537 B 6 1 BHARZEEERER Vol. 37 No. 6
2022 4F 11 A JOURNAL OF EIECTRIC POWER SCIENCE AND TECHNOLOGY Nov.2022

= 18 EE $0L 0 0 S+ Do) 3 2 =S Tl s K

Ci AN SR SN (I

CLLE T 9548 o ) A5 RS &) B Ty 8 B s ol Y09 R 21002452, LIy R¥ B F5HH TR Y¥E,
B 2001205 3. K b BT R 2% 1 ik R U855 4 RE HL 0 38 1 4 B IR RSB o TR KD 410114)

 FE ARG = ARTT AR SRR R G0 3T SR SR )RR T AU R I A ) 45 R TE A R0 R G b

EEZISEQIEJHq‘,uﬁbm%%‘:é'fmﬁﬁla%ﬁo RLAE 53 BT 4% G0 S T kb 4% 00 1 % SO0 00 b, A7 7 BRLAH A DR B8 5 B R AL IR 2219
o A4 LPF ?b%ﬁ’aﬁéﬁ%ﬁm%ﬂﬂ%ﬁiﬁ”ﬁf 5 FL 25 | F IR R R SO T B i O 12, O 5 T 25 0 I H 3

#“%Ii%{i:*ﬁ,nmﬁ{%?ﬁ%%m?’ﬂ WAWTIE, WF 58 K AT AE — 7 T JBE 00 42 i AT 1 0] 80, PRIt s i — 2D 4 1 —

T R 7 g JC 22 F0 H VA T 45 ,i.'“;bu?ﬁufll k42 B 2SRRI SR S BU IR B BE . BT W =M TE A U L AR IR A

FL A T SR W 5 o TR T 2 A TN A A o G s AH 5 B TEAT S0 00 B IE , S 50 25 SR AT 30 HF BT B 4% o SR w1 A AL S

ATk,

X # R :LCL IBUAR; JCZEFA I A ] 5 I 0o 300 AR 2% 5 A R 00 I %

DOT:10.19781/j.issn.1673-9140.2022.06.018 FES XS TM464 XEHS:1673-9140(2022)06-0157-08

Three-phase virtual flux linkage observation grid-connected

inverter prediction technology
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Abstract: When analyzing the traditional three-phase grid-connected inverter model system, it is found that the use of
a control strategy based on the orientation of the flux linkage of the virtual grid can effectively reduce the additional
cost of the system and greatly improve the operation reliability of the system. However, when analyzing the tradition-
al flux linkage observation without compensation, the phase angle offset problem is likely to cause system errors. In
order to solve the problem. the flux linkage observer model scheme with LPF compensation is proposed in this paper.
and the new design of capacitor voltage observer and grid voltage observer is studied. Combined with the deadbeat pre-
dictive current control algorithm, the traditional deadbeat control has been deeply studied, and it is found that there is
a certain degree of control delay. An improved deadbeat current predictive control is proposed for improvement, and
increase the sampling current at the time of prediction £+ 2 to make the anti-disturbance performance better. Finially.
the experiments of the three-phase without AC voltage sensor estimation strategy combined with the improved dead-

beat predictive current control algorithm is carried out, and the experimental results verify the effectiveness of the
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proposed strategy.
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Figure 1 Three-phase LCL grid-connected inverter main circuit topology diagram
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Figure 4 The structure diagram of the overall voltage observer based on the virtual flux linkage

3 O AL TG 25 F HL Y TN 42 o]

MR SCHRC1T b B 42 318 L X =4 LCL 24 5f:
PO 30 28 g Xof AR S K A B A g A AR B 225K CD)
5 VG R — i E m ok g o, il .
ik +1) —in (k)

V.k) =V, +L, T.

