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Abstract: Aimed at the problems of DC bias and frequency variation in a weak grid, a modified inverse Park
transform phase-locked loop (IPT-PLL) technology suitable for single-phase grid-connected inverters is proposed. First,
the a component after Park transform is used as a reference voltage in the phase detector to solve the problem of DC
bias in grid voltage, and an orthogonal component is constructed by the method of 1/4 fundamental periodic delay.
Second, the fractional-order delay is approximated by Lagrange interpolation polynomial to reduce the calculation error
of delay caused by frequency variation, and the design method for PI regulator is theoretically analyzed. Finally,
experimental results show that the modified IPT-PLL proposed has a strong frequency adaptivity, and it can
significantly suppress the interference of DC bias in grid voltage. In addition, its dynamic and static performances are

satisfying.

Keywor ds: Phase locked-loop (PLL); frequency adaptivity; DC bias; inverse Park transform (IPT)

UTAER, BEFEOBTREIRHOAR H s K, Sl
PIBOR B2 B AN, )z T AR E ST Tl
bel XSG o AR MR GE DR X
fAE . B MBS, Hr, JEMiAEds

WimHE: 2022-05-13; fEEIHHE: 2022-06-30; KA BH:
2022-07-15; MEHEZBH: 2022-09-05

ELWH : TV EE I TEHEHR BT H(XGJ-2016-28-6);
TLVGAE 12 S 2 5T B8 B H (JXIG-09-63-3)

This work is supported by Provincial Education Reform Project of
Jiangxi Provincial Department of Education under the grant
XGJ-2016-28-6; Teaching Research Project of Universities in
Jiangxi Province under the grant JXJG-09-63-3

ST AT REIR R HE FR 505 28 Ui L I =2 [ 42 T r
i, HL A ILI% 452 55 PCC(point of common coupling)
F e 1) A 000 23 AR 467 — M i 8 FH 28 PLL(phase-
locked loop )#k45 . SR, SRR ) H He A7 7 i /. 58
AR B O R A A B A ), A K S e T
PLL MYPERE, M BT W AR g A8 . anfar v
A 555 FL IO H, R IR A0 B AR L AR, R R
PE R, eI MR SR O R, WMl
W4 e fa g ity il o

HHT, >R hesE Aa bn &R BT 3 SRF-PLL



94 i, b

E 4 $23 %

(synch-ronous reference frame phase-locked loop )/&
BUFH PLL M 7 51, B SRF-PLL fif %5 T
SR B DB, ) P e Al A 4 S B M
M, ZIT TSR, B T RS
PRFN 3z P, SR T BRE A O kb I R AU A
LA A o, JCEE IR T e AR s 4, ANRE
2 JH = A SRF-PLL 52 L B 306 725 2% 5 v I H e
2L i, MR DTkt IR 52055 R A 4
QSG (quadrature signal generator), ;=45 B, W Y,
i (EAH [R) A TE S 0k, P e AR AR AR 558 L
FHo BUH IR QSG Bt ksl — ™ XU 4%
SOGI(second order generalized integrator)*!. 7/4(T
S HED I FERFE SR BIAIER DPLL(differen-
tiate phase lock loop)®Hifz Park 254t IPT(inverse
Park transform) 45, HrpJET SOGI B #AR S
AR TGV fifp ke v, 90 P, Fs 1 B 0 e )T, 7/4 A2
F4 3 FT TPT-PLL JC vk fiff R v I A3 30742 A S B0
FRGRE ZE RIS, TR TR A AR N 5
SRR S T XE S T A RBUE S, R TR AE
o3 R 3 ) AR R

BEXT A7 TE BT D B0 A5 e B 25 AR 0 1 55
FL PO [ 0 A () 28 4 o )R, R SCAE AR 4
IPT-PLL (3R I, $2 8t PLL FoR . Bk,
¥ IPT-PLL JZ Park B 41 o 731 AF R B HE , JERR
F, O H, s ) EL O 20, IR 774 SE I AR 3 1E
SE oyt s U, SR AHA% I H A (E 2 A T
RO SErs , LU TR T/4 SEREE RS, 1998 PLL
MR RSE N s SRS, TEANTTIE PLL RY¥E &
BT Jrk s fJn, A S B BT 4R U7 R Y IE
k.

