Aalborg Universitet AALBORG

UNIVERSITY

Modeling, Tuning, and Performance Comparison of Second-Order-Generalized-
Integrator-based FLLs

Golestan, Saeed; Guerrero, Josep M.; Quintero, Juan Carlos Vasquez; Abusorrah, Abdullah
M.; Al-Turki, Yusuf

Published in:
| E E E Transactions on Power Electronics

DOl (link to publication from Publisher):
10.1109/TPEL.2018.2808246

Publication date:
2018

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Golestan, S., Guerrero, J. M., Quintero, J. C. V., Abusorrah, A. M., & Al-Turki, Y. (2018). Modeling, Tuning, and
Performance Comparison of Second-Order-Generalized-Integrator-based FLLs. | E E E Transactions on Power
Electronics, 33(12), 10229-10239. Article 8295261. https://doi.org/10.1109/TPEL.2018.2808246

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1109/TPEL.2018.2808246
https://vbn.aau.dk/en/publications/7e991127-74cc-4f74-9223-f5812c681443
https://doi.org/10.1109/TPEL.2018.2808246

Downloaded from vbn.aau.dk on: June 18, 2025



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2808246, IEEE

Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS

Modeling, Tuning, and Performance Comparison of
Advanced Second-Order Generalized
Integrator-Based FLLs
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IEEE, Abdullah M. Abusorrah, Senior Member, IEEE, and Yusuf Al-Turki, Senior Member, IEEE

Abstract—The second-order generalized integrator-based
frequency-locked loop (briefly called the SOGI-FLL) is a well-
known tool for filtering and synchronization purposes in the
power and energy applications. The SOGI-FLL, nevertheless,
has a limited ability in rejecting the grid voltage disturbances.
To deal with this problem, two advanced SOGI-FLLs have been
proposed recently. In the first one, a SOGI-based filter is included
inside the standard SOGI-FLL control loop, and in the second
one, a SOGI-based filter is employed as the prefiltering stage
of the SOGI-FLL. The small-signal modeling, tuning procedure,
and detailed performance comparison of these advanced SOGI-
FLLs have not been carried out yet. The aim of this paper is to
cover these issues.

Index Terms—TFilters, frequency estimation, frequency-locked
loop (FLL), phase detection, second-order generalized integrator
(SOGI), synchronization.

I. INTRODUCTION

Frequency-locked loop (FLL) is a nonlinear closed-loop
control system that can be used in a wide variety of applica-
tions such as the grid synchronization [1]-[12], flux estimation
and sensorless control of motor drives [13], [14], estimating
delays of sinusoidal signals [15], measuring electromechanical
oscillations [16], etc. The core component in the implementa-
tion of most FLLs is a generalized integrator (GI) [17].

Roughly speaking, the GI is a double integrator structure
that provides an infinite gain at its resonant frequency and
behaves as the amplitude integrator of sinusoidal signals. The
GI can be realized in different ways [2]-[4], [18]. In imple-
menting the FLL-based synchronization techniques, which is
focused on in this paper, the most popular way is known as
the second-order generalized integrator (SOGI). The SOGI has
been originally developed in [19].
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Fig. 1(a) illustrates the block diagram of the standard SOGI-
FLL [1]. The SOGI-FLL is a simple yet valuable tool because,
in addition to providing filtered in-phase and quadrature-phase
versions of its input, it can estimate the phase, frequency, and
amplitude of this signal. The SOGI-FLL, nevertheless, has a
limited filtering capability. In other words, in the presence
of DC offset, harmonics, and inter-harmonics, the estimated
quantities by the SOGI-FLL suffer from oscillatory ripples.
It should be mentioned that the small-signal modeling of
phase/frequency estimation dynamics of the SOGI-FLL has
been presented in [20].

To enhance the SOGI-FLL disturbance rejection capability,
some attempts have been made in recent years. In [21], adding
a DC offset estimation loop to the SOGI-FLL is suggested.
This loop makes the SOGI-FLL immune to the DC offset
disturbance effect and enhances its capability to filter sub-
harmonics; however, it has no positive effect on the harmonic
rejection capability of the SOGI-FLL.

