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Abstract: Selective harmonic elimination/generation pulse width modulation technology can be combined with multilevel
converters to achieve high-frequency grid harmonic power recurrence at a lower switching frequency. To generate a
specific harmonic, it needs to solve nonlinear switching angle equations. However, the accuracy of the solutions is
constrained by the initial value selection of switching angle. Also, the real-time performance is reduced with the increase
of harmonic orders. Therefore, this paper proposes a selective harmonic generation pulse width modulation method based
on the Newton-Raphson-ant-colony algorithm. First, it builds switching angle equations, utilizes ant-colony algorithm to
calculate the initial values, and further combines the Newton-Raphson algorithm to get the maximum number of
harmonics corresponding to different switching frequency and calculation time-step duration. The corresponding relation
between modulation ratio and switching angle is analyzed and obtained. Then, by looking up the table to obtain the
switching angle and feed-forward it to the voltage control loop, the non-static error tracking of specific harmonics is
realized. Finally, taking H-bridge based cascaded multilevel converter as an example, the simulation and experiment
platform is built. The correctness of the theoretical analysis and the feasibility of the proposed strategy are verified.
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Key words: selective grid harmonics power amplifier; cascaded multilevel inverter; Newton Raphson-ant colony

algorithm; real-time selective harmonic generation pulse width modulation

HEEWMBE: 44 A AFFE AT E K8 (BK20190461); B RiTF 4 & /A TR AHLIT B %8 (2021YF-63)



-98 - B 2GR 54

0 38

AP AR B U R 18] BT I ) 2 T R Y EL T
W AL G S, fa L R RIS
FFRCR G AT EEIE AT, T T AR SR I B R
TBOR A5 REf8 S I AL NI L . S AU Rl T
B, NI 7870 M SG B FH H e & A2 S 2 W T
iz AT e 1.

T8 A A BRAE A H0 R Mark Cardinal 555
LR AL AT, AR i R R P
Wi )2 R vy SRS T A R DX ASEADM R BB ) S B FR b o A
EL 511 4% (quasi-proportional resonance, QPR )#4 il F]
F B R A IS IR AL 1) = G i, RESCIN T
7 PRER A IR XA, (H R R 2 MR
WS 5 I F5 ERt 2 M HlEs, 3N 7Bt Tk
BRI ARG E 2RO 3 Pyt (1) = A )
I EE S BRSNS E 5 A WHE IR H S 4L
NIITE %2 i bl B (e AT E | SR ) 7 ne PO
TR I RLRE 155 . TC 22 H4% ] SR B A5 i
MR BREFFE RS BORRARERN, HTTRE
59, MESIHIEMN RS SLPRMA R KR Z RN 2 5]
A IR FEBRAE A A B R e A
1N T PR R 5 A7 J5 38k AR 188 8 40 2 4k 1) A%
o ARG T R, BRI, EH RS
(R BEAR, TovkE il m v P B R o)
BAFF R, W iE s TR NS
r, 52 W PARR AR A4S & T iR s ) T IF
S/ R DRSS BB £ [ N, R
TRl Bh A H PRSI D R B . PRI SORE
MR RELERE R, 25A WK AR s 4R
FMR A, R B U R AR B B 1 B A L
Bz 5

R FH 3 458 P 08 Uk R 1) A R ST T A S P R R R
EERER . AR BB I RO AE TSR AT R M AR 2k
VAR AR . R WUEAIEPO eI A TR st — 4
WHE, B AR AR — HBUEMEHEA T —A L
1ESUFF R AIEARWIME, EBIATE LR N
HRM MR o A EEAGE E RS B S, HIF
KAWMEAE AT E, 5 FRIEATT AR B TG
HEsh. eI A —AN S8, @Rk
B, BAEL TR R A — A TR,
W AAWUEAGE T LI R . KA L2 R
BRI IS, o A T O A B P AN 2. RdR
EORARFE R, A E RN A R E IR RYIE.
WAL LR PUR SR “EE AR MR, @R E
FhEE [EI 3R T B AL A . BENLIEHCHIME, MR 2K

