7218

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

Advanced Grid Synchronization Scheme Based on
Dual eSOGI-FLL for Grid-Feeding Converters

Anh Tan Nguyen

Abstract—In this article, an improved grid synchronization
method for three-phase grid-feeding converters using a dual en-
hanced second-order generalized integrator (eSOGI) frequency-
locked loop (FLL) is proposed. The eSOGI, of which gains can
be adjusted based on the positive-sequence component of the grid
voltage, is designed to estimate the grid voltage accurately. More-
over, to improve the grid frequency estimation under grid voltage
sags, frequency rate limits is suggested in the FLL structure. The
selection of the eSOGI-FLL parameters is described as well. After
the estimated grid voltages are obtained using the dual eSOGI-FLL,
they are used to synthesize the references in the dual-current con-
trollers for positive- and negative-sequence components. Through
the simulation and experimental results under grid voltage sags and
distorted grid conditions, the improved power control performance
of the proposed method has been demonstrated in comparison with
those of the existing methods.

Index Terms—Enhanced second-order generalized integrator
(eSOGI), frequency-locked loop (FLL), grid faults, grid
synchronization, power control.

I. INTRODUCTION

ENEWABLE energy sources have received considerable
Rattention in recent times due to global climate change
and the exhaustion of fossil fuels. However, with the increased
penetration of renewable energy into the grid, the grid inertia
may reduce. Consequently, several grid problems, such as grid
unbalance, distortion, frequency change, or even voltage sags,
may arise.

Renewable energy systems are usually interfaced with the grid
through power electronics converters, which not only deliver
power to the grid but also provide a satisfactory performance
under grid faults complying with the grid code requirements. To
fulfill these goals, one of the most important control issues of
grid-connected converters is grid synchronization, by which the
electrical quantities of the grid, such as voltage, frequency, and
phase angle, can be estimated.
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Synchronous-reference-frame-based phase-locked loops
(SRF-PLLs) have been conventionally applied for grid
synchronization in three-phase systems owing to their simple
implementation [1], [2]. However, their performance is not
satisfactory under unbalanced grid conditions because of
the existence of negative-sequence components of the grid
voltage. Accordingly, improved PLL systems have been studied
to overcome these limitations [3]-[10]. An improved PLL
with simple implementation based on the concept of variable
sampling frequency has been suggested [3]. However, since
the PLL is only a small part of a large system in which the
selection of sampling frequency is decided by many factors,
hence the use of PLL with variable sampling frequency is not
always possible [4], [5]. Delayed-signal-cancellation-based
SRF-PLL using all-pass filters [6] and adaptive notch filters [7]
have been studied for the extraction of the positive-sequence
components of the grid voltage. Moreover, the decoupled double
SRF-PLL [8] and moving-average-filter-based SRF-PLL [9],
[10] have been suggested to mitigate the adverse effects of
the negative-sequence components of the voltage on the grid
synchronization performance.

Recently, owing to their simple structure and excellent har-
monic rejection capability, second-order generalized integra-
tor (SOGI) frequency-locked loop (FLL) structures have been
widely applied to both grid-connected [11]-[13] and machine
drive systems [14], [15]. In steady-state operations, the outputs
of the SOGI-FLL structure are the estimated frequency and the
in-phase and quadrature components, x' and gx’, of its input
x. Single SOGIs can be connected in series, that is, cascaded
SOGI structure [16], or in parallel, that is, multi-SOGI structure
[17] to improve the harmonic rejection capability. For grid
synchronization, although the dual SOGI-FLL has been suc-
cessfully applied to extract the positive- and negative-sequence
components of grid voltage [ 18], its estimation speed is relatively
low, as the SOGI gain is commonly limited to less than two.
This may exacerbate the grid-side power fluctuations under grid
fault events. Accordingly, the SOGI-FLL variants, whose gains
can be arbitrarily selected, have been suggested to improve the
estimation speed [19]-[22]. In the all-pass filter (APF) FLL,
an APF is used for the quadrature component estimation [19].
Hence, the difference between the outputs due to the low sub-
harmonic/dc offset can be eliminated. The steady-state linear
Kalman filter (SSLKF) FLL [20], [21] and modified SOGI
(mSOGI) modified FLL (mFLL) [22] have similar structures,
where the gx’ is estimated based on both x” and the error between
x and x'. However, the harmonic rejection capability of these
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Fig. 1. Standard SOGI structure.

SOGI-FLL variants is deteriorated substantially compared with
that of the SOGI. Therefore, a structure in which single mSOGIs
are connected in parallel is recommended to eliminate the spec-
ified harmonics in its output. However, this structure can cause a
high computational burden. Recently, the enhanced FLL (eFLL)
has been suggested as well [23]. In eFLL, instead of only using
the integral term, the proportional term is used in combination
with the integral term to improve the grid frequency estimation.
However, the eFLL has almost no significant impact on the
estimation of positive- and negative-sequence components of
grid voltage.