L,

fw (B 1) — i (B)
Ts

+i. (R, +i,(RR,

Z.L,g(k + 1) *il‘/g(k)

Vi,g(}\’):Vg,q+Ill TS

+L,-

ig,@(k + 1) *Z.g/rg(k)
T,

+i3(kIR, +iu(RIR,

(15)

Zmg A AR R, R, B 2k B EE . W] B4
i,(k)=i, (k)" (p=a B A1,

L (kD — ik
Vin(k):Vga(/z)+lem( +; (&) |

lge (B4+1)" — iy (B)
T,

Ly

Z‘L‘@ (k Jfl)% _71'3(k)
T, *

Vi,g(k) :Vglg(k) +L1

igg (k +1)\ 7ig/}(k>
g Ts

(16)
A1 316D ST — I 220 WL IAT AL, 220 W65 P 2 52

i =i =1 W k+2 B Z o FliHFCRFEME A



5 37 % 6 W) SRUTTSF 5 . A i J o DL D 030 25 38 O 4 K 161

i(k+2)=WV,(k+1) —V,(k+1))

L +L. +L +i. (k+D aan

HRAEEC (160, (17) A 15 o il A9 AL 0 s 25 1H, &
k41 W2 o Bl HL R 22 2 A4S AH I 22 H I R 22
P {E A

i, (R + 1D :%(iukm +i, (kt+ Do) =

%(ia(/e +2)+i, (k) (18

[ 323 4 AR Z 0 Vo, L R H T, B & ] HfE
BV, G+, iR PWM 55 HES.

ST ORI f R A AR R R TR] 2B T e AR BR B A A
AR BE d Gl R B[R AR s A S o)
K P RMEHIRQ N

P=Vis+ Vi,
(19)
{szwf—mm
T R E TV, =V Y, =01 i (19)
CINGE )
P =V i,
{ (20)

Q :ngi(,
4 I R g A 0 LS SRR A iy

4.1 FESH
Sy 5 0 i 46 SR W% 1Y AT AT ML 7E Matlab 2018b/
Simulink Hv, X6 k50 HL 9 % 4 1) TG HL A% Jk 2 3500
H i 4 o AT O L A S BN ER 1 R .
Rl AAZIEBAHM

Table 1 System main circuit parameters

LCL JRIE A  HW LKA E A8 500 vy gk T4 fiu] e, )%
Cy/ [LF Voe/ V L,/mH Lg,/"rLH

10 700 2 150

PWM FF M FEMmR R )2 I 159 AF H,
T./ps fe/Hz P./ kW VeV

100 50 3 220

BT BT 4 B L T 40 e I 1 B 1 T HR A R
) SR AT TG R T A S T R O A o )
REZM AT, AN 5 BT 75, 200 20 A6 36 T i 42 il SR W 1 A7 4%
P o A AT E DD FL T A SRR K AR TR R ORI £
il R G HITERE

0.04 0.06 0.08 0.10
t/s

(@) A HURAR ATV, 08

0.02 0.04 0.06 0.08 0.10
t/s

(b) 1 HL L A R A vl o0 2 1] £ JBE

0.04 0.06 0.08 0.10
t/s

(c) LR EIABE T Y, BOF

0 /rad

0.02 0.04 0.06 0.08 0.10
tls

(c) FL P et P O ASECTT W 0 2 ] £ 2

w Ly Ly

0.04 0.06 0.08 0.10
t/s

e)z wﬁoﬂ,({ééﬁﬂnuﬂbﬁ

0.04 . . 0.10
t/s

(6) 3, 5 B (I LE AR M32)

0
0.00 0.02 0.04 0.06 0.08 0.10
t/s

(@) 1, I EPIB FRAEHEE)
1

LQ‘I/A

0
5
0
-5
-10
0.00 0.02 0.04 0.06 0.08 0.10
tls

(h) FEIGAT Ty HRL AL a0 Hb, 3 07 BT (B 3 R )
1

0
5
0

i, /A

-5
-10
0.00 0.02 0.04 0.06 0.08 0.10

tls
(i) ZEIA Ty HL UL A kR Do oL 38 00 BLIBOE (SIS HRE)
B 5 b EAE RS RN R AR R A AN A AT
Figure 5 Analysis of simulation performance of

voltage sensorless predictive current control



162 W M %

£33 VN 2 Eite 2022 4 11 A

AL 5 Ca) ~ (D AT AT, £ 1 0 F I EE UL T %
SREWE ST BT R S () AR R A, BB A RPN
PERE s WL 5 Ce) L (DRI LA HY 75 P H 3 42 11 i 42
A 2 S =R H 0 R 90 R AN 0 R B b A O
R RIS AT I 5(2) ~ (DY a
A FEL T E, 3 ) 0 2 O L A3 BT R R 45 R GE Y B
FrAPERE R 47,

