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Abstract—Control design of advanced grid synchronization sys-
tems is complex as they are often adaptive nonlinear feedback
systems with one or more filtering networks and feedback loops
in their structure. This article intends to contribute to addressing
this issue. It is shown that the phase or frequency estimation loop
of many advanced grid synchronization systems, including 3φ
and 1φ phase-locked loops and frequency-locked loops equipped
with in-loop filters and prefilters, can be well-approximated by a
standard type-2 control system in the low-frequency range and an
extension of the symmetrical optimum (SO) approach could be used
to efficiently tune their control parameters. To better understand
all this, an overview of the SO method and its extended version is
provided and several case studies are presented. The limitations of
this design approach and possible solutions are also discussed.

Index Terms—Control tuning, frequency-locked loops (FLLs),
linear modeling, linear time invariant (LTI) model, linear time-
periodic (LTP) model, phase-locked loops (PLLs), symmetrical
optimum method, synchronization systems.

I. GRID SYNCHRONIZATION SYSTEMS

THERE are several ways to implement a synchronization
system for a grid-tied power converter. A conventional
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method is using the synchronous reference frame phase-locked
loop (SRF-PLL). The SRF-PLL, however, has limited perfor-
mance under adverse grid scenarios as it cannot efficiently filter
grid voltage disturbances. Numerous advanced PLLs have been
developed as solutions to this problem in the literature [1], [2].
These PLLs are often designed by including different filters in
the SRF-PLL structure. An alternative way is using other design
concepts in the implementation of the grid synchronization
system. For instance, the frequency-locked loop (FLL) concept
has received much attention recently [3], [4], [5], [6], [7], [8],
[9], [10]. A grid synchronization FLL can be understood as
an adaptive complex filter centered at the fundamental grid
frequency that uses an observer to estimate the grid frequency
and adapt this filter to grid frequency changes. Interested readers
are referred to [1], [2], [3], [4] for detailed information about
basic and advanced PLLs and FLLs.

The nonlinear complex structure of advanced PLLs and FLLs,
which often includes one or more adaptive filtering networks
and feedback loops, makes their control tuning complicated.
To address this difficulty, some methods have been proposed in
the literature. A particularly interesting method is the extended
symmetrical optimum (ESO) method, which ensures a maxi-
mum phase margin (PM) for the grid synchronization system
(see Section II). For instance, in [11], the application of the ESO
method to design the control parameters of a standard PLL with
an in-loop moving-average filter (MAF) is presented. In [12], a
similar work but for a chain of second-order notch filters (NFs)
as the PLL’s in-loop filter (IF) is presented.

The application of the ESO tuning method seems to be mostly
limited to some particular PLLs, especially PLLs with an IF.
This article mainly aims to show that this efficient tuning rule
is broadly applicable to a wide variety of advanced PLLs and
FLLs. The key idea is that one may mathematically represent
many advanced grid synchronization systems as a PLL with
an IF and then apply the ESO tuning rule for designing their
control parameters. To clarify this idea, several case studies are
presented and discussed. It needs to be emphasized here that the
scope of application of this article is limited to grid-tied power
converters, where the grid synchronization system often needs
to have a low bandwidth (typically, lower than the fundamental
frequency) to ensure a satisfactory performance in terms of
stability and noise immunity.
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Fig. 1. A standard type-2 control system.

The rest of this article is organized as follows. In Section II, the
ESO method is briefly explained and a review of its application
to design the control parameters of a 3φ PLL with an IF is
presented. In Section III, it is demonstrated that the ESO tuning
method is broadly applicable to design the control parameters
of 3φ PLLs with a prefilter (PF). In Sections IV, V, and VI,
the control design of 1φ PLLs, type-3 grid synchronization
systems, and FLLs using the ESO tuning rule is discussed,
respectively. In Sections VII and VIII, some limitations of the
ESO tuning rule are discussed and some possible solutions are
proposed. Section IX will discuss control design considerations
in a weak grid scenario, as well as in applications where a
low-sampling frequency or a high control bandwidth is desired.
Finally, Section X concludes this article.

II. ESO METHOD AND ITS APPLICATION FOR CONTROL

TUNING OF 3φ PLLS WITH AN IF

A. Overview of ESO Method

In 1958, Kessler [13], [14] developed the SO method for
tuning control parameters of type-2 control systems, i.e., con-
trol systems with two open-loop poles at the origin. The key
idea behind the SO method is to set the control parameters in
a way that will ensure the magnitude-frequency response of
the closed-loop transfer function (TF), Gcl(s), is as close to
one as possible at low frequencies. Mathematically, this idea
corresponds to make Gcl(0) = 1 and dn|Gcl(jω)|

dωn = 0 at ω = 0
for as many n as possible [15].

To better understand the properties of the SO tuning rule,
consider Fig. 1, which shows a simple type-2 control system.
The open- and closed-loop TFs of this control system are

Gol(s) =
y(s)

e(s)
=

k(s+ ωz)

s2(s+ ωp)
(1)

Gcl(s) =
y(s)

u(s)
=

k(s+ ωz)

s3 + ωps2 + ks+ kωz
(2)

where, ωz and ωp are the corner frequencies and k is a constant.
After some calculations, we get

|Gcl(jω)|= k
√
ω2 + ω2

z√
ω6 + (ω2

p − 2k)ω4 + (k2 − 2kωpωz)ω2 + k2ω2
z

.

(3)
Because of the zero in the numerator, the magnitude of the
closed-loop TF cannot be made maximally flat at ω = 0. How-
ever, if the parameters are selected such that the coefficients ofω2

and ω4 in the denominator (3) become zero [see (4)], |Gcl(jω)|

Fig. 2. Bode diagram of the open-loop TF (1). The control parameters are
selected according to (4). The frequency axis is normalized with respect to the
gain crossover frequency ωc.

becomes as close to one as possible at low frequencies

k = 2ω2
c

ωp = 2ωc

ωz = ωc/2 (4)

The abovementioned tuning rule results in some properties
that are summarized as follows.

1) The open-loop frequency response is symmetrical around
the gain crossover frequency ωc. Fig. 2, which shows the
Bode plot of the open-loop TF (1), clearly shows this
symmetry. Note that the name symmetrical optimum is
motivated by this symmetry.

2) The gain crossover frequency occurs at the geometric
mean of the corner frequencies, i.e., ωc =

√
ωzωp.

3) The PM is independent of ωc and fixed at about 37◦.
The achieved PM is relatively low, causing a large step re-

sponse overshoot, around 43%. To deal with this problem, a
modification of the SO tuning rule, called the ESO method,
is suggested in [16]. The ESO method, similar to the SO
method, maintains the symmetry of open-loop frequency re-
sponse around ωc by setting ωc =

√
ωzωp. The difference is
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Fig. 3. (a) Standard 3φ PLL with an IF. (b) Its LTI model.

that the corner frequencies ωz and ωp may be moved to lower
and higher frequency regions, respectively, to increase the PM.
If we assume that ωp = b2ωz , where b is a design constant, the
ESO tuning rule is expressed as

k = bω2
c

ωp = bωc

ωz = ωc/b. (5)

Note that the SO tuning rule in (4) is a special case of the ESO
rule with b = 2. A striking feature of the ESO tuning rule is that
it makes the PM a function of the design constant b, as shown
in the following:

PM = tan−1

(
b2 − 1

2b

)
. (6)

Therefore, by designing the constant b appropriately, one may
increase the PM and reduce the step-response overshoot. For
instance, selecting b = 1 +

√
2 and b = 2 +

√
3, which are cor-

responding to PM = 45◦ and PM = 60◦, respectively, reduces
the step-response overshoot to around 34% and 19%, respec-
tively.

Sometimes, due to some constraints and/or design consider-
ations, the corner frequency ωp is already fixed. In such cases,
the ESO tuning rule in (5) can be rewritten as

k = ω2
p/b

ωz = ωp/b
2. (7)

B. Control Tuning of a Standard 3φ PLL With an IF

A large number of advanced 3φ PLLs include a standard
SRF-PLL and an IF [1], [17], [18]. Fig. 3(a) shows a general
structure of such PLLs. In this structure, the 3φ input signal
vabc is first transferred to the dq frame and passed through an IF
to block/attenuate disturbance components. Then, an amplitude
normalization is used to mitigate the impact of variations in the

grid voltage amplitude on the PLL stability/dynamic behavior.
Other elements in the PLL include a proportional-integral (PI)
controller and an integrator, which represent the PLL loop filter
and voltage-controlled oscillator, respectively.

Based on the guidelines provided in [1], one can linearize
the PLL in Fig. 3(a) and obtain a linear time-invariant (LTI)
model, as shown in Fig. 3(b), where the prefix Δ denotes a small
perturbation. The resulting model is a two-inputs-two-outputs
(TITO) system. Therefore, it has two PMs and two gain margins
(GMs), which are determined by the open-loop transfer matrix
as follows:

[
ΔV̂1(s)

Δθ̂1(s)

]
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

G
V1
ol (s)︷ ︸︸ ︷

GIF(s)

1−GIF(s)
0

0 GIF(s)
kps+ ki

s2︸ ︷︷ ︸
G

θ1
ol (s)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

×
[
ΔV1(s)−ΔV̂1(s)

Δθ1(s)−Δθ̂1(s)

]
. (8)

Fortunately, the PM and GM of the amplitude estimation loop
are almost always greater than those of the phase estimation
loop (PEL). Therefore, in designing control parameters, one just
needs to ensure that the PEL has a good stability margin.