In [1], a parallel configuration of multiple SOGIs (MSOGI)
tuned at low-order harmonic frequencies is proposed. These
SOGIs operate in a cooperative manner and, in addition
to extracting some low-order harmonics, make the SOGI-
FLL immune to the disturbance effect of these harmonics.
Nevertheless, the number of parallel SOGIs and, therefore,
the harmonic rejection capability of the MSOGI-FLL cannot
be enhanced too much as it results in a high computational
burden. Besides, the MSOGI-FLL may not be able to effec-
tively suppress inter-harmonics because of the variability of
their frequencies.

In [11], a SOGI-FLL with prefilter (SOGI-FLL-WPF) is
suggested. The block diagram of the SOGI-FLL-WPF can
be observed in Fig. 1(b). The prefilter in this structure is
a frequency-adaptive band-pass filter and, according to [11],
enhances the speed/accuracy tradeoff of the standard SOGI-
FLL.

In [7] and [12], a structural resemblance between a SOGI-
based quadrature signal generator (SOGI-QSG)! and a first-
order low-pass filter (LPF) is established. This similarity
indicates that replacing the only integrator of a first-order LPF
with a SOGI results in the SOGI-QSG. Based on this finding
and to enhance the filtering capability of the standard SOGI-

I'The structure shown in Fig. 1(a) without the FLL, phase estimation, and
amplitude detection parts is called the SOGI-QSG.
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Fig. 1. (a) Standard SOGI-FLL, (b) SOGI-FLL with a SOGI-based prefilter (briefly referred to as the SOGI-FLL-WPF), and (c) SOGI-FLL with a SOGI-based

in-loop filter (briefly referred to as the SOGI-FLL-WIF).

FLL, implementing a higher order SOGI-FLL by replacing
two integrators of a second-order LPF with two SOGIs is
suggested in [7] and [12]. A possible implementation of such
SOGI-FLL, which is apparently different from that proposed
in [12], can be observed in Fig. 1(c). This structure is called
the SOGI-FLL with in-loop filter (SOGI-FLL-WIF). Notice
that, depending on the implementation way of the second-order
LPF, different structures may be achieved. All these structures
are mathematically equivalent.

The small-signal modeling, analysis, and parameter tuning
of these advanced SOGI-FLLs (i.e., SOGI-FLL-WPF and
SOGI-FLL-WIF) have not yet been carried out. Besides, the
real advantages and disadvantages of these advanced FLLs
compared to each other and compared to the standard SOGI-
FLL are unclear. The aim of this paper is to cover these issues.

II. STANDARD SOGI-FLL

Fig. 1(a), as mentioned before, illustrates the SOGI-FLL,
which is a standard FLL in single-phase applications. By
neglecting the FLL dynamics and assuming that @, is a
constant, the output signals of the SOGI, i.e., 9, and ?g, can
be expressed in the s-domain as

R B kags

Oals) = 5% + kags + w2 v(s) M
Ga(s)
ka2

05(s) = g v(s). 2)

s2 + kwgs + of)g

Gp(s)

Fig. 2 shows the frequency response of the transfer functions
Ga(s) and Gg(s) for different values of k. As it can be seen,
G, (s) is a bandpass filter with a unity gain and a zero phase
at the fundamental frequency. It means that the signal o, at
the SOGI output is a filtered in-phase version of the single-
phase grid voltage. The transfer function Gg, however, is an
LPF (with the dc gain equal to k) which provides a unity gain
and —90° phase at the fundamental frequency. It implies that
the signal 4 is a filtered quadrature-phase version of the grid
voltage.

Based on the above analysis and defining the grid voltage
in the SOGI-FLL input as

v(t) = va(t) = V cos (wyt + ) 3)
—_———

0
where V', wy, ¢, and 0 are the grid voltage amplitude, angular
frequency, initial phase angle, and phase angle, respectively,
the signals ¥, and 9g at the SOGI output can be considered

as R R
Uo (t) = V cos(0)

bs(t) = Vsin().

“4)
®)

In (4) and (5), V and 0 are the estimated amplitude and phase
angle, respectively, and in the steady state are very close to
(ideally equal to) V and 6, respectively. This is the basic
assumption for the SOGI-FLL linearization, which is presented
in the next section. Some parts of this linearization procedure
has been already presented in [20], which are mentioned again
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Fig. 2. Frequency response of (a) Go(s) and (b) Gg(s).

for the sake of completeness.

