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Abstract

Novel control strategies for dynamic reactive power compensation

ABSTRACT

The insufficient reactive power compensation is causing ever-increasing
detrimental effects for the modern electrical power system. There are many
available methodologies to regulate reactive power flow in electric power
system, including synchronous condensors, thyristor switched capacitors
(TSCs) and static synchronous compensators (STATCOMs). This paper
focuses on the study of single phase TSC, three single-phase STATCOM and
three-phase four-wire STATCOM.

Firstly, the new TSC scheme based on detuned resonant LC filter banks
1s studies in this paper. The reactive power detection method, capacitor bank
switching control strategies are presented consecutively, which avoids the
switching oscillation and abnormal switching problems related to the
conventional TSC control schemes. The validity of the proposed switching
strategies is verified by the simulation results obtained by Matlab/Simulink.
The experimental results further confirm the simulation results, which
demonstrate that surge-free capacitor switching is achieved, while reactive
power compensation and harmonic currents mitigation can be realized
simultaneously.

The TSCs have the drawbacks of slow dynamic response and poor
accuracy for reactive power compensation. These shortcomings are overcome

by STATCOMs which can provide continuous reactive power compensation,
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which has the capability to inject or absorb reactive currents. In this paper,
two types of STATCOM topologies, namely, three single-phase STATCOM
and three-phase four-wire STATCOM are investigated.

In order to overcome the deficiencies of the poor harmonic detection
precision and the unsatisfactory performance of the conventional double
closed-loop proportional-integral controllers, a new current-loop controller is
proposed for the three single-phase STATCOMs, which combines the
conventional PI regulators and the resonant controllers. Extensive simulation
results under various load disturbance scenarios demonstrate that the
proposed control strategy has excellent performances with improved
harmonic rejection capability and perfect grid-side currents.

As for the three-phase four-wire STATCOM topologies, the
three-dimensional pulse-width modulation scheme i1s adopted and the
mathematical model in stationary a-f-0 coordinates is derived. Besides, the
perfect harmonic compensation (PHC) strategy is proposed to ensure stable
operation of the STATCOM under grid voltage unbalance and/or harmonics.
The decoupled double synchronous reference frame phase-locked loop
(DDSRF-PLL) is utilized for phase synchronization of the STATCOM. By
decoupling the vector of grid voltages into positive- and negative-sequence
components, fast positive-sequence component estimation for the grid
voltages can be achieved, even under severe grid voltage unbalance
and/harmonics. The simulation results demonstrate that the three-phase
four-wire STATCOM with DDSRF-PLL can provide accurate compensation

performance for the unbalanced load by compensating the zero-sequence and
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negative-sequence components of load currents, and also provide satisfactory
performance under grid voltages unbalance and/or harmonics.

Finally, a cost-effective soluation for reactive compensation is proposed
by the combined TSC and STATCOM methodology. The coordinated
operation of these two devices is realized by properly selection of the
reference compensation currents for individual device. The validity and
effectiveness of the proposed compensation scheme 1is verified by the

simulation results obtained from Matlab/Simulink.

Key words: reactive power compensation; thyristor switched capacitor (TSC);
three-phase four-wire STATCOM; resonant controller; decoupled double
synchronous reference frame PLL (DDSRF-PLL); MATLAB/SIMULINK



AT R A S

BB BB e 1
O e = TP 1

1.2 TEIIAMEEIRITE S oo 2

1.3 HL ST RGETINAMEIT IR IEFTIIIR ..o 5

O N 3 S0 SO 7
Bt 85 1520 K 32 L3P 9
2.1 FAFHTET IR IR .o 9
2.2 ZHRAPULR R AT TE T HL TR ....oooeeeeee e 12
2.3 TR ST TE DT EL LA oo 16
BT AR A BT I AMERI R EIIIEIT oot 22
T8 T 1 = OO 22
3.2 L BT A B T TC T AMEL T I oo 23
3.3 T ) L B EIFE TR ..o 24
331 Fl AT ZIIIIEE oo 24

3.3.2 FEUIRG  SESA) B HAIHE IR e 26

333 FEHLERTCAFIIBEETE oo 29

I T L YA 3OO 30

3.3.5 TEIIIIZRREIIETIE oo 31

3.3.6 BT BIETIEIIBETE oo 32

34 AFELETHR GSZIE TR oo 36
3.4.1 3T MATLAB/SIMULINK D1 EL ooooooeieceeeeeeeeeeeeeee e 36

I )= S NSO 37

343 TR oot 39

B8 I s 41
BEIIEE =AHPILE STATCOM FIBTZT ..ottt 42
O = = OSSOSO 42
42 ZHAVULE B R ) STATCOM BRGEAEFITETE <ooooeeeeeeeeeeeeeeeeeeeeeee e 43
43 Z AT STATCOM ..o sn s s neenennees 45
43.1 = FATENFI STATCOM FEBITEME .oooooeeeeeeeeeeeeeeeeeeeee e 46

432 =HFLH STATCOM ] MATLAB/SIMULINK 15 B oo, 55



H %

e LU 2 N 7N @10 )., (5 58
4.4.1 )RR EENE (SVPWM) L =AHPUMAR AN R I oo 59

442 ZAHPYHYE VSI-STATCOM AR BRI T T .o 61

4.43 fEFERUAEAR R GEAIIFR(DDSRE-PLL).......ooooeeeeeeeeeeeeeeeee e 64

4.4.4 =MV VSI-STATCOM [] MATLAB/SIMULINK 17 B .....ooovovieieeeeseeeeeeeeeeean 70