A key element in the open-loop TF Gθ1
ol (s) is GIF(s), which

can be an n-order infinite-impulse-response (IIR) low-pass filter
(LPF) [19], a chain of second-order IIR NFs [12], [20], a chain of
dq-frame delayed signal cancellation (dqDSC) operators [18],
[21], and a moving average filter (MAF) [11], [22], just to
mention a few. The TFs of these filters are given in Table I.
The interesting point is that all these filters are approximated
well in low frequencies by a first-order TF as GIF(s) ≈ 1

τs+1
(see Table I). Note that to find this approximation, one or more
of the following steps may need to be performed.

1) Neglect the second- and higher order frequency terms.
2) Replace delay terms with their first-order Padé approxi-

mation.
3) Approximate the product of first-order lag filters with time

constants τi (i = 1, 2, . . . ,m) with a first-order lag filter
with the time constant

∑m
i=1 τi.

Once the first-order approximation of the IF is obtained,
Gθ1

ol (s) can be rewritten as

Gθ1
ol (s) ≈

1

τs+ 1

kps+ ki
s2

=

k︷ ︸︸ ︷
(kp/τ)(s+

ωz︷ ︸︸ ︷
ki/kp)

s2(s+ 1/τ︸︷︷︸
ωp

)
. (9)

The abovementioned TF is the same as (1). Therefore, the ESO
tuning rule is applicable to design the control parameters. Note
that the control parameter(s) of an IF often need(s) to be selected
before tuning the PI gains kp and ki. The main criteria for
this selection are the concerned disturbance components and
the range of grid frequency variations (in the case that the IF
is not frequency adaptive). A predesigned IF means that the
time constant τ (and therefore ωp) in (9) is already fixed and
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TABLE I
DESIGNING THE CONTROL PARAMETERS OF A STANDARD 3φ PLL EQUIPPED WITH AN IF BASED ON THE ESO TUNING RULE

the ESO tuning rule in (7) may be deployed. Applying this
tuning rule determines the PLL’s proportional and integral gains
kp and ki as

k =
kp

τ = 1
bτ2

ωz = ki

kp
= 1

b2τ

⇒ kp = 1
bτ

ki =
1

b3τ2 .
(10)

Provided that the time-constant τ is already fixed, the de-
sign constant b is the only degree of freedom in designing
kp and ki. Recall that b determines the PM [see (6)]. There-
fore, one may determine kp and ki by choosing an appropri-
ate PM for the PLL’s PEL. PM = 45◦, which corresponds to
b = 1 +

√
2, is suitable here because it results in an optimum

damping factor 1/
√
2 for the closed-loop complex-conjugate

poles of the PEL of the PLL. If a more damped dynamic
response is needed, a larger value for the design constant b
(for instance, b = 2 +

√
3, corresponding toPM = 60◦) may be

chosen.
In summary, the following step-by-step procedure for tuning

the control parameters of a 3φ PLL equipped with an IF is
suggested.

1) Design the control parameter(s) of the specified IF based
on the required level of noise immunity.

2) Approximate the IF’s TF in the low-frequency range by
a first-order TF as GIF(s) ≈ 1

τs+1 (see Table I for some
examples).

3) Apply the ESO tuning rule and select the proportional
and integral gains as kp = 1

bτ and ki =
1

b3τ2 [see (10) and
Table I].

4) Select the design constant b based on the required PM [see
(6)].

5) Calculate the proportional and integral gains according to
the definitions in step 3.

6) Test the PLL numerically to ensure its performance is
satisfactory. If the performance is not satisfactory return
to step 1 and redesign the IF. For instance if the dynamic
response is slow, try to increase the IF’s bandwidth or

consider other types of IF (if possible), and if the noise
immunity is not satisfactory, try to reduce the IF’s band-
width or increase its attenuation around the concerned
frequencies.

To gain a better understanding of the abovementioned proce-
dure, several design examples are presented in Table II. Note that
b = 1 +

√
2, which corresponds to PM = 45◦, is considered.

Fig. 4(a)–(c) show that the Bode plots of the IFs designed
in Table II and their first-order approximations. It is observed
that they have a close frequency response in the low-frequency
range. In Fig. 5(a)–(c), the open-loop Bode plots of the PEL of
the designed PLLs in Table II are observed. These plots indicate
that the PM of the designed PLLs is very close to the targeted
one, i.e., PM = 45◦. Note that the small difference between
the achieved and targeted PMs is due to using the first-order
approximation of the IF in the design procedure.

In Fig. 6(a), a comparison between the designed PLLs under
a phase jump test is shown. Note that all PLLs have almost
the same phase overshoot (around 36%) as they have almost
the same PM. However, they have different speeds of response.
The reason is that they have different IFs with different low-
frequency phase delays and, therefore, different bandwidths.
For instance, the PLL designed for Scenario 3 has the slowest
dynamic response as its IF (i.e., MAF with Tw = 0.02 s) causes
more phase delay compared to other IFs.

In Fig. 6(b), a comparison between the designed PLLs under
an adverse grid condition (Scenario 1 in Table II) is shown. In
this test, the grid frequency is fixed at 45 Hz, and the magnitude
of all harmonics is 5%. It is observed that the PLLs designed
for Scenario 1 and 3 have the worst and best performance,
respectively, as they have the highest and lowest bandwidths.

An important question arises here: Is the ESO tuning rule
applicable to other grid synchronization systems, e.g., other
families of PLLs or FLL-based grid synchronization systems?
The short answer is: Yes, but a problem transformation may be
required. The problem transformation method suggests that a
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Fig. 4. Comparison of the frequency response of the IFs selected for (a) Scenario 1, (b) Scenario 2, and (c) Scenario 3 in Table II with their first-order counterparts.

Fig. 5. Open-loop Bode plots of the PEL of the PLLs designed for (a) Scenario 1, (b) Scenario 2, and (c) Scenario 3 in Table II.

Fig. 6. Comparison of the PLLs designed for scenarios 1, 2, and 3 under (a) 40◦ phase jump test and (b) an imbalanced and harmonically distorted grid condition.
These results are obtained using a dSPACE platform. vabc is generated internally in the dSPACE.
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TABLE II
DESIGN EXAMPLES

problem that may not be solved easily and/or directly can be
transformed into a problem that we know how to solve. The
same idea is adopted in this article. We try to transform different
grid synchronization systems to the form of a PLL with an IF,
and then apply the ESO tuning rule.

III. 3φ PLLS EQUIPPED WITH A PF

Many advanced PLLs are basically consisted of a standard
SRF-PLL and a PF [23], [24], [25]. Fig. 7(a) shows a typical
structure of such PLLs. In this structure, the PF has the respon-
sibility of filtering disturbance components before the SRF-PLL
input and extracting the fundamental positive-sequence compo-
nent of the grid voltage. The phase, frequency, and amplitude
of this component are then estimated by the SRF-PLL. To adapt
the PF to variations in the grid frequency, it is often necessary
to feed back the SRF-PLL output frequency to the PF.

A. Tuning

The input–output relation of the PF in Fig. 7(a) may be
described in the time domain as

v̂α,1 + jv̂β,1︸ ︷︷ ︸
v̂αβ,1

= GPF(ρ) [vα + jvβ ]︸ ︷︷ ︸
vαβ

(11)

where, ρ = d/dt and GPF(ρ) is a complex time-domain oper-
ator. Note that ρ corresponds to the Laplace operator s in the
frequency domain if the PF is LTI.

Based on Fig. 7(a), we get

v̄d + jv̄q︸ ︷︷ ︸
v̄dq

= e−jθ̂1 v̂αβ,1 = e−jθ̂1GPF(ρ)vαβ

= e−jθ̂1GPF(ρ)e
jθ̂1 (vd + jvq)︸ ︷︷ ︸

vdq=e−jθ̂1vαβ

= GPF(ρ+ jω̂1)︸ ︷︷ ︸
GIF(ρ)

vdq. (12)

The abovementioned relation demonstrates that the PLL in
Fig. 7(a) is mathematically equivalent to a PLL with the IF
GIF(ρ) = GPF(ρ+ jω̂1), as shown in Fig. 7(b) [26].

By breaking GIF(ρ) into its real and imaginary parts, i.e.,
GIF(ρ) = Gr(ρ) + jGi(ρ), Fig. 7(b) can be represented as

Fig. 7. (a) Standard 3φ PLL with a PF, and (b) its IF-form equivalent.
(c) Alternative representation, which is obtained by breakingGIF(ρ) into its real
and imaginary parts. (d) Simplified IF-form version. ρ = d/dt. This operator
corresponds to the Laplace operator s in the frequency domain if we are dealing
with LTI systems.

Fig. 7(c). Note that the imaginary part Gi(ρ) causes a cross-
coupling between the d- and q-axis. This coupling often has a
negligible effect at low frequencies. By neglecting this coupling
and linearizing the nonlinearity caused by the frequency feed-
back loop, Fig. 7(c) can be simplified, as shown in Fig. 7(d), in
which Ḡr denotes the linearized version of Gr. This structure is
the same as Fig. 3(a). Therefore, we can deploy the same pro-
cedure described in Section II-B to tune the control parameters.
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Fig. 8. (a) DSOGI-PLL. (b) Simplified IF-form counterpart of the DSOGI-PLL. k is the SOGI gain.