1 IPT-PLL HEREE

f£45 IPT-PLL £ 1 s, A4 SAn a8
PD(phase detector) , #F& &+ LF(loop filter)FlHE
IR 4% VCO(voltage controlled oscillator)3 #5347,
Hr PD W Park 84, {IKiEJEE#F LPF(low pass
filter) F1 S Park 284 3 FFA- 2 A . R IR HE . ug FIRZ

Park 25 (1% i, 4 Park ARSI dg 3 ug Fl
ug, P2 LPF JEBR dg o3& WS g, 58]
IR dg o3 w) ), K5 H 2 Park 284045 3]
i, fa, . 84 LPF J5H) q #iorit ) #5548 PD B
iy, @ PR EHE BURZE AR E S Ao, T
5 B MBRFR AR o (0, =100n rad/s)H i, £
VCO 8% PLL f%i 1 6 Fes SR IMIE S £ .

Ug u ] ~
dq d LPF Ug — > Wy l_7f
B\ “ uy LF Aw " ~
N {177) &L 15
lly (X vCO
g o
PD

1 {55 1PT-PLL £
Fig. 1 Traditional IPT-PLL
HRYEE 1 iR PD, 42— LPF Hf% s %L
H(s)H

H(S):sfl, (1)

A, wq i LPF BT %
5 Park R4S AR Park AR )4 A
S22 M B R R

{da(t)}_ cosf —sind X{h(z) 0 }:
Uy ] |sind cosd 0 h®)

cosf sind u (1)
ﬂ—siné cosé} g L;ﬁ (t)H} )
X NEBUSELF; h(t)I—Br LPF AYBAALof
WA 5 6 = dr, @ PLL (ki FAR
Q)i Fig
1, (1) = {h(t) *[u,(H)cos O + i, (t)sin O] jcos § —
{h(t) *[~u,(£)sind + i, (t)cos O] }sind
1, (1) = {h() *[u,(£)cos O + i, (t)sin O] }sin +
{h(t) *[u,(£)sin@ + i, (t)cos O] }cos

(3)

hRG)IHE O, (1) WP RAE S, 454 PIRAS R
B R ] A



1

YRS, Ao T HL I A AT R0 ARt TPT-PLL 2K 95

L{h(t) #[u ()cos O]} = H(s)L[u, (t)cos O] =

%H(s)[us(s +j@) +u (s - jo)]

. 4
L{h(t) # [, (0)sin 01y = H(s)L[d ,(t)sin0] = ®

LH () 5+ 1)1, (5 - )
A, L FRPICARH,
4
L{h(t) *[u, (t)cos + 7P (t)siné]} cosf = % .
{H(s+ jo)u,(s + j2&) +u(s)]+ H(s — j&)-
[u (s — j28) +u (s)]} +%{H(s +jo)i, (s +
26) i, ()] + H(s — j@)[~ii, (s — 26) -
iy ()1} ()
[FEE, AiiaE
L{h(t) *[~u,()sind + i ,(t)cos O] }sind = —%-
{H(s + jo)u,(s + 20) —u (s)] - H(s — j@) -
[—u,(s — j20) +u, ()]} —%{H(s +jo)i,(s+
20) +i,(s)] - H(s — j@)it, (s — 20) +
il ()]} (6)
i (4)~X(6), TTLARE]G, (1) L RAS A
L, (0} =5 [H s+ J6) + H(s = j0)n (5) -
L1+ i)+ 1 - )i 0 7)