B.5 NG et 76
BHE BETLAMESE (STATCOM+TSC) FEHITRBEAFTL ..o 77
5.0 BRGEGEF oo 77

5.2 JRA TSCHSTATCOM FMEHIFEITEME ..o 78

5.3 3T MATLAB/SIMULINK D ELEE B oo 80

S INEE oo 84
BEINEE 5T oot 85
2 al - NPT 86
OO 89



1.1 ARE=

HLBEAE 0 AATIT 2 A R e, LR B — A B SO kP M [ 5 1)
FhRB Lo AR MR AR AN RS X LR R SR K [R]IN, $ wey o v g ot
FIESRIE AN ER DA =Rk . BHEOKCER S AR SRR R IR0, 1Y
S HCR . TRERERY. SCERIAET. P B RSP I S @ LU Db A A
JEMBARLIE . TR, BEFH SERAT G R A, N RO T L RE 0 25K
H 238800 AE 5 i ) Dbk — 20 R e 5 58 3 1 [N, B i ) R Ge s 1l
KFE, CLIBRT AR, b, ferb, ZRAb. PEAERE N KR RS, H A HL R
JEAEFS AL B =Wk e, A FE ) R GER M R IR AR D St . AR
F T PR RIS 23 A 1) K 22 S R R 22 5 A R IR AN P, 350 T 3R i e U 2
SO ATAE VU ERANAL S, FL R FE T ZAR AR U Bk 2 S UR I PR A, [
BEHFE W) R e FEA S “ P ZRIE, eBERM, Bdbmdt, | Mo Ir, K
L) RGOk H AR, BT LA T i 2 1) gt
® h T IE - IRAEH BTIR 0 A M A AT B s 5, SEEREIR T “0

RS IR, RS A2 KA i B R L e A AE, ORI G2 1 e B A<l

XS R AR, (HR X Leq HUE R LA R R W, SEASRUENE,

ASTREMEAIAFE VESFRUE PE A PR RO R F AT, T R0 v G F R A e i 1)

o R A JRNE L R GO A A R
o LEH RS EIL, w7 REME, REHJEMILTE T RGN 1

B, O T B 2 2 ke e ol AR ST e A9 il
® BH UM A E, P M s D (O an b gl i g HLAEARTER

FREBIHES S W RSB SR AR S (], A&

DR GG T ™ SR e, A ) R GO ™ 5 R, 520 T

ARG MOATIEAT, IO T3 s I R aE R, a2«

PERECE AL AE R I ) B A
® R H AT, AR R ECRm B R, 0 FE R PG o™ UK,

-1-



AT R A S

BansEE 2003 4= 8 J 11 HAf#H, FEHALTHUA RIS 300 143570 2005 4F 5
H 25 HIR P skl K B8, HAEs ik a0k 10 123578, 21500 1A%
Et| I  P E E EE  E T ) [ NTT A E S 7 atons v G e I e S L EWA R =
P TIAR A ZAH A AR T IR B2 A i, R v K rL I L R B R 22 AR e 1B AT K
AT & R HL ) R G2 AR e B AT I AN EEUGE,  JEIH S B g o — ¢
FERF X K A ORIER = A 1 X1 3 2 F TS 22 A e i) RBUSE Ay 5 PR,
HHT, B F I e A1 AT KR BT i 48 e, B T A 5 B ) S T PR 1Y 8%
MU R E BT BAbh, bR et i T B BRI, AATASWrbor T an (o0 A 34
3 51T BN BEAE ke 5 ) R e s AT /K R L R T, [ XCATF ) T — L6
N U P S AT AR BE i, il ef o JFRC AR b, B3R
AR AR AR 45, X Le 1 25 R AR [ 1 MR DI 7 Sk e e () 7 el LA
SO G FRL 2 BR PR BT, D L) RGN, S i A B A A AL ) R AR
M. HAE, TG TFBE, ) RS BEARY KIEILAEN, tf:
RG] RGIBAT T EAE AR OIS AT My B, XA A R T HE R AE (R BAT R %
BHARDFIH, SorbEZE R .

W8 R FE R P R, H AT O R SR B e DA R R Gk
AR ) P H 3 2 46 = S I il G LA R Y. D e (1) JC DM 2% R DUES 2138 e 3R
gitcE e, MHIRG I AN SR, Pk, m R R YIS R
ZUTVELE . YRS T IR C D AMEE B IR 5 T A0 HE ) R G 1) i e FAT B X

1.2 KTI*MERIEX

Bt [ ES 28 D MR IR JE 3547 88 Ml Xt HL G 5 (14 2 SR Aol
R ) B % ol L 2 TR S B 1K) BT A P Ay B A Al RE SR A vy
BRI RE. AR ARG, 7D iahpl. A2 s DU A gloh 520 B 2L K B
MIETh D% . KEETET) D)3 W R AN e A AT SR, o x f R 224 L BRE AR
PRsAT P AR, SRR DL R LAy iR,

(1) 5 RS L i L A I K

B 1-1 D R e S R I, A R o X 20l O e i PR S5 R BT S5 H
Pls Py Q7o Jay il iy W A S (K AT D A AN JE D S ar s Uy A AR L o W] AR
W, 2R D I R FL S AR AU I THSE A S R