4.2 SLIGIGE

Shy Y IE T i W 0 T AT B R T
2N B PF R DSP i B (TMS320F28069) , AR B
P, 3% 300 AT A D L B D R L At R 1 fL B R
G RSE T 6. RELRITSEILE 1,
4.2.1 XfHSCE

D LPF #MELE

FET I 2E 4R 00 v a4 ) 5 R HOURG S H S O e
RIS S T LPF TE3FAT M 000 5 Al S5 25 5 | k2
—E A A 22, R, S 3R & RGE MR T LPF #b
S0, WA 6 TR, v LA L & Ga) H e 3 R
—EFA R (D) L R S R R ARG P SR 45 A 4y
Bral Al AME G B T RGERRE SR, HE/MESS
ey Y P DT DB W A SRR A LU D T

£
=
=~ o
=
E
BN
lfv‘,
AF1E]/(6 ms/A%)
(a) LPFIAMERT
T T T T T
&
= o
=
£
=
=

A E1/(6 ms/A%)
(b) LPFANAME )G

E6 atadw M & /EAfedif LPF 4M2 £
Figure 6 [LPF compensation experiment of a-phase

grid voltage and a-phase grid current

2) JG v s A% T L IO L A e

Bt X T 48 019 TG FL T A S L R T A T SR
AR EARET a A0 0 | TR 5 0 25 (8] £
JEE o DA B R o) e, s O 0 A5 5T Al R0 B e A R TR R R

5 R IOE Y HL P 2 i) A JEE S 3 R ARl 7 R s Ll
FL TR UL g% SRE s 52 B 17 o 9 45 ) A R A R, B
TREF YL

V.

(5 rad/) (310 V/AK)

0/

B E]/(10 ms/A%)
() S0 A, X P 5 L ) 2 D £ B

o

Ve,
(5 rad/k%) (310 V/H%)

0./

A E/(10 ms/H8)
(b) it L IO L S5 AR A £

B7 atae M EL e M E R A ESLEE
Figure 7 Comparison experiment of a-phase

grid voltage and grid space angle
3D A% 455 55 00 A2 B R 1 TR b A A X L
TE 2546 T 22 40 00N H, 3t 428 1) SR m I, X % ¢ il
T P, A2 A LA R A S g e A 14 0 00 P, O 42 o] SR s
AT HESE G, G iRl 8 B, AT LA L B (b A E
T Ca) RAS N HL AL IE 5% B8 R AT, P G /A R A A A
ANRE: o e R SR B S 5o S

v,/
(240 V/H%)

i/
(7 VIK#)

| | |
I E]/(5 ms/4%)
(a) AIMERF MRS TG, . v, L5000

v,/
(200 V/#%)

i/
(5 Vi)

B /(4 ms/A%)
(b) MNZERTAMEARS TG, . V, ST

8 TR WAL A 5 I Y
Figure 8 Waveform of predictive current

control experiment



55 37 5 6 1) L, 45

. AT L 30075 28 T £ A 163

4.2.2 T
TERE (0=8 Avi, =0 ARPIRE T, RG M H
MRS LRBIEME 9 B, T LA, B () M
M 3 THD FRUER T 5%, i 2 I I A gt 220Kk 5 &
(b)) af Hebm 22N M HOLRE B UL 2545 55 1 o g
SEHEIE , RIESRE REBITIE ¢ 5 ¢.90%;
BICO NG i =T =3 A PPIRE T I T,
EI’Ja*HEEHEEFEHEEHEEmLSQEﬁ‘ZEZ%,EE‘Z;?I‘J%E
HL R — 5 f .

b
(3 A/k%)

