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Design of Single-Phase PLL with DC Offset Rejection
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Abstract
To control grid-connected inverters, grid synchronization is essential, and a Phase-Locked Loop (PLL) technique is commonly
applied for this purpose. Among various PLL techniques, the Second Order Generalized Integrator (SOGI)-PLL is widely used due
to its robustness against external noise. However, when the grid voltage contains a DC offset, the SOGI-PLL exhibits steady-state
error, which is a limitation. To address this issue, this paper applies the Cascade SOGI (CSOGI)-PLL, which has a robust
characteristic against DC offsets. Applying the CSOGI-PLL requires designing the parameters of a fourth-order transfer function and
tracking the grid frequency by adjusting the resonant frequency. In this paper, a simplified design method using a second-order
system for the damping coefficient of the CSOGI with a complex transfer function is proposed. A separate PLL is employed to
update the resonant frequency of the CSOGI in response to rapid frequency variations, and frequency limitation and anti-windup
control are applied to ensure stability during transients. To validate the effectiveness of the proposed method, simulations and

experiments were conducted.
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Fig. 3 CSOGI block diagram

Bode Diagram

.
0 e ,—\\\ ]
o = ST i \ TiNid
T o S~
§ B0 -~ 1
=
=
(o)}
g i
-100 ! .
100 10° 60 10% 103
180 ————=—= o
T~ ——-G3
90— = J
—_ \\\\\ \\
2 of ~— SN
i [ N
o 0r : ~—— J
@ i e PR
_nc- -180 : \\\\\ 3
270 - : —
-360 : -
10° 10° 60 10% 103

Frequency (Hz)

8l 4 CSOGI EE ME
Fig. 4 CSOGI bode plot

O

% 5 2xt A|AHI EEX
Fig. 5 Second-order system(SOS) block diagram

Gl

PR

e C b : 3 >
I8 f
2 2 2 2
s+ w s+ w
Va1 Va

1% 6 4Rt AlAY 225
Fig. 6 Fourth-order system(FOS) block diagram

42} AG3rE 2= CSOGIS AAATE dAsH] 28 =
£ S3(dominant poleyE &dt= WS AIataL, olF A
edoldE F8l ASskrt

% 5% Second-Order System(SOS)e] EEE0]1 I8 62>
Fourth-Order System(FOS)2] EZ2o|t} 4% A|AEHL Y] 7)
o] = 7, o] T el 7 T AR =
e Fo 3om B 5 olrh ole Fo FHE AAH
I Sl Y 2 G vk A 6 (el Lehd
of Po| 43} Alzwle] FYGe] Apni £ R e 7}
Au, ol 23} ALHeT TAlel WA & ek A )
= 4 02 24 Ao Fom e Zolt. of Wut
S50 B4 WANoRRY 30E Adet, Aad 88

=

He s 4 92 2

—S— kw/28} kyw/20]t}
@) ol 234 A2
& T =M, ol vepd 4= ik
ol 43k AIA”I(FOS) 9] *ruO'- FHL 22k AAH|(SOS)
S A S48 b, 2 8t 4 40l 2%

N 23 ALAE 43 A4S F8 3ol
299 SUAE fAE 2R 22T 45 g

AEZA ST CSOGIY 2% Settling time2 AAI5h= AL 4
O] 22 HFERe) +7 A Ak Ao ¥ & 9
ok 4 OF 4 ®F A7 Aol

v, (s) kyws kyws
Gy (s)= =— .
5(s) /Ug”d(s) sz+klws+w2 s +k ws+a? ©)
kw
s == g VAR (6)
k,w
sy == Eig VAR )
kw kyw
O B S
o de(s)_ k]“J ) ka (8)
Ty T
iy (5)?
GG(S): ©)]
+ (k, +k, )( )s+kk (= )
e
O P — (10)

2+ 2w's+ w’

4 ©F 4 (103 27 EAshY, Aok 4 (D3 A (12)
Ay Hrk ofu, YA @Al AxEoR HAS] 9, k3t
= =

K dstA Agstoick A (13)olM= kT kLE b o=
Fstalon, o= A (149 o] HoHa, (= 12 434"
t} whA, AA A GG A2 2% Settling timeS 22} A&
go HA 2 4 Qleh AA Fa] AJ2ES vlAFEEg A
S 7 BE, MATLABS ©o|-83te] 4] (15)& ZARsHTH13].
w':% ey by (11
ky +
= 12
=5 T (12)
k =k, =k 13)
W=k (14)
=2 (15)
w

