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Abstract

Abstract

As the penetration of wind power in electric power system continues to increase,
it becomes very important to improve the fault ride-through -capability of
grid-connected wind turbines. This dissertation studies the doubly fed induction
generator (DFIG) based wind turbine system, in terms of the graphical modeling,
control strategies as well as low voltage ride-through (LVRT) of the system.

The graphical model of the DFIG wind turbine system has been obtained by
using Causal Ordering Graph (COG) and Energetic Macroscopic Representation
(EMR) based on the mathematic model of the system. Then the control strategies
have been derived with specific inversion rules, including maximum power point
tracking (MPPT) control strategy of the wind turbine, stator flux oriented vector
control strategy of the DFIG, grid voltage oriented vector control strategy of the
gird-side PWM converter and the dc bus voltage control strategy with feedforward
compensation of instantaneous rotor power. With these control strategies, the
performance of the wind turbine system based on DFIG is excellent in normal grid
condition.

The dynamic electromagnetic behavior of the DFIG in the case of grid voltage
dips is analyzed. And an improved vector control strategy of the DFIG is proposed to
reduce the rotor over-current during non-serious voltage dips, which considers the
dynamics of the stator flux deduced by the voltage dip when designing the rotor
current controller. The limitation of the proposed control strategy is also presented
with a defined controllable region. During serious voltage dips, a hysteresis control
scheme of the active Crowbar is proposed to protect the system, cooperated with
demagnetization method of the DFIG, which can reduce the operation time of the
Crowbar and the absorbed reactive power by the DFIG. Moreover, auxiliary reactive
power can be provided to the grid from both the DFIG and the gird-side converter in
order to support the electric network during the grid fault.

There is a trend to increase the power of wind turbines. Three-level converter is
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Abstract

a good alternative in such medium voltage high power DFIG wind turbine system. A
space vector hysteresis current control (SVHCC) strategy of the three-level converter
is proposed to improve the dynamic response of the system and to reduce the
parameter variation effects on the control performance. Then the hierarchical control
structure of the high power DFIG wind turbine system is obtained, in which the
control strategies of the DFIG in the case of voltage dips is studied with special
interests. Depending on the grid fault duration, different control objectives have to be
achieved with priority to restrain the rotor over-current or to supply reactive power.
With the proposed control scheme, the DFIG can provide active power in proportion
to the remained voltage during voltage dips and supply maximal reactive current to
the grid to help voltage recovery, which means that the system can meet the LVRT

requirements by the gird code.

Key words: doubly fed induction wind generator system; graphical modeling; vector

control; low voltage ride-through; space vector hysteresis current control
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ZEARK, AT 5 VA IR R T W () LR A BURe oy B, B F R AR AT
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i, A5 B Ot R A S o 2T VR BEAE IR T R I AT R N e A
DRI 7 b BEAZ W A, (H X2 DL OB 00 A 7 o a4 Hl s 4 A7 it s B

11



(1) o 7% 18 3 e 1 M0 A% A 28 At e oK PR A R BRI, 12207 2 AN0E H T R ol
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JeZF O AR i AR R B I T 2 AR IR, D i R RE IR S8 X
T3 WUAL B Al 4 s 900 A< B AR (0 Lt e 95 5 100 R A0 8 i 1) B v DR AT W) I 1)
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U5 RE FE BT LR B PWM 20 U7 30, 3 PO Y a4 1 R 0 A I ELDUR
BEZe L s, 2 dERRIEE . S54E S On-Off #2 i J7 A LE, 1% PWM £ 4l
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SCHR[S T4 Y 1 kR A 0y v 7 45 R A B DR I 99 G [ 5 10l fr 47/
W o %71 RE S IR AL DR B P R O Y, I HLRT DAY H S R v A
MR I . ERAEIE R UL N, TR R H S T Al P AR I B BRIR R
G, i BT R RE B AF A B ik, IR T S AR B B
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1. 75 A2 R A 290 G 0 TR 7 v I i WL TR TG 1 S 5 i A e 1 1 R il
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HRA (RIS AR TS LU Rk R 0 D0 AT T . S M X
Lo RN EEAY, A5 38 T 2R3 AN U R ) HL 2R 48 1 7 WL fg
TR INVER A,

