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INTRODUCTION

In recent years, there has been a strong industry Electric railway converters require precise By refining SOGI-base method and integrating
iInterest In upgrading locomotives for multi- synchronization with the single-phase grid to observers combinations strategies, the study
system locomotives. Moder railways systems are ensure stable operation and minimize deformal aims to improve dynamic response, stability, and
switching from energy Inefficient uncontrolled power. Since single-phase networks lack Pack power quality, ensuring reliable converter
rectiflers to regenerative active rectifiers, which and Clark transformation, virtual signal operation under real-world grid conditions.

bring higher qualility parameters, energy generation methods like the Second Order

efficiency and reduce harmonic disturbances in Generalized Integrator (SOGI) are essential.

the electrical grid. Multi-system locomotives Weak grids with frequency variations, votlage

operate on both AC and DC network where assymetries, harmonic distortions and DC offsets

synchronization problems are solved by necessitate robust synchronization algorithms

advanced control techniques. such as SOGI-WPF and MSOGI.

SYNCHRONIZATION ALGORITHMS

Fundamental structure of SOGI filter employs a band-pass filter to estimate the phase voltage and a low-pass filter with 90° phase shift to obtain
orthogonal component. A conventional SOGI-PLL incorporates feedback loops for frequency and phase estimation, whose nonlinear interaction can
adversely affect system dynamics. To stabilize frequency estimation, the FLL Is integrated, adaptively correcting the frequency based on the frequency
error. The MSOGI extends the basic SOGI structure by incorporating multiple selective filters tuned to specify harmonic components even under
extreme nonlinearities. A key component of MSOGI Is the harmonic Decoupling Network (HDN), which employs cross - feedback within a network of
SOGI filters to ensure effective separation of harmonic components and improve synchronization accuracy under distorted grid conditions. The SOGI-
WPF addresses challenges by cascade configuration of the SOGI structures, where the first SOGI functions as a band-pass prefilter and the second
as a SOGI with an observer. Dynamic tuning of the first filter based on the estimated frequency significantly reduces harmonic distortion effects and
enhances synchronization robustness. Implementing these advances synchronization method
Improves converter stablility. Figures below shows proposed observed topology.
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RESULTS

Figures below shows simulation results. All synchronization techniques were tested with a 4Q converter to capture the dynamic behaviour of the entire
regulation structure. Algorithms was tested for DC distortion, voltage sags, harmonic distortion nad frequency changes. In the simulation the settling

