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Executive Summary

In the practice process of "near-zero energy consumption
building", photovoltaic power generation has undoubtedly become
an important means of building power supply. The traditional
photovoltaic power generation adopts the AC scheme. However,
with a large number of distributed photovoltaics connected to the
grid, the power quality problems (harmonics, unbalance) of the low-
voltage power grid have gradually emerged, resulting in strict
restrictions on the photovoltaic grid connection by the power grid
company. The PEDF system adopts the design and operation mode
of "self-generated and self-used, centralized grid-connected", which
not only realizes the effective utilization of distributed photovoltaics,
but also solves the power quality problem of low-voltage power
grids to a great extent, and promotes distributed photovoltaics on a
large scale. The development of photovoltaics provides a good
technical support. The biggest difference from the AC system is that
the distributed power and loads are connected through DC. Due to
the research and promotion stage, the equipment, control, and
protection in the system have not formed systematic technical
solutions and standards. In view of the above situation and on the
basis of the existing technology, this subject sorts out the main
technologies of the building PEDF system, and conducts practical
research on some of the key technologies to form PEDF solutions for
different scenarios from the perspective of practical application.

The main research contents of this topic include the following
aspects:

(1) Source load characteristics and optimal control strategy

The status and characteristics of key equipment in the PEDF
building are analyzed, including power supply, converters, DC loads,
energy storage equipment and switchgear. Aiming at the
characteristics of the internal source charge of the PEDF system,
and considering the characteristics of building electricity
consumption, the control strategy is studied, the layered control
strategy and the voltage band control strategy are analyzed, and
the specific operation modes of the system are studied.

(2) System protection and power safety

Considering the various fault problems of the current DC system
in practical applications, the fault types and main characteristics of
the system are firstly analyzed, including converter faults and cable
line faults. According to the characteristics of different fault types,
the corresponding protection requirements are put forward and the
types of different protection schemes of the system are analyzed.
Secondly, based on the above research, a system-level protection
strategy is proposed, and an example of the actual protection
configuration scheme is given according to the protection strategy.



Finally, in the development of specific protection products, the
corresponding digital protection equipment is studied, and the DC
arc extinguishing and insulation detection methods with low cost,
small size, and easy promotion are studied, and the arc-free
operation of DC loads and the DC branch are realized. The rapid
protection of multiple types of leakage currents promotes the
popularization and application of DC systems in buildings.

(3) Selection and development of key equipment and design of
DC loads

Aiming at promoting the current situation of the lack of PEDF
products in the market, the electric energy conversion requirements
in the building PEDF system is analyzed. Combining theoretical
analysis and experimental measurement, the selection or
development plan of the conversion device in the system is formed,
and DC design for conventional loads or retrofit is carried out.
Power electronic conversion equipment (flexible bidirectional
converter, rectifier equipment, various types of DC/DC, etc.),
protection measurement and control devices (busbar protection,
integrated protection of AC and DC lines, branch protection, etc.),
system monitoring and management platform and multi-type DC
loads and other key equipment are formed to meet the needs of the
promotion and application of the PEDF system.

(4) Scheme design of different scenes

The voltage level and grounding method of the building PEDF
system in different scenarios are studied, and a reasonable system
operation mode is designed. Specifically, different types of design
schemes including commercial scenarios, residential scenarios and
industrial scenarios have been formed, and the system structure,
voltage level selection, core devices and operation modes of the
scheme have been selected and configured.

On the basis of the aforementioned research, from the aspects
of topology selection, grounding and wiring methods, and capacity
configuration, the characteristics comparison and selection
principles or suggestions of different methods are given. The
research contents of the project can provide important practical
reference for the realization of energy production, consumption,
technology and system reform, and have important theoretical and
practical significance for the development of emerging industries
and the overall improvement of energy technology and equipment
level. It has a certain role in promoting the realization of the carbon
neutralization and carbon peak target.



1

2

N DD DD

o1 o1 o1 Ol

S O O O

B X

ST =00 A 1
BF M ERKBTIAR B IBHIIR coovreeeeeerrereesssssessssssssssssssssssssssssssssasssssssssssssasss 3
1 BFOGME B R G HIIEATRRE S AT T corsoerreessssnrssssssssssssssisssssnn 3
2 IO ER RGN RGIRITT G H LA cesnensssssssssssssssssssssssssssssssssnns 5
RRIE D A A= WS 0 S Q= T 8
B N i 75l N =3 = A 15
BICHEER ARG VERT M R AAIZH] IR oeersseccsssssssssssnssssssss 21
L EFICAE BT R G IVETTEFTE coooeeoeeeseseeeesssssseeessssssesssssssssssssssssssssssssssssssssessssone 21
2 B E R ARG IIALTEBITEI <ooeeeeeeseeseeessssssesssssssssssssssssssssssssssssssssessssone 28
3 TEEEL TR RGEIBATIEIR cooeeeeeeeessssreeessssssesssssssesssssssssssssssssssssssssssssssssessssssssessssone 35
BINMEERRAN RART EHBZE s 38
1 A E IR RGEHURRR R ART EESR ooreereseneressnsnsssssnsesssssssssssssssssssesssssssssses 38
2 FEAE B IR RGBT ZET et sssssssssessssssssssssssssssssssssssssssssssesssssssssseessssses 40
03 R GUARI I T ooreeeeeesseseeeeeeessssssssseessssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssseseessssses 41
BIDCHEER RGN RBRBAERIF R EER AT B ssssecssssssssinns 44
L T HL AR SG orreeessseeeessossssesssssssessssssssessssssssssssssssssssssssesssssssessssssssssssssssessssone 44
e 2RI IIZEZE B oo seeeeeeesssssssseeessssssssssessssssssss s s ssss s ssssssssssssssssssssessssssssseessssses 52
23 RGBT TG coeeessssssssssssseseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 60
A B BT crveveesssssssesssssssessssssssesssssssesssssssessssssssessssssseessssssessssssssessssssssesssssssesssssossesssone 65
NG5 S n A= 32 B 4 7 o — 73
L BN TP S ettt 73
e 2 R B ettt eSS 77
T DR 2 75~ 80
A TTBRVETT I covoeeseeeeeesssssseessssssesssssssessssssssesssssssesssssssesssssssssssssssssessssssssesssssssesssone 81