The proposed method for tuning the control parameters of a
3φ PLL with a PF can be summarized as follows.

1) Describe the input–output relationship of the PLL’s PF as
v̂αβ,1 = GPF(ρ)vαβ [see (11)].

2) Obtain the IF-form equivalent of the PLL, GIF(ρ) =
GPF(ρ+ jω̂1) [see Fig. 7(b)].

3) Break GIF(ρ) into its real and imaginary parts, i.e.,
GIF(ρ) = Gr(ρ) + jGi(ρ), neglect the imaginary part
Gi(ρ), and linearize possible nonlinearities caused by the
frequency feedback loop in the real part Gr(ρ).

4) Follow the ESO-based method presented in Section II-B
for tuning the control parameters.

To better understand the abovementioned procedure, a design
example is presented in the following.

B. Design Example

Consider the PLL in Fig. 8(a), which is known as the
dual second-order generalized integrator-based PLL (DSOGI-
PLL) [27]. Two SOGI-based quadrature signal generators
(QSGs) and a positive-negative-sequence calculator constitute
the PF of the DSOGI-PLL. Note that we have to first transform
the DSOGI-PLL to a structure similar to Fig. 7(d), and then
apply the ESO tuning rule presented in Section II-B.

The time-domain input–output relationship of the PF in
Fig. 8(a) is

v̂αβ,1 =
0.5kω̂1(ρ+ jω̂1)

ρ2 + kω̂1ρ+ ω̂2
1︸ ︷︷ ︸

GPF(ρ)

vαβ. (13)

Note that to obtain the abovementioned relationship, ˙̂ω1 ≈ 0
has been assumed. This assumption is valid for control tuning
purposes where low-frequency dynamics are concerned.

The IF-form equivalent of the abovementioned PF is

GIF(ρ)=GPF(ρ+ jω̂1)=
0.5kω̂1(ρ+ j2ω̂1)

(ρ+ jω̂1)
2+kω̂1(ρ+ jω̂1)+ω̂2

1

.

(14)

By breaking GIF(ρ) into its real and imaginary parts,
we get

GIF(ρ) = Gr(ρ) + jGi(ρ)

=
0.5kω̂1(ρ

3 + kω̂1ρ
2 + 4ω̂2

1ρ+ 2kω̂3
1)

ρ4 + 2kω̂1ρ
3 + (k2 + 4)ω̂2

1ρ
2 + 4kω̂3

1ρ+ k2ω̂4
1︸ ︷︷ ︸

D(ρ)

+ j
0.5k2ω̂3

1ρ

D(ρ)
. (15)

Because of the time-varying nature of ω̂1, which is the output
frequency of the DSOGI-PLL [see Fig. 8(a)], GIF(ρ) in (15)
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Fig. 9. Reduced-order LTI model of the DSOGI-PLL.

is nonlinear. It can be shown that this nonlinearity can be
linearized by replacing ω̂1 by its nominal value, i.e., ωn. With
this linearization and with neglecting the imaginary part Gi(ρ),
we get

GIF(s) ≈

Ḡr(s)︷ ︸︸ ︷
0.5kωn(s

3 + kωns
2 + 4ω2

ns+ 2kω3
n)

s4 + 2kωns3 + (k2 + 4)ω2
ns

2 + 4kω3
ns+ k2ω4

n

(16)

where, Ḡr denotes the linearized version of Gr.
It is shown in the Appendix A that (16) can be approximated

in the low-frequency range with

GIF(s) ≈ Ḡr(s) ≈ 1

(2/(kωn))︸ ︷︷ ︸
τ

s+ 1
. (17)

By substituting Ḡr(s) in Fig. 7(d) with (17), a simplified IF-
form representation of the DSOGI-PLL is obtained, as shown
in Fig. 8(b). If we neglect the presence of any disturbance
component in the grid voltage, Fig. 8(b) can be linearized as
shown in Fig. 9. If we apply the ESO tuning rule described in
Section II-B to this model [see (10)], we get

kp =
1

bτ
=

kωn

2b

ki =
1

b3τ2
=

k2ω2
n

4b3
. (18)

The design constant b is set to 1 +
√
2, which corresponds to

PM = 45◦. The SOGI gain k, as recommended in the liter-
ature [28], is set to k =

√
2. This value provides an optimal

damping factor 1/
√
2 for the PF in the extraction of the funda-

mental component. With these selections, we get kp = 92 and
ki = 3507.1.

Using the LTI model in Fig. 9, we get[
ΔV̂1(s)

Δθ̂1(s)

]
=

[ 1
2

kωn
s

0

0 1
2

kωn
s+1

kps+ki

s2

] [
ΔV1(s)−ΔV̂1(s)

Δθ1(s)−Δθ̂1(s)

]
(19)

which is the open-loop transfer matrix of the DSOGI-PLL. The
eigenloci of this transfer matrix are shown in Fig. 10. The PM of
the PEL, as expected, is 45◦. The PM of the amplitude estimation
loop is 90◦. Both control loops have an infinite GM. The model
in Fig. 9 and its open-loop transfer matrix in (19) also predict
that increasing the SOGI gain k and, therefore, the proportional
and integral gains kp and ki [see (18)] does not change these

Fig. 10. Eigenloci of the open-loop transfer matrix (19). Parameters: k =
√
2,

b = 1+
√
2, ωn = 2π50 rad/s, kp = kωn

2b = 92, and ki =
k2ω2

n
4b3

= 3507.1.

Fig. 11. Magnitude and phase characteristics of (14) and (17). k =
√
2.

stability margins as long as b = 1 +
√
2. The accuracy of these

predictions will be examined in detail later.
To evaluate the efficiency of the tuning method, we need

to examine the accuracy of (17) in approximating (14) in the
low-frequency range. To this end, ω̂1 = ωn is considered, which
removes the nonlinearity of (14) and makes ρ corresponding to
the Laplace operator s in the frequency domain. Fig. 11 shows
the magnitude and phase characteristics of (14) and (17). To
obtain these plots, k =

√
2 is considered. These plots verify that

(17) approximates well (14) in the low-frequency range. The
accuracy of the approximation is increased (reduced) for smaller
(larger) values of the SOGI gain k.

The abovementioned observation can be further supported
using some numerical tests. For instance, Fig. 12 provides a
comparison between the DSOGI-PLL and its simplified IF-form
counterpart in response to a 40◦ phase jump test. It is observed
that they have almost the same transient responses and, therefore,
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Fig. 12. Comparison between the DSOGI-PLL and its simplified IF-form
counterpart in response to a 40◦ phase jump test.

Fig. 13. (a) pPLL with an IF. (b) Its LTI model.

almost the same low-frequency dynamics. This observation also
suggests that the PEL of the DSOGI-PLL has achieved almost
the same PM as the targeted one, i.e., PM = 45◦. This conclu-
sion is based on this observation that the DSOGI-PLL has almost
the same step-response overshoot as its IF-form counterpart.
Recall that the PM and the step-response overshoot of a control
system are related.

IV. 1φ PLLS

A. Power-Based PLL (pPPL) With an IF

Many advanced 1φ PLLs are basically a pPLL with an IF,
as shown in Fig. 13(a) [2], [29], [30], [31]. A pPLL can be
understood as an SRF-PLL with vα = 2v and vβ = 0, where

v is the 1φ input signal. To better understand how the PLL in
Fig. 13(a) works, a simple study is presented as follows.

If we consider the input signal v as

v = V1 cos(θ1) (20)

where, V1 and θ1 denote its fundamental-frequency amplitude
and phase angle, respectively, the signals vd and vq in Fig. 13(a)
can be expressed as

vd = V1

≈1︷ ︸︸ ︷
cos(θ1 − θ̂1)+V1 cos(θ1 + θ̂1)

vq = V1 sin(θ1 − θ̂1)︸ ︷︷ ︸
≈(θ1−θ̂1)

−V1 sin(θ1 + θ̂1). (21)

It is observed that the signals vd and vq contain a dc (or quasi
dc term) and a double-frequency (disturbance) term. The IF in
Fig. 13(a) is mainly responsible to block (or at least attenuate)
these double-frequency terms. For instance, if an MAF is used as
the IF, its window length should be set to Tw = T/2 or Tw = T
to ensure the double-frequency terms are blocked, and if a chain
of IIR NFs is used as the IF, an NF with the notch frequency
at twice the grid fundamental frequency should be used in the
chain. The IF will also help to filter possible harmonics of the
grid voltage.

Using (21), an LTI model, as shown in Fig. 13(b), can be
derived for the PLL in Fig. 13(a). In this model, Dd and Dq

model the double-frequency (disturbance) terms in (21). As the
IF in Fig. 13(a) often blocks (or at least attenuates) the double-
frequency components of the signals vd and vq, their effects
can be neglected during the tuning procedure. With neglecting
Dd and Dq , Fig. 13(b) becomes the same as Fig. 3(b), that is
the LTI model of a standard 3φ PLL with an IF. Therefore, the
same tuning process presented in Section II-B can be adopted
for tuning the control parameters of a pPLL with IF.