A o] kzloll A9 2% Settling time ©]83] 1Y 71} Zo)
AASEAC) [3]o] w2, 2% Settling time2 26.9mso|n,
=EollA Ajkgt 234 AA] AJAHo|| o]F HE5tH W

KIEE



2234 The Transactions of the Korean Institute of Electrical Engineers, vol, 73, no. 12, pp, 2231~2238, December, 2024

—
- - -s0s
"""""""""""" ——cso@Gl 7|

0.5

0.5

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

O3 7 SOSet CSOGIe| SEM AlEe|o|M
Fig. 7 Response simulation of SOS and CSOGI

Va

Vgrid — Vg
— CSOGI |y, [tan™ [ —
B vg

J2 8 PLL M| EEx

Fig. 8 PLL block diagram
216.88, k= 1.15060] Ht}l o] FEL 7|Hto 2 A B o|Agt
Ayl 28 70|0, o]2 E3 sosA A 3T CSOGIY
A3g §Ho] FETE FRIT 4= ok

4, QtE| efRl=gio] HEH PLL

1Y 82 A CSOGI-PLLY] A Alo] B2w2 vehdch
CSOGIE= §4El9] DC xS AATFeZHN AT 4 57
st} Hegs ARt 33 4T o= PLLO| 93] o
©uig]o] 7JAIECE CSOGI-PLLY] 12 DC QA A|AL}
clEo] nFut A W uzuE AE t o3 HE Y A
= AlEg

CSOGIE= AF AT 543 A8(v,) 9 0% HdAE
7H A5 (v,)E A8, o] AT S o]&sto] AT S
Oesoc) S F74%cE FAR7 7144 9SAEC) A At

IEC 60038 EZ2 Awre] £% Agh 9 Fulrg 74

Qlth. o] HZo| Wy, AYY Ful4l 50Hz F= 60HzE
HAE o] o), AA & Folle 7|EFutaro] +5Hz W<

2 wigo] MR 4 lrH14l wetd Aege] ddd A7)
NNEE olefat WE el Weld MR AFaof 5t
m, o2 Slal 4sHzlA 65Hzol ol e Fu el
AsHe A7 Bl olefst MA Al chkt @
AN 7710 dae sk ) a3 3 o
= 98] £ cATolA WES] PLLS o]§3tel ALE o
om o1 At by S FATTL ol 24
1= thAl CSOGIo] s|EvElo] WEshe Fulgo] fut
azz—a 8 4 Q=S shelch aeu Fukgel G W
o5 la) Aol CSOGIS] FAFIEE BT 35
s Ew Al2dle] Zebgald 4= dlrk. olof & ATeldE
TS M) S1sh A WSIEHATOHD) R F3}g
Ak slAT, Foke: Alse Qlsjel PLLAIAIE] ohel
E¢)(Windup) £A171 AIRHS Salstact. ojelat EAI% )

W Jl‘)
J:L mlm 3

JP> %N- ml

_A.,

0

KIEE

400 ‘

- Il
| ik

-400 ‘

(a) Gird voltage (V)
80
70 f; grid /J\\\
60 CS0GI ~
50 \ V'd
S
40 \,\/

30

(b) Frequency response of CSOGI to grid frequency variations (Hz)

1
0.5 egrid - QCSOGI
0

-0.5
0.1 0.2 0.3 04 0.5

(c) Error between grid phase angle and estimated phase angle (rad) t[sec]

a7 9 Fote FMiSto] MEE|X| ¢¥2 CSOGI
Fig. 9 CSOGI without frequency limitation

(Hz)

60
fCSOGI

55 /

50 /"\
45

/ \\A/'

40

fgrid

35

B e e e e e e e e e == =
30

(rad)

o

AN

'
w

0.1 0.15 0.2 0.25 t[sec]
J8 10 ot HSo| thst CSOGIS| at=2tE]
Fig. 10 Transient response of the CSOGI under frequency variations