2. FET RGN KRG 2 RE TR s, AR R o 1) SR B 45
BT Hdge AR P, e L BER b ) F DR BP0 S T 22 i A ]
FRR R WL B R Bh 2 R AP I SRS« kT 5 TR 5 1) PR 0L & F AL % B 48
TS 5T EL IR R ) P ) PWML AR VL 2% 2% B s il SFemes DL A N 3 -1 b
Iy 24 RT3 % 1 LR B 4 P TS 4 4B 7 o S (7 ORISR IAIE T BT AR
AR 32 B A 28 o
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F2% T EBR I RGER LA H Ik

F28 ETERERTHRFEERLZSGZE

2.1 3|5

N T TR RGN R I, JET T S S I, e ST
RGBT . ARG R IRR G S0 B 5 B e Rk
X, WA RI RS FECEAEA, R L, A 225 58 H ARk 10 DR SR A
XEegERIA A, NS RIH BE R R RSB, XA, i 7E L R
HACA B R R INX — BB R R 21, —J7 e %A & 0 B R 456 KR %
RYL, SRR PTRAGROR Dy T T E ) A AT LA IS T SRR RGN
TP RE R AT H

KRBT E A RGBT, AL SR s LA L)
EIEAC A T SR A BT R UK 18] (Causal Ordering Graph, COG) %
W AE K 7~72: (Energetic Macroscopic Representation, EMR) 3X P A S FH ]
(1 B A T o B 4 LU R T FL 2R 8 IR BT 2 ok 461 5L A 13 ] 2
MIFHIX PRI ITVER RGEHEAT R, JF Rk Tt HEEA R

2.2 RFEESEELR

RGP SRR T IR, Ry, ORI RS A AR TR 3 3 s P 4 )
MR 2%, iy HAEAE R ZERCK M v S e, A3 BUCTAAE SEIN 2 R 4t
HSEe I, b TR RIS, W RS MR R AR, iR
e AL (AR m] DL P T e AR A K A i HE DR R OKR RS o RGP IR
PRI T AR R (R T, TR S RO R AR A 2 B R SR . [l —
ARG AR 0] DU A RIS AL (R 5 ok 3, BERT DU (R e ik 5K
KR, ] DU e () B R R i o G Hep AR P AT L SR IR 1 e Ok R
s, SENE RGN DR E, 10 BB AR R U Y B A E £ (1 B oA oK
ik, BEREMI RN RGN, LR AT B AT

AR E G AL G A A A R AT RGUERN vk, IR TR —
SeH WL B A, JRE RS AN AL
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2.2.1 fRFEEEFELE

TG AR GRS TV SRR ZR G0 % 20 RGHT 73 () B A 9 ) FC R T R
SR TSR € 17 ORI LT REHE AR LR AR RGEAS AR 2> Z IR IR,
BLAFENZ R GBI,

AGMAL I R EOE P B A, T Laplace 28, HIKAHIE &
gt A AN AU B OC R . XA T HE W T e W 25, B
ST AR R BV 0 Jr RE R 2 (K R A G R AN AR I

ARGUAI LU AR s B AR R R, i 2.1 B
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—> G(s)
U, (s) .\ I + Y(s)
—> G,(5)

B 2.1 i ok R R I R S 1

by AR R AN AR [ R W] LR TR A -

Y(s) =G (s)U,(s)+ G, (s)U,(s) 2-1)

P Y(s) ARG R ) Laplace 424, U, (s) I RGN A AL #E,
1M G,(s) MIE Y (5) 5 U, (s) LML R G (s) BE TiZRAMEMEE, €
MRS LRI MBEORRIE, 115U, (s) MY (s) TR

RS IR I i8R 2R Ge MK IR A AR, e S A R RPIR A 5 RE A A
R b, A RES T R H O — B iRl A T R R SERIE,
IR (A 3 R A B R 7R, HERIA N

x=Ax+ Bu

y=Cx+Du 22

Forp o O RS A PR T i, w MRS, y RS )
i, A NEhAKERE, B FERIREEE, C RERERE, D Zs N B B R
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REA M G - 2.2 Pros, A T BRI R s e

\ 4
S

u(t) L X(0)

X(1) Lyt 0

\ 4
o]
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Bl 2.2 dRE 2 TR 7 FE 7R (K 2R 48 45 1 1