S



P,R+Q,X _PR+Q,X

=U,-U, = I-1
AU =U,-U, U, 0, (1-1)
Hobu, iz ) W28 R RIUE L I
- R A a |
CSi=R+JQ S; =P +1Q, |
U, U,
B 1-1 B3R ) 58 w3k
Fig.1-1 Equivalent circuit of local power network
A (-1 &, AT IR TEE DR Q, S Y HEL IR A5 AE N -
- 9X 1-2
MUy =5 (1-2)
17 H As B DDy 2 Py 5 S R L S e -
PR
AUg = j (1-3)

UOAE— B A IR R, REE X N2, B DAFL M A I (R 95 ) 35 208 e Th D%
(RIBBN IR, AT DL (13t Fi 99 L I PR S M DA G/ o

PQ A
Q Q
P

PuQu

U Uy U

B 1-2 5 Qe B A4 H

Fig.1-2 Power-voltage static characteristic of aggregate load




AT R A S

B 1-2 D92 g (VAL s iSRRI, A DU, AEA0E Ao IS R, Wi
IR KA LA TR SRR B VI Z . D5 i Qo HEnE Q i,
WRARGN I I TEAL, WA iR DR EF IR LAY RIS AL, RE
(MU JCZh LA BE P AT N (0 JC Th Sty 189 F, U R PSR 2 8 B B P R e 2, RS
ARG U, R, UK SPE I ST T e WER KN TR AT AR
WA, AMEFZW DAV 7 S i, H AU, Eleekd. {2
AT LB RO : P 5720 A s LR IR sl 9118 h A AEURAG, XXM b o R
BoiRPI B S P NG EARY 1 RS ) P B ol Y T et N M w95 DR P T S K (B S 1
I FLANHLSE R B & o AR I T Sh B R by, 7™ F o v A [ L i . ]
U, AT T AL MITC T R, BhAS PR T D DR BEAT A, YRS L R L S ARUE
e e I R ) T

(2) A5 % S e e URE RS

L)W T D Dh AN, SRR B R, PRI R A S R 1R A
SN, AR 11, R 2 TR N -

2 2
AS:SI—Szz[%'ZQZ(R+jX) (1-4)
e
P A -
2 2
AP:H—%zFEtng (1-5)

FEATDHEAR T, RITE DT AE F g W b AR sl i 5 2 A ¥ 5 A -

AP, zS—izR (1-6)
A (1-6) A, RGEF I TATOR, Pro LBk, ERE, |
07 T 1) A 23 A At P 22 5 20 R AR UK M 2 B VR R & B diabs,
K BT RETT BT, R AV — T SR bR . DI, KR RME R ST TC T B
R ARGYPRINEL AMURES AR M h 2 5 an, e S NI i Al
A B

()N BL &A=

TR MG, 2 FEOLGRB ML TR g, A A bl A2 s
S Al R e o A A R AR (R e (RIS, W P KR 3 R dzs i e e« A

4.



o R

R JT RS R ZEIN K o XA 2 KRB I s Al R3s 47 A, 1o Hoax 84 n i v
AV AR A, AR AT HL R I 22 B Ia AT KT 341

FERL MR, AAEE S8 RE M CTh g, AT —Leph itk e gy, RAT
XL DG AT B M, A RER L TR I RE 254k, [FIN, X ARE
P NN e S e R RS S S S

1.3 BARFETIHIMERI Z RFIZX

FNH R GEHEAE LK, T Th D M2 e ii ) R h 3 20 2 N, 12K
Wi 7RG RVENE, JFIUS TR k. HETH RS Sh IR ATy
VR T IR HANLE A LI Sh a3 daish, 0 e 2B hsaMe =, aplors,
® JHFID KL, (R0 AN e A B wd ) I Jig e sTC T Dl A v 2
® AR [ A B AR AL e A 3 B AT U TS, X R TS S AR R A . X

PR S i ANGE P Ao Th o, RGBT, DIz e A R

GBI RA LT, RTCVETR A RS KF 1
® JHERIEAIFIAM R AR A . JFIEK BT B By A L 45 & (K JE Dh Bl R A

B R LETCh R M
® IR AAMEAT LD DR AM A B i I B E R T S R T A MR T S T

FRNR /S GBI G Uk o2 o N DN S <0 S/ s W o VAR I s AN (AR L =N

2% (<35kV) w1, JEHAETATEE R DR AR i i Ze it EA3 202 A,

EAMLAENS B i U K, i HLFG IR P Y T RS ERBE T A /N . DRIE, 1%

RS A e USSR AR LA K D I £
® FIAPUCH I T i BOR LU 1L Bh AT T DR A e

X T B AR AME I AR T R IR A My AU R IE R D D AR A i,
FR I Dy A7 SNHC TR D S R M Mt LA R gt B3R LRI FIRTEZh T %
M It FRI DI 20 0 o A3

L [FBPARD LA 5 2

L RS 1 S = W o /00172 B & | RO e N VL R R TR DS U R R
(3 I TR BUR il (B s A TR 1B AT IR D A bl 72 AR 48 i I i I
I, LT B TE D DR R ST H R v AR ARG R i R R b s Ay IR
PRS2 AR R TS T DIANRE S e el DU JESER Y Bt i 5 ol i

-5-



AT R A S

KT IR HRRKME i . B Wi, kKah. 8170 &4
B 0%: BTG AN S RBOR /AN RMES s R AR R I K I T R 48 1)
HLR YA s [FII I OK, R EE 2 e K