HBE S, 1 SRR TR IS, H S R 2 A
YA EE, KRB R

S0 BT 2 )25 T P L D) L B4 7 e A DA s
P O ASEAT, L DA U o) 2 1T 77 S e LA SR B Sk
I A B SR AR AR M TT R A T ARG I, A dR
— L TR WU 57 (newton raphson-ant colony
algorithm, NR-ACA) ¥ 52 B 32 5 14 18 38 A= 1l ik 5 17
il] 7% W% (selective harmonic generation pulse width
modulation, SHGPWM). 5@ IFRMATTHE, H]
MWGHSEEREYME, DS P WEERGA
[F) I SR e v BRI ) e 2 W H Iy
Hr 43 206 EE—T S fE B¢ 2R 5 8 B4R R R 1G4
GEIT R, JERT A AR, ST A I
W TCRF IR R . 5 0 AN SR I IE 1 B
SETTIE A B AR o

1 BRI ARRRIN S E R SR

1.1 & IR A BR R T NE A ST HI R4

JITRIE FE FRIAE 6 L D 85 00 T 3 TROK R A2 Y
HEARE) =] S BTk H M2 i~ A, Ham b
GERL N EATEHINEE AN 1 Fros. B S ASAH A
R B P T R AR A A, HrP R BT
Y v, AT LAHDG R RTBAR L il B RV L = R
'eft, Mo Wi RAL M B-JeRAA
e R4 2 (1) CLLC RLEIRACHAT AT TH R, 25 4
KHT H MRl Az 25, el ) H Mrsouse il a2
SHE, —E N0 = P Y o A3t e i g
WAR(L, v Ly~ L v 1y )RR ARE G A
(point of common coupling, PCC).

B 1 g 7 RGHE RN R B, ERT
e, SEIEHE Y NR-ACA REVIGHTF A 60, K
I BA AL 28 AR 7 I ) a5 A2 Gy ATSEBRIT 2R
B RZE . TFRATH R ERAO R 0 1 il
A PWM SRS AN, PAEROTRAE S1E T4
BK H RSOl P BRibzAb, IRt S
HE AR O AT IO R A U A, LIS 2
BHE Y, (n R IEBIRED) 5 18 2 P 4%
i, mALMERSRE.

1.2 %50 B IR IR A VR SR

JITHR % M0k AL 08 K R T I8 T R TR A 1 4
R v, BB 1/4 FRIRR,  n] AP RS E 305 1
W DL HA B TH = NIT R AN, W34
A H PR (R 14 T IO B 2 o

o HH LS v, AT RS AR R

v, (ot) = Z[th sin(nwt)],n=1,3,5,7,--- (1)
n=l1



i, & FET AU S e PR R ] 10 PR 0 D S JBOK 4 58 s il S - 99 -

E+E,+-+E; -

with generalized multilevel pulse-width modulation

E+E,+--+Es[-

B 2 I~ X 2% e AR EEVAHIahAe i e R

Fig. 2 Output voltage waveform of a cascaded H-bridge

affiRi

) 1

|

bAHEEL AR

oy s
bigs |8 chifibs 1

3 lU() 0.1 0.3 0.5 0.7 0.

ST
Vil il

NR-ACA

.9

)

0

ik

B S
FHEEWI 7%

CMI

L—

0=18,0,,6,,---.6,}

HL UL 2

6y = {610,630 65 .0y}

B 1 RERELEF B WIS KRB R SFRIMNE R B s SRR EE

Fig. 1 Cascaded H-bridge selective grid harmonic power amplifier topology and its control structure

V. A

o

B+, -

X E v By oo EgNSSRIGI ER M HE
Niv Ny« oo Ny NS HITHE 1/4 JIH T %A
AN N=N,+N, +--+ Ny, N ARIFRAEA.
NITAESHT, DAL TT R4 34 54 74
9 YIS (AR — et 75 =HIPUZR i R A7AE 3 1)

T B, BN P BTG B A ]
(E,=E,=E), #aZRMAARLAE BT 4N
cosf, —cosb, + cosd,=mm/8

cosd, —cosb; +cosO,=mm/8

c0s36, —cos36, +cos3 9, +cos36, —

{bs, v, o8 n PGB B, nXQ)FR. c0s36, +cos36, =3mm,, /4

"

n

N
E, Z (=)' cos(n,) +
i-1

i=Nj+Ny+-+Ng_ +1

c0s56, —cos56, + cos50, + cos56, —
cos56; + cos56, = 5mm, /4

€)