As a design example, assume that the IF in Fig. 13(a) is a
third-order butter-worth LPF

GIF(s) =
ω3
l

s3 + 2ωls2 + 2ω2
l s+ ω3

l

(22)

where, ωl is the cutoff frequency. According to Table I, the
abovementioned TF can be approximated in the low-frequency
range by

GIF(s) ≈ 1

(2/ωl)s+ 1
. (23)

Considering the abovementioned approximation and the LTI
model in Fig. 13(b), the open-loop TF of the PEL can be obtained
as

Gθ1
ol (s) =

Δθ̂1(s)

Δθ1(s)−Δθ̂1(s)
≈ 1

(2/ωl)︸ ︷︷ ︸
τ

s+ 1

kps+ ki
s2

. (24)

The abovementioned TF is the same as (9). Therefore, according
to (10), the proportional and integral gains kp and ki can be
designed as

kp =
1

bτ
=

ωl

2b
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Fig. 14. Simulation results of a pPLL with an IF [see Fig. 13(a)] under a
20◦ phase jump test. The IF is a third-order butterworth LPF with the cutoff
frequency ωl. Three different values for ωl is considered. For each value, the
proportional and integral gains kp and ki are calculated using (25).

ki =
1

b3τ2
=

ω2
l

4b3
. (25)

Recall that the IF in a pPLL is mainly responsible to filter the
double-frequency disturbance term. Therefore, the cutoff fre-
quency ωl should be sufficiently lower than 2ωn = 2π100 rad/s.
The cutoff frequency, however, cannot be reduced too much as
it makes the dynamic response very slow. The simulation results
in Fig. 14 confirm this idea. Therefore, in selecting ωl, a tradeoff
decision between the speed of dynamic response and the filtering
of double-frequency disturbance terms needs to be made. Note
that a higher order IIR LPF or another type of IF may be used if
a satisfactory compromise cannot be reached.

B. Quadrature Signal Generation-Based PLLs

Another trend in designing advanced 1φ PLLs is to use a
QSG to virtually create an orthogonal signal from the 1φ input
signal v and use it as the β-axis input signal of the PLL [2],
[32], [33], [34], [35]. Such an orthogonal signal should have
the same amplitude as the fundamental component of the input
signal v with 90◦ phase difference. QSG-PLLs differ primarily
in how this orthogonal signal is generated. The block diagram
representation of a generic QSG-PLL is observed in Fig. 15(a).

The input–output relationship of the QSG in Fig. 15(a) can
be described as [

v̂α,1
v̂β,1

]
=

[
Gα(ρ)
Gβ(ρ)

]
v (26)

Fig. 15. (a) QSG-PLL. (b) Its alternative representation. The QSG and its
corresponding PF are mathematically described by (26) and (28), respectively.

Fig. 16. 1φ SOGI-PLL.

which corresponds to[
v̂α,1
v̂β,1

]
=

[
Gα(ρ) −Gβ(ρ)
Gβ(ρ) Gα(ρ)

] [
v
0

]
(27)

or equivalently

v̂α,1 + jv̂β,1 = 0.5 [Gα(ρ) + jGβ(ρ)]︸ ︷︷ ︸
GPF(ρ)

[2v + j0]︸ ︷︷ ︸
vα+jvβ

. (28)

The abovementioned relationship suggests that a QSG-PLL
mathematically corresponds to a standard PLL with a PF, as
shown in Fig. 15(b). Therefore, the same tuning procedure
presented in Section III is applicable to design the control
parameters of QSG-PLLs. Note that vβ = 0 means that the
two-phase input signals vα and vβ in Fig. 15(b) are imbalanced
[see (29)]

vα = 2v = 2V1 cos(θ1)
vβ = 0 ⇒

vα = V1 cos(θ1) + V1 cos(−θ1)
vβ = V1 sin(θ1)︸ ︷︷ ︸

positive seq.

+V1 sin(−θ1)︸ ︷︷ ︸
negative seq.

.

(29)

The negative-sequence component, however, is blocked in the
steady state. This conclusion is based on the fact that the two-
phase output signals of the QSG in Fig. 15(a) and, therefore
the PF in Fig. 15(b), have the same amplitude with 90◦ phase
difference. It implies that the voltage imbalance of vα and vβ in
Fig. 15(b) can be disregarded during the tuning procedure.
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To clarify the abovementioned idea, the PLL in Fig. 16, which
is a 1φ SOGI-PLL, is considered as the case study. The input–
output relationship of the QSG of this PLL can be described as

v̂α,1 =

Gα(ρ)︷ ︸︸ ︷
kω̂1ρ

ρ2 + kω̂1ρ+ ω̂2
1

v

v̂β,1 =
kω̂2

1

ρ2 + kω̂1ρ+ ω̂2
1︸ ︷︷ ︸

Gβ(ρ)

v
(30)

which corresponds to

v̂α,1 + jv̂β,1 =
0.5kω̂1(ρ+ jω̂1)

ρ2 + kω̂1ρ+ ω̂2
1︸ ︷︷ ︸

GPF(ρ)

[2v + j0]︸ ︷︷ ︸
vα+jvβ

. (31)

If the voltage imbalance of the input two-phase quantities is
disregarded, the abovementioned relationship would be the same
as the input–output relationship of the DSOGI-PLL’s PF [see
(13)]. Therefore, the control parameters of the 1φ SOGI-PLL
can be tuned using the same procedure outlined in Section III-B.
The effect of the neglected voltage imbalance can be investigated
at the end by developing a linear time-periodic (LTP) model for
the 1φ SOGI-PLL. Interested readers are referred to [36] for
detailed information about the LTP modeling of single-phase
SOGI-based grid synchronization systems.

V. TYPE-3 SYNCHRONIZATION SYSTEMS

Admittedly, type-3 synchronization systems are not as pop-
ular and common as type-2 ones. However, because of their
distinctive feature, which is the ability to track frequency ramps
with a zero phase error, many type-3 synchronization systems
based on the PLL, FLL, fixed-gain filter, and Kalman filter con-
cepts, among others, have been proposed in the literature [37],
[38], [39], [40], [41], [42]. This section mainly aims to demon-
strate that the ESO tuning rule is applicable to design the control
parameters of type-3 synchronization systems. For the sake of
brevity, just type-3 PLLs are studied here.

A. Standard Type-3 PLL (ST3-PLL)

Fig. 17(a) shows an ST3-PLL, in which ωl, kp, ki, and ka
are its control parameters. Throughout this section ωl = kp is
considered. In the following, it is shown how the ESO tuning
rule [see (5)] may be applied to design the control parameters of
the ST3-PLL. This procedure is then extended to more advanced
type-3 PLLs.

The linearized model of the ST3-PLL can be readily obtained,
as depicted in Fig. 17(b). Using this model, we get

Gθ1
ol (s) =

Δθ̂1(s)

Δθ1(s)−Δθ̂1(s)
=

kps
2 + kis+ ka

s3
(32)

which is the open-loop TF of the PEL. Obviously, the ESO tuning
rule described in Section II is not directly applicable here as it
is for control systems having an open-loop TF as (1). However,
if we consider the frequency estimation loop (FEL) instead of

Fig. 17. (a) ST3-PLL. (b) Its LTI model. ωl, kp, ki, and ka are the control
parameters.

Fig. 18. PMs of the PEL and FEL of the ST3-PLL in Fig. 17 as function of
the design constant b.

the PEL, we get

Gω1

ol (s)=
Δω̄1(s)

Δω1(s)−Δω̄1(s)
=

kis+ ka
s2(s+ kp)

=

k︷︸︸︷
ki (s+

ωz︷ ︸︸ ︷
ka/ki)

s2(s+ kp︸︷︷︸
ωp

)

(33)
which is the same as (1). Therefore, the control parameters can
be designed using the ESO tuning rule [see (5)] as

kp = ωp = bωc

ki = k = bω2
c

ka = kiωz = ω3
c .

(34)

As mentioned before [see (6)], the parameter b determines the
PM as PM = tan−1( b

2−1
2b ). Note that it is the PM of the FEL

here. A natural question arises here: what about the PM of the
PEL? It is shown in Appendix B that the PEL’s PM, such as
the FEL’s PM, is solely determined by the design constant b
[see (B-5) and (B-6) in the Appendix B]. Therefore, one should
design this parameter so that both the PEL and FEL have a good
PM. The variations of the PM of both these loops can be observed
in Fig. 18. Interestingly, the PEL has always a larger PM than
the FEL.
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Fig. 19. Variations of the 2% settling time of (a) PEL and (b) FEL of the
ST3-PLL as a function of b.

Using (B-1), the closed-loop TF of the PEL can be obtained
as

Gθ1
cl (s) =

Δθ̂1(s)

Δθ1(s)
=

bωcs
2 + bω2

cs+ ω3
c

s3 + bωcs2 + bω2
cs+ ω3

c

= bωc

(
s+ ωc

2

[
1 +

√
1− 4/b

])(
s+ ωc

2

[
1−√

1− 4/b
])

(s+ ωc)(s2 + (b− 1)ωcs+ ω2
c )

.

(35)

Based on the abovementioned TF, which has three poles and two
zeros, the following observations can be made.

1) A closed-loop pole is located at s = −ωc.
2) For two other poles, the damping factor and the natural

frequency are equal to (b− 1)/2 and ωc, respectively. It
means that b < 3 (b ≥ 3) results in a pair of complex-
conjugate (real) poles. Note that b = 3 leads to two co-
incident poles at s = −ωc, and b = 1 +

√
2 results in a

pair of complex-conjugate poles with the damping factor
1/
√
2.