2. JFECH AR AMETT

TFIC L A AME 2 H TS B oh 2 M — PP e DM 5 3, n R B i e 4 A s
RY, FEACEAMR MRS MEPFAAENATLL, HAAR: 8%, BIT48T,
SERITRTER, YESPOGAE, RTPREMESE, SCHPESR. SRoTUE: AREELLIY, 4 AIEAT
X RGP R i R 2, KR T YR AR, REGH R U B
IKI, HARIAMER Q. M B E K, EAMEEGE I T I (Q oc UE) IR R;
TN RGN S OB TBONE R, AR i KR, WTRES R B 5 R%H
PRI G

3. BRI K

FEIBE PSR I E 8 FAE B (330K V M UL )RS b, K JF e 2 %
Kuma ), WOk s e e, DART 108 i Fk R 0K 2 I 1 2 3 e P B e 1 2
IS (1) 52 FEL AR i LR T o 14 i L BBV R GBI R TC T, JEAFERRER, 5 T R4
BRI G

4. F b TE DD FEAMESVC) JT

HETCDIAME A 70 SR A AR TR, B — PR LA 38 R R 28
T P AS 2L TE I AME R, B AR SE A i T DK SE BTG W) Dy 26 ()~ 4 o
R SR DR R Dk N TE T HIR S R ARE, B s AT DR, AR
PG RS, T BRI ) R GE IR ey U IR, P48 = A Gy, e/ T P PR o) T A5
LR PR TS A AR R VE o B e 2B T v T i P R 4 ] Y LA s o P 12 i P e i
AT RGN ARG RS A B, MG RARESRUENE, MHI R ITEID)
AR o

FETCIAME(SVC) R & 1 = ZE R AT 4 g LR JUR:
® [ V)AL AU(TSC): it ) 5 V) LA B i A b 3 AR S BBURME T D D) %

(7R AL, DIBR A N EL S AR AL, i W 1 A A e D R AR 2R IR T ¢, i AMS: TCR

RATE ot B AN VR o AR R, BN AR A B AR I —ANBH S ri s

DABRAR ST it B 5 7= AR )t FRL, DA AR S 5 RGBT A IR IS . FH o Tl 5

PEUN AR AL, LA PR AR P AN A i R i B (3 e AN 1E 9% FEL) 2 [R] )

e, PTUAFAUER, KR IAL, FETCY) DM BT BRI HLma B

-6-



LG
® | i A BT AR (TCR): i 45 fisk K A1 A7 SR AHYE BB R 907 ~ 1807, fiilt Uk F 7

90" ~ 180" Z [Ny, s el B0 o0 i, 385 KAk R A BV ] sk NAMBE 2R IR S5 2802 4, 1K

FEmh 2 )M EL G 3% o, BT DAIE R A A A 1 RNt m) DA S8t o AR M

BT ASIRITETh T2 KN o BBl TCR HEEM T Sh IR, AN RE & S T o %,

DRI A4 5 AR I A A
© i i) A P URS AL  E BE D) AR SRR A BUTCR+TSC): FEH 2 4IAME %

A A2 TR AR BT A s, HAEAR R B . AR RAEM LT R, A

TP HARRAL, JEREID R AMBIRE, G FRR A & e AR P A R

SHDIDIF, VAR RAEZ RLIhE, 3RS B H/K ARG H iR H2

XA 7 AT AT R 00 I i 7 TR0, R 0 I 7 AR A R TR PR B

5. b BT FEAMER: (STATCOM)

STATCOM #&Xf SVC it o A E, B tHAR A 4 e (R b Je D 15 2%
B, A LR AIRSCTC DI D% . Ea ) s FOR R GE R i R, AR EZ R
K, HIARThEEALT RS AL, (BRI EITEIhEE S L SVC 54,
Hofn oD M AN s R BEZE L (R R IR BRI T BRI . J9 4, 7Eiis R s i,
PemAsE M i STATCOM HAT SVC ik ELILRIAR A

1.4 RXHARHWEERNR

SRR R, K 22 A0 B By 2 s T e ) AR R AL, eI RS
KT REMFLAET . W TCU LR AT, DA SO S0 AR TSC Fl
ZAIDYLE ] (1) JLFf STATCOM #E(T THFIT. &30 WA

(1) 28— F B HRB IS SANA SO E 2N 2.

(2) B F R H AT TR 2 I SR = A S S e A I v, bRk LE
IHAME T 7T B8 5 St 8 JLRRARS I 572 (ot L, 36 88 AR SCHT R FH 1 JE TS 57 o

(3) S =FEEN TSC JEAT THHFT, AFELLUT JLANE5r: OTSC 1 Ji BER 3 FL K 15
vh, XTHAR OIS AT T s @K AR SOT B A D) 45,
A 50k S AN I H PR 2R 8 e LU o4 (15 e, 3t T AT L R 1) 5w A ik e g
X OFH THE “BORG” A IREREY)” K5, BT TSC #HIRS N
Wil @ifik MATLAB/SIMULINK 47 SUEGHIE T 45l SR BE 1 vl 471 s B I0 B0AIE 7 )

-7-



AT R A S

ERDI AR B

(4) SEVY TR I H = AH DU 28 R 8 0 AN A (0 1 0 T TG D M kM, X
= HUHAM 45 1) STATCOM H =AHIUMHYE STATCOM #EAT 7 AT, RFELLT JLANE
gy PR STATCOM 1) T AF JR B A2 @ Jo Dy #b 2 % 6l Sk mg . i ik
MATLAB/SIMULINK (47 5%, EFRFSBNFR . AXHR SEAR B R G L R AN~ fi7 e
AREE B, 6 = FRAR = AH DU STATCOM AT T RE H .