& 76, - cos76. 76 76, -
4 g Z (1Y cos(nf) + - + @ cos76, —cos76, +cos70, +cos76,
TN cos76; +cos76, = Tmm,, /4
Ny+N,+--+Ng ) _ _
E, z (-1 cos(n6)) c0896, —c0s96, +cos96, +cos90,

c0s90; + cos96, =9mm,, /4



- 100 - B R GARY 524

m=V,,/E

my, =V, /E

mys =V, /E 4)
my, =V, E

myy =V, E

K: 6,0,,0, RFE—A H WET 1/4 J&BAXE R 1)
Fffis 6,.0,,0, N A HHFRT 1/4 J& 1% R (1 FF
Ky my mg~ my~ my, ~ my, 7 AR H
JERIEER. 3G SR TR 9 AT, &
IR, TR IR A I ) S R LE T T AR IR R
FERE BE 5y S TP R FAMEAE AR, BSEm M bl &
W CR A TR EO I B . A IRt 72
HAG) I, 155

F={fi. s fis fos f5: f5} =0

Jf, =cosf, —cosf, +cosl, —mm/8

f, =cosb, —cosb; +cosf, —mm/8

f, =c0s36, —cos38, +cos3 6, +cos3 b, -
cos36, +cos3 6, —3nm,, /4

4 =c0856, —cos50, +cos50, +cos50, — 5)
cos56; +cos56, —5num, s /4

Jfs =cos76 —cos78, +cos70, +cos7 0, —
cos76, +cos76, —Tnm,, /4

Jfs =c0896 —c0s96, +cos96, +cos90, —

cos96; +cos96, —9nm,, /4

XGRS
/,(0)=0 (6)
€={€1’02’03’94’95’06} (7)

b, n=1,23,,6
FH 27 R B 7% (newton-raphson method,
NR)R A 2(6) I TT 5% A B AR BRI T Bk
1) i € I KA 6, -
6 ={010’920’030’040’050’060} 3
2) ¥ FF R AVIME 6, FRNF(6), Hi 2 FF < 1 bR AL
WIH ) o

Joo = 1,(6,) )

3) X (6L Ak AL RS B 26 11 5 R4
5@~ foo+ [,(6,)- A0 (10)
4) RIRLMETTREA(10), BBIFFMMNRE AQ -
AG=—(f)O) " fro (11)

5) 11 6, + A REBAIIEG, . EH LI 2)—a),
FLBIR G R TR IO FF A FEXANIR 2 AO
TR AR FR I, (AR, 9%

BRIF RS, AR YR SCBr RS LIS 49K
IR ZE V0 [ (FE AR OOR 10 A5 2
100 < AO<10"° (12)

TARYNE G IAG 1, 52> T BOR s B A
T PN SR B AT B AR B R BB SR, $RH T
NR-ACA, BRI F G &% (ant colony algorithm, ACA)
AMEYIE. BA RGFIFREE I MEREE. 8BS
FoA SFEARGE SRR i, RSO SR SR R BT 50 A
VERPEUEAGEVIE, A NR AT R AR AR .
2 ETHIm-BEEENI X AERKE
2.1 ETWEEENFXAVEKRR

WSS — MR R ) R, VIR T
SR e LR i 47 7 (traveling salesman problem, TSP) ]
Ao S ACA HEM B AP IR LLR S5 .

IR 1. VIS8 WERERAK Ry
WRE ny WML [ ROREARIREN,,, - BER
SRIE Q. PRI IS B Az, (0)=0 . Ja KL
1, (1) ~ JRRAETEERE g ULAERRRAET a .

IR 2. ERIKEN, N 1, BBBREL S
1, SSCEHE 2 1.

IR 3 AR (3R TR A e B H i
A .

[z, O [, 0 s e allow
p=| ¥ [ Ornor BENCE)

se alow,
0,s ¢ allow,

B 4 BEGEFEEE R EE S NERR

allow, o
WS Wk<Il, RIEDGIR 4, BEELD
D

B 6: R UKIRSR, HR (4R %
w7, .

7,(t+)=(1-y)7, (1) + Az,
A, =3 Az,
k=1
A 7, () FRE e+ LGB G, T8 BT
J RS B AR Act A R 2 T
G BRIEE, HRAHX N (15).

Qs e U I A
Lk (15)
0, HAth

A, L OIS 2 A T R B K .

,0<y<<1 (14)

ATk =

i




KT, %

S T AP -GRS3 20 PR IR ) ) P D D R O 48 8 4 ) S - 101 -

WBR T AR BIR BN RAERE R, R [
W2, AR .