3) Two zeros are complex-conjugate (real) if b < 4 (b ≥ 4).
Note that b = 4 results in two coincident zeros at s =
−ωc/2.

The abovementioned information suggests that a reasonable
range for the design constant b could be 1 +

√
2 ≤ b ≤ 4. To

make this range narrower, some investigations are conducted in
the following.

Fig. 20. Effect of the design constant b on the filtering capability of the ST3-
PLL. The grid voltage is imbalanced and without harmonic distortion.ωc = 100
rad/s is selected. For each value of b, the parameters kp ki, and ka are calculated
using (34). The sampling frequency is 10 kHz.

In Fig. 19(a), the variations of the 2% settling time of the
PEL as a function of b and ωc are observed. This settling time
denotes the time required for the phase error signal θ1 − θ̂1 to
reach and stay within the 2% tolerance band around zero after a
phase jump. As can be seen, increasing both b andωc reduces the
settling time. However, this reduction is negligible for b > 3.2
(for a given value of ωc). Therefore, b = 3.2 could be a good
choice to minimize the phase error settling time after a phase
jump. This value results in a PM equal to 55.3◦ and 72.4◦ for
the FEL and PEL of the ST3-PLL, respectively. Note that noise
immunity is an issue that prevents excessive increases in the
parameter b. To be more exact, for a given ωc, increasing the
parameter b may reduce the noise immunity of the ST3-PLL.
The numerical results in Fig. 20 confirm this fact. Note that
the magnitude of oscillatory errors at the output of the ST3-
PLL increases with increasing b. Besides, as discussed in the
following, increasing the parameter b may adversely affect the
frequency tracking speed of the ST3-PLL

Fig. 19(b) shows the variations of the 2% settling time of the
FEL as a function of b and ωc. Note that this settling time refers
to the time required for the estimated frequency ω̂1 to reach and
stay within the 2% tolerance band around the actual frequency
ω1 after a frequency jump. It is observed that, regardless of the
value of ωc, the settling time is minimized around b = 1 +

√
2.

This value leads to a PM around 45◦ and 66.4◦ for the FEL and
PEL of the ST3-PLL, respectively.

Based on the abovementioned study, 1 +
√
2 ≤ b ≤ 3.2 is

recommended for designing the control parameters of the ST3-
PLL. In this range, b = 3.2 is probably an optimum choice in
most practical scenarios because it minimizes the settling time
of the ST3-PLL after phase jumps and maximizes its PM. Note
that frequency jumps are not expected in power systems. Note
also that an increased PM results in a more smooth dynamic
response with a lower overshoot.
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Fig. 21. (a) QT2-PLL. (b) Its LTI model.

Regarding the gain crossover frequency ωc, one should note
that increasing this parameter increases the bandwidth (and
therefore the speed of response) and reduces the noise immunity.
Therefore, one has to make a tradeoff decision based on the
application requirements and priorities.

B. Advanced Type-3 PLLs

Advanced type-3 PLLs often look quite different than the
standard one in Fig. 17(a) and may be even presumed a type-2
PLL at first glance. For instance, consider the PLL in Fig. 21(a).
It is called the quasi type-2 PLL (QT2-PLL) because it looks
like a type-2 PLL, but it is actually a type-3 PLL. Deriving
the QT2-PLL is inspired by the quasi type-1 PLL (QT1-PLL)
presented in [43]. A similar PLL to the QT2-PLL, called the
ZPLL, is presented in [42].

First, we need to show that the QT2-PLL is actually a type-3
control system. To this end, the linearized model of the QT2-
PLL is needed. This model can be simply obtained, as shown in
Fig. 21(b). Using this model, the open-loop TF of the PEL can
be obtained as

Gθ1
ol (s) =

Δθ̂1c(s)

Δθ1(s)−Δθ̂1c(s)
=

GIF(s)

1−GIF(s)

s2 + k′ps+ k′i
s2

(36)
where,GIF is an IF, e.g., ann-order IIR LPF, a chain of IIR NFs, a
chain of dqDSC operators, or an MAF, among others. In Table I,
it was shown that all these filters can be well-approximated by a
first-order lag filter at low frequencies. If we substituteGIF(s) ≈

1
τs+1 in (36), we get

Gθ1
ol (s) ≈

kp︷ ︸︸ ︷
(1/τ) s2 +

ki︷ ︸︸ ︷
(k′p/τ) s+

ka︷ ︸︸ ︷
(k′i/τ)

s3
. (37)

The abovementioned equation shows that the PEL of the QT2-
PLL has three open-loop poles at the origin. Therefore, the
QT2-PLL is a type-3 PLL. Note that the abovementioned ap-
proximation is accurate in a low-frequency range. This range is
mainly determined by the bandwidth of GIF(s).

The similarity between (32) and (37) suggests that the QT2-
PLL and the ST3-PLL are equivalent in the low-frequency range
from a small-signal perspective if their control parameters meet

the following condition:

1/τ = kp
k′p/τ = ki
k′i/τ = ka.

(38)

In (34), an ESO-based rule for tuning the control parameters of
the ST3-PLL was presented. Based on this tuning rule and the
equivalence condition (38), we may obtain a rule for tuning the
control parameters of the QT2-PLL as

1/τ = bωc

k′p/τ = bω2
c

k′i/τ = ω3
c

⇒
τ = 1/(bωc)
k′p = ωc

k′i = ω2
c/b.

(39)

If due to some constraints and/or design considerations the time
constant τ is already fixed, the abovementioned tuning rule can
be rewritten as

k′p = 1
bτ

k′i =
1

b3τ2 .
(40)

1) Design Example: Assume that GIF(s) in Fig. 21(a) is an
MAF, i.e., GIF(s) =

1−e−Tws

Tws , where Tw is its window length.
Designing the MAF’s window length in PLL applications has
been well-discussed in [11]. According to [11], a good choice
is to set the window length equal to half the grid fundamental
period, i.e., Tw = 0.01 s in a 50 Hz system, as it enables the
PLL to block (or at least significantly attenuate) the grid voltage
imbalance and all odd-order harmonics of the grid voltage.

In Table I, it was shown that the MAF’s TF can be approxi-
mated as GIF(s) =

1−e−Tws

Tws ≈ 1

(Tw/2)︸ ︷︷ ︸
τ

s+1
. With the selection

Tw = 0.01 s, we get τ = Tw/2 = 0.005 s. To minimize the
phase jump settling time and ensure a high stability margin,
as discussed in the previous section, b = 3.2 is selected. With
τ = 0.005 s and b = 3.2, the proportional and integral gains of
the QT2-PLL are determined according to (40) as k′p = 62.5 and
k′i = 1220.7.

2) Comparison: In this section, a comparison between the
QT2-PLL designed in the previous section and the ST3-PLL is
carried out. The control parameters of the QT2-PLL are Tw =
0.01 s (which corresponds to τ = 0.005 s), k′p = 62.5 and k′i =
1220.7. To have a fair comparison, the control parameters of the
ST3-PLL are calculated according to (38), which gives kp =
200, ki = 12500, and ka = 244140.

In Fig. 22, the open-loop frequency response of the PEL of
the QT2-PLL and ST3-PLL is observed. Based on these plots,
the following observations are made.

a) Both PLLs have a close frequency response at low frequen-
cies. It implies that they will represent a close dynamic
behavior in response to phase jumps, frequency jumps,
frequency ramps, etc. The dynamic response of the TS3-
PLL is expected to be slightly more damped as it has a
higher PM. The numerical results in Fig. 23(a) confirm
these predictions.

b) Thanks to the action of the MAFs in its structure, which
results in notches in its frequency response, the QT2-PLL
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Fig. 22. Open-loop frequency response of the PEL of the QT2-PLL and
ST3-PLL.

offers a higher filtering capability than the ST3-PLL, espe-
cially when the grid frequency is at or close to its nominal
value. The numerical results in Fig. 23(b) support these
conclusions. Note that the MAFs used in the QT2-PLL
are nonadaptive. Therefore, they cannot completely block
the grid voltage imbalance/harmonics under off-nominal
frequencies.

3) Problematic Filters: Using some types of filters in the
QT2-PLL structure may be problematic. This section aims to
highlight this fact.

Using (36), the closed-loop TF of the PEL of the QT2-PLL
can be obtained as

Gθ1
cl (s) =

Gθ1
ol (s)

1 +Gθ1
ol (s)

=
GIF(s)

(
s2 + k′ps+ k′i

)
s2 +GIF(s)

(
k′ps+ k′i

) . (41)

In [42], a single dqDSC operator whose TF is GIF(s) =

0.5(1 + e−
T
4 s) is suggested as the IF. Bode plots of this filter

and the abovementioned closed-loop TF are observed in Fig. 24.
These plots show that the filtering capability of the QT2-PLL
relies heavily on its IF. Therefore, a poor IF design leads to poor
noise immunity for the QT2-PLL. For example, it is observed in
Fig. 24 that the designed IF makes |Gθ1

cl (jω)| = 0 dB at 200 Hz
and its integer multiples, which means the QT2-PLL cannot filter
their corresponding disturbance components.

In summary, the QT2-PLL mainly relies on its IF to filter
grid voltage disturbances. Therefore, the IF should be designed
wisely to ensure good noise immunity.