(5) B HFHH T TSC M STATCOM KA 1247 I HLE 45 1), TR A= B ng 24T
T, AT AT TR

(6) M4, JHE I LAEREAT R4




S IR I ik

EZE IERENEE

JCY AR 2 TSC 1 STATCOM SEILJC DA M I 4 A OGP 7E, LA Il Py PR
T ARG AN RGP R BT AME AR . BRI, AR 43 TG Ty W I KD SIS A
JIVERE, NORUEAS RSy HA BRI PE . BARR . SCIUUTESEZ R DhRE . T AR SOt
G A TSC. = A1) STATCOM F1 =HH UL %] ) STATCOM, [l B A
S AHDYZEH T (0 Sl H ARSI iR AT TS, $E A SR F 0 T S L SRS g vk

2.1 BHHICIh AR

TSC T UAME B AL A D R ST D D) R AT 5], RSS2 w0 pead . ks i
MR TE D RO RN e HRT, TSC AR B0 B L St G Iy v 5 2202 /A F L 1 Jo)
o I R, A D R IR R . XA TR AR TR, AEAE A RS TR
FFL B A B 00, HLASE Y A A7 PRAGBRBE o BE T DRadt (37 - A2 4 (FFT) iR Ao
MW7k, Be e AERaHA I E D iR, (RIs SRR, T A T ) T It 1]
X R REATRAE, DA AE IR o T I o0 By (1 J0 Dy i it 20 Vs AN L T I v e 2 2
IRV AU BV RE TR ARG R I JC D FBL, BT BAAH AR G, I TN T I o A
10 Ly FELUAE 23 B VR NS 1 Ik ISF I 1) Dy 23 B0 R U U 0 BV PR P v 7 VAT TE A 1) LR
AT
(1) SEF WA AT I E Sy i oy gLl

B v FeL Yt R P AN TS, T

Ug =~/2Ug sin ot (2-1)

A, Ug—HIEHREARE, 0=1007, RISEAS0HZ .
AR IE 2 AR gt i, I ST R T AT R R

is =~/21, sin(wt+¢,)+ i V21, sin(hat + @) = i (t) + i, (t) (2-2)
n=2

iy —— I B A R I R s o, — Ug ARSI B FL U
ARG 2§ — IR o ——ug i ZIARLL 2 | —— R R AT

-9-



Bt SN 2 T e S VAT

BAE: |, —— L A R
XFFa, Al I, B
i, =\/5|1 cos @, sina)t+\/§I] sin ¢, cos wt =\/§I1p sina)t-l—x/illq cosot =i, (t) +i,(t) (2-3)

K i, —— 5 ug FIAIAL A D R i i, ——1 ug IEAZ RS i 70 4 s
|, — RPN A RE: R A R

g Q=M (2—3), i TRRN:

I :\/Ellp sina)t+\/§Ilq cosa)t+i\/iln sin(Nwt +¢,) =1, , () +1,,(t) + i, (t) (2-4)

3 (2-4) PRI VZ cos ot » IR = ff bR ALHO 1 S0, T

\/Eis coswt =21, sinwtcosmt + 21, cos’ (ot+§:2ln sin(Nwt + @, ) cos wt

) n=2 (2_5)
=l +1,sin20t +1,, cos2a)t+zIn{sin[(n+1)a)t+(pn]+sin[(n—1)a)t+(pn]}

n=2

Al (2-5) ASERBL, B HER D BRI E PR AR, BB, 8
I —AMEE SRR AR (LPF) St R e B ok . %k (2-5) IAC L A AT 70 i, LB ARk
AR RN 1R, BIn=210; s AN S I BN (SEBr R 2 W AN IR
Pty , HBARIRASI A BA 2 IR, n=3. KA 2 IR5r 52 i F i S AR 10,
BT LAJETE FIA & AT JLICGHRR, LPF AR ZIERR 2 IXor .t biRia Sl R el 45— Fh Al
HL R (K0 0 A AN g ¥ B 2-1 Bl s %05 E R i T 210 ug [RATAL I 4% 5455 cos wt
'© B (PLL) MR 92455 A A i A 21

uS
—» PLL » coswt 1

I | x LPF

v

A 2-1 ATHBOO LA RAS B

Fig.2-1 Reactive current detection based on time domain

(2) HETIRES T ThTh A B (1 o 2 v

AN i T = A F A o & SR = A AL L AR R A e 0 B LA
T HL 1 o WIARER IEARRR, SRS PRACH B 5 ug [F)20 e 1) da AR FR 2 o e d b ug [R]AT
A, AR d Sy E RN S R, q R BN TETh o . AT S EATC Y oy B

-10-



S IR I ik

i LPF S5, 493 = AHRLICE DA T . 0 T AR L, R — AR K S
BRI 90" (BRI, AT BB S SEBr IR TE K o, B ARAR RINPIARTE 5. Bk H
FEAHLR 507k 1 b s SRR AT R, Bl ug #om A a@2-1), i #on A Re-2)siE X
(2-4), IR INHE i AE 4 o AHHGR, T

|S=f55ggmmm+gg=ga) (2-6)
PR — AN R, T RV S SR R /2 SR, KA g,
iﬁ:iﬁln[sinn(wt—ﬁ/2)+¢)n] (2-7)