Ast7] 98l, ¢El eRRI=EYH(Anti-windup) S F=71SFO 2 2%
o|uf o] Aol Hste ARME TEshal 24 Y] «
e B0l Alawle) AL AL

5. AlE3o]¥ H de

o

gt

5.1 A|E2{|o|M A1}

B =fo| AEdoldeAi DC 2xAlo] st AE
Aol Fat4rt 343 Wk Ake bgeta, ole
Aol A Fuss ARt oteloll=g] Alojrt Hgu] AF
o g v 9 BASIYE 1Y 9% PLLAA] Fuk: A
o] 4w ke Ao A% M AT FIR,.) B
ol w2 CSOGI-PLLY] PLL 3% F3H(frg00), LE]IL 7|




The Transactions of the Korean Institute of Electrical Engineers, vol. 73, no, 12, pp. 2231~2238, December, 2024 2235

400

= |
STy i i

-400
(a) Gird voltage (V) tso
80 Py =
0 fesoar Tgriai s |
60 g ~SA
50 /
40 — i
30 - >
(b) Frequency response of CSOGI to grid frequency variations (Hz)
1
0.5 ngid - HCSOGI
0
-0.5
0.1 0.2 0.3 0.4 0.5

(c) Error between grid phase angle and estimated phase angle (rad) t[sec]

38 11 3ok HMgto] ME-E CSoaI
Fig. 11 CSOGI with frequency limitation

400 ‘

I

! I

-400

(a) Gird voltage (V) tso

i« — — — —pia—
fesoar foria i LA
60 ~A /

50 X i
- = - —— == >§<—: Ats]

0.1 0.2 0.3 04 0.5
(c) Error between grid phase angle and estimated phase angle (rad) t[sec]

78 12 Fo ME 2 ol ofel=glo] 8E CSOGl
Fig. 12 CSOGI with frequency limitation and anti-windup

R0, )T 38 O 0@ 2A] That AlgHo14
598 Uehicl, T8 i DC £34o) ERHE AT B
of moltt. g by AF Fu WEo| of CSOGPLL
of Fl% SRS YELh A% it 012004 60Hzo]
X 45Hz®, 035304 45Hzo|A 65Hzz WAatlcy. 19
IO AF T 2AE I e 2AE Uik 19
102 A% Fa157} G0Hzo A 45Hz2 W5 1) Faise Aet
o A gE) ok Aol TETL S Rl ol
FHE FuEL of PR HolA AS Fuis wE A F
sigee) E5e0l he S HAT 4 ATk Eeh, A Fu
WE A AT P 2 94 e Aot Fe skla
AUrk Fak WES JAISH] flste] 19 83t o] PLL
ZFul=E 40Hz~70HzZ Aststgch 18 112 <tg] 2)el
o glol Fukas AR A8H 499 CSOGI-PLL 5=
yebdch 18 11(b)9) ¢, 7} t,,+= 2% Settling timeo|th. o] &
Bkl A% 54 WG Ao 24 £ 4 A o
# 4 ook 27 ek Fo4 Ago] A5 Ut A
0, )T 38 W Oosoa) Tl 227 gasie Ao
Uetdch ey Fakg Ajgke] A8 EHA Y =Y

P

I Lo+ 4
l

-

o

OHH 2

1

it

HIL SCADA

HIL 404

/4A

__ _""

a7 18 ME B
Fig. 13 Experimental setup

| w/o DC Offset | w/ DC Offset |

TR

| ;1‘
UL

fsoe1(10Hz/div)

50Hz ‘
fesoci(10Hz/div)

[50ms/div]

3

13 14 DC 20| ZEE AlS Mo it SOGI, CSOGI Fhts S

:r

Fig. 14 SOGI, CSOGI frequency response to grid voltage with DC offset

Oso61(1rad/div A7 TELEDYNE LECROY
’ Everywheroyopfok™
0
Ocsoci(Irad/div)
/1" / }/” // 4 / / //
/ b4 /am / a /
0 i / i/ v - P A A
A // /,/ /. /,/
/ / / /
y £ / // . /,’
i
[10ms/div]

12l 15 DC QIEAIo| ZEE AS9

Fig. 15 Phase angle of grid with DC offset
she A7kl F7hELES BRIE 4 gtk o 2k}
7F FSk AT Al 27k A ARIAA iz o4
=¢) Aol Z1laltk ol sjFal] stel el =

Aloig F7takeic.

