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Abstract—The implementation of a large number of single-phase
phase-locked loops (PLLSs) involves creating a fictitious quadrature
signal. A popular approach for this purpose is using a second-order
generalized integrator-based quadrature signal generator (SOGI-
QSG) because it results in an acceptable speed/accuracy tradeoff.
The SOGI-QSG-based PLL (or briefly the SOGI-PLL), in its
standard form, involves a frequency feedback loop for adjusting
the SOGI resonance frequency under frequency drifts. Some
recent research works have reported that the speed/accuracy
tradeoff of the SOGI-PLL can be considerably enhanced by
removing the frequency feedback loop. In these methods, the
SOGI resonance frequency is fixed at the nominal frequency,
and a compensation strategy for correcting errors caused under
off-nominal frequencies is employed. The main aim of this letter is
to provide a critical analysis of frequency-fixed SOGI-based PLLs
to highlight their real advantages and disadvantages.

Index Terms—Quadrature signal generation (QSG), phase-
locked loop (PLL), second-order generalized integrator (SOGI),
synchronization.

I. INTRODUCTION

N RECENT years, a large number of single-phase phase-

locked loops (PLLs) have been proposed in the literature.
Depending on their phase detector (PD), these PLLs can be
categorized as power-based PLLs (pPLLs) and quadrature signal
generation-based PLLs (QSG-PLLs) [1].

The standard pPLL uses a simple mixer as the PD [2]. This
PD, nevertheless, results in a large double-frequency disturbance
component, which causes offset and double-frequency oscilla-
tory errors in the pPLL estimated quantities [1]. To address
this problem, different filters such as a moving average filter,
notch filter, or high-order low-pass filter can be included in-
side the control loop of the standard pPLL [1], [3]-[5]. Another
approach is reconstructing and canceling the double-frequency
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Fig. 1.  Schematic diagram of the standard SOGI-PLL.
disturbance term by using the estimated phase angle and ampli-
tude [1], [6].

The QSG-PLLs are single-phase variants of the conventional
synchronous reference frame PLL (SRF-PLL) [7]. The main
difference of these PLLs is in the way they create the quadrature
signal, which is required for transferring information into the
dq frame. The transfer delay, all-pass filter, Kalman filter, dif-
ferentiator, inverse Park transform, Hilbert transformer, sliding
discrete Fourier transform, and generalized integrators are well-
known algorithms/filters for generating the quadrature signal
(1], [8].

Employing the second-order generalized integrator (SOGI) is
one of the most popular approaches for creating the quadrature
signal [9]. The schematic diagram of a single-phase PLL with
the SOGI-based QSG can be observed in Fig. 1 [9], in which v
is the single-phase input signal, 0 is the estimated phase angle,
W, and w, are both estimations for the grid frequency, w, is
the nominal frequency, and k, and k; are the proportional and
integral gains of the proportional-integral (PI) controller, respec-
tively. This PLL structure is often referred to as the SOGI-PLL.
The reported results demonstrate that a well-tuned SOGI-PLL
can achieve a rather fast dynamic response and an acceptable
harmonic filtering capability [8].

Recently, some attempts for enhancing the speed/accuracy
tradeoff of the standard SOGI-PLL have been made by some
researchers [10], [11]. To be more exact, it is recommended
in [10] and [11] to remove the frequency feedback loop and
use frequency-fixed SOGI(s) (FFSOGI) in combination with
some compensation units in the PLL structure. It is claimed
that the FFSOGI-based PLLs (FFSOGI-PLLs) provide a better
performance than the standard SOGI-PLL [10], [11]. The main
aim of this letter is to provide an analysis of FFSOGI-PLLs to
highlight their real advantages and disadvantages.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2.

Schematic diagram of the FFSOGI-PLLI.
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Fig. 3. Frequency response of G, (s) and G 3 (s) for k = 1.