This article proposes a novel grid synchronization control
method for three-phase grid-connected converters using a dual
enhanced SOGI (eSOGI) FLL. The eSOGI gains can be adjusted
based on the value of the positive-sequence components of the
grid voltage, whereas the frequency rate limit is included in
the FLL structure. With the proposed method, the grid voltages
can be accurately estimated even under grid faults. Then, the
positive- and negative-sequence components of the grid current
references are synthesized. Consequently, the grid-side power
control performance can be improved compared with that of
the existing methods. The feasibility of the proposed method
is confirmed through simulation and experimental results under
grid voltage sags and distorted conditions.

II. STRUCTURE OF STANDARD SOGI

Fig. 1 shows the structure of the standard SOGI, in which x is
the input signal, 2" and g’ are the output signals, & is the SOGI
gain, and ' is the tuning frequency. The transfer functions of
the SOGI are expressed as [18]

2'(s) kw's

Gils) = x(s) T S+ skw + W2 M
q'(s) kw'

Gafs) = x(s) TS24 sko +w? @

For example, with k = 1 and w'= 2760 rad/s, the Bode
plots of the SOGI transfer functions are shown in Fig. 2. If
w' is close to w, then 2’ and g2’ approximate the in-phase and
quadrature components of x, respectively. Notably, as G1(s) and
G4 (s) behave like band-pass and low-pass filters, respectively,
the negative effects of the harmonics in x on 2’ and ¢z’ can be
significantly reduced.

Fig. 3 shows the root loci of the SOGI under manifold con-
ditions of k. It is observed that the fastest response of the SOGI
is achieved when k = 2 is applied. However, for a satisfactory
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Fig. 2. Bode plots of SOGI transfer functions.
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Fig. 3. Root loci of SOGI.

Fig. 4. Enhanced SOGI structure.

compromise between the dynamic response and overshoot, k is
commonly set to 1 [24], [25] or V2 [15], [18].

III. PROPOSED DUAL ENHANCED SOGI-FLL STRUCTURE
A. Dual eSOGI-FLL for Grid Voltage Estimation

Under grid fault conditions, an incorrect estimation of grid
voltages, from which the grid angle and the synthesized grid
current references are obtained, may exacerbate the fluctuations
of the grid-side powers [26]. In this article, a grid voltage
estimation by applying the dual eSOGI-FLL is proposed to
overcome these difficulties.

Compared with the standard SOGI, a variable gain g is added
to the eSOGI, as shown in Fig. 4. This gain can provide the
required degree of freedom to improve the transient performance
of the eSOGI [22]. The values of k and g are adjusted based on
the amplitude of estimated positive-sequence component of the
grid voltage E and threshold 6, as follows:

dE+/dt )
dE+/dt > 5

knormah
k= (3)

ki’aulta



7220

| |
erlit . e'l .
—H(} —1 > X] IE J N i ,@ +¥ ed+ 0g+
T = h —
1 X N «|PLL| £
€4 'JLEI‘ q¢, u& + € L~
i D | s +4
|
' Dual eSOGI * |
| |
| |
s | |
e \_l S S5—
A €, s ed
—+0— b — | —»Eq > BK -
| - o L, PLL—Hg»

Fig. 5. Dual eSOGI-FLL-PLL structure for grid synchronization.
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Fig. 6. Grid voltage estimation performance under various voltage sags. (a)
Values of £ (V). (b) Derivatives of ET(V/s).

0, dE”“/dt )

- 4
dE*/dt > “@

g =

Gfault,

where kyormals Ktault, and geauls are constants, and ke, ¢ 1 larger

than kyormal- The symbol “A” is used to denote the estimated

value. The superscript “+” represents the positive-sequence

component. The letter “d” indicates a derivative. The dual

eSOGI-FLL-PLL structure for the grid voltage estimation is

shown in Fig. 5, in which the grid frequency w, is estimated by

the FLL, and the positive and negative—sequence components
of the grid Voltages e’ dq *and e} dq > are obtained as

=0.5 (e} —qel) 3)
est =05 (gey +¢€;) (6)
e =05(ey + qe; ) 7
e;” =05 (—qey +¢€) (8)

T3]

where the superscript ““-” represents the negative-sequence com-
ponent and ge; q’ represents the quadrature components of e q’
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B. Determination of eSOGI Parameters

The transfer functions of the eSOGI in Fig. 5 are expressed
as

62 /(S) _ kobgs — gdzg ©)
e5(s) s+ kogs+(1—g)w2
es(s) 52+ k@ys 4+ (1 —g) w2

Assuming that e = Acos(wgt) + > 75 Ap cos(wpt) and
e = Asin(wgt) + >, Apsin(wpt) in which h represents
the harmomc order and wj, = hwy, the outputs €5, ge3’, e’