VI. FREQUENCY-LOCKED LOOPS

In the grid synchronization context, an FLL is a nonlinear
recursive filter equipped with a frequency observer to adapt it
to grid frequency changes. Similar to PLLs, advanced FLLs are
often developed by including a PF or IF into some basic FLL

Fig. 23. Numerical comparison between the QT2-PLL and ST3-PLL under
(a) a 40◦ phase jump test and (b) an imbalanced (V−1 = 0.05 p.u.) and har-
monically distorted (V−5 = V+7 = V−11 = V+13 = 0.05 p.u.) grid condition
with a +2-Hz frequency jump. The control parameters of the ST3-PLL are
kp = ωl = 200, ki = 12500, and ka = 244140. The control parameters of
the QT2-PLL are Tw = 0.01 s, k′p = 62.5, and k′i = 1220.7. The sampling
frequency is 10 kHz.

structures. For instance, Fig. 25(a) shows a basic 3φ FLL1 with
a PF and Fig. 26(a) illustrates the same FLL with an IF [5], [7],
[8], [9]. The ESO tuning rule is applicable for tuning the control
parameters of these FLLs. However, they need to be transformed
into their corresponding PLL structures first.

1It is often called the reduced-order generalized integrator-based FLL (ROGI-
FLL) or the complex band pass filter FLL (CBF-FLL) in the literature [7], [8],
[9], [10].
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Fig. 24. Bode plots of GIF(s) = 0.5(1 + e−
T
4 s) and the closed-loop TF

(41). The control gains are k′p = 165.68 and k′i = 11370.85 [42].

Fig. 25. (a) Basic 3φ FLL with PF. (b) Its PLL counterpart.

To better understand the abovementioned idea, consider the
ROGI-FLL in Fig. 27(a) and the PLLs in Fig. 27(b) and (c).
All these synchronization systems have the same governing
nonlinear differential equations (GNDEs) as [7], [8]

˙̂
θ1 = ω̄1 +

k1

V̂1

(
− sin(θ̂1)vα + cos(θ̂1)vβ

)
˙̄ω1 =

λ

V̂1

(
− sin(θ̂1)vα + cos(θ̂1)vβ

)
˙̂
V 1 = k1

(
cos(θ̂1)vα + sin(θ̂1)vβ − V̂1

)
. (42)

It implies that they are all mathematically equivalent. If we
replace the ROGI-FLL in Fig. 25(a) with its equivalent PLL

Fig. 26. (a) Basic 3φ FLL with IF. (b) and (c) Its PLL counterpart.

in Fig. 27(b), we get Fig. 25(b), which is a standard 3φ PLL
with a PF. Therefore, the same design procedure presented in
Section III can be used for tuning the control parameters.

In a similar manner, if we replace the ROGI-FLL in Fig. 26(a)
with its equivalent PLL in Fig. 27(c), we get Fig. 26(b). If we
transfer the dashed box in Fig. 26(b) to the dq frame, we get
Fig. 26(c), which is a standard 3φ PLL with an IF. Therefore,
the tuning procedure presented in Section II-B can be deployed
for tuning the control parameters.

As a case study, consider Fig. 28(a), which is a basic FLL
equipped with a first-order complex-band-pass filter (CBF) as
the IF. Considering the abovementioned discussions, the PLL
counterpart of this FLL can be readily obtained, as shown in
Fig. 28(b). From a small-signal perspective, the dq-axis cross-
coupling in the dashed box in Fig. 28(b) has a negligible effect.
Therefore, the PLL in Fig. 28(b) can be well-approximated
by that in Fig. 28(c). The LTI model of this PLL is shown in
Fig. 28(d). The open-loop TF of the PEL of this model is

Gθ1
ol (s) =

k2
s+ k2

k1s+ λ

s2
=

k︷ ︸︸ ︷
(k1k2)(s+

ωz︷︸︸︷
λ/k1)

s2(s+ k2︸︷︷︸
ωp

)
. (43)
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Fig. 27. (a) ROGI-FLL. (b) and (c) Its corresponding PLLs.

Therefore, according to the ESO tuning rule in (5), the control
parameters can be designed as

k1 = ωc

k2 = bωc

λ = ω2
c/b

(44)

VII. LIMITATIONS OF A HIGH-BANDWIDTH CONTROL DESIGN

Sometimes, the ESO tuning rule may not be as efficient as
expected. The reason is that this tuning method is often based
on a reduced-order LTI model of grid synchronization systems,
which neglects the presence of grid voltage disturbances and/or
the high-frequency dynamics of IFs or PFs. This issue may lead
to lower stability margins than promised (targeted) values or
may even cause some stability issues. An example makes this
fact easier to understand. In Section III-B, we presented (18) for
designing the control parameters of the DSOGI-PLL. Recall that
deriving (18) was based on a simplified (reduced-order) IF-form
representation of the DSOGI-PLL [see Fig. 8(b)]. Recall also
that we neglected the presence of any disturbance component in
the grid voltage during the design procedure. If we calculate kp
and ki according to (18), the reduced-order LTI model in Fig. 9

Fig. 28. (a) Basic FLL equipped with a first-order complex-band-pass filter
as the IF. (b) and (c) Its PLL counterparts. (d) Its LTI model.

predicts that the DSOGI-PLL achieves a fixed stability margin
as long as b is constant. For instance, it predicts PM1 = 45◦,
PM2 = 90◦, and GM1 = GM2 = inf if b = 1 +

√
2 is selected

(see Fig. 10). By deriving more accurate linear models for the
DSOGI-PLL, we are going to investigate how a high-bandwidth
design and/or the presence of disturbance components in the grid
voltage affects the abovementioned predictions. Throughout this
study, the proportional and integral gainskp andki are calculated
according to (18).

A. High-Bandwidth Design Without Considering Input
Disturbance Components

The exact IF-form equivalent of the DSOGI-PLL is the same
as Fig. 7(c), where Gr(ρ) and Gi(ρ) are as expressed in (15).
If we neglect the presence of disturbance components in the
grid voltage and linearize this structure, we get a full-order LTI
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Fig. 29. Full-order LTI model of the DSOGI-FLL, which is obtained by
linearizing Fig. 7(c). Vn,1 is the nominal value of the fundamental positive-
sequence component of vabc.

TABLE III
DSOGI-PLL’S STABILITY MARGINS PREDICTED BY ITS FULL-ORDER LTI

MODEL FOR DIFFERENT SETS OF CONTROL PARAMETERS

model, as shown in Fig. 29. With this model, the open-loop
transfer matrix of the DSOGI-PLL can be obtained as expressed
in (45) shown at the bottom of this page. Using (45), we may
obtain the open-loop eigenloci of the DSOGI-PLL and measure
its stability margins. For instance, Fig. 30(a) shows the open-
loop eigenloci of the DSOGI-PLL and its stability margins for
the same control parameters designed in Section III-B. Note that
we get two eigenvalue PMs (PM1 ≈ 44.4◦ andPM2 ≈ 81◦) and
two eigenvalue GMs (GM1 ≈ 18 dB and GM2 = inf) because
the LTI model of the DSOGI-PLL (see Fig. 29) is a TITO
system. These stability margins are close to those predicted
before using the reduced-order model of the DSOGI-PLL (see
Fig. 10) because a rather low-bandwidth design was considered
in Section III-B.

Now, let us increase the DSOGI-PLL’s bandwidth.
Fig. 30(b)–(d) show open-loop eigenloci of the DSOGI-PLL
for k = 2, 2.5, and 3. Note that in all these cases, b is fixed
to 1 +

√
2, and kp and ki are calculated using (18). Based on

the results in Fig. 30(b)–(d), the following observations can be
made.

1) By increasing the SOGI gain k, which corresponds to
increasing the DSOGI-PLL’s bandwidth, the stability mar-
gins are reduced (see Table III for details). This ob-
servation is not consistent with the predictions made in
Section III-B as they are based on the reduced-order
LTI model in Fig. 9, which is not very accurate at high
frequencies.

2) Roughly speaking, the reduction rate of stability mar-
gins increases with the DSOGI-PLL’s bandwidth. Fig. 31,

which shows the variation of PM1 as a function of the
SOGI gain k helps to better visualize this fact. This plot
predicts that k > 3.88 leads to a negative PM and, there-
fore, an unstable condition.

To verify the abovementioned theoretical prediction, a nu-
merical test on the DSOGI-PLL [see Fig. 8(a)] is performed
in MATLAB/Simulink environment. Initially, the SOGI gain k
is set to 3.8. At t = 0.5 s, the value of this gain is suddenly
increased to 3.9. The output frequency of the DSOGI-PLL is
shown in Fig. 32. As expected, the DSOGI-PLL is initially
stable. However, it becomes unstable after increasing the SOGI
gain k.

B. High-Bandwidth Design With Considering Input
Disturbance Components

Grid voltage disturbances were not taken into account in the
previous section. In this section, an imbalanced grid condition is
assumed and its effect on the stability margin of the DSOGI-PLL
is investigated. To this end, an LTP model of the DSOGI-PLL
is needed. Such a model can be derived by linearizing GNDEs
of the DSOGI-PLL around a periodic trajectory [44].