R i, A, AR5 ug [F2D e 1 d, q AR AR, AR A -

sinwt —coswt
= ) (2-8)
—coswt —sin wt

A JE A3 BN Do B i, TS Th 7 & i
i i Al | +i
Pl=Cl =l =2 E 29
['J LJ {B} LHJ >

cos[(n—l)a)t+gan]—sin{(n—l)a)t—njﬁ-kgon}

A:ﬁllcos¢l+%iln (2-10)
P —cos[(n+1)a)t+¢n]—sin{(n+l)a)t—n7ﬂ+¢n}
. Nz
_sm[(n—l)a)t+(an:|—cos{(n—l)a)t——+(an}
. \/E = 2
B:‘Ja@mﬂ+7;§]n (2-11)
n=2

_sin[(n+1)a)t+(pn]+cos[(n+1)a)t—n7”+¢n}

4

MTACH S i, 14, LPF T i 9 25 (0 S I i UK FB i T o (R T 5% 4y
WAE BV, AR UGEM 3 R HEn=34CNi0,, U LPF B IE 20588
W EIKECR 4 %, n BRI, AZH 7 SR EOEOK . I LPF (AR £ ]R8 pr &
WP RECTT R, AE U I T oI AR s LT H 2 v BUH LPF,

FRPE bR iz S R X n] 49 21— Fh A F B I D A I TV, B 2-2 g R B
K. B CHZH S ug FAHAL I IE R 5205 T sinot M coswt , H" 7055777 2 1)

-11 -

g




Bt SN 2 T e S VAT

—FEo B 2-2 TIEI 90" AYFE A TR A A S I, (ELAE T DSP AR A By 5B, s
TRAF 1/4 A SRR B st LLT

uS
—S—» PLL

_ | sinwt

~ cosawt } v

Is _ |
AR LPF +€i>>m>
JadingeTo) C

B 2-2 A FEBENS Roh2h F it g R m Fik

Fig.2-2 Reactive current detection based on instantaneous reactive power theory

v

) J

v

MR TE 1AL 2 49 10 T BB A U, WITETh R nl RIE N
Q =U1rms|1q (2-12)

HrAU, o N RGH A RUE .

CA_E b7 AR RE DRICRS SRl D i, (RGEBE B A LPF AR £ XS P fl
TR RN RATAR AW, B Eopar,  fol)s, BT 8t H o &, Al
gty (HSERDINR. 0K, Bl bR I v i (K s i o A, (H R
ANBEME LPF JEER, 7 Dy it Al B R I, SEmaRrlRg . J5ik 1+ LPF HflanZitig
%2 ok, PrUCRBEE I SE = LPF 1 f RIMBRAIIAE o vk 2wl AR SERr s D0 $
i1 LPF [ f o SGRUL, Jrik | SRR, B 1l ik 2 A el i ids
OU N R B LPF AR £ RN ahasm Do 1, (HEEMN 22, JLAER 90°
P02 3 PRI AR SEE IS 5 ¥ DA RS HL i S B

DR AP 52 1 (10 B AT i ] 7 36070 P 2 0 (1 D0 AR I S92 R P 28— bl 2ok 4 i
TR, ARSI T

2.2 =FEMZH T B9 o Th B AR

(1) FET W TET BRI p— g Jy ikt I

UL AR IE T I JE D Dy 3 B KL R p — g J57A DA = = R G b 13 31
TN, ASHEERTIRAMET 2 7 = HPIZ I R G

FOOK a-b—c AR R T IR AR S o - f -0 Abr R, LRl et

-12-




S IR I ik

uo ua IO ia
u, |=Clu, |.|i, [=Cli, (2-13)
U, U, ||, i |

C=,= -— - (2-14)
3 2 2
o BB
L 2 2
HpP SRR C HATLURHRAIE: |C|=1: Cc'=CT
W I A7 Dy T 2% p oAy v S O R A L 3 R ) R TR«
P = Usi = U,i, + Ui, + Ui, = Uy, +U,i, +U,i, (2-15)

i ER AT, BRI TITIE p 4 WA BIFEIIIE S p, . R
R R,

P=Pot Py py =ty Pop =Ual +Uly (2-16)
W A DLl g by H s 9% R R L R ) SRR
u, U,
. u,i, —ui
do . Uﬂ u, a.ﬁ ﬂ_a
a=|q, |=uxi=||. A5 Uiy — Uyl (2-17)
qﬂ / uoia_uaio
u, u,
i, i,

q=ldl|=+/a5 +a’ +a; (2-18)

H BRI A ThI R IR R IR 5350, p g HEBS MR =4 k. &
A IR =53 A p ~ g, W

P=P +P, G =0 +q (2-19)

B ARQ-15)MARQ- 135, ISR ENBEN TS q 2 EAZR, Bluqg=0, HR
n] DUIE I S AR A3 21

-13-



AT R A AR S

I . uy 0 u, -u, qp
Ia Zﬁ Ua —Uﬁ. 0 UO 0 (2-20)
i u, +u, + Uﬂ U U U 0 d,
s B a 0
s

