIT BOCHE R & R 7Y

U v _

| O |
i 2t E .
Ul —mrEEm. ek —HrERE. ek | ]
| | RGEG AT RYUEE BT ||
| WRARIE o PR AT |
i RGBT R i

min-max-min/f 2 1B kI R Y

N/

BRI RS, FEHON 3 1A AU T )

N/

B R AR i R, A5 P R A s oK

4-2 ot R G E BB R SR g R s A

4.4.1 {EBIEEEE

B, R R A LS RO IR PR

i

min {c'y+max a}
y u
h(y)<0
a=minC,, (4-22)

X,y

tgm%mSO
S.z.
I(x,y,u)=0

S.t.

Reft: Ty BN B AR, Rt RS R, @)
Tor USRS y = [Eyy e Py ) 7006 RGO RAN L S 0R RE R HE R R BT
% h(y) SO NE—BBINAIRE, XN RARRE-7), RiAas
RHENSEG a N W B E AR FORIES— M BORKRITT & T IE 17 2
s P PSEAERE x=[R, () Pu@) B() Py PO FRRGEHINER, &
D BRSERHLISZBR L Jr . SE SRR SCPRFE T . LS AR I SEBR IR
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hae, mE BB NAG EEILFIGE. KX g(x,y,u) <095
AR AR, S AHESHEN AR REN GBS HILHR. EHT)
RAKR, AAELHRANE-8)FE (4-10). (4-12). (4-15); 1(x,y,u)=0 N5 —FBK
FALREKM, AFILEMRER G RLA R, HRPELAR, Hikh4-11),
(4-13). (4-14).

(1) Fin R

¥ 4.3.2 W 4-15)1 B AR R EURRS, 19 BIRABERY R 3 100/, X 3 1) &
115 AH 2 T 51N T i R PR 240 SRR 1) R0 A A1 A 2L RS P 61 4 o T 32 o i [ s =X
WH PR

rynxig {c'y+a} (4-23)
st. Ay <d, (4-24)
azb'x (4-25)
Bx" <e, (4-26)
Cx' =f, (4-27)
Dy+Ex <g, (4-28)
Fx" =u’ (4-29)

b XL " RO r WIRIRA T L AR &
(2) ¥
R R AR 5 45 2 1 I R s

max r?iyn(bTx) (4-30)
s.t.Bx<e, (4-31)
Cx=f, (4-32)
Dy+Ex<g, (4-33)
Fx=u (4-34)

T SRR A B <R W T (0 R GRS AT 1, IR RAS
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Ry LA 35 25 F e o PR 1 1) PP A7 A A R, DA RE LA A KKT
FAFATHHORIE, KA SCHR[74, 7510 AR it hl AR E W EYIME, e A
I KKT 264, JEEH Big-M X H2ktth b, SKEDIRA R . Hrp B3 5[
N HR:

max (4-35)

st. T<h'X’ (4-36)

Bx’<e (4-37)

Cx’ = f, (4-38)

Dy+Ex’<g (4-39)

Fx’ =u’ (4-40)

B A +C X +ET A+ FT A <b (4-41)
(e—Bx")-2" =0 (4-42)
(Cx"=1)-4 =0 (4-43)
(g—Dy+Ex®)-22 =0 (4-44)

(Fx° —u®)- A =0 (4-45)

(b—B" - A =C" - A —E"- 20 —F" - A)x" =0 (4-46)

e x° 0w’ P RAGEREE o AN LA R, A0y Ay A~ A9 AR
o JCEARIN FE ST R AR B

FFF AR FR
muin b'x (4-47)
st.Bx<e, (4-48)
Cx=f, (4-49)
Dy+Ex<g, (4-50)
Fx=u (4-51)
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442 KEBRIE

S bk 772 A SR D R T I S B A A BT AR L B,
PR AT MR 2 0 5 W RUR T A, T ] C&CG B M TR
R ZERARE RN, BRI R0 Th o (M B (B AT, TR 4L
RS “ RIS IR IOHUE . HFUA SR A5 Bt F s

P 1 WML AR ARRG | UB, FI R 5 LB, , 1 B WA KAk =0,
IR R M “ S WL T G

BT 2: 4RI BB IR IOWIAME, AR R, /95
B SRR v, TH ST 5 A Cp s HFIS A B2 R, BB R R
LB =max{UB,,C,,} :

S 3: FEAEIE MR y, 5, K IO T WA R R, R <R
B LRI RGEAT TR x, S AT AR, N R G s
RAC,, HA4HAEH ER, T LR UB = min{LB,,Cy} :