XPTARSCH A T S8 &S B 285 &
(R PR VR A ), RIS T R (6) B T, IR
BEREL Y v o Vs Yo Vs~ v BN

¥, = (cosf, —cos 8, + cos &, —mm/8)’
¥, =(cos, — cosb, +cosb, —mm/8)’

_[cos36, —cos30, +cos36; +cos36, — ’
- (16)

7 cos3 6, +cos3 6, —3nm,, /4

(0896, — 0896, +c0s90; +cos90, — ’
o co0s96; +cos96, —9nm,, / 4

FR(16) B ARIERNE y Mf/ME, 33
-1
y= (17)
L+ + 0, + Y5+ Y+ 5+ 5
FE AT DL e B B ORE FE K B bR BB 3R
f EN TVt YT Y, H Vst Vs o T SR W RV e
KAFEFAEITF A, W y—ys #RIEIT 0, y W f/ME
-1, Wk, Wy BoE-1, WSRAFIFF MR
Ko, BE S I A ) S SR
2.2 ETHm-WEEENF X AIENR KRR
I WSO B3 R T A D A R A I
B, AMLEE KR E S S ), i L RE R IR
fR B RS
PL=AS H BN =3) 2 G0o001, HITx4
Bk iR 345 5w 3 Fros. RSk e, K
FHAEEESG: 6,-6,. 6,-6,. 1-20,, kL
DX Mk o g v E ST T R R N () TR BEOR T 455 T
ESKe , AW =100 us AT, BIFE
B 2 7(18)
min{d, - 6,,6, - 6,,n—-26,} «T =
. 21 o 18
min{d, - 6,6, —6,,n—26,} >; —1x10% (18)
27'l:fpwm

X min{ 0, -6,,0, -0, ,n—20, } T~ m FAFIA
I, A m XN =R B RAME: T, R

ANETHBIE R A £, FoRE BRI .

K NR-ACA FISRAFTT O A R B an 1 4 B
TNo JEER 1 bb X 18] A 1R — BRI B, S
FEEZSRIGTT A, PR AT AR A TR
EE X 6] )M, 18I 58 B 1 NR-ACA FF o Mkt
T, RIRTSR A1 205 X R Y 9 5 A

2~ Y9
S, A i,,\ /,i,,\
e AN ‘ N
IeSEEE
— I 6
0 - O—»
6  ghp |T-6 n-6,m-GT 2n
S A e 3n/2
5
6,-6,
1
6
0 O0—»
/2 Tn+6n+6, n+6,2n-0,2n-6,2n-6 2n

3 FXREWENES Si~ S
Fig. 3 Switch tube driving signals S; and Si3

‘ Eﬁ?)\ﬁﬂt%}”ﬁ 90 = {510,520,'930,"',3\-0}

l€

‘#ﬁﬁ%%ﬁ@ﬁm=ﬂ@)

v

‘ SRARL M TFALR(10) |

ST RMRZEAG

v v SEA iz o w
o Y| TR L e
6= {'9149:»5;"“s9.\v}
> 7
A
K WO R 5 R4
T0(6)=0
T Hr R b
1 v

SR IERYIEG, = (60,620,007, 00}

‘910<€zo<‘930<“‘< a\‘o<g

4 NR-ACA KRfEFF X RaniRizE
Fig. 4 Flow chart of solving switching angles
by NR-ACA algorithm

e 1RSI L X R A B an B 5 R i
R THE D K, BB AP IURZESK AR I EE m
BCO0~1 YERINHIZ AT RM G, 0, O, CEHIEAMLT
L ZE{E 0.01, NIFEZRME 100 AITKA), 195
i U Ut 0 TN o N S - 20 1 T S S
min{0, — 6,0, — 0,,n—20,} L= HI1F B E L MLk 4, W
Bl 6 iR EEER, 0, RGN
f =50 Hz It () d5e /I B2 TRLEEAE DAy i AR, 4538 ih 22
B, WHIZE 4 F1 B (58 s M e ) L m FVE L
WYL B AT AR Dy L3R SO SRR SR AR T 5% A AL £
VA LG XA



-102 -

W) &Gk B

‘ LR m < (0,1) I 0 S 41T 3 |

v
‘ S ) 5 T i ‘
v
LI A2 B A B
il A
v
DL R TR L
Sl B
v

HHER A BIRAS m B g ORESEI: ) JR ) EL X )

FUF SR SRR A8 AT R, TR
FESLEAIE

5 HEESIELXEHRIZE

Fig. 5 Flowchart of determining the modulation ratio interval

HL TP RR R R A A7 L 1] B/ ()

90 g /
— 6? 762 4
80 2n—0, /
= = = /NI BRI 2R 4)
70 R 2RSS SN 1
S =50 Hz {5/ iy S5 16 B 26 B)
60
50
40>
e/ RE B
30 ﬁﬂuﬁ *“ﬂ\ T
3‘ >5300 H7H‘J'H(Jﬁ/J\ F L 1)
20 ek
= s - \R
i ok =y i
T T 7 =sh Hanmmm it —
=
0= |