A. Linearization

From Fig. 1(a), the following differential equations, which
describe the SOGI-FLL dynamics, can be obtained.

éa: Wg [k (Vo — Do) — D] (6)
Dp= Wyba )
X A I
We= 72 (Vo — Dar) D (8)
Substituting (3)-(5) into (8) results in
W= 72 [V cos (0) — V cos(0)| V sin(6)
_ A [ Vsin(f — 0) + V sin(260) — V sin(d + 6) ]
2V N———
~(6—6) ~0
A ~
~ 5(19 —0). ©)]

According to Fig. 1(a), the estimated phase angle by the
SOGI-FLL can be expressed as

0 = tan™' (03 /0q). (10)
Differentiating (10) with respect to the time yields
A f}aéﬁ — éaﬁg @aﬁg — ﬁaﬁﬂ
0 = = _ . 11
02 + 03 V2 (b
Substituting (6) and (7) into (11) gives
V2 —g V2 /A
22 | A2 A Nt erwe
b (02 + 03) g — kg (Vo — 0a) D
= 2
=@y + (kg /N) @y (12)

Notice that the coefficient @g, which is kg /A, is a time-
variant term, because it depends on the estimated frequency

Magnitude (dB)

Phase (deg)

Frequency (Hz)
(b)

@wgy. In this situation, the Laplace transform is not applicable.
To deal with this problem, the estimated frequency in this
coefficient is approximated by its nominal value as follows

0~ @y + (kwn/N) &, (13)

From Fig. 1(a), the estimated amplitude can be expressed

as R
V= /02 + 3.

Differentiating (14) with respect to the time provides

(14)

’lA}Oﬂ;}a + 173153 _ @aéa + ’05155
\/02 + 02 14
Substituting (6) and (7) into (15) yields

{r = K (Vo = %a) O (16)
%

V= (15)

Substituting (3) and (4) into (16) results in

kg {V cos (0) — f/cos(é)} V cos()

v
~1 ~0
kG (o 3y ¥ 5 ¥
= 79 ( Vcos() — 0) +V cos(0 + 0) — V cos(20) =V )
kivg .
~3(V-7)
kwn,

Q

V—V) 17
= ( (17
Notice that the estimated frequency w, is again approximated
by its nominal value.

Based on (9), (13), and (17), the linearized model depicted
in Fig. 3 can be obtained for the SOGI-FLL. Using this model,
the closed-loop transfer functions of the SOGI-FLL can be
obtained as follows, which are very useful for the tuning
procedure.
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6

Fig. 3. (a) Linearized model of the SOGI-FLL, and (b) its alternative
mathematically-equivalent representation.

V(s) = %V(s) (18)
o (kwn/2) s+ A2
0(s) = $2 + (kwn/2) s + )\/29(8) (19)
A/2

(). (20)

©q(s) = s2 + (kwn/2) s + A/ng
Notice that wgy(s) = s6(s).

B. Tuning Control Parameters

The characteristic polynomial of the transfer functions (19)
and (20) is
$% + (kwn/2)s+ A2 =0 (21)
—_—— =~
(wh,)?
where ¢ and w!, are the damping factor and the natural
frequency, respectively, and w,, as defined before, is the
nominal value of the grid frequency. In most control texts,
a damping factor equal to 1/v/2 is recommended because
it results in an optimum tradeoff between the overshoot and
settling time [22]. By considering ¢ = 1/v/2 and using the
definitions of ¢ and w/, in (21), A can be expressed as

2¢w!,

A =2(w)? k2?2 E2w?
o A= =2t 22
=k [TATRE T @

The equation (22) describes A as a function of k. Therefore,
both parameters of the SOGI-FLL are determined by selecting
a proper value for the SOGI gain k.