1 BREREEX

Jetl B R G TE HIR AL M R 1, fa TRk, iR BRI R
GURZPE R AT, FORO B R SEIUE SR S Ak, S8 e 3 R T
TREST, ARG BRSO . SRR R T v 2R
ik, B “TTREREB” PR EAT. RBCEERES, AT LMEd A
BATHE. RS ARG, B T AT RS P R A R R R A ]
FEVEIRFER ). BAN, St BRI A& A sCRRUR it e AN 75 SR B S R
A, SEILHRERIRIETERTY, NS AMRRIR TR K, [F AP £
T M2k, IR IS ATREAL, LR 2Bk G e A B Bt 1 s . R
e EREH, MR “ATREVRS)” R, N T ORI AT A BRI
SRR 2, RKFLE LA N R T B8 )R BRI AR BOKSE TR B 1 )
FrE AR SR A R 5 1] o 7E FIL IR HIE I B9 B AR I, et BRI
R B B AU IR R SIS 7 A 2O R RE, FIHE
TR IR N BT B, AR RGOS, RE A o s T R, JF B
ErUEA FAT TR R AR, I8 RS BRI T B FRRAR

[ A1 of TR A FEL Y B 40 4 S5 M B TR AP R . SR I O JE ML B T K
CPES (Center for Power Electronics Systems) #H! —Fh ok ok 5 & B BC Hi &
gi; REJLRP RHK¥IRE T The Future Renewable Electric Energy
Delivery and Management (FREEDM) R4i&544), FI-T-H % K K H 3 R i AT H M
2% b [ AU DR 2R = H A D TET I 5% I8 FH 8 — I e LR H X
%, FEHAT T AR AASKBOR IR £ 170V XU B BRI L %2, I
TR L T A EAT R RE T UL 4 R0 T B 1 DA 2 S TR R s HAR R BROK %
(1) Kakigano H. &5 I AR %24 FIA 4 22 4 A BERIE T B AT BAR S B AL L &
GRS, R T 400V B ERACH AT BORRPK 2B TR T 2004 4
P T — Bl 5 R IOR 2= M BUR 5 /) R B BRI e R G4 i . A 7, K
R AT & KRS H A I N p AR AR T J8 7 o0 B e vl M (it 7.
LA R A 7 R [ A AR S SRR IA T AR, ARSI L R4
T AN RS 5T LU PR D ) R e D 5, R TR R A e e I 4 A 11 3
A 8 S S WL K 256 BT AL IO PR s 00 3 5 F ) 245 1) 26 A g A

1



1T THBONTEAMERE, 3R T ELUREC H M A3 PR A —— 3R TR S P
Fic HL o

HEART S, ZADGMEERERVIE TP B, Sz 48— Wit s,
HRH B BOE IR AN, SR AN 5. R MR AR ST 38 B P4 R
DAL iR if5 A 1T BEARBR IS AT P HoR . BARSEIL TR KR B 84T, &
B2 BRI SO R B R SRR I AR R AL BE T . dRE, MO
HEREFIABT . WREE. BT %, ZelPElUAJim, TR
HR ARG R LA SR 7T . B IFOCME ER RSN R GRS
HLZ WA, FOLME E R RGN R BRI R & K HR e it AR
s MEFOLMEE R ARG S M TR,



2 BIOMEFRRBEARKBERR

RBRE I “efEER” RGHET N5 HER K EACHE DI, Hih
FNEERY BT TV B S A S KT % R B B R G vt 2lis 4T
HIsEiti: 4h, JefEER RS TR LN HomiH 5 MK TR, Biks
HL X ) B A R F R B e . BUN AR 2 SR AL il ELZR R GU R $h Fh 4
fwerh s B FE B BAT ISR 5 R A AR S K sy N A AN Ty
T (W ST AT #EAT A 4
2. 1 BHOGREE R R G HITEAT R RARALIZ 5] SR

EER AT AT DUE HERE B B B RE AT T, S Ak T v R A7
T UREAEL, BT AROR R SRS AT K A A R 78 FUE DA S 2 A5 IR
LR, A 0 B AT B (I DR AR Ry s P SRS SE AT A /e, Dk —
AR I S SRR B A R .

FEHLENRZE e AR RE B AR #5139 2 T A F) B 3 AR
o — MR W A8 #7730, B AC/DC+DC/DC, BIZk AC/DC e BLE 4 2
—AH PFC VIENNA, J&% DC/DC #idh— AR B~ A [R50 o o P A8 ey U =
HP AR #7 3 BEA BV R T A B oy, 2 B AT i2 RIEWT
Foo BIANEET B HTH G EE A R A PWM i 2, 598 1 EVCP FR s i Hi
PERE A, SRR &V AEK H L R ROAE € T3, 7 o W 2 AR AL BRI A g
“OItasar” AT, ANREL SRR K. SR S ] G2 0 R 20 HLEOR [ 78
PER A BEBAL . IR, oI SEER T, REG L AT P RN
ZARHEN)EFRTE R HET LVSM B =AH H R AL PWM B 28 2 1l SR w72 HL )
SEARY, FAEGE N DD ARy “REDhERT JaAT, STt T R A e
FHREAE ST KRS FD HLBOR N AL FE b rh, B AR R (10 B LR AT,
YUy SEEL 1 X 5 LR R SCER PR

FEATAERERE R ACHR T T il FE % B RE SE I B 2 R 1 AR BEER L
(K1, DAL, 5 AERREANE it v 7 55 i E 2R L M)A P Ry ORI
L[ AL e ds s 4 . H I A A 2 AR LR AR A 30 PR i) S g T T e B
WHETT, (HH PR RS AR . BT R RS A e, B R R0 A

3



DC/DC Az e g it HATHRAREK, Beih A m, il = 4% Bl k2 oA 2 fik
RER G R M AR B ALWR DC/DC AR #ds . A 3l BE DR PR IC I/ SRS AT R
FAEfliE . ENBCEE PR ROCRIREIRIESE, B SeIl &
R AR . BE NS N TR S AR A F B TARIRES T s A
N ERBI RN, Bk RGBT AR P B A NGRS . AR SN
i P AR E, (Al REAER IR (K FE OB T R LLE AL, T K ik et
B SOC fAAEZS, KIILAH RS R W EIE AT, & B REREL L 78
S TR AR 384T, S B RIS AT AR 2

FE SR L Ve o RE B A BOR 5 1D, S S PN 0 PR B A BE AR AE AL & B AR
B R, AR NS, iR e, i ROK SR SRS T A
FReT A AL, AT E A AR RIS R H \ PR R A
P b s i B O s ) Bs,  SER AL B S T 15 B R
HER N RS, KRR D ST, DU, @ X
2 LR BOK SR SRR IZE R S ], HaE LT 2 RO SEE: 1D PIEIT.
FMRESEBMAE: 2) SR WETRE . HiZ05 YW TR ARG, £
BIRPFNTF R T RRAL .