Y 12% F5 AT el oRlsde] mE AgH
CSOGIS) A%-S uehiict. 17 12(b)% e 9fel=glo] 7
£ Ay} 2% Settling timeo]] =E3= Al7ho] 17 11(b)e]
Hle) SEES SlE 4 ok o4 A3 A, 1Y

| glarzt

F_

4

KIEE



2236 The Transactions of the Korean Institute of Electrical Engineers, vol, 73, no. 12, pp, 2231~2238, December, 2024

" TELEDYNE LECROY
Ewe

erywhereyoulook

fesoar(10Hz /div)

w/o Anti — windup

50Hz

w/o Limit

[S0ms/div]
0.1s 0.35s

3% 16 CSOGIOIAM ot x|gtofl MHE H|w
Fig. 16 Comparison according to frequency limitations in CSOGI

'\‘ TELEDVNE LECROY

whereyoulook

fesoar(10Hz /div)

w/ Anti —

\

windup

50Hz

%

w/o Anti — windup
i [S0ms/div]
0.1s 0.35s
12! 17 CSOGIOIA OtE| 2}R1Ee] Q20| mE Hlw
Fig. 17 Comparison with and without anti-windup in CSOGI
yr,d(IZOV/dLU)
A A ;!\‘ r\I l\ i,?ﬁn{ms?vuﬁ nuy
/ \/ TRIRIRTRIRVRIAT ?
9050(;1 (1rad/dm)
A
o T m
f%, WM MMH il
fcsoar(lOHZ/dW)
50Hz

[50ms/div]‘

a2 18 Al Fui HSo| st CSOoal
Fig. 18 CSOGI to grid frequency variations

1)l wlal ¢, 3 1,7 BolE A7he Lhehick

5.2 Alé-l 741}
A= DC xAlo]l 23he Als HStolA SOGIL}
CSOGI9| Ful g 545 Blastal, Fup4= Algk 9 ¢he

SRIERY Alofo] 2§ of o] w2 CSOGI

O“O; Eﬂi =
Shick. 3, Alo] 7ol Fuks Sel vAE JFL Bt
sh7] Slal chopat A Ang AAsHAr o2 B Ak

Aol 719 frade AR AS3sIoinh Aled ol
Ase fls 19 133 o] ¥ &de skien,

KIEE

Typhoon HILAFS] HIL 404 2 HIL SCADAE ARE-3lo] A%
S WAL, DSPE TI AFS] TMS320F28377SS AF&314IT.

a9 145 DC 2:Alo] EPE AT AU, )0l e
SOGI-PLLO] 57 FI(f505)2F CSOGI-PLLE| 37 Futs
(fesoan® & 578= Hlagh Zojth. DC 2zAlo] gty
A kS wl= SOGIQ} CSOGI R 5 60HzE -8-X|8}A|9, DC
Q3ZAo] EJFE o]Fofl= SOGI7} 60HzE FA3HA] SafaL
2o WSk W, CSOGIE DC Stdle] dake WA

oF3l 60HzE S-A|5l= AL &ol3r 4~ k. I3 155 AAF
el DC e3Ae] ZFE AT YA 00 csoo) S

"L

Uehdich 28 15904 2 2= 9lEo], DC _gnﬂol pasaa ]
SOGI= Fup7} EQgate] $14¢ ﬁ*l geetA] g g
Ik 4= ik HhH, CSOGIE= DC 2XAlo] &Ajslrizte 5
o=7h At Ao YT gH o fAEE o
Ark 18 162> Fuk4= Algho] H8EA] oF= CSOGIeL 3t
4 AlRRE AgEGlou bE eRRIEY o] HEEA] ok
CSOGIE ®lwgt Aolt). Fup4= Agto] HE=7] o= 2%
AlE Fuk Bl Al CSOGIS] Fut4=7} 27| E52]n, 60Hz
oA 45HzE WF3 W 4 Fupa=r} oF 33Hz7HA| dtEshe
AL gelgr 4 ik why, Fobg: Alghe] H8H Aol
40HzZ Agt=lo] o o]A} steslA] Al A4 e =g
Sk Akl o Zolx= AL Fld 4= itk 2™ 172 &
E] ofel=lo] HgEA] ¢k= CSOGI®E % %H CSOGI¢| 4
5 vlagtk AvE Yepdch AlS 2 T Al LEGE