II. OVERVIEW OF FFSOGI-PLLS
A. First Topology

The first possible method for implementing the FFSOGI-PLL
can be observed in Fig. 2 [10]. This structure, which is called the
FFSOGI-PLL1, uses an FFSOGI-QSG in its input. The output
signals of this FFSOGI-QSG can be described in the s-domain
as

Ga(s)

—_—~
kw, s

82 4 kw, s + w?

v(s) (1)

Ve (8) =

G;i (5)
—N—
kw?

z v(s). (2)

v3(s) = ——mL——
5(5) §? + kwy s + w2

Fig. 3 illustrates the frequency response of G,, (s) and Gg(s)
for k = 1. It can be observed that G, (s) and G3(s) keep their
90° phase difference under nominal and off-nominal grid fre-
quencies. It implies that the outputs of the FFSOGI-QSG, i.e.,
v, and vg, are always orthogonal. These signals, however, are
not in-phase and quadrature-phase with the single-phase input
signal v under off-nominal frequencies. This issue results in a
phase offset error in the PLL output. In the presence of small
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Fig. 4. Derived small-signal model for the FFSOGI-PLL1 in [10].
frequency drifts, this error is equal to
LG (ju) o — 22— 3)
a(Jwg) = ————.
kwnw,g

To correct this error, /G, (jw,) can be calculated using the
frequency estimated by the PLL' and added (with an opposite
sign) to its output [10]. It is worth noting that this idea (i.e.,
adding a phase-offset error compensator in the PLL output) has
been widely used in designing different PLLs [12], [13].

On the other hand, it is clear from (4) and (5) that the output
signals of the FFSOGI-QSG may not have the same amplitude
under frequency drifts

G ()| = et @)
\/(O‘)IQL —w)" + (Kuwnwg)?
2
kc: . )
\/(w,% - wg) + (kwpwy)

This fact is also noticeable from Fig. 3. This amplitude differ-
ence results in double-frequency oscillations in the estimated
phase and frequency. To correct this difference, it is suggested
in [10] to multiply the signal vs by @&, /wy, or w,/w,, where

|GJ3(J.W.(1)| =

wy and &)g, as mentioned before, are estimations for the grid
frequency. It is worth mentioning that a similar idea, but for a
different QSG method, has already been proposed in [14].

Fig. 4 shows the model derived for the FFSOGI-PLL1 in
[10], in which V' is the grid voltage amplitude. Dynamics of
the phase error compensator is neglected in this model. The
theoretical analyses and the tuning procedure conducted in [10]
are based on this model.

!"The voltage-controlled oscillator input and the PI controller integrator output
both provide estimations for the grid frequency. The latter one offers a higher
filtering capability and, therefore, it is considered as the input signal of the phase
error compensator in this letter.
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Fig. 5.

Schematic diagram of the DE-PLL [11].

B. Second Topology

Fig. 5 illustrates the schematic diagram of a PLL called the
derivative elements-based PLL (DE-PLL) [11]. Equations (6)
and (7) describe the characteristic transfer functions of the DE

Gi(s)

—_——

2
Wy, S

% 4 kw, s + w?

G2 (S)

v(s) (6)

vi(s) =

2

n v(8s). 7

va(s) = 82 + kwy, s + w?

Comparing these equations with the characteristic transfer func-
tions of the FFSOGI-QSG, i.e., (1) and (2), indicates that
G1(s) =w, Gy (s)/k and Ga(s) = Gs(s)/k. Based on this
fact, it is immediate to conclude that the DE-PLL is equiva-
lent to the structure shown in Fig. 6, in which k, = (w, /k*)k,
and k! = (w, /k*)k;. Fig. 7 verifies this equivalence numer-
ically. From now on, the structure shown in Fig. 6 is called
the FFSOGI-PLL2. Restructuring the DE-PLL as the FFSOGI-
PLL2 makes its understanding and its small-signal modeling
easier.

In the FFSOGI-PLL2, as shown, only one trigonometric func-
tion is used and the second trigonometric function is created by
using an FFSOGI-QSG. In this way, the same level of amplitude
difference existing between v, and vg under frequency drifts is
created between v. and vs. On the other hand, the same phase
difference existing between v and v,, under off-nominal frequen-
cies is generated between v and v., and the same nonorthogo-
nality existing between v and vg is created between v and v;.
In this way, some errors caused by the first FEFSOGI-QSG in
the PLL input are canaled by the second FFSOGI-QSG in the
feedback path.