Selecting a large value for k£ (which corresponds to a larger
value for \) makes the SOGI-FLL dynamic response fast. It,
nevertheless, results in a low disturbance rejection capability.
It implies that the designer has to make a tradeoff decision.
In this paper, kK = 1/4/2 is selected, which corresponds to
A = 12337. Notice that the SOGI-FLL is supposed to be a
reference for comparison with the SOGI-FLL-WPF and SOGI-
FLL-WIP and, as it will be shown in Section VI, the selected
control parameters for the SOGI-FLL provides a fair condition
of comparison.

III. SOGI-FLL-WPF
A. Linearization

Fig. 1(b), as mentioned before, illustrates the block diagram
of the SOGI-FLL-WPF. The linearization of the SOGI-FLL-
WPF can be carried out by following the same mathematical

paZaliyaZaly

Y (1] =
e

SOGI-FLL——»

((A)g
D ST

- Prefilter

[
L |

Fig. 4. Linearized model of the SOGI-FLL-WPF.

procedure as that described for the standard SOGI-FLL. Here,
however, for the sake of simplicity and convenience, an
intuitive approach is employed.

As shown in Fig. 1(b), the SOGI-FLL-WPF is the cascade
connection of an adaptive prefilter and a SOGI-FLL. This
prefilter is a SOGI-QSG, but only its a-axis output is used.
The only difference of the prefilter compared to the SOGI-FLL
is the lack of an FLL for adapting its center frequency. Notice
that the prefilter uses the frequency feedback signal from the
SOGI-FLL for adapting itself to the grid frequency variations.
Therefore, the overall model of the SOGI-FLL-WPF can be
obtained by cascading two SOGI-FLL models as shown in
Fig. 4, in which the integrator modeling the FLL dynamics in
the prefilter part is replaced by a frequency feedback from the
SOGI-FLL part.

According to Fig. 4, the closed-loop transfer functions of
the SOGI-FLL-WPF can be obtained as

be) = b /4] 5+ b 4 ;
(s) = s34 [(k1 + ko) wn /2] s2 + [k1kaw? /4] s + kl/\wn(/zél)

kl)\wn/él

@y (s) = 83 + [(k1 + ko) wy /2] 82 + [k1kow? /4] s + kl)\w&éé)lwg

These transfer functions describe the dynamics of the SOGI-
FLL-WPF and are very useful for the tuning procedure.

B. Tuning Control Parameters

The poles of the closed-loop transfer function (23) are
both real. This corresponds to a damping factor equal to or
greater than unity. A damping factor greater than unity makes
the transient response of (23) (which describes the amplitude
estimation dynamics) overdamped and, therefore, too slow.
Consequently, a damping factor equal to unity is selected here,
which corresponds to identical poles and, therefore, k1 = ko.

According to Fig. 1(b), the prefilter extracts the fundamental
component of the grid voltage and feeds it to the SOGI-FLL.
Assuming that @, is a constant, the transfer function relating
the extracted fundamental component by the prefilter to the
grid voltage can be expressed as
a(8) = 5———03 klﬁ:}gs -
« 52 + kiwgs + wg

v(s). (26)

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2808246, IEEE

(s).

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2808246, IEEE

Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS

v »%%%—»[

<——In-loop filter—»

R
9»%—»%)—» L k,a/ | Lterd
s s

Fig. 5. Linearized model of the SOGI-FLL-WIF.

Y

1 A
k2> v

Based on (26), it can be concluded that k1 = /2 is the best
choice. Notice that this selection corresponds to a damping
factor equal to 1/+/2 that ensure an optimum tradeoff between
overshoot and settling time in the fundamental component
extraction by the prefilter.

The characteristic polynomials of (24) and (25) are equal to

s° + [(k1 + ko) wn /2] 8% + [kikawy, /4] s + ki dw,, /4 = 0.
27
As (27) is a third-order polynomial, it must have at least one
real pole. Therefore, it can be expressed as

s° + [(k1 + ko) wn /2] 8% + [kikow? /4] s + k1 dw,, /4

= s +ownl [+ 20w+ @0 @)

where ¢ and w), denotes the damping factor and natural
frequency, respectively, and v is a factor that determines the
location of the real pole.