€q
and geg " are derived under steady-state operation from (9) and
(10) as

Z Hy, cos (wpt + atan (Dy,))
h=

an

e’ = Acos (wgt)

gey’ = Asin (wyt) + Z Hgp, sin (wpt + atan (®g4p)) (12)

h=2
= Asin (wgt) + Z Hp sin (wpt + atan (®5))  (13)
h=2
qeg [ —Acos UJg Z th COs (wht + atan ((I'qh))
h=
(14)
where
kwn)? + (gwg)?
Hy = Ahwg (2 & . 9) 2
(kwpwg)? + (w2 — w? — gw2)
o kwp, (w2 — wj)
b= k2wiw, — gwg (w§ —wjp — gwg)
kwy)? + (gwp)?
Hop = Apwo, (2 g) - (gwn) 3
(kwhwy)® + (w2 — Wi — gw?)
P, = kwg (wg — wh — gwp + gwi)
qgh —

k2wpw?2 + gwn (w2 — w2+ gwg) .

From (11)—(14), large harmonics may exist in the estimated
positive- and negative-sequence components under distorted
grid conditions if a high value of g is applied. Therefore, to
reduce the adverse effects of grid voltage harmonics, g must be
set to zero under these conditions by appropriately selecting &
in (4).

Under grid voltage sags in which E7 is reduced from the
nominal value Eq to the fault value E,, assuming that k and g are
setto 1 and 0, respectively, and w, is locked to the grid frequency
of 2760 rad/s, E* at fault occurrence can be approximated as

E* = (Ey — Euag) e *@a/2 L B
~ (Ey — Esag) € %™ + Fuag. (15)

Under various grid voltage sags, Fig. 6(a) illustrates the volt-
age amplitudes £ obtained by the proposed structure shown in
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Fig. 7.  Grid voltage estimation performance under distorted grid condition.
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Fig. 10. Estimation performance under various balanced sags. (a)ES(V).
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Fig. 5 with 8% fifth- and 4% seventh-order harmonic compo-
nents of grid voltage and theoretically calculated using (15) with-
out considering the harmonic components; Fig. 6(b) shows the
derivatives of £ It is observed that the amplitudes Etobtained
from Fig. 5 and (15) are similar to each other in terms of the
settling times and the maximum values of dE+ /dt. Therefore,
it is worth mentioning that the feasibility of (15) is confirmed,
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and the maximum values of the derivatives of £t in (15) is not
significantly affected by the harmonic components of the grid
voltage. Accordingly, based these maximum values of dE* Jdt,
the following selection of § can allow the determinations of k
and g in (3) and (4), respectively, not to be adversely affected by
the harmonic components under various grid voltage sags.

If kyormal Of eSOGI is set to 1, similar to that of SOGI, § can
be selected based on (15) as

0=ksx |(EO - Esag) knormalwg|/2 (16)

where |((Eo — Esag)knormalwy)/2|represents the maximum
value of dE+ /dt; ks is a constant which is slightly less than one,
e.g., 0.8; if grid voltage amplitudes below 0.85 p.u. are consid-
ered as low-voltage faults, Eg,g is set to 85% of Ey. Notably,
the existence of ks in (16) is required to ensure (dE+ Jdt) > 6
under fault events.

Under the distorted grid conditions, the derivative of voltage
amplitude E™* can be expressed based on (11)—(14) as

+ oo

% = |2Acos (wyt) + hZQ Hj, cos (wpt + atan®y,)

+ Hyp, cos (wpt + atan®yp) || X | —2Aw, sin (wyt)

0
- Z wp, (Hp sin (wpt + atan®y,) + Hyp sin (wpt

h=2
+atan®,y)) 4E*
o0
+ |2Asin (wyt) + Z (Hyp sin (wpt + atan®y,)
h=2
+Hj, sin (wpt + atan®y,)) | x | 2Aw, cos (wgyt)

+ Z wp, (Hgp, cos (wpt + atan®,y,) + Hy, cos (wpt
h=2

tatan®y,)) / AE* (17)
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Fig. 13.  Grid voltage estimation performance under 80% balanced sag and
distorted grid conditions. (a) £+ (V). (b) Harmonic spectra of ET (V).

From (17), the maximum value of dET /dtcan be theoretically
obtained under various distorted grid conditions. The informa-
tion of maximum value of dE+ /dt is very meaningful to the
proposed method since it can show whether the values of k and
g vary under distorted grid conditions.