D —q J7 VT F AR B 1 2R Ge MU 152 ) LR D Eh 40 ity W pg = b, + Py 5 I
N, REMARHETFEA R, Wi, =0, XA MNETFHESEASH RS
I TH AR B o AL R GEMIZ % BAE o — -0 AR ZR R AT ik N

: Pros + Pro
I oref ! u 0 u, -u, aﬁo p_+p_ 0
. _ _ Miop LO
isret |=—5—| U, —Uy; O U =—r ——lu, (2-21)
. U +Uuj 0 u; +uy
Is res u, u, -u 0 Uy
0

o IR u s AL PCC AL

(2) F= TR LI AR R 1, -1, 5k

5 p—q EAREE, 1 -1, T E RN PLL, 4320 R FEPIR A 6 .
ARG, E5ER a-b—c ABFR AR T IR A RAL R 2 o - g- 0 AEFR R,
AR Q-13) Pir, Rk a-p-00EHAHPd—q-0 2R R |-

i1t o o Tfi
iy [=|0 cos@ sind ||i, (2-22)

iq 0 -sinf@ cosé iﬂ

e d By 1) s R 8 FIN R R R E R,

F"}:s{?“}sz 1 [u“ uﬁ} (2-23)
Iy s ,/ui+u§ —U; U,

ig ~ i 70 R E L B AT AT I 20 R A T 2 Ak

id:E”;, iq:E”; (2-24)
P H bR A3 R G M im0 D)o 508 0o Doy I B 7, JaTharEh 0, B

Isgret =1 sqret = Isoret = 0
Sdref — 'Ld  'sgref — 'sOref (2-25)

H1 23 (2-23) 19501, DU IY d Bl oo

- 14 -



S IR I ik

_ uaiLa +uﬂiLﬂ _ pLaﬂ o (2-26)

= =i, +i
Ld Ld
\/uz +u; \/ui +u;

g
B

7]
E—[ Prog J (2-27)
2 2
u +u “

de 7 d il o T2
Mt #3 BRGNS 2% i)

IS oref 0 0

S — PLos 1

ISaref = ILd > D ua = P P P D ua (2-28>
: u +u \/U +Uu \/U +U

Is pref « Us @ P e NTe T Us

(3) HALI R K% J7vAUPF (Unity power factor)
TP H b 2 A4S RGN —AH i 5 =AM R FAH, AW
i = Keu (2-29)
Hrp K2 — NS5 A SRS RmA SR RGN A D] RKIE N
Ps = Ueig =UsKeu = K(Ug +U} +U3) (2-30)
PR RGN 1 ) D 25530 T S D H i o s s, 158 K RiA

pLaﬂ + pLO

— (2-31)
(U +U; +U3)g
M43 2 R G H R S 511
iSOref UO - uO
+
i, |=Klu, [= sz“f’z pLZO ) (2-32)
) (Ug +U;, +Up, )4
ISﬂref uﬁ uﬂ

(4) 5E4 1T B 777 PHC (Perfect harmonic cancellation)
SEAEI I BR 7 1R FESLAE LB LR ik dtat 2 b, H R R AMEFTA R R
SEAIER T, RIS BRANSEET 52, RG-S RS0 s i R 0 E 4y

-15-



Bt SN 2 T e S VAT

A, AT ARG FL L I 2 25 Al BN«

H _ +
ISref - K'ul

BORE T 159 50 RGN TH K p,

Ps = Uelgy = UKot = K(u, Uz, +U Uz )

aal

Horpi 28 Kl P20

_ pLaﬁ + pLO

+2 +2
u, + Uﬁ1

SRR CEAIER N e R

K

0
SOref
_ pLaﬁ + pLO +

i =K|u

.Saref al u;? +u;ﬁ il
| u u
S pref ya Sl

2.3 TR EEZMGERER

(2-33)

(2-34)

(2-35)

(2-36)

T BB A JURR 5 VR I s MG PG, 120 G906 LR AN [7] ) 28 Gt H s A
BT BLEAT T e, 1838 MATLAB/SIMULINK 1] A3 B R4 2% AT o — B A

b N IIBIE I, SRR AT KA T TR EEAE 2
(1) R G g bR AR IE 5L, D3 H I o = AP A R L Ui

400 \ ‘ 100

o

|
|
S < ‘
g O g Jﬁ | |
| |
200 50 ,klﬁldeJQ%L&Jﬂl
| |
| | | |
400 ‘ ‘ 100 ‘ ‘
02 022 024 026 02 022 024 026

t(s) ' . t(s)
B 2-3 A% ZARW EAFe i E 0 IRET (B —FF )

Fig.2-3 The waveforms of supply voltage and load current in case 1
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Fig.2-5 The waveforms of supply voltage and load current in case 2

-17 -



Bt SN 2 T e S VAT

100

100

B[ 2-6 ~EHETARASH WRET (% FHFN):
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Fig.2-7 The waveforms of supply voltage and load current in case 3
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Fig.2-9 The waveforms of supply voltage and load current in case 4

-19-



Bt SN 2 T e S VAT

100

© . . . . ©
B 2-10 AR Bk TFToA%A L0 REN (FwiriFi):