Zibprd, BHAToAUAEeE. FEHEME. B B A AR R AR e As S 4%
i S I AN AR Z , AAAE D 2R Y e LN (8] L A8 B IEAE 7 2 A K D e FH i 5507
HAFETE 2 2250, FnS NI Ll SR SR A —#F, 75 2t — DRI B 4h
AL P TT AL WS R] DA K ) BE T e AN [F) R Y G fmr #E AT 2 BT AT, AR
Hehit b, Fe AR A SR AT SRAEACHE 71, AR R S SR D R R O
SE il AL A FEHLIE 7T

WiE 2 MR ER AR RINM A, BEREEHERAGEN S HIEERNR A, £
A R 55 2 R LU BR 2R (0 LI SE L 1 B S DG BC AN Bh Az e, S AT A 2 F P /G
Ko HRBCH ARG PER VAR Eae. JFRIEARE . DAL KA,
8o A R R e AT, RGEHIRRE AT 5 &AL HL IR U i | 2 )
LEP

BExt 2 WSS E BRI BB R 58, W N Ah A 0T e T AR L
SNSRI R R el B Ca I T E A L7 N Estillh S SR P SE S LS i
AU . S 96 75 J ML B KA (1 ELRUTR A E Fe N 70 IR A2 28, N E

4



VG L I Y R A ) A T S Uy . SR RN, K LR
RGHEG BB HBEITTRIFIR, Mg K TEEXS R, IM4eRE R4
hz P, SERLERARIZAT: HAE AR H SR a5 KR B B s, R
MRS E ML ATEEMESE MO T iz ml T, 28 n— Bl I, KA rlREs
BERAG A FH, s sg Rusm A, R S TR iE |
ML HE(E S (DC bus voltage signal, DBS) ¥ TR, FLFEIZ4ER:EIR
BRZRAGE, P, (HR R GPAsH T i oRE 5 B b JovEEIE 5L T DBS 1
B RS RAE R JER LD, R Z A B B, oS I e T
B e R, B E R S LR N A R B R A R IE AT . 1Ak, BB
LR ENTE BIEOR . TE LI BAMNIZAT . AT RO, BT HECEE
(B R G0 E a8 AT il S o s il 5 RS A &, FEAS R T R
JE B3 ) SE I VA AR IR R G AR, e O AR S AR T DA K
SGPRsATIEH, BESRPIE R IS E R AR AT R DL
MAGEMAIBITIERE, WKIRT T RAM TR S 25, [, &H TR
JE E AL LR G0 o SR gE— Pl SRE 45 A DBS (114 e g il g 5 B AR
WINGE PRSI SILR AN AR TP

HT, BTS2 oI B R 428 1) SR 32 B0 o — RRZR 45 M) 1) B FEL
T2 HESELERLEREWBITHEAZRE, UMRESLR, XihiEE
Gl o AR O N il = S R TRt E A = SN SR = T E e YRy S
IR T BRI, X2 B BFZR MG BLIR R G0 S — (1 1 38 P A 428 1) S
WRARFRIE T, AN [ S A A 1) I I T 4 A A R
2.2 BENMER RGN RARF SABRRe

R EE R B R A L EREIBIT L ER M —, BRI ERFEE—
HKREMBE A ERARZE SRR, BRAFNMAY H L HEREE T
BORTR I K

(D) Ry

F RIS T 0 5 R A 2 SR UK B 8 R T 28 A v o IR BT 4 1 R AR
REBUE ER RS NNEAT 72, FHRIE B BRI A, ST IR R G IR
. FAE 1994 4F, Komastu SO H, W HE WA AR A FA TS K

N, FERCH T E] A W F R FIR 2005 4F, Meyer 28 AR IE ISR
5



HL AR & ] 2 U, 9 A R AR A3 — A 55 i 08 0 B KR K AL I 9
2007 4, FEXMEGLA RBA [ Wr 25 0% F AL B e LIS SR 0 ELIRL AR ST ()
Krstic S5 NIRWHE. 2RIJTIE, (B2 E S E B 85 52 i R, RLFH
IR 1) 0 L L s 7K T PR M) F R RS, L IURAT AR e TR 5 B AR R B %

2002 £, PHEAEAERR LR BORER. AR, ERENHEHRAS
LB () RO TR 5 R B DR SP HEAT T AT, SR M R AR IR AR I R B &
SelnlBk i, BRI, DARLI.  FE R SR I DR R ) B AR G R P
Jiik e KPR B i g B AL SE I W 28k, R A AR g = Be UL L O
TRAP RN T B R G AR O, it VARl T I, IR E R AL R
B, (RIS B e AE D) R i SRR I R IT . B R [FI4E S, T T BT RY)
3 A 5 A A Al 3t Pl S P YR R I A, o T EL U B W Iml R 1 48 RO
RKEBITRE, o 7 ERAG =B R R R & . KRR B R
L R RS RIS T ST AR ORI R R IR, BRI ARG A,
WA R RIS ], R ARREIR ARG RT RN AR ITHZ —. 2014
o T ORI S A EL T B AR B, AE S AR A T R R T AR
IGBT AIPRIE T AT ml, R HIBHEE B2 1 1 25 T W 0 i BRI 32 3h AU i R
I, DRI TR ANPCR AR Tt i britg 45 . ABB. Ll RAE. WHITR. ARH
e S AV I R R L IR BT B A i, HOR ORI £ e S LR 96 B 32 L 3
R FEHEREE . EZR s R e s — H RS (e D Re i 1),
ANBET AL 2 75 7K

(2) Ry

HAG ARG, B MBS WA A F A, i, &
P — AN BB A . Karlsson £1%F HRA B RS, FIFH7E#H
s T A 2 I B B S B S B A N 1% S8 AT [ I A LIRSS A
3 P b i P B AT AN, 0 e B A B R 2 — 2 A PR o SR I A AR I 5
5, T B B P (AL BEAT IS