FIRRHSE i, () BRI AN, BRIt ()
A

d,(s)| 1
()| 2

H(s+jo)+H(s—j®) —jH(s+jd)+ jH(s — j®) _
jH(s+jo)—jH(s—jo) H(s+]jd)+H(s—j®)

u,(s)
LZ/»’ (S)} ®

= (8) T A 41, () Fildd; (s) 5 FL R HL S g () 2
(6] (1 3 PRS0 501 M

Wa(S)Z uAa(S) — R a)cls ~ (9)
u(s) s +a,5+o0
W (s) - ly(s) @, (10)

-2 ~2
u(s) s +a,5+0

% 18590 RER LIRS, Hix
KALIDHE S, B w=314 rad/s, W IPT-PLL &%
PREUATEEIANE 2 s, BERTIL: W, (s) &L o
SRy FRATIRR I B S S A, T O R A L
T A AT IR E T s W, (s) S — Bk vk
%, 7E 50 Hz Wb g fEh 1, FA6H-90° , 1iH]
1, (s) R HLE ug IEACST R, H 2 TR &
HAEARIE, Wy (s) BIBRAEFIARDLAS K R BRI,
A PLL ByMERE.

{i/dB

L

90
Wals)

e 0
s |

i s sl Lo a sl n L
1 10 100 1 000 10 000
A /Hz

B2 IPT-PLL f&i# REAEE
Fig. 2 Bodeplot of IPT-PLL transfer functions

2 Bt IPT-PLL

2.1 BEEAIAR

3 A SCHTHR R TPT-PLL J7%5, BT W, (s)
IR R A L AT LATEER H ) L U A
g, HARBBEN AT AER . ALl a, (s) b
TG NG IIERT /4, 15 20X W IESE 34 )y (s)
I LRSI H 48 (2 A T B S, ey
RIRAAL S R R THRAE R, 28 Park 724k
T2 g fihor it ) (s) , DEiMTTE AR



96 i, T

%23 %

N ol |—”’"
B \| EEﬂ%

Uy

L] »

llﬁ aﬁ

PD

B 3 migt IPT-PLL 1EE
Fig. 3 Block diagram of modified IPT-PLL

2.2 T/4 FE R ot SR B

LA JRAE P 1Y) T/4 SE ARG SR ms an i 3
N, AT IR L 1 SR AL D(2) K

D(z)=z " =z0"P (11)

A fORIERLAE S TF AR f o PLL (9%
MR AR R, f/ f ATREAR AR,
P RIS | AR F 2, R T
T FE TR B, R FHRA B H A (B 2 2y
FERFERTT f(F)=2",

B f(F) M NAMEdE S (L, 270, (2,27),++, (N,

Z™), R N1 YRR Z 5 Py (F (DXL AT
QR E2E e

(F-2)(F-3)-(F-N)_,
(1-2)(1-3)---(1—-N)

(F-DF-3(F-N)_,
(2-1)2-3)---(1-N)
(F-D(F =3)--(F =N+D)
(N—1)(N=2)---(N = N+1)
WA G e[, NT) KA (12) R F, Al L
B/ P ()=z", BIHR12)8 20X AER I HE
UE A ELG E TR
e 3(12), PR B AE I AT RS B H
e W)

zF~ ;zn;d(k)z‘k (13)

PN—I(F) =

(12)

SUH L Ny R B9] I (2 T B B UOHG dk)
W 25, dK) =HE Hik=0,1,2,,
N o N 1 1AS(L 3 B, GPI ORI 20 R
HEAKXE 1,

1 SEMEMRTRAZABBRESIRXRERY
Tab. 1 Lagrangeinterpolation polynomial coefficients of
fractional-order delay link

iﬁz{ N,=1 Ny=2 N,=3
doy  1-F (F-DF-22 ~(F-DF-2)F-3)6
d(1) F -F(F-2) F(F-2)(F-3)2
dQ) F(F-1)2 ~F(F-1) (F-3)/2
d@3) F(F-1)(F-2)/6