S [8]/(16 ms/A%)
(a) = AH FL I B S B B

L v,
ANS/ANV/ANVY.

bW,/
(1 Wh/H#)

HF18]/(6 ms/H%)
(b) HE 0L M RESE RO SE BRI o, . W,
T

v,/
(310 V/A%)

/
(5 V/H8)

B 1) /(6 ms/A)
(c) TMTCHIIAME i artl L 099 ERL R AT HL 3

B9 BEFEHEH
Figure 9 Steady state experiment waveform
1.2.3  FETE
D EIEAE DR A 10 () iR H iy =
4 A, =0 ARMAI =8 Avi,=0 A,
2) ZE YA Yy H U SE B W & 10 (b)) TR, 45 E
w =8 Ali, =0 AREIBITIF R i =4 A,
=0 A,
i 18 10 AT LAt sh 281 68 52 30 S0 0 1 BT 40K
WA M SEIL T dg R A bR R R I PR AR
i TERIAT DDA 0 R RIS &, AT R 419 5l
A PERE .,

;\ q

~E
3=
| | | | |
B E]/(10 ms/k&)
(a) ZEIEH DIHTDRAS T HG, lHJ:'ﬁ(\?/))*Lﬁ/
=
>
s
S
= | | | | |
FFRI/10 ms/4%)
(b) RIGAT N FRE T IV, i,
T T T T T T T T

e

I E]/(10 ms/H%)

(c) ZEWAT LIRS T 190, 0, SERRBO
T T T T T T T T T

=
>
s
£

1 1 1 L
BiF /(10 ms/4%)
(c) ZEWA DI TR T atfly,,. 4,

10 3h & F 5K O B 4M2)
Figure 10 Dynamic experimental waveform

(plus delay compensation)

5 Qn T

XF = A0 LCL Jf W33 A8 &% R 58 it 47 B 5 50 7 A%
SCHE LT R 0L H IR B 1) T R AR R o LS
JOIAE D F) T 25 10 T H 30 4R SR VE AR 45 A B
FFIEM AR R Ge . T HE i i I, e O 2%
R RO ATz N T ARG R R R
GRS T2 T AR TN ZR G028 (R K/, FLFE H A% Jk
AT P A0 LA B N R S o i I 4TS B % 4k 52 1E W 1B AT,
iﬁiT%éﬁB@ﬁfﬁéﬁ;ﬁc G54 T GRS B 2
AU E U A vk L A k2 I 2 SRR H R



164 H, Vi # 2 5 i VN 2 Eite 2022 4 11 A
iy AN T S £ N A W < R U E o 1 B 1 (8] THE8E R IR B AR MG L 45— PO B4 F1 ) — FL - 72

IR PR L BEHIE B0 1 BE A

S & k-

[1]

(2]

[3]

(4]

[5]

[6]

[7]

PREE R BRI, . =M LCL I Wi B ds L &
B AT A2 SR [T ) R S R, 2022,
50(18):72-82.

GUO Leilei, ZHENG Mingzhe, LI Yanyan, et al. Non-
parametric sliding mode predictive control strategy for a
three-phase LCL grid-connected inverter[ J ].Power Sys-
tem Protection & Control,2022,50(18) :72-82.
MUKHERJEE S,CHOWDHURY V R,SHAMSI P, et
al.Grid voltage estimation and current control of a sin-
gle-phase grid-connected converter without grid voltage
sensor[ J |. IEEE Transactions on Power Electronics,
2018,33(5):4407-4418.

L X g SR T R LRE BE Y PWM O i
A RO B 3 S PR LT 5 0 T e TR, 2021, 37
(9):27-33+44.

JI Peirong.LIU Chao,ZHANG Yunning.et al. Fuzzy a-

2 il —
Wy,

daptive backstepping control of PWM rectifiers based on
virtual flux linkage[ ] ]. Power System and Clean Ener-
gy2021,37(9) :27-33+ 44,

MUKHERJEE S,CHOWDHURY V R,SHAMSI P, et
al.Model reference adaptive control based estimation of
equivalent resistance and reactance in grid-connected in-
verters[ ] |. IEEE Transactions on Energy Conversion,
2017,32(4) :1407-1417.