AR ' T 1| | Ny ' |
Cal [ AAEAAAAANAAAAA ] MM ol IR ol LA NN RARRANARAA NN ol e
& o > =
o 0} 0 0 S 0 ® 0}
S S S 2
~ 200 -200 J = 200} = -200r [ u NUHHHHNMVHH“H
AR RARA AN AR AN A CUVUVUU YV vy | ki |
0 005 01 015 02 02 03 035 04 045 05 0 01 02 03 04 05 06 07 08 09 1 0 R P R T 0 0.1 02 03 04 05 06 07 08 09 1
Time (s) Time (s) ' Time (8) Time (s)
g 50.5 50.5 ; 5 5:
N 50 B ;—)().f\ﬁ | B (.5 | 52 ¢ . »]. . 2
S \ 3 C . 6 o T i
:fi. 45| r. E 15 L = \ h l T 51 i 51 & ol & ol
o o' ‘: < -J r | - i ::} = \ :‘ 4
S 40| \ /\»— 5 .mv ~—— g D g 0w kﬂv | 2 50 [\#ﬁ | 2 50! VL | Wn M g 50 [PP— "\/- B, — = 50 w» ﬂw- L’\ﬁ
;3;:55» \ f:zs f & ' & 1 .:-:7-19@ ' .;:19‘
= % = = E 49 E 19 SR =
30 - : 30 A 19.5 . 49.: . _ 48| 48| |
0 0.5 l 0 0.5 1 0 0.5 1 0 0.5 1 15 ° ox o ' 0 0.5 1 0 0.5 1
Time (s) Time (s) Time (& Time (<) 0 0.5 1 0 0.5 1 , _
. e A e T o og 171 e LE S T NMSOGT —FLL —  S0GI —FLL —WPF _____ Time(s) Time (s) | — Time (s) o Ty B By S T
[——MSOGI - PLL SOGI - PLL - WPF| [——MSOGI - FLL SOGI — FLL — WPF [——MSOGI - PLL SOGI - PLL - WPF|  |[——M: L S L | T B TE SoCT —PLL—WPF| | e B A S [——MSOGI - PLL SOGI — PLL —wWpFl | MSOGI — FLL SOGI — FLL — WPF|
100 | g ——__ = 340 — o = Do 100 7T —
400 | ST e f
< 200 = ~ = 330 330 diagi | a0 [k \ ‘ —~ 300 —~ 300
= = w0 L t - W 2 = = S R | S ;
2 0 2 500 '_{p 320 ‘1 3‘.;1: 320 2 200 2 200 s 200 & 200
2 200/ 2 100 < 310 2 310 = 100 = 100 3 100 3 100
-400 ' = . 0()*- i o 1 300 - - 300 . . 0" ARV 0 b~ i d v |
. £ 0 0.5 0 0.5 = ———————— - ' . .
Time)(s) Time)(s) Timo)(s') I Tim(')(s-) l 0 0.5 : 0 0.0 1 ! Ti - l ! Ti >0 :
"V, SOGI-PLL-WPF ——V}, MSOGI-PLL| [——Vj SOGI-FLL-WPF ——V}, MSOGI-FLL| ———Vp SOGI-PLL-WPF ——V} | Si’Si)’till'i5L'li'l ———Vp SOGI-FLL-WPF —— V) MSOGI-FLL| ; Vi SOGLPLI _'\{-iffﬁc_m Vp MSOGI-PLL — Vp SOGI 1-‘u;ri:'lll’(;-‘(—s) Vp MSOGI-FLL] —— Vp SOGI-PI 1,-\\'1]’1;1( ) Vo MSOGI-PLL|[——Vp S()Gl-l-‘LL-\\'P'lA}m( (h‘)\',, MSOGI-FLL|
Vo SOGI-PLL-WPF ——V,; MSOGI-PLL| |~ Vg SOGI-FLL-WPF —— V3 MSOGI-FLL | Vo SOGI-PLL-WPF —— V;; MSOGI-PLL | Vo SOGI-FLL-WPF —— V; MSOGI-FLL | Ve SOGLPLL-WEF 3 GO PEE ettt NSOGB Vo SOGI-PLL-WPF Vo MSOGI-PLL Vo SOGL-FLL-WPF Vo MSOGI-FLL
e ——— ‘ - J » ;37‘ M - — V@ MR ME Q¢ yI-F Z . Q M sI-FLL | . r1- AY B rl- ' )~ 1= ) VS 1~
a) b) c) d)

CONCLUSION

This study addresses the critical challenges of single-phase synchronization for 4Q converter under weak grid conditions. Through simulations
techniques, including SOGI-WPF and MSOGI, was evaluated under dynamic conditions. The findings highlight the strengths and limitation of each
approach, providing valuable insights into their application in raillway converter systems. SOGI-WPF demonstrates superior resilience to higher
harmonic disturbance, maintaining minimal oscillations in observed values. However, its configuration requires prior knowledge of the number and
order of harmonic components in the grid, limiting its adaptabllity in highly dynamic environments. In contrast, MSOGI offers the advantage of not
requiring predefined harmonic orders, making it a flexible solution for environments with unpredictable harmonic content. Nevertheless, MSOGI
showed reduced performance In filtering higher-order harmonics due to the limitation of its fifth-order design. Expanding these methods to multi-phase
systems and exploring their scalability for broader grid synchronization applications represent promising way for future research.
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