AR5 R ] DLUELBE S WA 48 A RS AR B (A2, 1 A3 bR U fEAR
ARG AN AR, ANRE LR A AL R AL

2.2.2 ETEIRRTHEERSGX

TG B ERTTE C & BoR IRENT U BC R K R ST RE ), &
SEIR IR R CAERWIE S BANFEITS DL~ E AR REVE I o dr S R GE s h TR
MTF-BLo EFITVEAR AL E NI AR 2 Sk S LA L. 2R,
WEARARGARH DER, M HIL SRty BRI, BRI B A R R e it
AP GCIFRE A5 A 5 208 2 A A AR H N AE o Xl At AaqT B2 P i
HI BT A28 TR AT R G5 1 SR R ).

HAT N IS oA T2 1) A E BB 152 8 5 (Bond Graph, BG)
o 2 R 56 [ 2E 4 Paynter T AMHAD 60 AEACHR T, Sk AE 70 4EAR4F F
THE IR A e B P AT LR AR G5 0 ) [ ) R e sh
fHol. AT RGN RERACH M RERBEARE R, Wi 2.3 Pros, Hhhgs
H— MUK BER WS T [ E 7k (half arrow) &7

e
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f
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FEY e fREEE (effort) , FARRAERE (flow) , T REAAZHT
[ I e T LU M 2 I e AR R i

O B =R o =AM ol R s R R (R BUAifi A7 fE
& (1, C) s PN EBITE (Se, SO Lorfe R MR U ZERTl (0, 1, TF, GY)
O E B B T4 MR G ) S5 MR K

TEBEA B rh e AE P Sk B om il — S Gk FoR AR G &R, Wil 2.3 P
o ERI/NTCHT A 1n)JCA B N ) AR, RN Il B oot A IR Rl AR
IEARER IR G R I R S ot B Mo 2P IR OC&R th oA 18] (P AH AR R vk
. MAZBER VAN T A (R REN o X FpB 7 A 15 I wT LGE AR 23 P 1 DR ARG
R, XOTLUEEMr TE R R G R, MR TER A HREAG WS oE 1. (E
FHERN R, @B BRI EHER SRR R, REEIFAZ
iR i e PR P — e o

G R B R IR RS B BT TS b R AR A A, BRI e
FRGEAH DN I G 53— R o [R] IR B I8 RE AT T I 378 RSN e S im sl I 7
o SR, EH TR PR R O RIWAEAE, 019 07 B & I EEHE 3 R G 4%
W7, i HARE DU R B0 R G AT 07 FLF 9T

S BB E OOk et T 2R DB RGBT, e &4 n &
(Power-Oriented Graphs, POG) , Bl (Power Flow Diagram, PFD) Flfg =Pt
(Energetic Puzzles, EP) 4.
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FEARTOA AR E AL G R A . XA AR TN E] 2.4 PR, Zoidi iR ie %
Bitk (connection) , KINAERMIHH; LML AEIR (elaboration) , FIN
i AE e TH FERE . HUE A PRI R R To AR IX P Tk N R R AR 25 5 o 1%
BRI RO FLEE AT N T R GEAH A 0 43 A i R B, XA A e fg
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K 2.5 REWLEIEAR R A
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FENAE B AR IO RERORIE S BE R BE R AE AT, PR LAk
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IR

2.3.1 EARXFEERTH
R FHEAE, BERR PR R SRR CINT hAA&E) , 35
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ZoEBN e NN TIAR R o M A F H AR & 2 (R O¢ R e — M b B S
(operator) KR /NHAEIRFE . ZAAEEES R R IN ARG — D E— AW BT S 1
FEARETE, R 7Tl 0552 W) FR) i N A 8 R 52 353 W) 1) At A8 2 [A) (R e 46 0K
FRo EMKXRATLL L HESKRRZMNEKRR.