4 A FEIR PR W B AR 2, 08
U F = 0.2 0.8 B 114 43 %5 By A2 Bsf B 15 0% S 118 4 248
Wi 7 £, Horh Ny = 0 38R JFUM 09 SE 3R
AL 24 Ny BUE 1~3 0, A6 — 2SRV B N T8
%) 4 (1 22 300 3 B 3 30 JRUAE B 3R, HL N K,
22 3 2 I R P R A H 2 N, BOR 4 5108 KA
B, A5 0 (4 4 1 22 100 X T0 I8 76 iR (E 3 2 A L
PS5 EATARKRESR . L5575 IRIRATRAH ARy
P NG=3 YA Z 005X, 3850 0500 e i 217y
R 3 HA BRE AR T/4 SERFSEP e, i s
IR o



1

R, S TS0 AL A B O R0 AR AR Aok TPT-PLL £ 97

0
E 90 e NnFO
E - Nm:l
_180k —— N,=2
180 N
270 1 1 _I' Nm:4 1
B)) 02 04 06 08 10
[ERI®E
(a) F=0.2

g {E/dB

s
z
2002 04 06 08 10
JERIAE
(b) F=0.8
4 A[E Ny RIEEZSTIEIEAR RS EM
ERATRER

Fig. 4 Bode plots of approximation of different fractional-
order delay links by N,,-degree interpolation polynomials

uy

LUy g
JE I} JEIF

E 5 EEMITIEMER T/4ERIIMAE
Fig. 5 Implementation method of T/4 delay with
frequency adaptivity

3 i IPT-PLL B9S 8151t

B RGHATRL, HIE 3 R HERI T 1504
#E IPT-PLL ZePEARRL, E 6 s,

6 B IPT-PLL iR
Fig. 6 Linear model of modified IPT-PLL
WITE 6 T LF J PL IR #%, G pRAL
Wi (s) TN

Wi(s) =k, + (14)
S

Krf, &, 1k 200 PL A 2% 0 LA 3R ORI 43
X7 (R I 33 PR AR Go(s)
o, (ks + k)

s (s+a,)

AWK BRH SRE-PLL A A BE (PM ) A
LR AT PLEE RS . N (15)E R HH RS
1 PM N

G,(s) = (15)

k a., )
PM =g, — ¢ =arctan pk — arctan —=° (16)

2l g, 71 g, 4251 TFERAE L BRI TR 5B 251
KX AR s o, WP RG R FBAMA, 7]
FIRH

B a;czl cos¢p

co o 3
k, sing,

KA 0, —BrKRFIFE 0, AI1F

a)co — kia)c] (18)
kP

gD (18) 3

a)Z

o, =—2 19
co k ( )

p

AL, S RGN AR o, BEE IR

(17)




98 A - %523 %
= (19)8}, PLL B PM fe k. ] T, ARk =3
k
o=l St b WRERAL 1R(6H a{%%lgﬂum% 21
5(19), A4 PM
#(19), AJIE PM N r _ K 22)
PM = arctan 2\73 (20) @,

PM Fil b BRI AN 7 s, WSREL PM
h30°~60°, 133 b BTN 1.7<b<4.6,
80

60

40F

PM/(°)

20F

0

7 Bt IPT-PLL B9 PM XF b BYZE{L i 2k
Fig. 7 Curve of PM of modified IPT-PLL vsb
ASCHC PLL 2 A B 1 2R R A 0, = 2m
600 rad/s, 75 FEFIXS AT P 055 1 400 Tk RIS T =
S A PERE , LPF ARSI @, =21x1000rad/s,
FRPEFTAHE ) o BUATER, =3, Al3HEE3]
k=54, k=11304, PIIHTi¢s N PLL AYJF & 1% b
BARTERIE 8 Fizn, REERYAT TN 600 Hz, AR
MR 45°, R G E LT

70

\
mEt L

TE{&/dB

FRRLAC)

— 1
10 100 1000
WA MMz

8 Pl AT T PLL FERMEE R EAERE
Fig. 8 Bode plot of PLL open-loop transfer function under
Pl regulator

S (15) R A, ASSCERTHY PLL MR R4,
FEERATIRFE bR ANk bR IO E R, 51 ASCHR[9]
AT, W] IS B R B o FE

‘ 1 1 ’
A, KO_2+1'5[sin(PM)_1]+2'5(sin(PM)_1] .