Fig. 7 shows E* and its derivatives in presence of 8% fifth-
and 4% seventh-order harmonic components included in the grid
voltage. In Fig. 7(b), the red line is obtained from Fig. 5, whereas
the blue line is obtained from (17). Then, it can be confirmed that
the validity of (17) is verified. In Fig. 7(b), the maximum value of
dE+ /dt is about 4100, and it is less than the threshold ¢ selected
as 12 700 by (16), hence k and g can be maintained at kyormal

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

(d)

SOGI-FLL and its variants. (a) Second-order generalized integrator -FLL. (b) All-pass filter FLL. (c) Steady-state linear Kalman filter FLL.
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Fig. 14.  Line-side converter control configuration.

and zero under this condition. As a result, the adverse effects
of harmonics on the grid voltage estimation can be significantly
mitigated, as shown in (11)—(14).

With 4 in (16), assuming that g and k are set to g,y and
keauls, respectively, under grid voltage sags owing to (3) and (4),
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the poles of the transfer functions (9) and (10) are solved as

51,2 = —kEL:Jg/2 + a}g\/k}fiult —4 (1 - gfault)/Q. (18)

If ggau1e is chosen as

Gfault = _kaault/4 (19)
the poles 51, 2 in (18) are rewritten as
51,2 = —kfaultWg/2 & j@g. (20)

The root loci of the eSOGI based on (21) are shown in Fig. 8.
Since s1, 2 are always located on the left-half plane, the stability
of the eSOGI is guaranteed. Moreover, with the real parts of 51, o
of —kfault@g /2, the settling time of the eSOGI response can be
approximated as

tsesoar) = 10/kgaule@g- (21

It is noted that although kg, can be arbitrarily selected
to achieve the pre-specified settling time in (21), it should be
limited to avoid the high fluctuations in E* at fault occurrence
and clearance.

Fig. 9 shows the E* estimation performance under 80%
balanced sag with various values of kg,y¢. For simplification, it
is assumed that @, is locked to the grid frequency of 2760 rad/s.
As shown in Fig. 9, the higher values of kg, correspond to
faster settling of the E+ estimation system as aforementioned
in (21). However, higher fluctuations of FETcan be observed
as well. Therefore, for a satisfactory compromise between the
dynamic response and the fluctuation, k¢t = 6 and then gga 1t
= —9 according to (19) are selected in this article.

C. Determination of Frequency Rate Limit in FLL

Assuming that the signal dw, /dt of the FLL in Fig. 5 is not
limited, and kgay1t = 6, gfauit = —9 and I' = 25 corresponding
to t5(rrr)y of 100 ms [18] are selected, then Fig. 10 shows

the estimation performances of £ = 1/ (e5")? + (ge5’) and

wgunder various grid voltage sags. In Fig. 10, owing to the large
frequency estimation errors Aw,, large fluctuations in E exist
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after fault clearance. Therefore, to reduce these adverse effects,
dig /dtneeds to be limited.

From Fig. 10, after fault occurrence and clearance, the times
for @, to change near-linearly before reaching the minimum
and maximum values are approximately the eSOGI settling time
ts(esoar) in (21),i.e., 4.4 ms. Thus, if the frequency estimation
error limit Aw(1imir) under these conditions is prespecified, the
limit value 7., of |dwg /dt|can be determined based on (21) and
AOJg(limit) as

TNw = AWg(limit)/ts(eSOGI) = AWg(limit) kfaultwg/l(l (22)

For example, with Awg(hmit) = 20 rad/s, kgauie = 6, and wy,
= 2760 rad/s, 7, can be selected as 4500 from (22). Fig. 11
shows the estimation performances of £% and &,under an 80%
balanced voltage sag with and without 7,,. As shown in Fig. 11,
without 7,,, the fluctuations of E; and Aw, are about 37.8 V
and 34.5 rad/s, respectively, after fault clearance. On the other
hand, with n),, added, they are only 13.6 V and 13.1 rad/s, respec-
tively. It is noted from (22) that although 7,, can be arbitrarily
selected to achieve the pre-specified low error Aw g(1imit), this
can slow down the frequency estimation of the FLL under the
grid frequency variations. Therefore, lower limit of 7,, has to be
considered as well. Assuming that the time constant of the FLL
is 1/(2I') [27], and the transient response of @, is in the form
of an exponential curve [18], the maximum value of dw, /dt
under grid frequency variations is approximated as 2I'A,, in
which A, represents the frequency variation specified in the
grid code requirements. Therefore, the lower limit of 7, can be
determined without having any negative effects on the estimation
performance of the FLL as

N, > 2I'A,,. (23)

For example, with A, = 31.4 rad/s (5 Hz) [28], 1, > 1570
is calculated using (23). Thus, the aforementioned selection of
Nw of 4500 is reasonable.