A E

| | |
0 01 02 03 04 05 06 07 08 09 1.0

&L

6 N =3 FRIREBOH SRR 8RB

Fig. 6 Minimum angular distance between high and low

levels of driving pulses when N =3

DLIAERR 3+ 5 IEBONG], SR A - E 1
F: {m=0.7. m,=0.06, m AFFRMMIIKR
Bk, FFMmiR ML 7 B, i 7 w5,
FFI A FE T B S, 3 ANFFRAMIRZEAG,
Aby. AGy N T-1075~107 JEHI, WAF T 1% 5802

S ——
70} —
D 7[;
T sof
&
’ I
*é e
10} ;
0 . .
s 0.05 0.10 &L

S ] b
OFIESEERLEAPSS

& VL

“Ar —— A6,
% ' e
0 0.05 0.10 0.15
SRR EL
(b) TFRABR

-0.75

-0.80

-0.85

-0.90

=095}

-1.00

-0.60
-0.65
-0.70

-0.75

-0.80
-0.85¢
-0.90+

-0.95r

-1.00

0

7 FRARIFKBIRE

Fig. 7 Switching angle and its error

AR - AT ARk A ()3 L FE i 26 . f (1)
IR E M At 8. B9 s, HiE 8 A,
FAETENEE y B2T-1, NR-ACA iECH)5 40 1L,
Ay 2 /b T EIEAR RIS 130 18, KIUE T NR-ACA
BAHE DR BEP SR B |
Kl 9 AI%0, NR-ACA fHERTAGvkm s, HARR
JEFEIE /N, B SRR

10

30 40 50 60 70
ANV 4

(a) NR-ACAJ3&E B J¥E i 2%

20

20 40 60 80 100 120 140 160 180 200

AR

(b) ARG S 33 o i 2
[l 8 &R B HI%

Fig. 8 Fitness curve



KT, %

S T AP -GRS3 20 PR IR ) ) P D D R O 48 8 4 ) S

- 103 -

-30
i g0

1.6}
141
1.2
1.0p
0.8 1
0.6
0.4}-

R 22V

021

ol 4 Vo [UW" ¥ UV WV YW I

0 01 02 03 04 05 0.6 07 08 09 1.0
FE A E

(2) NR-ACA S IR ks 15

X107

b 1 152 2 ¥
— N W A N 3 0 O

i

(=]

0 0.1 02 03 04 05 0.6 0.7 08 0.9 1.0
HEW I L
(b) AT R SR ARG
9 NR-ACA EEM NR BIRRIK R E I EL
Fig. 9 Solving accuracy comparison between
NR-ACA and NR method

2.3 BETH-BE BRI B IR A =]

SR SN

FERC AR R RS DL RE T, SRR BRE).
BRI 2 5 KRR R B, s 4 il 5
EHATIEREMIBEAE B IRAT R, SRR BRI
FRLR T RESR A DA AR ), X Pl & 0 AR
TR BRI EK . R NR-ACA
BEFFARARZRPE T RESR AR HE R, R0t b 18 AL
FRPTEPITRADATLIR, 25 A R P
ANFISEPOR L AR RSB R S BT
KZIBRAR, A RSB A 7 & SRl i
RIRF AT EA, Wit S 5.

M8) T BTE BB KA £y e Y
max{min{6, - 6,,6, —0,,n —20,}}
o mon = =

2nxt
AN TR il BT foe /0N A1 S TR B Y B KA

271: x tmin

(19)

THLAN =31 ¢, =100 pus HBIVEI fom max [
KA FE . me[0, 11511, FIFH NR-ACA 52Kk H
ZHFFRMO, . 0, 6,5 HIFRABBMKIEIKH
PIAEEEG -6 6,-0,~ n-20,5 W m A
() 4L T P A 2 1) 2 PR e /ML Dyt /N A BE DL, LD
min{0, —6,,6, - 6,,n—26,} , H & 41 min{0, -6,
0, - 0,,m—20,} L= HfF B ELE MLk 4, WK 6 ¥ H
BB ATR. H—2, FBERLRE DK
IR, # £ =50 Hz B 1) 5/ A P (] BE AR Il
1, REIHEOEL B, B RER =S FEIE R/
1 B 18] BR A i K AE . B max {min{0, - 6,,6, -0,
n—26,}} » TTLLE H B 6 A/ A R TR) B e KA
N 19.929°, FRAEIN(1)THEAZE frum max =19.929/
(360 x100 us) = 553.583 Hz -