RYEATAR T rEdE, Alita Lt o= 24%,
T,=25ms,

4 SCIHIHE

T BAE TR M IPT-PLL p9A %, LTI
/N B DSP(TMS320F28377) A% U1 il i 512 ¥4t
M, ST, o, R RIRE U=
311V, SRS A=50 Hz; HMEEHARAR DI H G
(EVE S BU S R , ZI0ClR = EL Nw=3; LF
[ PL A1 8 28050 0h k=54, k=11304; PLL
BB R =10 kHz., K19 (a)FI(b )55k L, /0 Ha J
A 311 VERBFEZ 75V IR 75 VREIAZR 3LV
InF, BT TR F R 0 BB, TTLIE
HL O R PR R 2R AR IR, 1A AR RIS, i A
REaE, o RT, PLL AR o 78 15%
L o E19(c)F(d) 53 il S v ) H, 431 58 i 50 Hz
RF& % 47 Hz Firh 50 Hz 8T+ % 53 Hz i, Bik%
AR f ARG 0 BB, ATRIF L, BiAHRfE
TE 30 ms WA THUE , MIHETE 5%, HHM
BRASAIT, SR IPT-PLL J7 2% REMERA IR 17

h T RAERGIE IPT-PLL B, 51448 IPT-PLL
HEAT TR LEACES, 10 2 L I L 7510 VLT I
X EE BT o F I 10(a)fEEIPT-PLL [ 5L 56 3%
ATLIE Y, R B S EPLL A% 5 2 f5 2k
RIS, BZAS0R PLL A% AN & 10(b)
el IPT-PLL (558008, L, 3l A
T W, (s) w B UL A5 EL AN E R, EEUR Park
AR o SRR IESSAE S, TR T L R



5513

ZRYRDL, A 3 FH T 55 H A PR T AR e i TPT-PLL AR 99

PLL 520,

u (150 V/ES), f1(3 He/H%)

u/(150 V/#%), 13 Hz/¥%)

u/(150 Vi), f*, 13 H/k)

u(150 VK, /7, fi3 Ha/kl)

w/(150 V/&), fI(1 Hz/f§)

6 /(4 rad/i%)

0 /(4 rad/¥%)

6 /(4 rad/f%)

6 /(4 rad/f%)

0 /(4 rad/#%)

Y ";‘.,’x,"‘j’\ﬁ{ MNV/\/;AWW
o VML N LAY
/(50 ms/4%)

(o) R
esproeeel NI
/(50 ms/#%)
(b) & _EF
o 5 m W\ i
L
47 =7 g
o=al/[ANWWLNT)
(50 ms/F%)
(c) BT
oy)\[M I ‘\i ' \M\N\//\/ﬁ A'!\!\}f\/\f\ll |
T
5(()) rl:;z) W@ f
(50 ms/F%)
(d) $ZE_LFH

B9 FMEEIHSHIRER

Fig. 9 Phase-locked waveforms of dynamic

<

.
o
V&

0 rad
i

grid voltage

/(10 ms/%)
(a) f& 4 IPT-PLL

% Us i
i

5 i : i
= :
EI g prgf et
Z >l £
R i
2 0 r@)/l‘(/‘//l/l/
Ef o

#(10 ms/¥%)
(b) BIPT-PLL

B 10 &EREEMIILLEIERE
Fig. 10 Compar ative experiment wavefor mswith DC bias

AR SR BT O B ELAEAE IR AR AL 1 55 H
WL RIS, H2 1 o S AH O D 306 7 28 11
ik IPT-PLL $AR , H H AR & 52955 1 AR5 T
AT SE R IO U L PR AR RO A B, B PRI AR e