D. Estimation Performance of Positive-Sequence Component
of Grid Voltage

Fig. 12 shows the structures of SOGI-FLL, APF-FLL,
SSLKF-FLL, and mSOGI-mFLL. Under 80% balanced volt-
age sag and distorted grid condition with 8% fifth- and 4%
seventh-order harmonics in the grid voltage, the performances of
grid voltage estimation using dual SOGI-FLL, dual APF-FLL,
dual SSLKF-FLL, dual mSOGI-mFLL, and dual eSOGI-FLL
are shown in Fig. 13. Tt is assumed that w’ is locked to the
grid frequency of 2 w60 rad/s. The gains of the SOGI-FLL,
the APF-FLL, the SSLKF-FLL, the mSOGI-mFLL, and the
eSOGI-FLL are selected as follows:

SOGI— FLL : k = 1;

APF — FLL : k = 6;

SSLKF — FLL : k; = 2263 and k; = —3393;

mSOGI — mFLL : k = 6and g = —9;

eSOGI — FLL : knormal = 1, kfaut = 6, grault
= —9andéd = 12700.
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In Fig. 13, the settling times of APF-FLL, SSLKF-FLL, and
mSOGI-mFLL are similar to each other, and they are faster than
that of SOGI-FLL. However, the harmonic rejection capabilities
of APF-FLL, SSLKF-FLL and mSOGI-mFLL are significantly
deteriorated in this case, and hence the sixth-order harmonic
amplitude of Et using these structure are quite large, i.e., 23,
34, and 34 V, respectively, as shown in Fig. 13(b). It is observed
from Fig. 13, the proposed eSOGI-FLL can provide the superior
performance with short estimation time (about 5 ms) and low
harmonic amplitude (about 2 V).

IV. CONTROL OF GRID-FEEDING CONVERTER

Fig. 14 shows the control configuration of the grid-feeding
converter. The positive- and negative-sequence components of
the grid voltages are extracted by the proposed dual eSOGI-
FLL structure shown in Fig. 5, while the positive- and negative-
sequence components of grid currents are extracted by delayed
signal cancellation method [29] using the first-order all-pass
filters. The dc-link voltage is controlled by adjusting the active
power reference Fj. Under normal grid conditions, the grid-side
reactive power is controlled to zero for unity power factor op-
eration. To eliminate the double-grid- frequency dc-link voltage
ripples in the case of an unbalanced grid, dual-current controllers
for positive- and negative-sequence components are utilized.
Then, the grid current references are derived as [30]

1

ek e+ e+ e— e— - *
zd+ +ed eq+ed eq 2P;/3
se-% e e e— e—
) _ | € —¢€q € —+ed+ 0
ce—% e— e— e e
) e€” —eS —efTe 0
d d d
i ! ee’ee’eeJrc?e‘* 0
q d “qg “d “q
e+
Py ed"'
2 e’
=220 q_ 24)
3D | —e4
_667

€ 2 e 2 e— 2 e— 2
where D = [(ed+) + (eq+) ] = [(eg )"+ (eg)7].
The Spanish grid code for the fault ride-through requirements
[31] is shown in Fig. 15. Thus, under grid voltage sags, the cur-
rent referenceif* is set according to the grid voltage amplitude

as

it = —0.9,if0 < ET < 0.5(p.u.)
i7" = ~2.186 + 2.571 x E*,if0.5 < £+ < 0.85(p.u.)
i§+* =0,ifE* > 0.85(p.u.).

(25)

Simultaneously, Z'Z_ and ifl’ are controlled to zero, and i;**is
obtained as

gt =2P; /35" (26)

It is worth mentioning that ig**in (26) needs to be limited as

ce+* -2 _ getx :
ligT*] < \/i7atea — By so that the grid current reference does

not exceed the rated value i,,t.q. Moreover, since the current
references in (24)—(26) are functions of the estimated grid
voltages, the accurate estimation of grid voltages is essential to
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achieve the desired control performance. In Fig. 14, the braking
resistor should be activated if the dc-link voltage exceeds the
prespecified limit.

V. SIMULATION RESULTS

The simulation of the proposed method applied to a 2-MW
Squirrel-cage induction generator (SCIG) wind turbine system
was performed using the PSIM platform. The grid voltage is
690 V/60 Hz. The dc-link voltage is controlled at 1200 V. The
sampling time is 0.1 ms. The switching frequency is 5 kHz.
The dual eSOGI-FLL parameters were selected as follows, as
mentioned earlier: knormar = 1; kfaurt = 6; fauit = —9; 0
= 12700; and 7, = 4500. The PLL parameters are designed
based on the symmetrical optimum method [2] with a crossover
frequency of 80 Hz.

It can be noted from Fig. 13(a) that under 80% balanced
voltage sag, since the settling times of eSOGI response and
mSOGI response are similar to each other, the estimated grid
angles as well as the positive- and negative-sequence com-
ponents of the grid current references obtained using the
proposed method and the mSOGI-mFLL-based synchroniza-
tion method are similar to each other. Consequently, under
this condition, there is not significant difference between the
grid-side power control performances obtained using the pro-
posed method and the mSOGI-mFLL-based synchronization
method.