FRFAS K F o Fa ) S AN AR [A] 1R o0 R AN I R), REANAEAE AR TR
RRHR, WHE A LHAEERIE AR R

R, y(t) = R, (x(2)) (2-3)

ROREHS R AN AL B A W 2.7 o, Herh AU S 4z B A0l g s 1 A 2R

KA AT
-~

2.7 PR ERRS RS R

A H R RS T E R R R AR Geontt, Wi X SR AR ot
AT e B st oo 1 e f AR LUK BE TR SR FE, - DR e v e A P AR B (12
CMERARAR, AT RIRIRIEEL R

Ry: v () = rip(¢) (2-4)

Ryt iy(0) =%vk(r> (2-5)

2.8 MRy AR B e, 5 by e AR o

. R . .
> . @ - 3 @ .
«—

VR

2.8 Ry ER R 1 ra B
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T BT 7 BTl 0, ROREIAS O R [0 AL BELES Hh i AR A2 B AN e
e 5 L ERMER e oo e 1 .
5 AR I sh AR AR, e A A A2 F 2t i 5 I ARG AR e 1Y
I3 AR R IR R B L= AL AR o BRI R UM T, 38 % n] DU 20 J7 e oK
i
LU .
R UA (2-6)
DAL ey AR R AN AR R ARGy, ) AR N -
R,: y(t) = R, (x(1)) (2-7)

FoRBN AR A NALELR N 2.9 Pros, JLrp i s Skl AR PR DR SG
RMBESIE, ARAEE, M HAR L AR IS R G T .

—a
K 2.9 PBERUFEERRBEIESR R
B RN AT LU A R o, AR . A oo A e
SN RE, A AR [F]—To A 5 B K Bl e Bl e AR S AR 7 T 1 2 1)
SRR A IIVANEE € SRV S WL EAN T JLE
RL: VL(Z) — dy/(t) =L dlL (t)
dt dt
] 2.10 S5 IRy B (R RUEOT A, LA HS 0 R fr N R AR O
X e LR B B A PR T DUE I o

(2-8)

K210 DEROF B i goo
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IR oo, H i i nl LR R -

4o _ . dve(®)

(2-9)
dt dt

Re: i ()=

B 2.11 9 FI BRIy B (R R oo A, g 0 e o Fan A\ R IR AR 2
AR A B S BRI D 1

iC Q ] C Ve
S
vc

B 2,11 BRI B R s 1 A e

LR EPNE, RonshAR R AR M AL B g b g AN AR SRR E 1Y, X T
TRAIE T ARG G Y BERFE, 55— 5 T SE A O PERE T i AR SUe P P kS 1R AR
PGB M, 1B IXEE ot oE 75 EEAE M ERS O R OCR .

H ST RAAS 20 BRER OOy B EA T R G T 0. 1 e I R SR ALK
i B SR (Hea i) 13 81N AU B 2, SRS IR I3 A&
TOA AR A R 50 R ke s % Ak B 0 N M AR, o S 0 I R G A B A
FARE () AR TT A E R R BT A3 24 R GE M R U . i Tz A e
RIBEA T A PR, RIS 2R RGeS (R i M —

2.3.2 ETFRFEHPTHIFE

PRI SR U P8 e 5 HH TR it P AR AR R 5 1 SR R0 D45 381 38 48 ) Bk A 1)
JPEPIR RS JE AT DARERE s E DRGNS R IR R, AT
EITFE RO Ceffect) , DA RGUHEINAERHIA KT (cause)

XA (P EA KD ER A, 30 0 2L A A\ i HE DG R AT SRl i 75 21 1 A
RPFEHIOCR . BRG] 7 RSN M AL MR AR &, NnfSa] T
Ve SUBUR UL S N VAT S =N P I S U U AL I/ S L X (P AT
PERRR KGR

X T RN KRR HLA, BT 5 A A 2 8] 1) 58 R AT
INf A, DAL G SRR AR B3 —— X NI OC &R, gt n] DU S e sk i is 545 3]
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Hopshilge . BACRIRUEFEWE 2.12()fT7R, FLAahlas 85/ FI R A 3 2%
AL, A FH B i Sk Ao A A AR B TR R AR

2,12 DRI B AR (1 42 1 245 4

o Rye 367 AR 75 R, SRAW 75 21 (458551 7 Fe
R, X, [@0)=R, (1, () (2-10)

XEE, A TN AET 2 EA y,, TR LA E T AR,

ST RRNS KRR AEEERS, WIASHE W Db 17 2 145 B il g . X2 A
HNH R R R C R, HEO SR 2 1 2 T G &
XAE S bR P R G AN A S

N T R ), AT AR PR I v, T8 BT R 38 Crr R R
DR SRR y 5By, Z AR ZE . IR )R A5 ) 4 )
T FEnT AR IR A -

Ryt %, (1) = Cp (1, (1) = (1)) (2-1D)