FAE 80 FARH], FEMLCIFIE 7R B AR e 4E 2 B 8 W I ACE 1T AT
i, 27 80 FAK 90 FACH], BEE M. =WkACH A v TR (1 33t fg LA
I AR K 7 ) R R A e, AR b — 2 SR R R e RS JE R EL U
ARG G I AR O B E Sl R A Yl Ra 2. fE 1988 4, 1%

6



HLD 8 N IR IR H 255K, RAITKRZR 5 5 5 & W7 kil i & VR
HIEE) “WZJ-4 BURHLER RGN, Il HoREE, 7824 A
T ENIZUR IR T B EFEK, AR AR AT 2 IR R
H Al AL N B R RGN AR L, T2l
FEHAARAR . L BEER T EMEARAR . W2 TA R
NS KRR AT A IR A A oK. Hpl7 dham kg m s, WA
BUAT B 4 2 A5 X SE PR il ME I RAOR AN FL AR, T2 B AE LT — 2 il .
SRS IR IUKE BEAR, T FAE T $0™ 5 B T I 7 e A BE AR e ik B A5 R S
B FIRS EEEOR XA I AR LS, /£ SHERMERRZ WHR AL,
IR S B SO A T R I IR A A R S RO, AR

£ A S A G BT TR, B AR GO A AT 1T Z /A
IR, AT 7 LR, ALk AE ) REGENMGE RE M4SN+
528 T NH, FLInEeA T PR A e E . AWE N H TR eIk
K&, FEAUUNUMI % PR RBERINNE . RBRINE . E R
APETE . IRGIFRRNME . AR ZE R A IS . X T b A 4a 2 T B R
BTt BEEAGEERENRERGS, WHEOEkabs; HiRUEL.
TOFH E N RBCE, AT E A i AR PR e AR (R S A Bk
b, RAIEAS R EYMBORITE: 5 B gty m, R T 2 #If
ATAL B, XARIIUE SR AT OO, SRR RAR SO e, BEATAE 23
At LA S 42 1 el BEL SR ) W e S o (LR N IS P ) LA % 9 42 o B 0 2
WEER MRS EAE S, Touk I AT b B s D) PR et i, 7 THI 1)
WHRAHAAEAN L, Ffsdt— Pt 55 %,

(3) ZLHFEN

AZ L BN P R A A R A5 BRE ] I I . H AT Y A 4 2
T F G0 A AR B BPZE ISR 26 251 B W D e, (E 3 A A% s vt B N B
& R I A, T EL BRGSO TR ANRR B, A SO A AR W R R RE
JEFAB ST ORI AN IERA AR, Pl DL F I B0 M I0RT OR 372k B JC iR A2 ELUL P IR AR
G U EIBATINER

b 1 BRI SER R LSS, S ER RS AAAE M ER ARG A%
2 afa i, WERONR) ., R HR DR A ] RS

7



FEHERKINE L, SLRAGHL, BHRARLERDE KRS RAEE g
ML E . Bk, EERRGKAE RIS T, &S Il R 2
Dy REAYERE . MR IR EEAT,  HSIUBOR P 43 S BE FLSIORT R B s Bl . I
IR PRSI 5 et R LR B A B 1 T 2 S RS I R B SRS IR . T SR A
FAZNE T ek, REG A%, JRR AN Sk 55 IR R 5 SR BOR LR T, 2 A
A IDC LA . 7 VAN 3 A PR 2 )7 A ) r IS FL A B o i R B K i
LS AR I, e Y 1 A S BSR4 LR SR T A 5 L R 2 )
. BT AR RR R P B AE R 5 4 A 0 T R A R O
DR St 87 1) T A i, A9 A BRI, DAORA N SR B 7= 4 52 H I s 11
M. BT A BN E AL, TR ST, KK —— = H R A
A PRAR FH R — P i B IR Ee A 2% KIRRE 1 10 KO R G 7 /AN s /N A
Rt T % TR EEFEFEARB —MERAZH O KIS, T
3ms PR [A) P A MR R A0 K B A, S BELEBT T E IR

BRI A IR R4 T, Siemens. Doepke Z5/A T FRJEIT B M4 HLIA
Ko ks B BT, 25 ABB. Sehneider ZARZ% A AR SkH: HY A 715 ELWUAS U )
R B A= gh; EEBEZK AN (national electrical code, NEC)
690. 11 5 3CHHEH T BB KT 80V KGRI I 22 G0 B 74 b v SIIURS: U 245
BEAWTEE S, DA RO AR B R O b S B 22 A el R PR PR g B e M B
TORZEAR AL T8 A5 I BRI R AR 5 5 o R pe Sl R AR 0 R L
PR e R HL R ZE B R SE I R R S . RS TH, WRITOG, IER AR
A OB B BUIRAB ORI ™ Mo %38 B MR R FIRI 3 E BIRAT L
I E R R IR R, (MR, ASHE .

i bRTR, Tl B KYIUE 2 B RS, L, B, N
HORE A ) TR B AR B 4 AR R R R T 1)

2.3 BFOCMERRAARBR A RER A

Jett B R Gun Bl 2-1 fs:



Tilkizs " ;I . I -3 !
- I T

DC/DC F

I [ER AN SIS

AC/DC | — ‘

AR 25 e fik A A il

B 2-1 BEERRGETR

AL, U ERRGAR e TR ERE RN, Ho a3 p) 3 2 n s sk
AT RAZ N BL R LR
2.3.1 YR

WL RIEAOGR . KR AEFT B, AT L&A (AC/DC B4
LA SN SRS W T2 Hm AR S, WA AEs5ERSEE, &
It HL O R LR, AN TR . S DGR R TG AR LR
FERRFHAE M, FEEFEL T JLE:

1) 5 e K RH B F it

B RE K BHBE FE )G FRFE IR N 1% 4G, S RIA R 24%, X2 H il
JITA b 288 B0 K B E FL Tt T O R SR AR B i K, HBE AR R, LR T
ANBER R A A o R R R AOR T AN AL 353 DA R 915 KRR T
Irdasl, DRI, 8 A AR — AT 15 4F, s alik 25 4R