By equating coefficients of equal power in s in both sides
of (28) and considering that k1 = ky = \/2, the FLL gain A
can be expressed as

2
L (29)
(2¢+1)
Again, by selecting the optimum damping factor ¢ = 1/+/2,
the FLL gain A can be calculated as A = 23948.

IV. SOGI-FLL-WIF

A. Linearization

The linearized model of the SOGI-FLL-WIF can be ob-
tained by following the same mathematical procedure used
for the SOGI-FLL modeling or based on the same intuitive
approach used for the SOGI-FLL-WPF modeling. Fig. 5 shows
the linearized model of the SOGI-FLL-WIF.

According to Fig. 5, the closed-loop transfer functions
relating the estimated amplitude, frequency, and phase angle
to the actual ones can be obtained as

~ klkgw%/ll

V) = o w2l s + bikaazja’ & GO
~ . [k1k2wg/4] s+ kl)\wn/ll
0s) = =7 (k1wn /2] 52 + [krkow? /4] 5 + ki hwn /49(21)

k1>\wn/4
w
83 + [k1wn /2] 82 + [k1kow?2 /4] s + ki dw, /47

()-
(32)
These transfer functions are very helpful for tuning the control
parameters and evaluating the FLL dynamics.

Wq(s) =

B. Tuning Control Parameters
According to Fig. 5, the open-loop transfer function relating
the phase error to the estimated phase angle can be obtained
as
Gol(s)

i(s) = ke 4) (5 4+ A/ (kawn))
o $2(s + k1w, /2)
N——

Wp

(33)

[9(8) - é(s)} .

The symmetrical optimum method [23], [24] is then used for
selecting the control parameters (see Appendix A). Applying
this design method to (33) gives

k1 = 2bw, /wy,
ks = 2w, /wp
A =2w?/b (34)

where b determines the phase margin (PM) as expressed
in (39) in the Appendix A, and w, is the gain crossover
frequency. Therefore, all parameters of the SOGI-FLL-WIP
are determined by selecting proper values for b and w..

Using (34), the characteristic polynomial of the closed-loop
transfer function (31) can be rewritten as

s° + [kwn /2] 8> + [kikow? /4] s + k1 Aw,, /4
= 8% 4 bwes? + bw?s + w?
= (5 +we)(s2 + [0 — 1 wes + w?).
——
2¢

It can be observed that b determines the damping factor of the
closed-loop poles. Similar to the case of the SOGI-FLL-WPF,
the optimum damping factor ¢ = 1/4/2 is selected, which
corresponds to b = 1 + V2 and, therefore, PM = 45° [see
(39) in Appendix Al].

The selected control parameters for the SOGI-FLL-WPF are
corresponding to a crossover frequency equal to 2718.8 rad/s.
To have a fair comparison, the same value is chosen as the
crossover frequency of the SOGI-FLL-WIF.

Considering the selected values for b and w,, i.e., b = 1+v2
and w, = 2718.8 rad/s, the SOGI-FLL-WIF control parame-
ters can be calculated according to (34) as

(35)

k1 = 2bwe/w, = 1.815
ks = 2w /wy, = 0.752
A = 2w? /b = 11559. (36)
V. MODEL ACCURACY ASSESSMENT

In Sections II, III, and IV, the small-signal modeling of
the SOGI-FLL, SOGI-FLL-WPEF, and SOGI-FLL-WIP were
conducted. To ensure that the these models are reliable, their

0885-8993 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2018.2808246, IEEE

IEEE TRANSACTIONS ON POWER ELECTRONICS

o
@

i

g

&

Estimated frequency (Hz)
0
=

0.04 0.06 0.08 0.1

Time (s) :

o

I

N

Phase error (deg)

=)

0.04 0.06

Estimated amplitude (p.u.)

0.02 0.08 0.1

0.04
Time (s)
@

0.06

Transactions on Power Electronics

o o
N ®

Estimated frequency (Hz)
g 2

IS
©

0.08 0.1

N o

Phase error (deg)
o

0.08 01

0.02

-
Q
N

[

o
©
]

SOGI-FLL-WPF
- - ‘Model

Estimated amplitude (p.u.)
§ k

o

0.02 0.04 0.06 0.08 0.1
Time ()
(b)

o o
N ©

38

Estimated frequency (Hz)
a
a

IS
©

0

0.06
Time()

0.08 0.

Phase error (deg)
N S L=

o

0.06

Estimated amplitude (p.u.)

