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ABSTRACT: Under high permeabilityy, LCL filtered
grid-connected inverters may cause system instability due to
the interaction of phase locked loop (PLL) and grid impedance.
Based on the above background, the equivalent control block
diagram of PLL considering the influence of grid impedance is
established. By using the function relation between the output
phase angle of PLL and the disturbance quantity, the main
reason of the system robustness decline is revealed, and the
main disadvantages of the traditional pre-filter PLL are
analyzed. In view of this, from the perspective of optimizing
the control structure of PLL, a new design scheme of PLL is
proposed, and the equivalent transfer function of the proposed
PLL is deduced. At the same time, the specific parameter
design method is given through the design example.
Theoretical analysis shows that the proposed new PLL has the
same harmonic attenuation characteristics as the traditional
pre-second-order low-pass filter PLL, the robustness of the
system is guaranteed, and the unit power factor of grid
connected common point can be realized without additional
phase compensation link. Finally, the effectiveness of the
proposed new PLL design scheme is verified by simulation and

experimental results.

KEY WORDS: high permeability; grid-connected inverters;

new phase-locked loop; parameter design; robustness

HE: WZERT LCL IS AL 4% AT BE K B3R 5

HEEWH: HFERRFIEETE (U1804143).
Project Supported by National Natural Science Foundation of China
(U1804143).

WIBHL BT R AC WA 51 8 RGURFG R BT LR 5,
SR 3778 8 HL IO BEL TS M I 14 BBURH 2 S8 0 A A, R P 8t
FAFR AR AR B R R K RO R R RS E BRI T
V%IEEI FMT A% S8 1 L DR A B A AE 10 32 2B
o T, WRALBUA I S5 H A EE T8, St — ol
i%ﬁ%uﬁﬁ%&ﬂﬁ%ﬁﬁ%%%ﬂ%ﬁ HokATHE
T, AR A BRI g R AR S H Tk BR T
R, P S AR PR A A0 A Ge i L I i e 2 B
AR B R DR, R RIER RIORIE, JF HIC A
HIRIARAL A A B AT SEB X 8 3 e AL T 2R PN A
B 7 BRI SR 25 SR B S B B AR A vt T
A RNE
REEIA: FBIER JFMIEARS: BB, M0kt
R

0 3§

BEE AR XUH S5 T BE RSB LA & ) PR 1
K, HrfelE & RIBE BRI, T H e
VI AT TR LI, 4 RS F 2k K
DX 45 F, X o B AR TR A SR 2 I, HL ) 5 2 A
“rE L BB YRR 55 HL R, (RIS R L
(short circuit ratio, SCR)X} H [ 58 55 147 [X 7314,

AR, BT EB#EFR T LCL Y)@EZ#W@@E
F e E I e R A 7SR Lo 2 AN, DD
WiAE RGAE LA ZE BT R 2 hEie, Himds
HIFRRE . FL I FL e A4 24 7 R 45 i 4 I A Y 5
H, I L 7T PR 228 L 52 ) 2 3 B0 U0 245 3 B U AR A o



10 19

WS ERBER T A LCL JEMIF I8 AR 85 S P v (B BB A it 77 58 3939

Wik%, FG0nT Be RIS E # LKA T 51 R NI L v
PR E R AR A, Xk, BUA SCER S AL
T T AR F5 HLAARE I SRS . 7E I A 3k K (point of
common coupling, PCO)MtINAVEHERE . HET
SIS o 00 EL P BELAT P 1 S 4 o) SR A5 A R 4R
2t S B 20 AR R GELE L 2K i Bk 3R
(phase locked loop, PLL)#r %4, PLL A5 H
WA BEL T ) R A R e N 2 7 B U R S )RR E
PECOL g, FEARER, BUHER AT DLHER R
FEM AL SRS S, SEBAM RS PCC mi Lk
L, HRERBERT, AT 2.5kW #
AH 9 35 AR 48 9, JE % b (short circuit ratio,
SCR)<5 I, fESBAHM G REMS FRARAE
Bt 22 2 k. FUMERBER T, B
PP 51 K 2R G R A ) AN 2R B

X ENEE R T BTG R R GRS ]
BT, AR ss 2. D @dSHnir
IR = RGN 55 H N G R R T, H & T2 B
WA BEL e 4 0 30 BB AR A o Bl SCHR[ 11 I ST
FHER /MG SR, FEH T 5L T AR A6 FE 2R 1)t
I T . SCHER[12]38 5 2 3 /M5 5 PP Y
3 W BYURE B X v I 4 o) A AN 10T A 4 BB I R
Wi, BRSO R AR R B S B W T S 2)
ao HR I BRI R A IR AT S e . BN ST
R [13-14] 43 7] R FH 1 B B 8 35k 5 F0 A2 B
BUEP AR BAHES, BRSO IA ) R Ee ), B
B PG g8 I 4 75 A A AL AME AT, AR
PR HE B AR AE IR = R AR AR FERE 1 T T A PR
SCHR[ 1S 1R FH E W BALE PLL i N\ i 51 N 47 R BT
Wi, %7 RACRYE, (HR MRS, I
HFRBEGANOIARCIFF E T 3) X RS 5% 8
BEATLEAT AH A AMES, (A% 7 2875 EE A M B AR
Ja ], I H Al Re o R EAAR A 22 o 1. SCHER[16]
T8 7E A Y B AR tH— b 3h A B UAH A Ak
P2 HEMS o SCHR[ 171385 2 7 1E 57 Bl P
B, i RS TR S SRR RSB E
W EZR R, FHABRE PSR m 7075t BT