2) Z EmfE K BH A LIt

2 dh K B B ) HE 25 i i KRB b Z A 2, H2 2 dhiE K FHfE
FL It R O R 3 R I R FRARAN D, HOG R RR 4y 120 /4 (2004 4F 7 H
1 HAAR L LAy 14, ShHIHE A s A 2 SR FHBE Rt o AR BR
A FRE, LERR SRR PH RE HUM EEAE B — 28, MAORMRDE I, TLHEE, S
AP SARBAL, BFURRIRE R E . MhAh, 2 dhieE K P fg v ) 48 A 25 it 22
PU B AR K PH RE FEVB L. ANPERE TS EESRUE, B S ik R BH 8 LIS I



3) Ak Ab A BH g H

JF S A BH F 2 1976 AF IR B Y M OR BH b, & 5 B R AN 22
FERBH EI I HIE iR 52 &R R, TSR ARE L, BEMRNERRD, dke
SEAR, A A A AR AE S AR A B R F . (EL R R A K B P AT TE (1 T B
RIS G R AR, B BRJGREKTh 10% /4, EAGERRGE, Bl IRl
WK, HIEHRCR .

4) Z oA BH Hth

%2 ToACE WD OK B FBIAE A2 FH B — T 3R AR AR RO R P . %
ARG EZ, REHMRTACE, FEHLITIUM: o) B KHRE
Hh b) A EROK BHRE FELE ) R AR K BH B Ft GRT AR 2 T s BRBRFE. Cu (In,
Ga) Se2 R A PH e Fi i)

RPHAE M H BT AR & FEAPMER, 25 706MRER (Building-
Attached Photovoltaic, LATFfEIFR BAPY) AR IGIREHK (Building-
Integrated Photovoltaic, VL R{E#FK BIPV) . BAPV RHH & SIS R G0 K
BHEE SR e FE AR, MR R SG, XA 20K
HLR G PREN AN RS 6T 0 2047, T ELAN 22 M 95 B R 2 SR A (¥ - T T e . BIPY
S TR L2 e R R A B i B ) b, A EOB IRk B R G
MR 2P RS ThREA MR E, TS TH S 18 1k Re A %
tRrr, RARIE 2-2.

& 2-2 BB BIPV BRI R
KR E & K HINRESL, BIPV I HEPUNEMERE. /K&, AEMRE. B
PERE . PR AN BH E BE SR 2 5041 FE 4 i e 75 O PR RE AN SRR IR 28 1 Th e, A 3%
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FHEP . EHTEE. KPR AR FR G 2 MO RER e ke & . HuidE X
FERIN:
# 2-1 BIPV {Rjf%

hi] RN 4

FCARIT R TCT G et m] AR BRI, RERSIRD — R AR A LA R (K134 553
T3, ARTHERY
JOARREF — i 2 B AE R ORISR T b, Bt T-ORPHBE, 38 S 15 1 U B2 A= T,
BEx v, BRI AT, SGE = NI
3 JE AR, BRI, 8 H Rk R AR 5

H T H R AT s F D P F e, BIPY R GERRARAIE H & ] AT F gh, & m]
4 CARDHL R L E, AT 22 e U HE A 7oK, R IR 0P i, RAAOR Y
ERSVEEE
A ULA R 4edr a5 2 RTINS D) 5 o 7 A M I s s 2 H A v
TR 0 55 53 Rk T i BIE O 2
6 YEPORIRMRI S, SR SN, AT SRR, RRE kL

7 RREH R RBEIRATL) T & ST ARL, AR SN SE

oA AR 3 3 B R A AP T K OGBS 70 IRt 2
R A FOCR AR AN S BRI A ZE &, (R 2 2 3 TR MG DI e O J: it L
RIHEFRHRE 1. BTy, FRFAT RS NARE, SEst iRk L
Ro AR S A FOC R AR B AR = ORI B Rl o R
R ARFIGTI AT 5 R AR e i 32 11 T8 A JSE R R JR PR PRIE d5 R B RE AR
FIRN 8], SR DGR BRE IR . sbAh, BT HERIAR . JERAR S AR
SR, BRI 2-2,

* 2-2 #17 BIPV FE3

BIPV JER JERELFF BRFE IS
T SRR o AHAT
SRR SRR RS

‘ Y SR e Sl SN bl

R . -

FEH ORI (D) Sl SN bl
oy BRI GBI - "

. S ‘ U KSR

W G DL (RS Py e it
SRALR SRTI i BB

1M BAPY SR H TR T, ik S 2 4 380 e o't R 2L A2 1] 5 2 R AW PL A 7K
TR L. RRAfEE O EREFEMZI, TEEGRET, A,
T O R L3RR BAPY, W& 2-3 Fik. BAPY MIE KR sk AT
W R AN EARIAK, 2R TR R awK. Bfks
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Tk 2 BAPV HISZERANT b5 R U R AN AR 2 18], — SR & e iIpel, —
MRPERERIMEL NSRRI ERLER RN, TERERZL, hEE
FgE L, ARt AR ZHRK AL BANRERAEAHZER . R2
LW AT EAAAZMPIKNESR, AAES BAPY IE& 7] LLHET— & 1) %
¥, THETRUEAZERB AN . ERIRZRRERERMY, 4k
HROHCH) B, B kGt BEETAE S a7 Rk,
FIREEE 2 B L 8 BIPV 1) — L8 05 & B ARAML ARAEAT P St AL 7 17 7
BETTSEBURAL o T 305 HAR R P S A, R ERIEN, EHER A
T 5 — AN SE LB FE AR, ERCAR AT B ] A&
AFIEIR . XA SR E i A A AR AR AL 2 18] R I o

& 2-3 SR BAPYV IR

JGARTE P Ja e SR o 1) S FH AN Bt £ &8 Tl o JL 0t b 22 BB AR LA
M HOGR SR BIR RS, it 224, Tae. RWERM. oAmuik
I RREAR B S @EFMAS &, EARRINEFLI AT BE, —ARKRER
UM EER T
2.3. 2 %38

AR a2 ELURAC L PR AL B, ZRECE HUBEIE SRR D g, JEANTH]
Ty AR S5 4 ) To A Ik 2R R L IE A BV G R P 4% o R L e A U X
AR NI - B BB AR S G e id Iy, A sl
PR XA B gy LSRR R, AR T kR E AL, dR
b R ARt AR E SO AR, A He s SOn] 73 Dy B VEAR S A% L DU AR
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o

St HL I RS R AR R B0 AC/DC Bt DC/DC AR
PR HLINRERBL G AR AR e at . EBE AR I as . THRE R AR ds . R
ST NBUE'S VOSSN E SRS Ul

HAT i BRI R A B8 DGR AR 38 8, Flante g i 8 R R 4%
B FIRH G YR PR AR 2SN B, FHHAc, A% MPPT ThAg, il
2-4 FfizRs J6AR DC/DC AR d AN SR Ty /N D2 4 gy BB A4t Fi e LRSS e, 8 o
J2 F LA B K BHBE DC/DC B HLJE, H AN 300-1200VDC, #thiohy 5. 12,
15, 24VDC, {HHAH % MPPT Thfk.