7F EolEo] BEAETE TS P Eglom, °H=4 o= o]
HEEA] o AETE g o WEA Egets S
gRITE 4= Qe 19 182 AlF Fuk= WEo] tigk DC &2
Alo] e AT AU FHE AT 4, 2L e
olol=¢jo] A-g% CSOGIPLLY Fuj 2HHS HojZrl

6.2 E

A= DC 23 AA A 7HAm Fui
S PLL A4 798 Aerstieh 248 A
99| DC 9.2 A%k mxT} S 9Jste] CSOGIE 2§

o A ol

mlm

slgon], FAT Fue wEe] Wgar] Sstel FHHel
PLLE 53] Fug 343kt Bakeh CSOGIe| Heraty
o] sietulElE AAsH] flste] 22} AlAElE o] 83t IRt
AA TS AT B1E Sk 24 Al dEAEE
WAsE7] flsto] Fatgs Algk W Qe oRRI=Y Alo7]E A
Astsick. o8 B3l FAT Fukp WE Aolw HYHel
AE &718F dee SR 5 A =AU AlEEoldy A
A& Foko] Akt 2A 7] frade ASsht:
Acknowledgements

This work was supported by the Technology Innovation
Program(202320026705) funded By the Ministry of Trade,
Industry & Energy(MOTIE, Koera)



The Transactions of the Korean Institute of Electrical Engineers, vol, 73, no, 12, pp. 2231~2238, December, 2024

References

[1] Erdiwansyah, Mahidin, H. Husin, Nasaruddin, M. Zaki, and
Muhibbuddin, “A critical review of the integration of
renewable energy sources with various technologies,” in
Protection and Control of Modern Power Systems, vol. 6,
no. 1, pp. 1-18, January 2021.
DOI:10.1186/s41601-021-00181-3.

[2] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus,
“Overview of Control and Grid Synchronization for
Distributed ~ Power IEEE
Transactions on Industrial Electronics, vol. 53, no. 5, pp.
1398-1409, Oct. 2006.

DOI:10.1109/TIE.2006.881997

[3] A. Kulkarni, and V. John, “Design of a fast response time
single-phase PLL with DC offset rejection capability,”
2016 IEEE Applied Power Electronics Conference and
Exposition (APEC), Long Beach, CA, USA, pp.
2200-2206, 2016.

DOI:10.1109/APEC.2016.7468172.

[4] M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “A new
single-phase PLL
generalized integrator,” 2006 37th IEEE Power Electronics
Specialists Conference, Jeju, Korea (South), pp. 1-6, 2006.
DOI:10.1109/pesc.2006.1711988

[5] Y. Han, M. Luo, X. Zhao, J. M. Guerrero, and L. Xu,
“Comparative

Generation  Systems,” in

structure based on second order

Evaluation of

PLL
Algorithms—A Survey,” in IEEE Transactions on Power
Electronics, vol. 31, no. 5, pp. 3932-3944, May 2016.
DOI:10.1109/TPEL.2015.2466631

[6] M. Xie, H Wen, C. Zhu, and Y. Yang, “DC Offset

Improvement in  Single-Phase = SOGI-PLL
Algorithms: ~ Methods  Review and  Experimental
Evaluation,” in IEEE Access, vol. 5, pp. 12810-12819,
2017.
DOI:10.1109/ACCESS.2017.2719721S.

[7] Z. Xin, X. Wang, Z. Qin, M. Lu, P. C. Loh, and F.

“An

Integrator Based Quadrature Signal Generator,” in IEEE

Performance

Orthogonal-Signal-Generators-Based ~ Single-Phase

Rejection

Blaabjerg, Improved Second-Order  Generalized
Transactions on Power Electronics, vol. 31, no. 12, pp.
8068-8073, Dec. 2016.

DOI:10.1109/TPEL.2016.2576644.

[8] S. Lubura, M. Soja, S. Lale & M. Iki¢, “Single - phase
phase locked loop with dc offset and noise rejection for
photovoltaic inverters,” IET Power Electronics, vol. 7, no.
9, pp. 2288-2299, 2014.