B 4: AN UB— LB < e AL, 250 L LA, 64 A
B Ky, v, B, BHEMAREE, SERREk =k+1, BUFHTE 2,

4.5 554

AL, BL LA ORI K, RABEEKE U RO R
FLF A7 767 T 30 AR B o a o 20 B A 5 BT A S P ik T =2 B PR T oA B 8 e LR A
RURIFFHSHIRT 7T . SIFI ] MATLAB R2021a BAFHEAT SRR, #HIERGN 64
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N 8.00GB, 3T Yalmip T EAL1H ] CPLEX12.9.0 >R fif 23 %F & H A &) in) /3R T
Ko

451 RGEKXHIE
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ARGEAG e R A7 75 5K A B 4-3 B, R AR 3757 RT R o3 AR ERCAC YA
HARRMER I,
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(4) HEREBR &S A
*® 42 LR RN A S

TR Kl

BRI B I (T/KW) 2000
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18 F 5 (4F) 10
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G &S 0.95

fif RS EBR 0.9

fif FEOIRAS T BR 0.1

(5) 73 HAT LA

AL B BT 5 FE L 20 U AT = AN B A i AR, 0 i LAY
BN BURIRI I FNBUE I 4-5 B . 20 I A L] A AE A Al R Se bRl
DR e I e P R B3 Ik REAE AR T IS A A 2K, 8 Y P Aoy i SR v e 391 DA v A7
RETRCRRE, SEL T HLBEAE I 18] A0 A3 ) L A%
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452 MRIERS 7

S AT SO AR 2 TR A RE DU BUE e AR Y, 2o i AU 5 5
C&CG HFR BN, 13 HRARDUE R BIES RN RGBT TR AT
FEVRA AN TE 1k K2R Xk R G A G E MR G R, AN 2 A
0.1 AT 0.15 N X6 it RGPS REEAT 70 b o FLAARHl, ARG FART 474y Ty
WA E B A 5, W3k 4-3 Fs. @A [F3 50 T AN E FENE
BEATSRAE AT B R G EAR AL ECE SR, Wik 4-4 PR

K 4-3 AFEET GRG0 Zh 3R A 2

Wy Tpy Tload
1 0.1 0.1
2 0.1 0.15
3 0.15 0.1
4 0.15 0.15

R 4-4 AFAGR OO RSFELELSR

s ERBFEERW) HEEAERER E(KWh)
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MR A € ESHR N AEFERE, a5 2 Mg 4, BEEGR
RN BERE I, ek (0GB A AR N, IF BRI RCE A B MR I E
WEAE ;s TEM5 1 s 3, BEEGIRR A E 808 I, SBIRIALEC & 1%
EIFARIG N, IXREAR A JE R AT LAIE 3% 0 2R Gt A 1 A H ) e R e
77 ORI IXFP AN 2 AR, A . NS EAERE, 2
Mgyt 4 WIZRE A7 M08 11.267 J370H1 13.087 Jiot, HBEAEYGAR 0 # A
EESHOG LA AR MAWIE N 5t 1 Mg 3 TG AR N5
12.449 73701 12.493, HARAEXPIA 5 N OGRBIDLALEC B A B AR I, (HIHH
T (R 5 1 AR 22, WO DR ) Pl 5 5 BSURR AR 38
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I, ABAER D YRR FART 7 Ay Th 3 1 AN e VERC I, JE I 1A R GRS HY
TR e EL R LR D I it 2R e BRI A, AT A5 R S IR B e P B A

4.6 KEINE

ASTEAE G PR I 22 BN E PR B IO DL R, A 1 BT IR T R
PR B R . 55, i 1 SRR Al RE s AT R AU 2 T A e
Gl RGEEE M HR, AL 7O R SRR E TERLRIRE R, 7 eIt 258 T
Ve P IAEAE IR 2 A E VEN 3, M 1 Hd A e TE s A e £, T
TR ILZAERENDCAE RGP BCE R FIK, R R AT AR AL
IZH C&CG FIENBAL S fif g 3 1 RN - ) REUAH ELOE AR 8 B, alad 54
IIMTIRAE 1A B iR AL T AR BE DG RS E BRI T AT A3 A
LN BRI A A DR AN E VRIS, R GTIIANEA & VER 3 T,
N T R AEOL, et RGN B RAEE S BT

56



RT3

BIE REERE
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