<l : -
& 2-4 HApERURREE
ik e ey PCS (fREARILES, JEP¥: Power Conversion System) 4zl
& H Y e R R I R, EAT R BRI AR e, FE TG H AR L R T DAL AL
WA . PCS H DC/AC XUAIAR it #s #S M T EM . . FHGHIES
" RKITFR TR RIE R A g . B 2-5 B NGB LA R B8, HIR
I B R 25 2% 800-1500V, =AHIFM .,

M 2-5 PHOLH IR RES
BRI AR AR L2, BHERGTH TRHAERE, 8RR L 4% 28
FEL X AL, BT AR s 28 P B T M KB LR S e 25 B AR N B L . LR
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WAL AN 2-6 Pron. FeribE . RS LA 2 R a2 AT ¢
we s AR O B A LR DL S A X A B TS HEL AR

& 2-6 MR R RS
X A AR A A A RN . R A3 R BV G (HEV) B E)
RAEE) S, ERKRAERR B NREE R . 78 s A R m) 4=
w5, BFRA G2V; FE—L8Hi ) HEV BE BV ¥eitrh, BER 2040 o VF A Fjth o] 7 21 iy
P (AR V26) . BRAEIREPIRZAS T A2 i &t e, BA VaG K[ HEV 5 EV
i ERIIZRIE AC-DC HEME AR T AT . IRYITT IR R A R A 7
X[ B 10 AR g U 2-7 iR .

B 2-7 X RR-EAE A
2.3.3 HL

RIS — B, B S e L AE AL i & . B R U U R 26 2
FE, RIS EME . 200 THENURESE S, A /NI A B & i 2 s
Fro HAE L AL 2007 A1 2008 1K) HAH T PR ER 1% A A
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“EMAEDER” BORMPE; B TDK AR 2008 E 7R Mt R 1 i%
AWH) “EERAEBER” FARM M £ 2009 FHABR RS, 2. TDK
ME AR T A 50l R T & B IFR TS ERBORFAE ™ fa FHELIA
H7E 2010 AEHF Rt A 5 A0 BLRUR A B RO B RCHL S S

AR E S PR T 2009 48 7 H ROL T B BEOR TAR4L,
2018 4F 1 H 18 H, iRYITT SR E T e A A BR A R 55 K5 A1 5 A
BRI S R R O R 2 @ bR A SR RIS
PR R R AR BRI RS RA R AR M E R B SR AR
AF] . WINFOEE PR EIERHCE R AR b sl K b Y4 4R H 3k
ARAF . FEITRY POKFHBESE L AMENLAL . AR TR EEAE R
DN BRI, LR AR L R SR, N B BRI 7 LA HEBE A %
2.3. 4 BB

fiti BE A — PP LU BCRF IR 0 B0 %, B BERT TARA fumriRAS, O LA TAESE
HJERA . BT bR E R B ARG e I b Re . IRYERE =
407 AR E AT LLR A B o A B A BE . A Ak 2=t Re AN A i RE 7 K D
BB RE ISR BB IEAE S B it ae s, HhikERaER. E
A, & B AT & R S B 2 iR T e 2) AL A i e R I AE R K
JER I RER Y, AR B R AERE . B ES A A R AR F T g A
FCrR B O A B PR I A o o S T R RRE R, R H AT R i R
LR T 3) HAt g e 7 N SAERe A B A S AE RS, B AT
T A e B R TR S FH AL, A WA 7R T LR
2.3. 5 FFRI|H

Hi R —EHRAERE RS ENE S HTERBINEAEEE R, [
WL TR IR A AR AT BRI K IRGRE 1. B AT R © 247 K H L) B 2 A FIAL
WA R TR & T OGB4 i v vk R RS R LA . BRI B
AT LAB e s SR 8 v 3, T Re Vs 3+ 1%, Wi EAE 10ms ifq,
RERE I 2 LB, (HICIE 2 RG F R IR
2. A NFAZRTHRAERRS

FRE AR AT 17T Z R AR 25 ) 73 S0 T
W RARIE DL, A0 HOGR K BT LAR JUAS 3 5
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(1) Tk B5e Tlk) pi AR RIE AR ~FEIF R RS Rl w780 A
J T (8] 2 2 AT AOCR A AR GE, Bl T A~ IR e T2, BRAR Dk A7
M A ST, A R i Tl Y A B 5K JRy i

(2) ml S, BN Z ARG L ET, AR T 2R 7
WK 5y RS SR A g R — R I AR B s BRI,
XA B VL O iR . (B, RSN AMI T EOR =, A
FBLTHE BONL R D 25 REO IR v 2R G A LA B R 223 T 3

(3) AR, ARfE &5 AR AT WL 170 A AR, Bk R
A AT FOC IR IR EAT il e, BRI A REREAT B Fe

(4) JBAEHESEHI . iz 1 X I8 A5 Sl — BN 7, L AT D,
HAOE 2R Bl Beh a2, H P BBt AR E . A ORI L BES AT Rt i
e A 2ty FH PR AT SR

HHEHUZR 0 SO B e R 2 1, HOG ORI 5 Je 1 2 1A B
AR, PRECRE A A B RN IS RER 2 2 b A2 A . sk, N T
fE o Bl A e L R L, B RS T AR flRE . SRRy —
HITE M. FARTT LA 2-8. (H3E, A GIREIURHE R HIE 17 70t
RIK R T, AN HREAAAE . B0 SR M R AT — 1R B R