Although the mSOGI can give the fast response when its
gains are high sufficiently, its harmonic rejection capability
is deteriorated, as shown in Fig. 13. This adverse effect can
be reduced when the mSOGI gains are low sufficiently, e.g.,
k(msocn = 1 and g(msocr) = —1/4. However, this increases
the settling time of mSOGI response #s(msoar owing to
ts(msoarn ~ 10/k,soar@y. Moreover, the outputs of mSOGI
with k(msoar) = 1 have the higher harmonic components com-
pared to those of the eSOGI with kyormal = 1 and the SOGI
with ksoar) = 1. These increased settling time and increased
harmonic components are the drawbacks of the mSOGI with
low gains. Therefore, the mSOGI with high gains are usually
used to achieve the fast settling time [22].

As mentioned in Introduction section, although the SOGI
can give the excellent harmonic rejection capability, it cannot
provide the accurate grid voltage estimation under voltage sags
due to its limited gain.

Different from existing SOGI-FLL and its variants, the de-
termination of eSOGI gains, k and g, based on dE+ /dt and &
is the key idea of the proposed method, as shown in (3) and
(4). Accordingly, the proposed method can give the accurate
grid voltage estimation under various grid conditions, e.g.,
grid voltage sags and distorted grid conditions. To clarify the
outstanding advantages of the proposed method in comparison
with the existing ones, the performance tests are conducted
as follows.

1) The dual SOGI-FLL-based synchronization method and

the proposed method are tested under balanced grid volt-
age sag.
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Fig. 16.  System performance under 80% balanced sag using dual SOGI-FLL-

based synchronization method. (a) Grid voltages (V). (b) E+ (V). (c) Wy (rad/s).
(d) Phase angle estimation error (rad). (e) Positive-sequence d-axis grid current
component (A). (f) Positive-sequence g-axis grid current component (A). (g)
Negative-sequence grid current components (A). (h) Grid-side reactive power
(VAR). (i) Grid-side active power (W). (j) DC-link voltage (V).

2) The dual mSOGI-mFLL-based synchronization method
and the proposed method are tested under distorted grid
condition.

Fig. 16 shows the system performance when using the dual
SOGI-FLL-based synchronization method under 80% balanced
voltage sag. The grid-phase voltages are illustrated in Fig. 16(a).
Et and wy are shown in Fig. 16(b) and (c), respectively.
Fig. 16(d) shows the grid phase angle estimation error Ad,.
Under the fault event,ifﬁ is injected into the grid to support the
grid voltage recovery [32], whereas ig+ is reduced to maintain
the grid current amplitude at its rated value.iy  and iy~ are
controlled to zero as mentioned in Section IV. The dc-link
voltage is limited to below 1350 V (112.5% of v};.) by the
breaking chopper system, as shown in Fig. 16(j).

The system performance of the proposed method under bal-
anced voltage sag is shown in Fig. 17. In Fig. 17(a), the grid
voltages are reduced in a manner similar to those in Fig. 16(a).
It is observed that the synthesis of grid current references based
on correctly estimated grid voltages can significantly reduce grid
current fluctuations under fault events. As shown in Fig. 17(f),
the current fluctuation Ai§+ with the proposed method is about
2068 A, but it is about 2980 A in Fig. 16(f) with the dual
SOGI-FLL-based method. Moreover, Aif~ and Aig’with the
proposed method are only about 524 and 1609 A, respectively,
as illustrated in Fig. 17(g). In contrast, they are about 1841 and
2259 A, respectively, with the dual SOGI-FLL-based method,
as shown in Fig. 16(g). Fig. 17(h) and (i) shows that, with the
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Fig.17.  System performance under 80% balanced sag using proposed method.

(a) Grid voltages (V). (b) E*(V). (c) Wy(rad/s). (d) Phase angle estimation error
(rad). (e) Positive-sequence d-axis grid current component (A). (f) Positive-
sequence g-axis grid current component (A). (g) Negative-sequence grid current
components (A). (h) Grid-side reactive power (VAR). (i) Grid-side active power
(W). (j) DC-link voltage (V).
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Fig. 18.  System performance under unbalanced sag using proposed method.
(a) Grid voltages (V). (b) E'*‘(V). (c) Positive-sequence d-axis grid current
component (A). (d) Positive-sequence g-axis grid current component (A). (e)
Negative-sequence grid current components (A). (f) Grid-side reactive power
(VAR). (g) Grid-side active power (W).

proposed method, the power fluctuations after fault clearance,
AP g(clear) and AQ g (clear), are about 1.73 MW and 1.59 MVAr,
respectively. These fluctuations are lower than those with the
existing method (2.61 MW for APgy(cicar), 2.22 MVAr for

AQg(clear) )-
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Fig. 19. System performance under distorted grid conditions using dual
mSOGI-mFLL-based synchronization method. (a) Grid voltages (V). (b)
E*(V). (c) Positive-sequence d-axis grid current component (A). (d) Positive-
sequence g-axis grid current component (A). (e) Negative-sequence grid current
components (A). (f) Grid-side reactive power (VAR). (g) Grid-side active power
(W). (h) DC-link voltage (V).