Fig. 8 shows the model derived for the FFSOGI-PLL2 (DE-
PLL) in [11]. In this model, which is used for the tuning proce-
dure and theoretical analyses in [11], dynamics of the FFSOGI-
QSGs have been neglected.

III. ANALYSIS OF THE FFSOGI-PLL1

A. Small-Signal Modeling

The model derived for the FFSOGI-PLL1 in [10] (see Fig. 4)
does not take into account the dynamics of the output phase error
compensator and, therefore, it is not accurate. Here, to achieve
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a more precise model, the phase error compensator is linearized
and added to the model output.
Defining w, = w,, + Aw, and substituting it into (3) gives

2 2 2
Wy + Awg + 2w, Awy — w;;

£Ga(jwg) ~ kw2 + kw, Aw,

2
R ——Aw, =

o —Tp Awy. (8)

Based on (8), Fig. 2, and Fig. 4, the accurate model of the
FFSOGI-PLLI1 can be obtained as shown in Fig. 9.

B. Parameter Tuning

The first design parameter is the constant % in the FFSOGI-
QSG in the input of the FEFSOGI-PLLI. As there is no feedback
coupling between this FFSOGI-QSG and the rest of the system,
tuning k£ and other parameters (the proportional and integral
gains k, and k;) can be made separately. It is probably the main
advantage of the FFSOGI-PLLI1 over the standard SOGI-PLL.

From the characteristic transfer functions of the FFSOGI-
QSG, i.e., (1) and (2), itis clear that k = /2 is corresponding to
a damping factor of 1/ /2 and, therefore, it results in an optimal
tradeoff between the settling time and overshoot of the FFSOGI-
QSG during transients [15]. Hence, this value is selected here.

From Fig. 9, the closed-loop transfer function of the FFSOGI-
PLLI can be derived as

CAd(s) 1
OAd(s) T+l

V(kp + Tpki) S + Vkl
2+ Vk,s + VEk;

G(:l (8) (9)
By defining k, = 2¢w!,/V and k; = (w/,)*/V, where ¢ and
w! are the damping factor and natural frequency, respectively,
and choosing proper values for ¢ and w/,, the FFSOGI-PLLI
proportional and integral gains can be determined. Here, ( =
1/+/2 (which is corresponding to an optimum damping factor)
and w], = 2m18 rad/s are chosen. These selections resultin k, =
159.9 and k; = 12791. In obtaining these values, V = 1 p.u. is
assumed.

C. Comparison With the Standard SOGI-PLL

In the standard SOGI-PLL, there is a feedback coupling be-
tween the SOGI-QSG and the rest of the system. Based on this
fact and the small-signal model of the standard SOGI-PLL (see
[8, Fig. 6]), it can be concluded that the parameter & in the SOGI-
PLL should be as large as possible to achieve a fast dynamic
response. In [8], a value around 2 is recommended. Therefore,
k = 21is selected here. The proportional and integral gains of the
standard SOGI-PLL can now be selected using the symmetrical
optimum method, as suggested in [8]. The obtained values are
k, =130.1 and k; = 7014.

To ensure that the condition of comparison is fair, the closed-
loop frequency response of the FFSOGI-PLL1 and the stan-
dard SOGI-PLL are compared in Fig. 10. These frequency re-
sponses are obtained using the closed-loop transfer function of
the FFSOGI-PLLI1 [i.e., (9)] and that of the standard SOGI-
PLL, which can be found in [8]. As can be seen in Fig. 10,
both PLLs have almost the same closed-loop bandwidth, which
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Fig. 7. Numerical performance comparison between the DE-PLL and

FFSOGI-PLL2 under a +2 Hz frequency jump and a 4+20° phase jump. DE-PLL
Parameters: k = 2, k, = 1.657, k; = 89.3. FFSOGI-PLL2 parameters: k = 2,
kj, = (wn /k?)kp = 130.1, and k} = (w, /k?*)k; = 7014.