(a) JeARIR 2T

& 2-8 EHEHIZICR &

OUREEZR” B, i e A 5 7 A AR F B — R AL 1) R Y
TR ObtEE R RGNS H KM BEGIR (Photovoltaic) « fif
At (Energy storage) . ELVACHL (Direct current) FIFEMERZH.
(Flexibility) DYIIECARMIEFR. Horf “Ja” A “fi” 7348 50 A 2 I A
REos BRI N FH T @ 5 5t R NESIRCH R RS HEA B “H”
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o R U H L T UK AR B, A G e G S8 U FE DY SO SR I
EURECHEM ;7 NRFR @S B R R A T, AT IER S, (R
S L7 SR NI 3 AR S 2 1tk

TV, E NSNS T R SR TR v BN EbRiz 4T i E
TSI H B R 252 78 DC350V~400V. [H P /MR v TR 32 B4k b 7E B i
P BTG, BoET L iR AR ANE SR AR E bR, (B
RGGER S A, BER TSRS T7 A P22 57

MRS Eifis, MRERES TR, BARLETE. BEXSTRE, R
YA KK [ S35 R R S T 4, (6 BRI 1 L 2 KR i A o . 1
SRUEE IR U8 5 P A8 L R 408 BB AR G RV T A REVR K R R, SSRGS N 60,
10, 0.4kV X 3 LRSS . 1% E IR G0 E6 4 Bl & R 2RE R 60kW %
RAGE. 192kWh [ HLHfEAE RS0 BESS (Battery Energy Storage System).
2kW [ IR EEALAN 50kW BB PUR R fAs, Rl — A=A 30kW K E
AL IS 5 AT 400V A HL AT BB RS e . ESS RIS [F) B 1) i
B IDCHAT L A [ S5 B B R, A B T AN ) H R S 2 HL RN ) B AR R A R A
BT H A& IR SR oG Mo, Sebr BIF R RGN G AR,
AR T H Bk HE ™, B BESS MU FF R BR B m, 38N T RGN
HA R BIERA S A TR (N EHAMIEN RS T HAEABREH
RGNIRETREY, Z TR AP =R REZR4E, ST HE A 400V, B
MIRELE FE 2 430V, ESS FOuR il DC/DC A #eat 5 B REERA %, &
i DC/DC ARz 300V ELim BF2k, AT B4 1) a0 v e B UL H IR 95 2
Hee, AT RSN 48V, 1 300V ELfERLLIAIE 5kW DC/DC ASfegefitef
ZLHAE 300V B RSG5 |l A IR 2 M 5E T G ICHI 36 B PDU (Power
Distribution Unit), X #ifar i) HL /70 BE AT BAE FLIBCIR S M 38 AT IR 22 1]
ToEEHREE: IRIIAR KK JE AE B IR & e FH F 00 H B AR SR T o R
(OB I, g s e ek e 7 v P 2 Ak 31 40 A1 U RE VR RSB N RS T B R 22 4 it
HLK E e RGEZEMR ] IE AU B BF 2, SEBl @5 1 MR AR 2]
PRt 2 e H S G REEC H T 20, A LI HE s S R AE v s SR AR ) R e
DC750V, "KM DCE375V. FHLbE. A HHLHE RIIFE R AHEN DCT50V
2k, DCE375V R A ST @GN B A%k, BEJE IR H] DC+375V B DC-375V Hk
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fhef, JF HAF XS @R E N B 2R E R A, A RES X ECRH T
DCASV il 4 s,  DATR IR ELRAC H R GE 0 22 42

FREEDM T.F2H1 City of Tomorrow TAENISRHIRALAL, (e ATEEMEER .
2011 4R, FEILR ARG A BRI B R G AT o SE AR Bl B, 42
AR Sk T OB A BE VR A% B B P FREEDM (Future Renewable Electric Energy
Delivery and Management) %, KH 12kV ZHfEARGEEL, SCIZHEIR
FiC F RN R4 RN FH T ARG . FREEDM RGLALE 3 MR A: (1D BE&RIAHEND. &
i 1A 400V ERUA 1 /> 120V A2 2edz I, ] RLSEBL S 70 A 70 RLAT ESS
THRAGHHM. (2) BALRERE . IEM (Intelligent Energy Management)
RH. RGN 12kV BRZGET 3 A TEM 325 7308 69kV S8R . 120V 530
RGN 400V HI RS, 1E RIS B iR A Bt B mll Bl pesAam, JF A
A R LR BRI RE, 5] U R AT R B RS PR LR O] e %
B ar U B LR PR 45 (3) BRifERRAE RSE DGI. X RGN IEM &, H
FHAEAS W 2% B R R 408 3 5 A RS G FH #% . LAk, FREEDM R&GE2e3% |8 Al
i FE IFM (Intelligent Fault Management) %% AR &5 HH i o 1) 8 78 i i
M2 e FH P 000 P B 52 0 R L RE o s A B BR Dol K242 City of
Tomorrow YRTTHEA T %, FHEWER Tk KA @S T +5kV H A HRTE T,
BTG H R G S BRI M b, Gl R AC/DC #Hulfiids DC/DC AR i ds
BEAT L RE R e S L. MR BRI RGEH AN 20kV R A i, £
AC/DC Zg i Ja IR Tl KR X B LA KI5 G 5t pe, BIhEN
15. BMW. 1% BV E L 2R 0 R PR B SO FR I 7 Uit v, e 5 il 0 2 B ol o
DC/DC A4zt ak DC/AC Hrim#s R HIm BELE B oo, XA AC/DC #HeiiiaiiZ
BHRAEEREMINE MRS, (E1EF TAER DL 7 O B AL B R Gt
L, N SRR DT I, DA RS AT MR R gt . N, B A
EEAEDPAEAWE TEFOCHER RS, KW IT AL
DC600V+DC220V PR ACHLTT %, NI AN Z R ER At WIIE e T
AT 7R BRI AR RO TR, SRR T R T R s A, A
JH R YR AR 4 AR AN 2 MR UL () 10KV RERMIR NI R, NEIR RS
REESCHE, W HRAFMBARMHBT R EITRFHRDGRER AL E
TN LA, BEZRHA] 380V FRARIEZR, 0FEAM. s, BEPESAT. LED
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HE B LE A B LR D 4 FE . SKABASEE 9 £ 500KV DY S 38 S LR Y6 TR,
A ORISR 8 S Amick R« DI AR S5 T P A REE o