AARRIRIGEFEWE 2.1200)07w, FESRRAFERE, HdHEsH
B koo, T HL R A, DL S P R

FH TR o A AT %, R BRSO B AT DUAR J7 (8 1) R 46 1) B 2 i A 45 2

HEAC IR Tk, b e SRS B s 454, 02— FAT 2 AT 200
RGBT R R, UARGHBUTHEZ, SRR, Hix

28



F2% T EBR I RGER LA H Ik

JHRER PN RGBSR B 2%, T R RERGARG G T Bt
Pk, e RE R B D R R SO0 235 I DR R T i

2.4 EMeEERTE

TR R INE e A ALY % B HLUR L2EP 8256 % [¥) Bouscayrol Z(#2 /-4

H 2 & HIHL S LA 20 B P 52 = WL FEA% B SR G N4t 1) — b s B A s Ty
12[93]0 LA AE R R B R A B RE TR Y], B8 B 255 (R 3 s 2R KL
RS, (EORFFRGY AR FTIR TR ILDIRE, KA HZ 077245 21 1) &
R BLAT R 1 T s o %07V LA D N TR A H Y4 (Hybrid Electric
Vehicle, HEV) P4, f#iff7E 0| (Hardware-In-The-Loop, HIL) SIS ELESHITX,
REFEH 248 (Wind Energy Conversion System, WECS) PS7A5451458 (11 57 .

2.4.1 EWREERTENERTH

e R R BB R B, T RGO R W2 2 TR
PRI R R . A, &b E TAEM (action) 5 (reaction) JiUl, RITA
KR R G R — AN ARG = A2 5 2 AR N Ry .25 B o 6 N T AN [RI 2R Y 1Y
TRY, FEMAEER NI =M EEAR T s e R Fe i A .
TAh, AEAFFERNE RIS, BT TTH R ARG oA [R] 1 BE e i 1 %
Pkl ok, DUETEM R R RGN REE D BCE L. &7 BRI BB 5
SARN 2 AR 2. 1,

R2. 1 MR RRIEIN A

et e =YL il
. FR R AT S
i C D bR ik
y 1] BA B A
i x’Z Y R R R TG HURGL gL HERE
"6 He
H e BAERRKR fl
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43Rk, 1  FEUMREERINIEM T
Joi 5 B R UL A1
X7 X2
TN REH MM o AR BT
Vi T v, ZBSHEEAFE A i
€reg
Xy X7
TN UM R e (1) o1
L2281 ‘_&’,_ ARG .
[ T et I e
Iereg
Xy X2
([ wwhmmmsesnct
LHLPIL
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geko. 1 FEMRERE R ANTIEII Tt

Tt ie) BX R ]|

X2
X1
B 5 P e b

N

V3

HIETT L, BER MR R IEAN R T RO I, EREAS TR R IR e 7 &
gt i RURGOF E e A8 T ARG S B R . D, g
RINER BN RSB RE BN ZR 5 (RO RGO WS e (W BEA5H, i HL
I ERTR T ARG (KA R AR A L R AT s O

2.4.2 mARLIEHER

FLREEE R IE I A T 2 RE S HE T HAH Y. 3R 40 () e R A 428 T AE
(Maximum Control Structure, MCS) o Al Sl F5 [F] At 75 S A A SR vk
J7 BRI 2 TR 03 50 2R IR S SRR o TR Ay M) FH A s 30 0 D0 45 21) £ 42 1)
HE B A5 B 22 BT s B #2458 4E Coperation) FIll#E (measurement) 15 &,
P AR RR 2 0 B KA HIRE ] o AR EAl b, o] DU & b AT 00 B 74 6 A
AL AR AT A T, IS 25 S s R Y.