If we consider the αβ-axis input and output signals of the PF
of the DSOGI-PLL as (46)–(48), an LTP model, as shown in
Fig. 33 can be obtained for the DSOGI-PLL

vα(t) = V1 cos(θ1) + V−1 cos(θ−1)

vβ(t) = V1 sin(θ1) + V−1 sin(θ−1) (46)

v̂α,1(t) = V̄1 cos(θ̄1)

v̂β,1(t) = V̄1 sin(θ̄1) (47)

v̂α,−1(t) = V̄−1 cos(θ̄−1)

v̂β,−1(t) = V̄−1 sin(θ̄−1). (48)

Note that to obtain the LTP model, both the actual and esti-
mated parameters are defined as xh = xn,h +Δxh, where the
subscriptn denotes a working point, the prefixΔ denotes a small
perturbation, and the subscript h denotes the order of frequency
component. For instance, the fundamental negative-sequence
amplitude V−1 is defined as V−1 = Vn,−1 +ΔV−1.

Using the obtained LTP model, the open-loop harmonic trans-
fer function (HTF) of the DSOGI-PLL can be obtained as (49)
shown at the bottom of the next page, in which

V htf
e,1(s) = [· · · , Ve,1(s−1),Ve,1(s0),Ve,1(s+1), · · · ]T

θhtf
e,1(s) = [· · · , θe,1(s−1),θe,1(s0),θe,1(s+1), · · · ]T

V htf
e,−1(s) = [· · · , Ve,−1(s−1),Ve,−1(s0),Ve,−1(s+1), · · · ]T

θhtf
e,−1(s) = [· · · , θe,−1(s−1),θe,−1(s0),θe,−1(s+1), · · · ]T

[
ΔV̂1(s)

Δθ̂1(s)

]
=

⎡
⎣ kωn(s3+kωns

2+4ω2
ns+2kω3

n)
2s4+3ωnks3+(k2+8)ω2

ns
2+4kω3

ns
− Vn,1k

2ω3
n

2s3+3ωnks2+(k2+8)ω2
ns+4kω3

n

1
Vn,1

k2ω3
n(kps+ki)

2s5+3kωns4+(k2+8)ω2
ns

3+4kω3
ns

2

0.5kωn(2kps
3+(kpkωn+2ki)s

2+(kikωn+8kpω
2
n)s+8kiω

2
n)

2s5+3kωns4+(k2+8)ω2
ns

3+4kω3
ns

2

⎤
⎦[

ΔV1(s)−ΔV̂1(s)

Δθ1(s)−Δθ̂1(s)

]
.

(45)
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Fig. 30. Open-loop eigenloci of the DSOGI-PLL with different sets of control parameters. (a)k =
√
2. (b)k = 2. (c)k = 2.5. (d)k = 3. In all cases, b = 1+

√
2,

ωn = 2π50 rad/s, kp = kωn
2b , and ki =

k2ω2
n

4b3
[see (18)].

Fig. 31. Variations of an eigenvalue PM of the DSOGI-PLL as a function of
the SOGI gain k. The open-loop transfer matrix of the full-order LTI model
of the DSOGI-PLL is used for obtaining these results [see Fig. 29 and (45)].

Control parameters are b = 1+
√
2, kp = kωn

2b , and ki =
k2ω2

n
4b3

.

ΔV̂ htf
1 (s) = [· · · ,ΔV̂1(s−1),ΔV̂1(s0),ΔV̂1(s+1), · · · ]T

Δθ̂htf
1 (s) = [· · · ,Δθ̂1(s−1),Δθ̂1(s0),Δθ̂1(s+1), · · · ]T

ΔV̄ htf
−1 (s) = [· · · ,ΔV̄−1(s−1),ΔV̄−1(s0),ΔV̄−1(s+1), · · · ]T

Δθ̄htf
−1 (s) = [· · · ,Δθ̄−1(s−1),Δθ̄−1(s0),Δθ̄−1(s+1), · · · ]T

Ghtf
x (s) = diag(· · · , Gx(s−1),Gx(s0),Gx(s+1), · · · )

θn,1 − θn,−1 = (ωnt+ ϕ1)− (−ωnt+ ϕ−1)

= 2ωn︸︷︷︸
ωps

t+ ϕ1 − ϕ−1︸ ︷︷ ︸
ϕps

Fig. 32. Numerical verification of the stability range k < 3.88 of the DSOGI-
PLL, which is theoretically predicted in Fig. 31. Control parameters are b =

1+
√
2, kp = kωn

2b , and ki =
k2ω2

n
4b3

. The sampling frequency is 10 kHz.

sm = s+ jmωps (m ∈ Z)

Ga(s) =
kωn/2

s

Gb(s) =
kωn/2

s+ kωn/2

kps+ ki
s2

GLPF(s) =
kωn/2

s+ kωn/2

GHPF(s) =
s

s+ kωn/2

⎡
⎢⎢⎢⎢⎣
ΔV̂ htf

1 (s)
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1 (s)
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⎥⎥⎦ (49)
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Fig. 33. LTP model of the DSOGI-PLL.

Ahtf
cos =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

. . .
. . .

. . .
. . . 0 e−jϕps

2 0
. . . ejϕps
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2

. . .

0 ejϕps

2 0
. . .

. . .
. . .

. . .

⎤
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⎡
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. . .
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⎤
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.

(50)

Using the open-loop HTF (49), the open-loop LTP Nyquist plot
of the DSOGI-PLL can be obtained, as shown in Fig. 34. Con-
trary to the LTI Nyquist plots in Figs. 10 and 30(a), the LTP one
has four eigenvalue curves and, therefore, four eigenvalue PM
and GM. The reason is that the LTP model of the DSOGI-PLL
takes the effect of the fundamental negative sequence component
of the grid voltage into account and, therefore, has four estima-
tion loops (see Fig. 33). Note that PM1 and PM2 in Fig. 34 are
roughly comparable to those in Fig. 30(a).

In Fig. 35, the variations of PM1 of the DSOGI-PLL as a
function of the SOGI gain k are observed. If we compare Fig. 35
with Fig. 31, the following observations can be made.

1) In both cases, PM1 reduces with increasing the SOGI gain
k and, therefore, the DSOGI-PLL’s bandwidth. The rate of
reduction, however, could be different based on the value
of k.

2) The grid voltage imbalance adversely affects the stable
range of the SOGI gain k. Note that this range is k < 3.88
and k < 3.28 according to Figs. 31 and 35, respectively.
This negative effect becomes less significant by reduc-
ing the amplitude of the fundamental negative sequence
component.

Fig. 34. Open-loop LTP Nyquist plot of the DSOGI-PLL. Control parameters

are k =
√
2, b = 1+

√
2, kp = kωn

2b , and ki =
k2ω2

n
4b3

, which are the same as
those in Figs. 33 and 30(a). Working point is Vn,1 = 1 p.u., Vn,−1 = 0.5 p.u.,
ϕ1 = 0, and ϕ−1 = π/6 rad. The working point may considerably affects the
LTP Nyquist plot.

The abovementioned observations confirm that a high-
bandwidth control design and the presence of disturbance
components in the grid voltage both may lead to lower stability
margins than those promised by the ESO tuning rule. In such
cases, the design constant b could be set a bit higher to compen-
sate for these negative effects.

VIII. PHASE LEAD COMPENSATION

Sometimes, due to the large phase delay caused by a PF
or IF, the application of the ESO tuning rule leads to a very
low-bandwidth PLL with a slow dynamic response, which may
not be desirable in some applications. For instance, consider
the PLL designed for Scenario 3 in Table II, which uses an
MAF with Tw = 0.02 s. The 2% settling time of this PLL in
response to the phase jump test [see Fig. 6(a)] is around 150 ms,
which is quite long. A solution to deal with this problem is
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TABLE IV
CONTROL PARAMETERS AND DETAILS OF THE RESULTS REPORTED IN FIGS. 37 AND 38. P2P: PEAK-TO-PEAK

Fig. 35. Variations of an eigenvalue PM of the DSOGI-PLL as a function of
the SOGI gain k. The open-loop HTF of the LTP model of the DSOGI-PLL
is used for obtaining these results [see Fig. 34 and (49)]. Control parameters

are b = 1+
√
2, kp = kωn

2b , and ki =
k2ω2

n
4b3

. Working point is Vn,1 = 1 p.u.,
Vn,−1 = 0.5 p.u., ϕ1 = 0, and ϕ−1 = π/6 rad.

Fig. 36. Phase lead compensation in (a) a 3φ PLL equipped with an IF and
(b) a 3φ PLL equipped with a PF. The dashed line indicates that the frequency
feedback is not mandatory.

using a lead compensator (LC), as shown in Fig. 36. This idea,
however, involves some modifications to the ESO-based tuning
rule. To better understand this, consider Fig. 36(a), in which an
LC is applied to compensate for the phase delay caused by the
PLL’s IF. In the presence of the LC, the tuning rule presented in
Section II-B needs to be modified as follows.

1) Select an IF according to the expected disturbances in the
grid voltage, and obtain its first-order approximation as
GIF(s) ≈ 1

τs+1 .

2) Consider the LC asGLC(s) =
τ ′s+1
ατ ′s+1 , and arrange a pole-

zero cancellation by selecting τ ′ = τ .
3) Select the factor α in the range of 0.7 to 1 depending on

the required level of improvement in the speed of dynamic
response.

Fig. 37. Results of the PLL designed for Scenario 3 in Table II and its phase
delay compensated versions under +40◦ phase jump.