Fig. 18 illustrates the system performance of the proposed
method under unbalanced voltage sag. Similar to the balanced
fault, during fault event, ig_ and ig’ are controlled to zero, i§+
is injected into the grid to support the grid recovery efforts, and
ig*is reduced to limit the grid current to the rated value. As
shown in Fig. 18(f) and (g), the double-grid-frequency ripples
in Q4 and P, are caused by the negative-sequence components
of the grid voltages.

Fig. 19 shows the system performance using the dual mSOGI-
mFLL-based synchronization method under distorted grid con-
ditions. The phase grid voltages, in which 4% fifth-order har-
monics are included, and E* are shownin Fig. 19(a) and (b). The
currents i§+, ig*, ifl_ and ig’ are controlled to their references
obtained from(24). Fig. 19(g) shows that the reactive power is
controlled to zero for a unity power factor operation.

The system performance of the proposed method under dis-
torted grid condition is shown in Fig. 20, assuming 4% fifth-
order grid voltage harmonics. As mentioned in Section III, as
the eSOGI gains, k and g, are set to ky,ormal and zero, respectively,
under this condition, the negative effects of the harmonics on the
estimated grid voltages can be significantly mitigated, as shown
by (11)—(14). Then, the synthesis of the grid current references
based on the estimated grid voltages in (24) becomes robust
against grid harmonics. In Fig. 20(c)—(e), the grid current fluc-
tuations Ai§+, Ai;*, Adg~ and Adg~with the proposed method
are about 8, 8.8, 9.7, and 10.2 A, respectively. In contrast, with
the dual mSOGI-mFLL-based method, they are about42.5, 94.6,
113.2, and 115.5 A, respectively, as shown in Fig. 19(c)—(e).
As a result, the power fluctuations with the proposed method
(60.3 kW for AP,) shown in Fig. 20(g) are lower than those
with the dual mSOGI-mFLL-based method (140.2 kW for AP,)
shown in Fig. 19(g).
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Fig. 20.  System performance under distorted grid conditions using proposed

method. (a) Grid voltages (V). (b) E+ (V). (c) Positive-sequence d-axis grid
current component (A). (d) Positive-sequence g-axis grid current component
(A). (e) Negative-sequence grid current components (A). (f) Grid-side reactive
power (VAR). (g) Grid-side active power (W). (h) DC-link voltage (V).

Fig. 21.

Schematic diagram of the experimental system.

VI. EXPERIMENTAL RESULTS

The feasibility of the proposed method is verified through an
experimental system built in the laboratory shown in Fig. 21.
The SCIG is coupled with a permanent magnet synchronous
machine (PMSM), which is set as wind turbine simulator with
a power rating of 2.5 kW and operating speed ranging from 550
to 1220 r/min. The grid voltage is 220 V/60 Hz. The dc-link
voltage is controlled at 340 V. A 10-kVA grid simulator is used
to produce adverse grid conditions. The switching frequency is
4 kHz. The dual eSOGI-FLL parameters were selected as fol-
lows, based on the aforementioned procedure: kyormal = 1; kgault
= 6; graurt = —9; 6 = 4100; and 7, = 4500.

Fig. 22 illustrates the system performance under 80%
balanced sag using the dual SOGI-FLL-based synchroniza-
tion method. Fig. 22(a) shows the grid-phase voltages with
E*observed in Fig. 22(b). The estimated grid frequency is
shown in Fig. 22(c). Fig. 22(d)—(f) shows the grid currents, i.e.,

et et qe— co— . . . .
iy s iy, ig ,and iy . The grid-side reactive and active powers
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based synchronization method. (a) Grid voltages (V). (b) B+ (V). (c) Wy (rad/s).
(d) Positive-sequence d-axis grid current component (A). (e) Positive-sequence
g-axis grid current component (A). (f) Negative-sequence grid current compo-
nents (A). (g) Grid-side reactive power (VAr). (h) Grid-side active power (W).
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Fig.23.  System performance under 80% balanced sag using proposed method.

(a) Grid voltages (V). (b) E*(V). (c) Wgy(rad/s). (d) Positive-sequence d-axis
grid current component (A). (e) Positive-sequence g-axis grid current component
(A). (f) Negative-sequence grid current components (A). (g) Grid-side reactive
power (VAR). (h) Grid-side active power (W). (i) DC-link voltage (V).

are shown in Fig. 22(g) and (h), respectively. The dc-link voltage
is limited to below 374 V (110% of v};.) under the voltage sag,
as shown in Fig. 22(i).