ZEHGTN L T HE. — Al P ) PWM 36 AR 25 9 200 1 A5 FF
I A ) T L L I 3R, 2021,58(2) : 190-195.
LI Yanli, WANG Hui. Variable switching frequency
modulation method for suppressing current ripple of
PWM inverter[J]. Electrical Measurement & Instru-
mentation,2021,58(2) :190-195.

W R SCHE. — Tl LCL U8k = 4R 8 It &% 19 JC A% 18 4% A
TR e 42 61 77 1 [T ] B L, 2019, 52(8) : 48-54.

YANG Kun, SONG Wenxiang. A sensor-less active
damping control method for three-phase rectifier with
LCL filter[]].Micromotors,2019,52(8) :48-54.

EBA L IR 5 LT 5 100 HE 10 ' (R I ) 3 8 4%
[l 5 05 ik [T ). K PHBE % 412, 2017,38(5) : 1176-1183.
KUANG Zhenchun, XIE Shiyi, WEN Wen. Study on
grid-connected PV inverter for grid synchronization
based on virtual flux[J]. Acta Energiae Solaris Sinica,

2017,38(05) :1176-1183.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

gk BIAAE BT ] BEAT L, 2022, 39(4) < 2-10.
BIAN Beilei, SONG Zhenhao, LU Zhipengs et al. A new to-
pology of three-level converter and analysis of losses calcu-
lation[ ] . Distribution &- Utilization,2022,39(4) :2-10.
). PWM # 37 & v H S 62 10 000 1 i 00 00 2% AF 5%
LI B4R 25 1 5, 2016 (5) 1 48-52.
PENG Bo.Research on virtual line-flux-linkage observer
with an adaptive compensation in PWM rectifier[ J ]. The
World of Inverters,2016(5) :48-52.
A8 TR MR, SR L A TR 7 R Y BRSO KU
Y48 RoCoF T 42 il 5w [ 1.4 i ey 77,2022,50(4)
21-26+34.
ZHA Yuxin, LIN Jian, ZHANG Shulong, et al. RoCoF
droop control strategy for direct-drive wind power sys-
tem based on rotor kinetic energy[J]. Smart Power,
2022,50(4) :21-26+34.
REZNIK A,SIMOES M G,MEMBER S, et al.LCL fil-
ter design and performance analysis for grid-intercon-
nected systems[ ] |.IEEE Transactions on Industry Ap-
plications,2014,50(2) :1225-1232.
A0, B B BE T A IR S A MIMIC B B 50 42 4
(I T3 5 EOR 241, 2020, 35(2)  12-21.
SHAO Feng, YANG Jinxia.Model predictive control of
modular multilevel converter based on voltage level[ ] ].
Journal of Electric Power Science and Technology,
2020,35(2) :12-21.
WL, AR AR AL T SVG MGAR I 19 SSO B i
RELJE #10 h SR m [ 0. o [T vl 07,2021, 54.(12) 01119+ 44,
ZHANG Fan, GAO Benfeng, LI Tiecheng.SVG based
supplementary damping mitigation strategy for sub-
synchronous oscillation in grid-connected photovoltaic
plants[ J].Electric Power,2021,54(12):11-19+44.
KR B B, SR T dg AR IE )Y 3R
R BRI FPGA SCBELT 1. 8 i L %% 5 2020, 56 (3)
182-189.
ZHANG Shunan, LUO Haiyun, CHENG Xiaoxuan, et
al.Realization of positive &. negative sequence compo-
nent picking up and phase locked loop using FPGA
based on dual-dq transform[]J].High Voltage Appara-
tus,2020,56(3):182-189.
H 100, S O 2R 3 v = AR I 93 AR 2 TG 22 41 U
PP I L LT ] e 47,2019,38(4) : 28-33,
XIAO Liyuan, ZHANG Yijie, LI Yuntao. Three-phase
grid-connected inverter deadbeat double closed-loop

control[ J].Zhejiang Electric Power,2019,38(4) ;28-33.