0.06
Time (s)

©

0.08 0.1

Fig. 6. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (c) SOGI-FLL-WIF and

its linearized model in response to Test 1.

N @

S

Estimated frequency (Hz)
B a ul ol (5]
8 =2

0.06 0.08 0.1

Time(s)

(=]
o
SF
~

]
S

=
1S

Phase error (deg)
o

&
o

0.06
Time (s)

o
=3
oFf
~

[
-

[

13
©

Estimated amplitude (p.u.)
o
(=<}

0.1

(=]
o
Q
R

N @

A o @ a o
S P

Estimated frequency (Hz)
8

o

0.02 0.04 0.06 0.08 01

Time (s)

]
=1

=
o

o

Phase error (deg)

iR
o

0.08 0.1

[
-

-

o
©

Estimated amplitude (p.u.)
o
©

o

0.02 0.04 0.06
Time (s)

(b)

0.06
Time ()

=)

Phase error (deg)

iR
o

0

0.06
Time(s)

I
[N

[

o
©

Estimated amplitude (p.u.)

o
@
(=}

004
Time (s)

(©

0.06

0.1

Fig. 7. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (c) SOGI-FLL-WIF and

its linearized model in response to Test 2.

Phase error (deg)
o

-10
-20

E

e 1

[}

4

2075

=

£ 05

Bozs

£

£ : : : .

8 0.02 0.04 0.06 0.08 01

Time ()

o o o
&85 28

SOGI-FLL-WPF
-~ ‘Model 1

Estimated frequency (Hz)

o

0.04 0.06 0.08 0.1

Time ()

(SN
S o

Phase error (deg)
o

— SOGI-FLL-WPF
- - Model 1

0.04 0.06 0.08 0.1

Time ()

g o
N2 N
o g

o
a

Estimated amplitude (p.u.)
o

o

0.06 0.08 0.1
Time ()

(b)

58828

Estimated frequency (Hz)
S
bS]

0.06
Time (s)

0.04

(SN
S o

Phase error (deg)
8 o

0.06

Time(s)

20
3
g 1
Q
3
2o
=3
£ 05
B
Loz
E
N
d o

0.02

0.04 0.06
Time (s)

©

0.08

0.1

Fig. 8. Obtained results using (a) standard SOGI-FLL and its linearized model, (b) SOGI-FLL-WPF and its linearized model, and (¢) SOGI-FLL-WIF and

its linearized model in response to Test 3.
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TABLE 1 gTekstn ‘ e Nl it 01t
CONTROL PARAMETERS T ST PUUEE DUNE DD SN DUUE S DU DU S
FLL Parameters E 05
Standard SOGI-FLL &k = 1/+/2, A = 12337 RN U 08 U0 VIR TNV U A U0 (U D VO O S A VORI
SOGI-FLL-WPF ki = V2, ko = V2, A = 23948 S os
SOGI-FLL-WIF k1 = 1.815, ko = 0.752, A = 11559 ;% 1
15
accuracy should be evaluated. For this purpose, the following 541(;}032:: S— ]hﬂ'?’s—"’“"l"mumlv Nms'e;ﬂﬂ,'g%?ﬂ“‘“ )
tests are conducted in the Matlab/Simulink environment and 53 : R DU T S : : : i
th.e results pred.icted by the linearized models are compared 3:3—52 USOGHFLL - - 2 - e i
with those obtained by the FLLs under study. S50 Eooo i Ve T i
. . £l T SOGI-FLL-WPF : :
o Test 1: The grid voltage experiences a +2 Hz frequency & 50| SOGIFLLAWIF e i
step change. 349 - U DU N P
e Test 2: A 420° phase jump happens. £48 _ O
o Test 3: A 0.75 p.u. voltage sag occurs. 47 i T
. . . 1.00Y ® 1oy i 1 i i i i
The sampling frequency throughout this study is 10 kHz. %le;ﬂri}v Jfo.ms Jfbws_700my _ :_Iwr*ggw:w |
. . el PreVu S — oise Filter
Figs. 6-8 show the obtained results. It can be observed that 8 : SOGIFLI-WIFT : : ' :
6 F--ccieeaiio P T Lo

the linearized models of all FLLs predict their average behav-
jors? with a good accuracy. These models, however, cannot
predict the coupling between the estimated phase/frequency
and amplitude. This is the main limitation of the linearized