The system performance under 80% balanced sag using the
proposed method is shown in Fig. 23. Similar to the simulation
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Fig. 24. System performance under distorted grid conditions using dual
mSOGI-mFLL-based synchronization method. (a) Grid voltages (V). (b)
E+(V). (c) Positive-sequence d-axis grid current component (A). (d) Positive-
sequence g-axis grid current component (A). (e) Negative-sequence grid current
components (A). (f) Grid-side reactive power (VAr). (g) Grid-side active power

(W

results, it can be observed that the proposed method can offer
lower current fluctuations (4.9 A for Ai§+, 4.5 A for Aif, and
4.9 A for Aig~) compared with those using the dual SOGI-FLL-
based method, using which Aigﬂs 7.65 A, Ai§7is 6 A, and
Az‘fl’is 7.5 A. Moreover, after fault clearance, APg(clcar) and
AVdc(clear) using the proposed method are 2.1 kW and 48 V
as shown in Fig. 23(h) and (i), respectively. In contrast,
they are 2.8 kW and 61 V using the dual SOGI-FLL-based
method as shown in Fig. 22(h) and (i), respectively. It is
noted that due to the non-ideal grid voltages with offset
components, the fundamental frequency ripples exist in the
waveforms.

Fig. 24 shows the system performance under distorted grid
conditions using the dual mSOGI-mFLL-based synchronization
method, assuming 4% fifth-order harmonics. The grid-phase
voltages are shown in Fig. 24(a). Fig. 24(b) illustrates ET with
an average value of 180 V. Due to fifth-order harmonics of

the grid voltage, the sixth-order harmonics exist in ifi*, ig*in

Fig. 24(c) and (d), and fourth-order harmonics existin i, 7 q in
Fig. 24(e). Fig. 24(f) and (g) shows the grid-side reactive and
active powers, respectively.

The system performance under distorted grid conditions, in
which the 4% fifth-order harmonics are included in the grid-
phase voltages, using the proposed method is shown in Fig. 25.
In Fig. 25(c)~(e), Aig", Ai¢™, Ai§~, and Ai&~ are 0.36, 0.4
0.48, and 0.5 A, respectively. Similar to the simulation results,
these current fluctuations are lower than those observed when
using the dual mSOGI-mFLL-based method, i.e., 0.54 A for
Aiff, 0.64 A for Aifﬁ, 0.83 A for Aif, and 0.75 A for Aig‘
shown in Fig. 24(c)—(e). Consequently, the proposed method can
offer lower active power fluctuations [156 W for AP, shown
in Fig. 25(g)] compared with those observed when using the
dual mSOGI-mFLL-based method [250 W for AP, shown in

Fig. 24(g)].



7228

=t
e O[V]
—[60 V/div]-
() TR = =4 [§0 [V]
E* = 5 Vidiv
(c) _-,;:_-:k.ﬁie,,.-_ S e+ =i e 0 [A]
ta 0.18 A/div
e e ettt -~ — == —a-2.6 [A]
L 2=t 0.16 A/div
(©) P R e S s e Sy ([A]
= i : 0.25 A/div
[ T e e 7_%&__‘__;__7_'.__-_4 [ng]
5 30 VAR/div
o e -700
(g) __——'——n___'_})-7'\_,——'——-—__’ ————— - [W]
¢ 45 W/div
2.5 ms/div

Fig. 25. System performance under distorted grid conditions using proposed
method. (a) Grid voltages (V). (b) E*(V). (c) Positive-sequence d-axis grid
current component (A). (d) Positive-sequence g-axis grid current component
(A). (e) Negative-sequence grid current components (A). (f) Grid-side reactive
power (VAr). (g) Grid-side active power (W).

VII. CONCLUSION

Based on dual eSOGI-FLL, a novel grid synchronization
scheme for three-phase grid-connected converter systems has
been proposed in this article. The combination of a dual eSOGI
structure with adjustable gains and an FLL with frequency rate
limits can accurately estimate the grid voltage even under grid
faults. The selection procedure for the dual eSOGI-FLL param-
eters has been described as well. Through the simulation for a
2-MW SCIG wind turbine system, it is shown that, under 80%
balanced sags, the power fluctuations with the proposed method
(1.73 MW for APy(clcar) and 1.59 MVAR for AQg(clear)) are
lower than those with the dual SOGI-FLL-based synchroniza-
tion method (2.61 MW for APy(clear) and 2.22 MVAR for
AQg(clear))- In addition, under distorted grid conditions, AP,
of 60.3 kW has been observed with the proposed method. In
contrast, it is 140.2 kW with the dual mSOGI-mFLL-based syn-
chronization method. The feasibility of the proposed method has
been demonstrated through the experimental implementation of
a 2.5-kW wind turbine simulator as well.
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