F G0 ) e R A5 I 2l 1 0 3L RGUK IGE AN SKRIBTA3 2 1. i T3&
INREE ) O RARRE SRR, B n] DO L E AT K . X TR &
W (regulation) M #Ioll, W LA WAMAFEDE M E: w4
ST R, W B4R AR S A A TP R S S i
[, WA AR AR S, AT AR D T I T AT . X T R S
MfgReTCiE, BT ARG SAROMERRRICR, B ik PR il 4 0
HHT ok . RS — RS WA AN B/ A, il Horb 2z — ke
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TS R AN, 53— AR TP Bk 2 UM I AT 2. BEXE R STMIR
Joff, mTEERGNER N BCEERE, Kbt ] BUE R0 HR . Ak
R oCrE i AR 5 RAH N B 2 I 2. 2,

K22 BORAEEHIEE I ot
TufF ] BX R

l €reg mes
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X K \ LA ey 14 TN L
1_ref X2 ' ref

v

AR Hon kg

FeAgoot B SRIY
PAx, 1 TP
|
xZ_mes |
L | mes Al BETCAR ) He R
-
fifi e ok id S ———
X1_ref Yref

X2 ref

iR TW O B S U] ;:jé?i i RE TR A IE R S U]
X3_ref

Vet ‘ Swes MR B A
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&

RISy L, S KA AR X B R T R e R R U B, [N, b
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HEMARRTTEZ WK 2. 2,

i bpng, FMRE R NARA BN RGN LG, JFaeE T
H RS . (B2, FEBETHE TR G P R AP HIg SR I, 3l A
B RV B o 1 i o422 1 i 1) 5 A 2 50U i 2B X TS R ) A 32 R S
DLk, 6N E A 0 2R G0 (R AT ) o S 2 5 R LB S A 25 ol
o, FLEARGURE v AR 8 WilEl 2.13 P

RN
G AT
B I P " e
i s
e E— R

o 1 L EIESR
BRAFE | | g e
e —
= st 0 I N | R U v i <A
JRIE RIR KR
<= HEFRoR
H 3l i ny B Bt
E—
- S | I N | -
SETR FiE
o S —— YIBERIR
BitTER SRR B
AL CEs
DM EETH

Bl 213 R G L4 i B A

33



F2% T EERRRGER LS A

2.5 RN % B RGN MAR D BIRR BRI SRR

T3 B LR G RE R e 4 o FLRE ke B, 2 MUREA T 1) e 2 B 5K
e ALK DABE e 4 A WU FE PR LB 23 AT AU FE % # 0 Fi e 10 Pl
gr, s MR N RE R AR Gt HINLWGEE 20 Wil 2.14 o, o i XU
FRENEMFNRFEAR X = A EERAF AL Foh RO PRk R RE IS, it
DCBERE B HUBRE 1T A% S kR AT S8 A K I A W U A 2l 2 B 3T X WL g L )
PUbREAL L2 AL

RAHL
HH A
-
v e Bl
AT
Ca PR
Rl
R Q
B

K214 X7k 2R B8 LB 70

2.5.1 KANBYEE
R ITHLR R X BERE e BB RE e B, Ho i ohanr DA B Aok &R,

1
P=> LSV’ (2-12)

b p WA, ST 1.225kg/m’s S R MR, B XEEE
R WRsE, v NG 1y C, A NRER T REL EHlid 7 KRR X EER R, I
BRAH 2 M E 280 T4 5K Betz 131, BARAHEF T 0.593, SRR DGR IR .
RSB N BCR A RE, Bt AN 2 Pite,  FOXEER ] R B A B 75
PUBRF, (HF TR OR Bkt DUZZ AR BRI XTI HL . R R T HLE = (¥ 8 3=
LA T 3 T AR P41 XA T A e 3 iy DX (14 2 2t i 55 7 ORI
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W B E I AEAR S Al L R e R mT L b FC i R IR LB % P ORIRERE f it @,
RILGE -

R;: T=£= !
Q 209

t

C,pSv’ (2-13)

EAHREERHT RS C, #3E T KU B URE A7 S X RERI LB, S
L A MR B RREL . JLr I AT B A g SO I ISR i XU 2
bt FOREE S KBS AEAN R A B (AR -

R A=— (2-14)
1%

WRYE— G LR 1L.SMW RUI7 K LA IR IC R B, n] DAL XURE
R 5 C, (AL Ik A

2(A+0.1)
18.5-0.3(8-2) (2-15)
~0.00184(1—-3)(B-2)