ARG, W PNAMERRE AT R BRI H C s, B
M 7o KBS R B2, BERECHEARAE 10~300kV A,
Nk 2-3 Pras. BRAREFUERRIAHA LA 2R, ERMEAEEE AR, H
AR R FU B R GUH B R SR AL FEAE DC350~400V Z 18], /NI AL 8s
LT ARR I 24V BC 48V Rk st 23 b, EASMY ERER
ERRFRELIRE, W2 U B 3 2N ke g, kAL Sk L
R H. JUHRRER DM, KRR X B @ St bk, £
S5 0L EEAAME R STE TR MZL, IRAWT T ERAC B R G R Bet. HE
IBAT SGF TR, RIS AN ERA AR AE R E . e LTI ek
BURHE 1%

#2-3 RSP ERBREOINA

sy A
GHAK W @g_}* SO RS R
ESp
IRIEERLBE AR RUA% AC/DC A5 i
KEBEREER  EII T 2019 200 DC375/48 LR, B
4 . EREK
AC/DC B4 d%. 6
MR RGEAE DC750/540/2 R, &, B
SR 26 P TR Tk 2018 4600 90 9. 7. A
ML B0
=y E N = e %ﬁt\ %Eﬁiﬂ_j“
5i%;;3§§§§§iyg DigA) JEE 2019 620 DC375/48 FOHLAE. FEAH.
WL 25, ERKH
AC/DC B4 g%. 6
N N N Ry B, 78
5, 5 RN 3 VAN

MREEAE R VYA 2018 74 DC600/220 hpE. B B

MK H
KRR Afﬁgﬁf -
EaA R KA A 2019 500 DC750 H‘W‘ N
. 2.

N

CIGS-BIPV 241 A;éDCé§25;i§‘Z§ﬁ
ﬁ%ﬁ?ﬁifijiizgﬁ kw2019 125 DC750/220 ﬂkﬁgﬂg\ ﬁﬁéﬁ‘

H HILEH
S AC/DC 22 g Ot
ﬂléﬁffi;;%%aii Fi#g A 2019 210 DC532/220 He 2. B

/IL1IP H[Xi‘ ’E\‘E\Hﬂ
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AC/DC B4 d%. 6
R B, 7

i/ ity A 2018 100 DC400,/48 X ‘
A= R AN ER R VI / TN
. HREH
ESPN
U FEHay. £
= 7,
AALHRE 2R LAy so0s 218 DC400 Ewace N SHE N
VIR ER ) i & b LD
LN
ES3Es| AC/DC B4 d%. 6
btk RSt R, fiBRHE. FRE
FREEDM 2011 100 DC400V
Bk % 78 DC/DC A5
gl 5. HiR A
NextEnergy =5y LED HEHH . 38 X
Center budling  Ji%F ] 2013 250 DC380/24 L. AC/DC A5
in Detroit eSS D (/N
Intelligent DC e
' MGicrloggernid 3 FLASC L8
Living Lab BR S o1 20 DC380,/48 AC{ be E?ﬁ%‘gﬁ 2
Aalborg & e USSP SIS
. ; - PR EE
University
1 | . N
R R LA
Y 2 2011 15500 DC+5kV KRS &
Tomorrow Tk i
P
HEng. 2. USB
p _C\ M A
gaEER oM mzf ﬁf%f
PN 25 f—r HF/N Al
I1SB building ;;ﬁ IR 2016 200 DC380 /48 A Ak
S, Sk
ZIM A
fif 2%
DC Lofts .
. R 4k . TR, PR
St — S = 2017 50 — o
rije TS G o 2
Eindhoven
e AC /DC A% . 28
Etratech Inc CORZ iR
headquarter j;%? B 200 16 DES80 EHh, AR
KR

HLHL
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3 EFGHEERARGKIIRFRE KA 5] SR

3. 1 BRI ER RS B RE
3. 1.1 R &

YAk K B RGOSR T 2 M 2. JLH R, §lin A P4
A, REEERE. MES. AT H—ARRRBREBIT T, B, &5,
KA AT A G TR SRR B4 ISR fS . AT,
R BT 2AL PR 2 B B O P 0 35 2 e A 7 T SR AR TR P S A A P 1, St 7
RGP R T AERIAF L S bR A B, M T AN A BRLEE KGR R
MRS, RANSWHOHOEH, ik AGE o IEA 2 TR T —
AR E N RR B RGR W, RATEIRM T2 A, Rt
DT REHGETH . FIILE SRR RGN AT IR, AR LI 4 A7
K BH 48 55 BE 34T R 230 A

K BB 3 ML RER 1 B KR R BRI A, SN 2 S ER B 7
HA VR R N TR B, R el A AR A . OB R B BR
SO AR 2 TR L R 1 . A BRSO /N 5 A B AR S R A
KRBT BTFADER, XORMAS R A 0. 5% —Hokik, AT LLZ0K
K B2 TR S A, T (7B %6 15 A P MR 1 5% i o B8 LA B AT T M 3
UL T U 22 K BT S 2 0. I 2B P R R T A A
R, — 7% RS R WAL, B PR S R A4 %

BB GRS AR T IO BT AT B R IR R e B
GEMLRIFR, R SR A6 ORISR, 06 T3 3 o3 R 3 P
My, BRI A OB ). F TR WITE R I % KB RS
SR F(1)i6 2 Beta 43

(e + ) ) RS
”mﬁémﬁhgﬁ[Fé%] o

K, r () 2 R KOG IERAEE . T() N Gamma Ei%: @ 1 B4 Beta
ATTRBHL

otk R K vt AT F A

P=r(t)A-n (3-2)
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A, ANKPHBE FRETHAL 7 AR
IR N AL & S S OSE

a-1 A1
La+p) | B@) P(?)
P = s 1l—— (3-3)
JEO) HMHﬁiRmUJ ( RMUJ
Ko, Sp R LA % R P (1) A
f;max (t) = A.n'rmax (t) (3_4)

g5 2 (2-15) WAEIE KK B R Gith DN E(P(0) 7% D(B(0) I
“WE S E(PH(O) A

E(P(1) == P, (0 (3-5)
a+p
_ ap 2
D(R(t))— (a+ﬂ)2 (a+ﬂ+l)P smax(t) (3_6)
2o a(a+1) 5
E(R (t))_ (a+ﬁ)(0{+ﬂ+l)P smax(t) (3_7)

TR T1 Bl 320 B s BEAR AL 2, A ARRHIBENLIE . AR M 0 i
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