HE 6 ATAT: M5 5E ton s BEE foum 8D,
X I [ B R L e 19 FRLER B8, TT DA T A e
L VU B (V= m < E o H ity =100 ps I, 5K
FEARFRIIFF R AEE N SR fram ma s SR
WE 10 fvs. AR RS2 E R N X1 H
BT KINR fm max ~ T FS ) DR O« 225 0 10 1
Ee m FIYEREL. i 50 Hz SRR m FIVE L, 3k 1

BR.
+€
| ey |
v
WRIEmESLITRATITE FAINR-ACASKAE |
RS, PARFITIRIDU RN B

a5
=)

Xof Llm AN RIS T 551200 fe /N A B
bNEs AN SN

v

‘mﬁ0%XM&ﬁﬁ&M%%kﬁ$‘

ES

| AN |

v
L o max K23 X TR 57 R, 4538
ANFIARER X ) P9 FINE i R AE
10 SKERARN M RSN ESTRL N R K EREE

Fig. 10 Flow chart of solving the maximum value of N

corresponding to different output waveform frequency



-104 -

W) &Gk B

BT 1 Ak N =21, BHRBIER IR N
832.171 Hz; N =3 I, S HH B s KA A 555.47 Hz;
N =41, fHHEIE R A% N 367.41 Hz. 5L
25 1) 4 VB R B A (9 T 1500 Hz) 1) =K
W, NATRAE 2 863, N =3 MHET N=287a LA
P TE 2 AU, DRI ARG Y (36741,

555.47)0F, N ERHL 3, [RIERE R ARG FLY
(555.47,832.1711 b}, N EREL 2. HILRIER 1 7%
HEASH: 2t =100 ps B, ASTR] F) % 38 T AR
S XTI N (8RB B0 22 RT3 AR 9 55 H
* 2 PR

RN tin 7100 ps FIAREA N IR fowm max
Table 1 The fyum max corresponding to different N when #,, is 100 ps

N 23 1) FRO VO Sowm max/Hz it 50 Hz BTN ) m G
2 3 832.171 [0.03,1.07]
3 35 555.47 [0.057,1.063]
4 3,57 367.41 [0.085,0.993]
5 3,5,7,9 276.65 [0.12,1]

6 3,5,7,9,11 206.71 [0.16,0.96]
7 3,5,7,9,11,13 167.39 [0.21,0.97]
8 3,5,7,9,11,13,15 134.66 [0.27,0.93]
9 3,5,7,9,11,13,15,17 112.86 [0.328,0.933]
10 3,5,7,9,11,13,15,17,19 94.52 [0.397,0.907]
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12 3,5,7,9,11,13,15,17,19,21,23 70.05 [0.56,0.884]
13 3,5,7,9,11,13,15,17,19,21,23,25 61.35 [0.66,0.88]
14 3,5,7,9,11,13,15,17,19,21,23,25,27 54.19 [0.77,0.86]
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Table 2 The maximum value of N and the maximum number of

the controllable harmonics of different f, When £, =100 ps

Sowm/Hz N e s i R
[0,54.19] 14 13
(54.19,61.35] 13 12
(61.35,70.05] 12 11
(70.05,80.87] 11 10
(80.87,94.52] 10 9
(94.52,112.86] 9 8
(112.86,134.66] 8 7
(134.66,167.39] 7 6
(167.39,206.71] 6 5
(206.71,276.65] 5 4
(276.65,367.41] 4 3
(367.41,555.47] 3 2
(555.47,832.171] 2 1
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600 ps+ 800 ws B ARl Hi I8 T A0 2 0 97 (1) 3 22 ]
R E , W 11 s,
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Lin BRI o G100, AR IEEAA N 150 Hz (1 9
UOBBE, KR 12 RBRIE S 1, <182 pus N,
FoA T BRI £ = 182 s 5 ]RZ, %R
TE DK DL RRE 8 1 AR AT LAk B 2 5 (7
FEAN B im0 ) (10 i 2B i 7 =X il 25K 100 s,
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4 500 Hzo [k, FESKPR TAEH AT HRYE 2.3 T5H)
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Fig. 11 Maximum number of harmonics that can be controlled
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Fig. 13 Cascade output voltage v, and its FFT

analysis in two conditions
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Fig. 14 FFT analysis of the cascade output voltage v,

using repetitive control
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