Ry C,(2,B)=(0.5-0.167(—2))sin[

RGBSR R B, (R, AR — AN A A
FOHRAT BRI KURER FH 3R 28, RG] — KU AT — AN AT 45 XU BLA 3R
KRESRR, % R ZARES T B I K D)3 5o AN R RUIHE T (1) dpe K Dl 28 R
Hese, BUAT LR B KT 2. 534, BEAE e AN, XL X GER
F R ECRN, 3X e PSS ey XU ] DUIE e 3 R A ke s R WL
WL e, AN SRS XU R R GE AR R

al (2-13) « (2-14) F1 (2-15) W] LAAS 2 RITALI BRI IO 8 R0 72 W R
HAONERRIETEA, Wk 2.15 Pros.
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(a) PRKFHE (b) FEMEERRRNIE
Kl 2.15 KL B TE ALY

1 bR B, DA SR KR T BE B3 T 1 3 7 A5 Y P 8 A S 2 ) ) 5k
B, 1 W BE B AR s A LV AR A A T T A N i AR
i, B R EH AR R SR I B KR MR .

2.5.2 fEEhiHRYIEEY

A3 5 VL 2R G 1) A 0 e B 5 DX T WL O A0 S A 3 il R 5 vl L 1 e 3 A
g, S5 T RACERK I RE, AT DL R A SR SRR AL S, At
1FENME B &R AR b B H (mass) 45 R0 AL 1O

dQ

R:J——=T (2-16)
4 dt t

Ferb T 9 VR AR SO S B S U O T ORUEIT ST AR Se A\ i
IR RER AN A AEARA,  F SR R AL S AR A Y 2 Bt 3 SRR, sty
PTG 2SR AR R B I IRIE N«

J
J=J s (2-17)

A T F T 73 5 D R LR A FAML ) e s I s 10 G R AT A ) AR T
Lt

P RSS20 S IR S WU 70 vl DA A ) U e T D e A i A
W Ty AN T 15 21
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R: T=T-T -T, (2-18)

R T, =12, (2-19)
Hod SR E R4, v LLH A9 30

f=ﬁ+é§ (2-20)

S S R Ay A ) 2 A R v A Bl il 1 BH JE R B
FH I ] DA 30 45 2% 4 v A Bl Al 1) DR SRR RN 2 W g e AR s v I,
K 2.16 7.

(a) BERKIFE (b)  FEWAEE R
2.16  SERAE AL Bl Al ) B A R AR

2.5.3 HRFEHIRE

T X I s — M LU A, T AR LI DA R s H b e s, Kk
T AR A X A U T 30 25 B A 1 R WL 4 v Bk rE LA By
T L e e T

R AR S BRI, 28RS I H S MU AR, T BLACh e R
RPINUAR BE B #e e os, AN s E IR FEAAS . BRlitk, 7EAFCFEHE ikl
T TRTENE, AT A A A Y R AR e

R FE R R B — P AR, Pt NS 0 R 5 e M
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HER SR AL E R YE o R AR a] DLROR A -

R: Q=G (2-21)

Ry T,=GT,, (2-22)

Forb Q O B AL, i 7, O e AL IR P R A

H AT A B HT DR BRI 2 M i ik o I A e AR Y, il 2.17
PioR.

(a) BIHRXTE (b)  FEMREE RN

K 2.17 R KB

Zi b, WUERITACER S AR o (0 2 M e AR RO R, it LIS
P BB RGN U 20 1 B AR, & 2.18 PR

s KAHL &5l WA KL
—r  —> > —> —>

K 2,18 KU HL B A% B0 2 58 1 R WL g B s ik Y

[FIAF, RENS S W AR St Y F AN 75 1) AR O B T AR O B 219 P iE e

38



F2% T EERRRGER LS A

B 2.19 XT3 BLR AR 3 2 48 11 DR Oy T A R

FR e DRI Ve 161, AT DA 8 P ads St AR Y X ) e H R GE UG 70 1) R S &
K, &l 2.20 fros.