Fig. 8. Derived small-signal model for the FESOGI-PLL2 (DE-PLL) in [11].

Fig. 9.

Accurate small-signal model of the FFSOGI-PLLI1.

Schematic diagram of the FESOGI-PLL2. This structure, as far as the phase/frequency estimation is concerned, is mathematically equivalent to the
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Fig. 10.  Closed-loop frequency response of the FFSOGI-PLLI and the stan-
dard SOGI-PLL.

implies the selected control parameters ensure a fair condition
for the comparison.
Three tests are defined:
1) Test 1: a frequency jump of 42 Hz in the grid voltage
happens;
2) Test 2: the grid voltage is distorted with low-order har-
monics, the total harmonic distortion of the grid voltage
in this test is around 8.25%;
3) Test 3: the grid voltage contains a 0.05 p.u. dc component.
The obtained results are shown in Fig. 11. These results have
been obtained using the dSPACE 1006 platform. The sampling
frequency is 10 kHz throughout the experimental studies. As can
be seen in Fig. 11(a) and (b), the FFSOGI-PLL1 and the standard
SOGI-PLL have a close dynamic response and harmonic filter-
ing capability (the harmonic rejection of the standard SOGI-PLL
is slightly better). However, from the dc offset rejection point of
view, the FFSOGI-PLL1 offers a better performance. The rea-
son is that the damping factor & in the FFSOGI-PLL1 is smaller
than that in the standard SOGI-PLL. For more details, refer to
[16] and [17].
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Fig. 11.  Performance comparison between the FFSOGI-PLLI1 and standard
SOGI-PLL under: (a) test 1, (b) test 2, and (c) test 3.

IV. ANALYSIS OF THE FFSOGI-PLL2 (DE-PLL)
A. Small-Signal Modeling

In the modeling of the FFSOGI-PLL2 (DE-PLL) in [11],
dynamics of the FFSOGI-QSGs are neglected. In what follows,
a more accurate modeling of the FFSOGI-PLL2 is presented.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

Assume that the single-phase input signal of the FFSOGI-
PLL2 is

v(t) =V cos (wyt)
g

(10)

where V, 6, and w, denote the amplitude, phase angle, and
angular frequency, respectively.

Considering (1), (2), and (10), and assuming that k& < 2, the
output signals of the first FEFSOGI-QSG in the FFSOGI-PLL?2,
i.e., v, and vg, can be expressed as

va(t) = VAs, cos (VI=R2/Aw,t + pa, ) e F

+VA,, cos(6+ )

0
—~

v(t) = VAg sin( 1— k2 [Aw,t +¢3, )e_“z#

+ V Ag, sin(0 + ¢)

an

(12)

where A, Aq,, As,, As,s @a,» P8, and  are all functions
of k, wy,, and w,. The definition of these parameters is not
presented as it does not matter in the modeling procedure. The
only required information is that A, and Ag, are equal to (close
to) one when wj, is equal to (close to) w, .

Under a quasi-locked state, the output signals of the second
FFSOGI-QSG in the FFSOGI-PLL2, i.e., v. and v,, can be
approximated by

ve(t) = Aq, cos (0 + va,) e H + A, cos(é +¢) (13)

_kwnt

Vs (t) ~ Aﬂl sin (ek + ¢s, ) e 2

+ Ag, sin(@ + ). (14)

Using (11)—(14), the signal v, (the PI controller input signal)
in the FFSOGI-PLL2 can be expressed as

vy (t) =

RV |—Aq, Ap, sin(d + @) cos(6 + @)

= s (t)va () + ve(t)vs (2)

_kwnt

— Ay, A, Sin(é +¢)cos (0 + @a, ) e

_kwnt

— An, Ag, cos(0 + @) sin (0 + @p, ) e 2

_ Aa[ A[jl COSs (ek + ﬁp(y] ) Sin (Hk + QOﬂ] ) e*kwnt

+ An, Ag, sin(0 + ©) cos(0 + )

_hwnt

+ Ay, Ag, sin(f + @) cos (0 + ¢a, ) €

kwnt

+ An, Ap, cos(é + @) sin (0 + pp, ) e 2

+A,, Ag, cos (0, + @q, ) sin (0 + @p, ) e ]
5)
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Fig. 12.