ACHIR ARG PRI AL . SCHR[18)i8 1 i %
JEE FEL IO BEL 7 ) B R A A - A R R BBUAT 2 A A
FAMERSIE, RigmRGRENE. 4) Wil s
IR E Lt M b e R G E AR 1E, BRI RE
28 N BT FEVE AR A . 40 SCRR[19]14
AR P Bl S U B AR AR JE L B i
BRI o SCHR[20142 t — ik Sl Je b
N EERBURA S R i

PR, mBER T YIS R RGK
Rl TS R A TE 7 W TT, BT X BRI 45 4 f et s
i H AR SRR T 5 . AR AEBE— R IE
19072 25 BB P 5 F 90 BEL 7 1) 52 EL S I T 51 A )
RGE BRI, FIT 1% St RT B IEBE PLL (1
B W, FESREEAE b, SR AR R BRI B
Jrgg, R g BRI SERB A, B A
S S5 SRR, 1ZH B I B I A
BE), AIAAURREIEZER T ARG B FREE
KA, IF IO MY INEa AR AT

1 SBERTHEIRKR PLLF=0MHh

1.1 LCL B H ML R FIREY

1 2R F I EL AL B AR R 2 P I A DS RELJE
SR P SR I o0 100 A 245 F A S5 A A HE ]

K1 Liv C ALy MR LCL BEBE AR : Ly N
HL R BLPT(AS S0 R et 25 15 L A9 L I BEL T 9
RURK): wgen tpees Ug 73 AN ELILBRZR I . JFIM AT
WA N AR AN A 7| DA/, AR s R LR
B Lo~ e 70 0 9 9 W LU 20 72 MR RLAT 00 LA

(b) RGEFEHIHE



3940 ik L S S H43 %
ull
Upec(s) af
M| | ag
90° | )
(c) 1£4: PLL #HIHER
Bl 1 BAEFH R R AR NE R AT HIAE
Fig.1 Topological structure and control block diagram of single-phase grid-connected inverter
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Under  high LCL filtered

grid-connected inverters may cause system instability

permeability,

due to the interaction of phase locked loop (PLL) and
grid impedance. In view of this, the existing research
usually uses the pre-filter PLL to improve the system
robustness. Fig. 1 shows the control scheme of pre-filter
PLL based on second-order low-pass filter named Gy pp(s)

or complex filter named Gcg(s).
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Fig. 1 Control block diagram of pre-filter PLL

In the figure, the expressions of Gyp(s) and Gcg(s)

are
2
)
Gop(§)=—F5"""——
wor () s*+2%m 5+ 0, (1)
S+ jo
GCF(S): a)b( .] O)

sS4 20,5 + a)oz

Compared with the Gcp(s) scheme, the Gyppp(s)
scheme has better harmonic attenuation ability and can
significantly improve the system robustness. However,
the Gyppr(s) scheme will produce phase deviation at the
fundamental  frequency, and additional phase
compensation link is required to realize unity power
factor grid connection. In order to achieve the same
harmonic attenuation ability as Gypr(s) scheme and avoid
fundamental frequency phase deviation, a new PLL

design scheme as shown in Fig. 2 is proposed in this

paper.
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Delay| |@hlda | +
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Fig.2 Control structure diagram of the proposed PLL

Theoretical analysis shows that the proposed PLL
design scheme retains the basic characteristics of the
traditional PLL and has the same harmonic attenuation
characteristics as Gppp(s) scheme. Moreover, the unit
power factor of the common point can be realized

S22

without additional phase compensation, and the system
robustness can be guaranteed.

Fig. 3 shows the Bode diagram of inverter
equivalent output impedance considering different types
of PLL schemes. It can be seen from the figure that when
the traditional PLL scheme is adopted, with the increase
of grid impedance L,, the phase margin of the equivalent
Zowrri(s) and L, the

intersection frequency range gradually decreases, and the

output impedance within
robustness also gradually decreases until instability.
When the Gppr(s) scheme is adopted, although the phase
margin of the system is improved, the fundamental
frequency phase deviation generated by Gypp(s) is also
reflected in the equivalent output impedance model
ZowLpreLL(s), and additional phase compensation is
required to realize the unit power factor. When the
proposed PLL scheme is adopted, the phase margin of the
system is significantly improved. Even when grid
impedance L,=16mH (SCR=1.8), the system still has
certain robustness. At the same time, the phase of
ZowxpLL(s) and Zgpr(s) at the system fundamental
frequency is consistent, satisfying the requirements of unit
power factor access at the PCC. Finally, the effectiveness
of the proposed PLL design scheme is verified by

simulation and experimental results.
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considering different types of PLL schemes