NS

3QGI-FLL-WPF:

SOGI-ELL

Phase error (deg)
=
[

-2 H E

models. 4 : ]
N R RS - 10 ms
VI. PERFORMANCE COMPARISON 00V ® v i i i i i i

100 |fo.0ms [z 700mmy <0Hozd2 |
In this section, the performance of the standard SOGI- 1,08} eI : e ____ ISR

FLL, SOGI-FLL-WPF, and SOGI-FLL-WIF are compared
using some experimental results, which are obtained using the

dSPACE 1006 platform. The grid voltage signal is generated £

using the dSPACE. The control parameters of all FLLs are 5 _ N AT
summarized in Table 1. In obtaining all experimental results, go'gg E o S0ahRL L Y NG
the sampling frequency is fixed at 10 kHz. The discretiza- gg’:i E soewFth?FOGIFLLWPF <10_ms> -
tion of SOGIs is carried out using the third-order Adams- e B Taamil
Bashforth method, in which an integrator is approximated 35 Jioans Jous ooy <10 Hglpnirina

by 15 23271’11765:12%273 [25]. Some other approaches for the

discretization of SOGIs can be found in [26], [27].
Five tests are considered:

o Test A: The frequency of the grid voltage suddenly that all FLLs have a close speed of response (around 2.5

Fig. 9. Experimental results for Test A.

changes from 50 Hz to 52 Hz. ' . cycles of the nominal frequency) in estimating the grid voltage
o Test B: A 0.5 p-u. voltage sag Wlth 6000 phase jump parameters. The only difference is that the quantities estimated
happens. The grid frequency is at its nominal value. by the SOGI-FLL experience rather smaller overshoots than

o Test C: The grid voltage is harmonically distorted with  those extracted by the SOGI-FLL-WPF and SOGI-FLL-WIF.
low-order harmonics. The magnitude of harmonics are

V3 0.054 pu., V5 =~ 0.048 p.u., V7 = 0.022 p.u.,
Vo 0.005 p.u., Vi1 =~ 0.012 p.u., Vi3 = 0.006 p.u.
This corresponds to a total harmonic distortion (THD)
around 7.7%. The grid frequency is fixed at its nominal
value during this test.

e Test D: A large DC component (0.1 p.u.) is suddenly
added to the grid voltage.

o Test E: The grid voltage contains a 1-Hz sub-harmonic
with the magnitude of 0.1 p.u.

Fig. 11 illustrates the obtained results in response to Test
C. The SOGI-FLL-WPF and SOGI-FLL-WIF demonstrate
a close performance in this test and provide a bit higher
harmonic filtering capability than the standard SOGI-FLL.

The obtained results in response to tests D and FE can
be observed in Figs. 12 and 13, respectively. As shown, the
SOGI-FLL-WPF and SOGI-FLL-WIF, again, have a close
performance and completely reject the DC component and
effectively suppress the sub-harmonic. The standard SOGI-
FLL, however, suffers from large oscillatory errors in the
presence of these disturbances.

~
~

~

~

Figs. 9 and 10 show the performances of all FLLs in

response to Tests A and B, respectively. It can be observed Fig. 14 illustrates open-loop Bode plots of the FLLs un-

2These models cannot predict the transient double-frequency oscillations in der SFUdy‘ The'se plots are Obtame'd using open—}oop transfer
their corresponding FLLs because they have a linear time-invariant nature. functions relating the phase error signal to the estimated phase
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Fig. 10. Experimental results for Test B. Fig. 11. Experimental results for Test C.