ARG, PRAERCE M % 4a2iatT . B, Bt

BT T A% 40 IPT-PLL [ 38 8 e 25 fe ik, SO
T o7 1 22 FPL ELT O RE SR SR B, 4R LA
IPT /% Park b it i, WS K, B AEmT
T/4 K3t 1628404, 3 PIFY#E LF AY Rt SR
Vo SRIG, RIS B H 45 {2 5 E i A B9 A
B, SEPL PLL AMRIE WPE, JFLL PM S48
Br, 43t TPLLIWPL &l S8t ik, &Ja
EFXT T HE G IPT-PLL $ AR RN ik 47 T 58
IYISE, I 5155 IPT-PLL #1477 %t 04 H7 . 34
WIS IS5 R, Sy IPT-PLL X H %) L &
1) T O O R A A% 3 M, A RAF Y
3. wATERE

S E Wk

[1] Wang Xiongfei, Taul M G, Wu Heng, et al. Grid syn-
chronization stability of converter-based resources—An
overview [J]. IEEE Open Journal of Industry Appli-
cations, 2020, 1: 115-134.

2] #BAKME, 29, mEH, 5. =MEEAFET
DDSRF-PLL 5 DSOGI-PLL )8l A5 2 Kl 5 %M 7
VED]. D AR SE4R, 2024, 39(2): 567-579.



100 i, b

Eie 9503 %

QI Yongsheng, LI Kai, GAO Changyu, et al. Phase estima-
tion error detection and compensation method of DDSRF-
PLL and DSOGI-PLL under three-phase voltage unbalance
[J]. Transactions of China Electrotechnical Society, 2024,
39(2): 567-579. (in Chinese)

55k, (G, WL, A5 & T 59 R = AR IR
AR SRR BT[], HIE SR, 2023, 21(3): 27-35.

LI Sudan, ZENG Chengbi, MIAO Hong, et al. Phase-
locked loop design of three-phase grid-connected inverter
for weak grid [J]. Journal of Power Supply, 2023, 21(3):
27-35. (in Chinese)

Ciobotaru M, Teodorescu R, Blaabjerg F. A new single-
phase PLL structure based on second order generalized
integrator [C]// 2006 37th IEEE Power Electronics Speci-
alists Conference. Jeju, Korea (South), 2006: 1511-1516.
Golestan S, Guerrero J M, Vidal A, et al. Small-signal
modeling, stability analysis and design optimization of
single-phase delay-based PLLs [J]. IEEE Transactions on
Power Electronics, 2016, 31(5):3517-3527.

BERVE, AEERE, WO, 5 FRMERBBERGEA
AR BELAR L [ 2t DSOGI [\ 25 7 R [J]. HIEFR,
2024, 22(4): 200-208.

XUE Yuntao, REN Baiqun, XIE Jianxiang, et al. Impr-

(8]

oved DSOGI synchronization scheme for flexible DC
transmission system connected to non-ideal power grid [J].
Journal of Power Supply, 2024, 22(4): 200-208. (in Chinese)
Hadjidemetriou L, Kyriakides E, Yang Yongheng, et al.
A synchronization method for single-phase grid-tied inve-
rters [J]. IEEE Transactions on Power Electronics, 2016,
31(3): 2139-2149.

Laakso T I, Valimaki V, Karjalainen M, et al. Splitting
the unit delay [FIR/all pass filters design] [J]. IEEE Signal
Processing Magazine, 1996, 13(1): 30-60.

B, ERrR. ASEREECEIHM] 2 . dEs
TR AE A, 2006.

Wu Qi, Wang Shifu. Principles of Automatic Control [M].
2nd edition. Beijing: Tsinghua University Press, 2006. (in
Chinese)

{EZEE T
BRPR6(1984— ), T3, WAE1EH,
Wi, B, BRSO T
Ao E-mail: caizhenxingl@126.com,
RLLIB(1988— ), 2, Ait:, Rl
B W51 R THOR . E-mail:
xin_wa69@163.com,

(U TSt . FLE)