K 2.20 K HL AR 2 2 G211 &5 44 1

2.5.4 KA RGRIFEHIRER

Xt RITHLAR G842 1 T 22 AR A DL e AT N R UBRE %, [R5 rpL
e B NG AR A T TR AR o DAk, Al DA IR R T HL A 2 S A 4 3 v
TSR BEVT—Zc ] 2.21 T 1 T %6 - R vk il e D % R A AT b1,
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H EEWTLUE S Xk RS 2584778 LR PUASAS R R X3

DI 1 OB BL, R L s T OIS, S R LT ARIEAT

X3 2 M KIh % S ERE: (Maximum Power Point Tracking, MPPT) [ B¢,
Tt SR L PR R X AR AL, AT S B AR A T IR A, TR UE 3R
GEM T R I XRE, IR A da AT 5 o il dse ) 1R DX

Ik 3 hPEEISATI B, A A R L R A AN AR PR [N )y <
BRI HUE AH s

Ik 4 HEDIZRZATH B, RGN IABIBUE G, I AR R BRI R
JIHERGE, B2 KBS TRV A RV RGGR T,

PRI R R RGAEIX B 2 asAT s e il de) B bR i Ui s 41
B RT3 R R R RS

KBRS Hedpe KB fURERER, ST A3 XU AL A BR B X AR 4L,
BN e U o i KB KA 3l R G 8 WL g o i, mT AT A
e S L KA HIRE R, Gl 2.22 Prow.
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0 KIIHL (L AR A AL
€  —> > —> —>

T Q, Q
Q T Tom

ARG J B
izl '

Q t ref T, g ref T, em_ref

K2.22 I BL B AL 8l 2 58 1 25 00 RE B i M de KA 47 1l ATE 14

1 TR A AR BRI —MEREIA Y, I N PRI R b e 2 A
TURCE NI . B T AR AR AT LU N, R DU I X WL
BEAT AR S BN f KD i R R . RS ALSh B B A i (2-16)
(2-17) A1 (2-18) , A PUERUY B ROSRIE L, W] UG B2 i 2 1 4 (1R
LS

7 ref PI( t rgf ) (2_23 )

Hepr, NITRNER %A, C, W, QWP
S A, M Q kS WL I A . B S B ARG ORI R XS L

(G, PR DL S0 (2-21) H R FONLEG A V1 U B A T4

(2-24)

Qlo

R7c: ‘ét =

Hoepr Q by R WU AL VB, Q S & HUPLEG S B i o e otk ] LAAS 59
S o vl Y 0 DR WL T 4 i 2% D5 R

Ry T,y =Co( ., —8) (2-25)

4c* g _ref

R B0 Q, |, T UL R BLECE B (2-14) EBRI {35,
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o  =lom? (226

R t ref R

2¢*

et g SRR T Ay, o 200 S5 05k K 30y 2 BB £ I L
26 I, 2 TR A 8 T B M R T LU R (2-15) 7880004
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R TLLRIF R (2-22) if e ) 8 o 10 B 8 T, 49 B0 S
T 0 2 e L P P 5 (L T

em_ref :

R,:T, .=-"22 (2-27)
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/ R AL N et N7 wwma O

i S
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2.24 M HUEE 3 P IR 5 1 1K AR 4 45 44

SR SRR b, e R () ME A0 2 LA IR o DRI, AR XU N
A3 20 X WU S 2 v B I F ARG . T2 DB 58— Rl AN 10
2 XUH ) e K D) 26 RO R SR Mg o [RIRE, mT AR 2.22 43 3 1 d5 KAkl
HE B EAT ARV (1) T4, ANTITAS 258 B4 i S0

BB A — N4 1 R 0 A R R AR A T AN R AR B Y, T IR B ALK e 3l
PHEEARH R, AT RAEALA A 7RG IR [R] Be N XU AL G T AN el R =X (2-16)
Fo(2-18) , wLASE:

dt g Vis

T (2-16) MG T BB A W ARKUT RS, AR Sl B i X RO ARt iy
NERBZLNTERR . WK DG EGFENT T PTLLACA

R, T =T (2-29)

4
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BRI AT R Ak B SE IR T AAZ 5, e R (1) N S T RERE T O T 3
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LIS RO PWM AR L B E A ] LR A A -

st

i
v,d=R,itd+L,%—a)Li v, (3-59)

s thtd

di
v, =Ri, +L,—*+olLi (3-60)
dt

(7 I P 0] A5 3t o X AT S B AN T Sy 38 T LAy 3337 -

B =v,i, (3-61)
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