VII. CONCLUSION

In this paper, the small-signal modeling of the standard
SOGI-FLL and two advanced SOGI-FLLs (SOGI-FLL-WPF
and SOGI-FLL-WIF) were presented. Based on the derived
models, systematic design approaches for selecting the control
parameters of these FLLs were proposed. To ensure that the
linearized models are accurate, a model accuracy assessment
was conducted using some simulation studies. The obtained
results demonstrate that the linearized models predict the
average dynamic behavior of FLLs with a high accuracy.
They, nevertheless, cannot predict the coupling between the
amplitude and phase/frequency variables. Finally, using some
experimental tests, a performance comparison among the stan-
dard SOGI-FLL, SOGI-FLL-WPF, and SOGI-FLL-WIF under
a fair condition was conducted. The obtained results indicate
that

o The SOGI-FLL-WPF and SOGI-FLL-WIF have a very
close performance in all tests.

angle in the linearized model of the FLLs under study. Notice
that the linearized model of the SOGI-FLL-WPF (Fig. 4)
does not have a standard form. Therefore, to achieve the
aforementioned open-loop transfer function, it should first
be rearranged to its standard form by applying the block
diagram algebra. Fig. 14 shows that all FLLs have a very
close crossover frequency. It confirms the fair condition of
comparison among them and explains their close speed of
response during transients. It can also be observed that the
SOGI-FLL has a higher PM than the SOGI-FLL-WPF and
SOGI-FLL-WIF. That is the reason why in the Test B,
the estimated quantities by the SOGI-FLL experience lower
overshoots.

Table II compares the computational burden of all FLLs.
This table indicates that the SOGI-FLL-WPF and SOGI-FLL-

WIF demand a bit higher computational effort than the SOGI-
FLL.

The SOGI-FLL-WPF and SOGI-FLL-WIF, contrary to
the standard SOGI-FLL which suffers from large os-
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Fig. 12. Experimental results for Test D. Fig. 13. Experimental results for Test E.

SOGI-FLL (PM=65.5°), SOGI-FLL-WPF (PM=50.6°), SOGI-FLL-WIF (PM=45°)

cillatory errors in the presence of DC offset and sub- a0k
harmonics, effectively reject these disturbances. Besides, __eob fgg::ittwp’: |
they offer a bit higher capability in filtering the grid 8 wof e SOGI-FLL-WIE |1
voltage harmonics. g 20t 1
o All FLLs have a close speed of response during transients. %’-28 |
The estimated quantities by the SOGI-FLL, nevertheless, Z ol
undergo a bit smaller overshoots. 60}
It should be emphasized here that the above-mentioned %0
advantages of the SOGI-FLL-WPF and SOGI-FLL-WIF come
oo . B-120+
at the cost of a bit higher computational burden and a lower <
stability margin compared to the SOGI-FLL. g 150k
APPENDIX A -180 =
OVERVIEW OF SYMMETRICAL OPTIMUM METHOD 10 Frequency (H2)

Assume that the open-loop transfer function of a closed-

. . . Fig. 14. Open-loop Bode plots.
loop control system (with unity feedback) is as 8 P P P

/"i'\
wp kps+ki  wpky(s+kifky) where k,, k;, and w, are the control parameters. The open-
Gois) = s+w, s = 52(s + wp) @37 loop pole wy, is considered as w,, = b%w,, where b is a positive
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TABLE II
NUMBER OF MATHEMATICAL OPERATIONS AND STATE VARIABLES
(INTEGRATORS) IN THE IMPLEMENTATION OF THE SOGI-FLL,
SOGI-FLL-WPF, AND SOGI-FLL-WIF. IT: INVERSE TANGENT, AND
SQRT: SQUARE RoOT

x + £ IT SQRT Integrators
SOGI-FLL 7T 2 3 1 1 3
SOGI-FLL-WPF 10 2 5 1 1 5
SOGI-FLL-WIF 10 2 5 1 1 5

factor.
Using (37), the PM can be calculated as

PM = —tan™ ! (w./wp) + tan™ ! (w,/w,) (38)

where w, is the gain crossover frequency. The PM is maxi-
mized if w, = |/w,w, = bw, = w,/b [23], [24]. Substituting
this condition into (38) results in

PM =tan~! vl (39)
B 2 |

Using (37) and according to the definition of the crossover
frequency (i.e., |Goi(jw:)| = 1) and the obtained condition
for maximizing the PM, we have

1= kpwp /Wi +w? Ky
w2 /w2 +w?

We
In summary, all control parameters can be expressed as

= ky=w.  (40)

kp = we

ki = w.ky = w?/b

wp = bw. (41)
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