Accurate model of the FFSOGI-PLL2.
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Fig. 13.  Accuracy assessment of the model shown in Fig. 12. Parameters:
k=2, k, = 130.1,and k] = 7014.

Using basic trigonometric identities and applying some simple
mathematical manipulations to (15) gives

o ~(AO—AD)
—_——" PR

vy(t) =V Ay, Ag, sin(6 — 0)

+V {Aal Ag, {sin(ﬂ +p) — sin(é + <p)} cos (0 + ©a,)

nt

—A,, Ag, {cos(@ + ) — cos(é + go)} sin (0 + @3, )] e~

(16)

According to (16), the oscillatory terms decay to zero with a
time constant 7, = 2/(kw, ) and v, converges to V (Af — Af).
Therefore, dynamics of the signal v, in the Laplace domain can
be approximated by

1

) =V
p

[AO(s) — AG(s)].

a7

Based on (17) and the structure of the FEFSOGI-PLL2 (see
Fig. 6), the model shown in Fig. 12 can be derived for the
FFSOGI-PLL2. Notice that, in obtaining this model, & < 2 was
assumed. Despite this fact, it can be proved that this model is
also accurate outside this range, i.e., when k is equal to (or very
slightly larger than) 2.

The model of the FFSOGI-PLL2 is exactly the same as
that of the standard SOGI-PLL (see [8, Fig. 6]). It means
that the FFSOGI-PLL2 and the standard SOGI-PLL (as far as
the frequency/phase estimation is concerned) are equivalent
systems, at least from the small-signal point of view. This
equivalence also implies that the same tuning procedure as that
of the standard SOGI-PLL is applicable to the FEFSOGI-PLL2.
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Fig. 14.  Performance comparison between the FFSOGI-PLL2 and standard
SOGI-PLL under: (a) test 1, (b) test 2, and (c) test 3.

The tuning procedure of the standard SOGI-PLL has been
already discussed in detail in [8]. Hence, it is not repeated here.

The accuracy assessment of the model illustrated in Fig. 12
is carried out using a +2-Hz frequency jump test. The obtained
results, which are shown in Fig. 13, demonstrate that the model
is quite accurate.
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B. Comparison With the Standard SOGI-PLL

The same tests used in Section III-C are considered here.
The control parameters of the standard SOGI-PLL are also the
same as before, i.e., k =2, k, = 130.1, and k; = 7014. As
the FFSOGI-PLL2 and the standard SOGI-PLL have identical
models, then the same parameters as those of the standard SOGI-
PLL are used for the FFSOGI-PLL2. The obtained results are
shown in Fig. 14. It can be observed that the FFSOGI-PLL2
and the standard SOGI-PLL have almost identical results which
confirm their equivalence.

V. CONCLUSION

In this letter, the accurate modeling of two FFSOGI-PLLs
was presented. These models make finding a fair condition of
comparison with the standard SOGI-PLL possible. A perfor-
mance comparison between these FFSOGI-PLLs and the stan-
dard SOGI-PLL under a fair condition was then conducted. The
theoretical and experimental findings prove that the FFSOGI-
PLL2 and the standard SOGI-PLL (as far as the frequency/phase
estimation is concerned) are practically equivalent. Regarding
the FESOGI-PLLI, the experimental results demonstrate no ad-
vantage over the standard SOGI-PLL from the dynamic re-
sponse and harmonic filtering capability points of view. From
the perspective of the dc-offset rejection ability, nevertheless,
the FFSOGI-PLL1 offers a better performance. Although not
shown in this letter to save the space, it should be mentioned
here that the FFSOGI-PLL1 and FFSOGI-PLL2 (DE-PLL), con-
trary to the standard SOGI-PLL, cannot accurately estimate the
grid voltage amplitude under off-nominal frequencies.
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