DOI:10.1049/iet-pel.2013.0413

[9] C. Zhang, X. Zhao, X. Wang, X. Chai, Z. Zhang, and X.
Guo, “A Grid Synchronization PLL Method Based on
Mixed Second- and Third-Order Generalized Integrator for
DC Offset Elimination and Frequency Adaptability,” in
IEEE Journal of Emerging and Selected Topics in Power

[10]

[11]

[12]

[13]

[14]

2237

Electronics, vol. 6, no. 3, pp. 1517-1526, Sept. 2018.
DOI:10.1109/JESTPE.2018.2810499.

S. Prakash, J. K. Singh, R. K. Behera, and A. Mondal,
“Comprehensive Analysis of SOGI-PLL Based Algorithms
for Single-Phase System,” 2019 National Power Electronics
Conference (NPEC), Tiruchirappalli, India, pp. 1-6, 2019.
DOI: 10.1109/NPEC47332.2019.9034724.

J. D. Lee, and H. J. Cha, “The Design of Robust
DSC-PLL under Distorted Grid Voltage Contained
Unbalance on Frequency Variation,” The Transactions

of the Korean Institute of Electrical
67, no. 11, pp. 1447~1454, 2018.
DOI:10.5370/KIEE2018.67.11.1447

M. Ciobotaru, R. Teodorescu, and F. Blaabjerg, “A new
structure
generalized integrator,” 2006 37th IEEE Power Electronics
Specialists Conference, Jeju, Korea (South), pp. 1-6, 2006.
DOI: 10.1109/pesc.2006.1711988.

Ogata, K., “Modern Control Engineering,” 3rd ed. Upper
Saddle River, NJ: Prentice Hall, pp 152-153, 1997.

J. Geis-Schroer, K. Seiraffi, M. Suriyah and T. Leibfiied,
“The Impact of Large Grid Frequency Deviations on the
Performance of Traditional Machine Tools,” 2023 IEEE
1-6, 2023.

Engineers, vol.

single-phase PLL based on second order

Belgrade PowerTech, Belgrade, Serbia, pp.
DOI: 10.1109/PowerTech55446.2023.10202885.

PSPNEY) |

0|Zt7|(Chan—Gi Lee)

He received the B.S, degree in electrical

engineering from Sunchon National University,
Suncheon, Korea, in 2024, Since 2024, he is
currently pursuing the M.S, degree in
electrical engineering, His research interests
include power electronics, grid—connected
inverters,

KIEE



2238 The Transactions of the Korean Institute of Electrical Engineers, vol. 73, no. 12, pp. 2231~2238, December, 2024

o|&2(Kwang—Woon Lee)
He received the B.S,, M.S., and Ph.D, degrees
in electrical engineering from Korea
o University, Seoul, Korea, in 1993, 1995 and
k’ 1999, respectively, From 2000 to 2002, he
= was at the Samsung Advanced Institute of
Technology, Yongin, Korea,
From 2002 to 2007, he was a Senior Research
Engineer at the Samsung Living Appliance
R&D Center, Samsung Electronics, Suwon,
Korea, where he was engaged in the research
on sensorless motor drive systems for
refrigerators and air conditioners, He is
currently a Professor at the Division of Marine
Mechatronics, Mokpo  National Maritime
University, Mokpo, Korea,
His research interests include power
electronics and control, which includes ac
machine drives, digital signal processing
(DSP)—based control applications, and fault
diagnosis of electrical machines,

ZAkl(sang—Il Kim)

He received the B.S., the M.S,, and the Ph.,D.
degrees in electrical engineering  from
Hanyang University, Korea, in 1998, 2000, and
2017 respectively, From 2000 to 2005, he was
a Researcher with POSCON Company, Seoul,
Korea, From 2005 to 2008, he was a member
of the research staff at Samsung Advanced
Institute of Technology, Yongin, Korea, From
2008 to 2018, he was a Chief Research
Engineer at Doosan Company, Seoul, Korea,
From 2018 to 2021, he was an Assistant
Professor at Daelim University College, Korea,
Since 2021, he has been with Sunchon
National University, where he is currently an
Assistant Professor in the Department of
Electrical Engineering, His current research
interests are power electronics control of
electric machines, sensorless drives, servo
drives, and power conversion circuits

KIEE