Fig.2-10 Supply current references with different methods in case 4:
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Fig.2-11 The waveforms of supply voltage and load current in case 5
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Fig.4-5 Control strategy with no detection of harmonic and reactive current for STATCOM
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Fig.4-13 Control strategy of STATCOM with resonant controller
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Fig.4-16 The simulation waves of STATCOM with three single-phase full-bridge structures
with balance inductive load: (a) load current (b) source current;
(c) Source voltage/current and load current in phase A; (d) DC side voltage
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Fig. 4-17 the simulation waves of STATCOM with three single-phase full-bridge structures with
unbalanced inductive load: (a) load current (b) source current;
(c) Source voltage/current and load current in phase A; (d) DC side voltage

(3) HETRALHIE DL

Kl 4-18 2T P EEE R, B EAE t=0.3s MR=5Q,L=10mH &
R R=2.50Q,L=5mH , FEHEREINNERN 2 5. STATCOM PR FRER b5 i
AR4L, JF HAEAN 1 8 oA R o R G FE A TE R AR, P IA0 0 PR 2 Fh s AR R 52 3 25
SEAE T, AR KBS HR 5V, W] R Sms.

150 150

100 100

50 50

< <

g 0 7 O
-50 50"

-100 -100

-150 -150
0.2 . 0.2

(a) AR LA 69 7B R IAET (b) AR LA =48 & L R

-57-



Bt SN 2 T e S VAT

400

200

phase A
o

() Ae /R, wiih i B0 AAT (U 48) (d) FLAAN R KT
A 4-18 R 4T R LI = #4044 STATCOM vh 545 A8 T
Fig. 4-18 The simulation waves of STATCOM when load changes suddenly:
(a) Load current (b) source current;
(c) Source voltage/current and load current in phase A; (d) DC side voltage

4510 HE 4-16~4-18 T EBIE AT LR, AVE AP Dl & A FR IO, 18
G RGHIMIAZ S REGEIRFIA, —AH B A28 R R e e (P, SEIL T
B DR ROSAT o A AT LSS AR, TE D) DR W B I (0] K 2908 Sms, B2 AR-T-#E1)
HAL 25 28 A PRI 1L 1) i J7 P [

4.4 =EM5FE STATCOM

T AR DUMERE 30 40 BAT RGO T R4 6, AN [H] 1 T R AL A A T LUSEIRB &
TEIhThZ kM, i ELAE % K 236 P = M FE R S D) D AP g 4 i PHPARR R
T2 T = AH VUM #1045 44 VSI-STATCOM 7E — AHAS T fic i R 48 S A TE U Dy %
AME P TR SRS AT IE ST, R EAFELUT LA T (D)2 R) SR 5k s W 1V (SVPWM)
fE=HIPUMFE STATCOM H R (2)#fE S =AHVIE STATCOM [FIHZ#RiR; (3)
ettt STATCOM 1E 5 4t i i AN 57 W AR 17 0 1 8 T SR - (feth TiE T R Ge
Hs AN V- #hi7 55 5 Wy AR A 00 1D A RS XU AR Bk &R ¢ B AH 34 45 K4 (DDSRF-PLL);  (5) 4 T
MATLAB/SIMULINK %} STATCOM fE#-#f L & RS AT I OLREAT WG, Sk 42 il e g
(R ATAT I

- 58 -



$0E =M P04k STATCOM [KifF5%

441 FTEREKEESSE (SVPWM) fE=EMFIRIMNEHI RIS B

S £S3 gShy 45T & |Jia
£ .Er_.i'a ta [

I e

Him\—'t_b—i_"ﬂh A b

0T et U | ! c

iy e e

o

C5

]
-

%

yr

r r I
In s2 ‘*sq ‘*Sﬁ }53 %_*
| 4 ) }
RS
A 4-19 =AAv9#-A4 VSI-STATCOM 42414544
Fig.4-19 Topology of three-phase four-leg VSI-STATCOM
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Fig.4-20 Equivalent circuit of three-phase four-leg VSI-STATCOM
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Fig.4-21 Control strategy of three-phase four-leg VSI-STATCOM based on PHC
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Fig.4-22 Voltage vectors and axes of DDSRF
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Fig.4-23 Decoupling cell for canceling the effect of V? on the dq” frame signals
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Fig.4-24 Decoupling network of dq™and dq" reference frames
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Fig. 4-25 Structure of decoupled double synchronous reference frame PLL (DDSRF-PLL)
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Fig.4-26 Response of the DDSRF-PLL under (A) unbalanced and (B) unbalanced and distorted grid

operating conditions: (a) grid voltage; (b) detected phase angle ;( c) Detected positive sequence voltage
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Table 4-2 Simulation parameters of three-phase four-leg STATCOM
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Fig.4-27 The simulation waves of three-phase four-leg STATCOM with balance inductive load:

(a) Load current and source voltage; (b) Source current and source voltage
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B 4-29 TAd AR 5 T Z A0 WA STATCOM 6945 Ak A () RBRIRIET; (b) A 4w ik ;
(0) AMBHFIET; (d) RAAREFB KT A48); (o) ALAM B ERT U,
Fig.4-29 The simulation waves of three-phase four-leg STATCOM with unbalance inductive load:
(a) Load current; (b) Source current; (c) Compensation current;

(d) Source voltage and source current in phase A ; (e) DC side voltage
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Fig.4-30 The simulation waveforms under unbalanced system condition: (a) Source voltage waveform;

(b)load current waveform; (c) compensation current waveform; (d)source current waveform; (e) Source
voltage and source current in phase A; (f) DC side voltage
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Fig.4-31 The simulation waveforms under unbalanced system condition: (a) Source voltage waveform;
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