4) Select the PI gains as kp = 1
b(ατ ′) and ki =

1
b3(ατ ′)2

.

A similar procedure as previous can be adopted for the case
that the PLL is equipped with a PF.

In Figs. 37 and 38, the results of a comparison between the
PLL designed for Scenario 3 in Table II and its phase delay
compensated versions are observed. Based on these results, the
following observations can be made.

1) Using the LC improves the speed of dynamic response (see
Table IV for details). This improvement is proportional to
the degree of phase lead caused by the LC.

2) The lead compensation results in a reduced PM (compared
to the targeted value) and, therefore, an increased over-
shoot (see Table IV for details). The reason is that the phase
lead compensation leads to a higher control bandwidth
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Fig. 38. Results of the PLL designed for Scenario 3 in Table II and its phase
delay compensated versions under a harmonically distorted and imbalanced grid
condition. The grid frequency is fixed at 45 Hz.

for the PLL and at higher frequencies, the accuracy of
the first-order approximation of the IF (which is an MAF
here) reduces. That is the reason why a limited phase
lead compensation (i.e., 0.7 ≤ α < 1) was recommended
previously.

3) The lead compensation leads to a reduced noise immunity
because, as mentioned previously, it results in a higher
control bandwidth for the PLL.

IX. DISCUSSION

A. Weak Grid Scenario

The common trend in designing grid synchronization sys-
tems is neglecting the dynamic interactions between them and
grid-tied power converters. This assumption is valid for stiff ac
systems, where the voltage at the point of common coupling is
not affected (at least not considerably) by the converter output
current. In weak grid scenarios, however, this assumption is not
valid. Indeed, it has been proved that the grid synchronization
system may have a noticeable impact on the stability of grid-tied
power converters in weak grid conditions [8], [45], [46], [47],
[48]. To prevent such stability issues, an interactive design
concept may be adopted. This concept involves developing an
initial design by neglecting the abovementioned interactions and
refining it later using a trial-and-error procedure by taking these
interactions into account. To this end, a complete numerical or
analytical impedance model of the converter-grid system can
be very helpful. The numerical model can be developed using
a frequency scanning method, and the analytical one can be

obtained by linearizing the GNDEs of the converter-grid system
around the working point. These GNDEs take the dynamics of
the grid synchronization system and converter’s current con-
troller into account. Detailed discussions about the analytical
impedance modeling of grid-tied power converters equipped
with advanced grid synchronization systems can be found in [8],
[45], [46], [47], [48]. If needed, the dynamics of the dc-link
voltage controller and machine-side converter (in case of wind
systems) may also be included in the model. Using such a model,
the impact of the grid synchronization unit on the stability of the
entire converter-grid system can be investigated and the required
refinements/modifications can be applied.

It is important to note that the parallel connection of converters
can lead to a weak grid scenario or worsen an existing one. This
fact has been proved in [49], which shows connecting converters
with similar characteristics in parallel results in a multiplication
of the equivalent grid inductance by the number of converters. To
design the grid synchronization of converters in such a scenario,
it is suggested to obtain an equivalent converter that models all
converters in parallel and then follow the design method of this
article, along with the discussions mentioned previously.

B. High-Bandwidth Control Design

Roughly speaking, 1φ PLLs often face stability issues in
high-bandwidth implementations. The same goes for 3φ PLLs
equipped with a notch-filter-like filter (e.g., an IIR NF, a cas-
caded dqDSC operator, and an MAF) in their structure. The
reason is that the phase roll-off caused by such a filter makes
the forward path phase to go below −180◦ around the notch
frequency (for example, see Fig. 5), restricting a high-bandwidth
implementation. Therefore, to achieve a high bandwidth, one
should probably avoid such filters in the PLL structure or use a
standard PLL without any IF/PF.

For PLLs with filters that restrict a high-bandwidth imple-
mentation, one may use a lead compensation and/or set the
design constant b in the ESO tuning rule a bit higher. These
measures may enable designers to achieve higher control band-
widths without jeopardizing stability. Interested readers are also
referred to [50] and [51], which propose innovative methods for
achieving a high-bandwidth implementation in some specific
PLLs.

Note that the abovementioned discussions are also valid for
FLLs because PLLs and FLLs have a close relationship [7].

C. Sampling Delay

In applications where the sampling frequency is low, the
sampling delay is noticeable and, therefore, its impact needs
to be considered in tuning the control parameters of the grid
synchronization system. An example of such applications is the
control of high-power converters, where the switching frequency
and, therefore, the sampling frequency are often low to minimize
the switching losses. To model the impact of the sampling delay,
adding a simple lag term as 1

Tss+1 to the forward path of the PLL
is suggested in [52], where Ts is the sampling time. It means
that if, for example, (9) is the open-loop TF of a PLL without
considering the sampling delay, then (51) is the open-loop with



GOLESTAN et al.: CONTROL DESIGN OF GRID SYNCHRONIZATION SYSTEMS FOR GRID-TIED POWER CONVERTERS 13671

this delay considered

Gθ1
ol (s) =

1

τs+ 1

1

Tss+ 1

kps+ ki
s2

≈ 1

(τ + Ts)s+ 1

kps+ ki
s2

.

(51)
In this case, the result of applying the ESO tuning rule is

kp =
1

b(τ + Ts)

ki =
1

b3(τ + Ts)
2 . (52)

X. CONCLUSION

The main objective of this article was to provide comprehen-
sive guidelines to design the control parameters of different grid
synchronization systems using the ESO tuning rule. The key
idea was that after some rearrangements and linearizations, the
low-frequency dynamics of many advanced PLLs and FLLs can
be well-approximated by a standard type-2 control system and
the ESO method can be applied to tune their control parameters.
To better understand this idea, several case studies including
PLLs and FLLs with different IFs/PFs were presented and
their tuning using the ESO tuning rule was discussed. Some
discussions about limitations of the ESO tuning rule and possible
solutions to deal with them were also presented.

The design procedure proposed in this article, along with the
accompanying discussions, have been summarized in a clear and
easy-to-follow flowchart depicted in Fig. 39. This design pro-
cedure make the control tuning of grid synchronization systems
more efficient and straightforward, even for those with limited
experience in control and signal processing areas.

APPENDIX A
FIRST-ORDER APPROXIMATION OF (16)

By replacing s = jω, the phase characteristic of (16) can be
expressed as

∠Ḡr(jω) = tan−1

(
4ω2

nω − ω3

2kω3
n − kωnω2

)

− tan−1

(
4kω3

nω − 2kωnω
3

ω4 − (k2 + 4)ω2
nω

2 + k2ω4
n

)
.

(A-1)

In the low-frequency range, the second and higher terms of ω
have a small effect. If we neglect these terms, we get

∠Ḡr(jω) ≈ tan−1

(
4ω2

nω

2kω3
n

)
− tan−1

(
4kω3

nω

k2ω4
n

)

= tan−1

(
2

kωn
ω

)
− tan−1

(
4

kωn
ω

)

≈ −tan−1

(
2

kωn
ω

)
. (A-2)

A first-order lag filter with the time-constant τ = 2/(kωn) has
the same phase characteristic as previous. Therefore, (16) can

Fig. 39. Flowchart of the proposed design procedure. A standard-form PLL
refers to a PLL as in Fig. 7(c).
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Fig. 40. Variations of f(b) as a function of the design constant b. f(b) =
ω′
c/ωc, where ω′

c and ωc are the gain crossover frequencies of the phase and
FELs of the ST3-PLL in Fig. 17(a).

be well-approximated in the low-frequency range with

Ḡr(s) ≈ 1

(2/(kωn))︸ ︷︷ ︸
τ

s+ 1
. (A-3)

APPENDIX B
PM OF THE PEL OF THE ST3-PLL

If we replace kp, ki, and ka in the open-loop TF (32) with
their corresponding expressions in (34), it can be rewritten as

Gθ1
ol (s) =

bωcs
2 + bω2

cs+ ω3
c

s3
. (B-1)

If we replace s = jω in (B-1), we get

Gθ1
ol (jω) =

−bωcω
2 + jbω2

cω + ω3
c

−jω3

=
−b(ω/ωc)

2 + jbω/ωc + 1

−j(ω/ωc)
3 . (B-2)

Given that ω′
c is the gain crossover frequency of the abovemen-

tioned open-loop TF, we have

∣∣∣Gθ1
ol (jω

′
c)
∣∣∣ =

√[
1− b(ω′

c/ωc)
2
]2

+ [bω′
c/ωc]

2

(ω′
c/ωc)

3 = 1. (B-3)

If we define x = ω′
c/ωc and square both sides of the abovemen-

tioned equation, we get

x6 − b2x4 − (b2 − 2b)x2 − 1 = 0. (B-4)

The positive solution of the abovementioned equation is the de-
sired solution. This solution may be expressed as x = ω′

c/ωc =
f(b) > 0 where f(b) is a function of the design constant b.
Fig. 40 shows the variations of f(b) as a function of b. This
plot indicates that f(b) ≈ b.

Using (B-1), the PM of the PEL is determines as

PM = 180◦ + ∠Gθ1
ol (jω

′
c) = 90◦ + tan−1

(
bω′

c/ωc

1− b(ω′
c/ωc)

2

)

= 90◦ + tan−1

(
bf(b)

1− bf2(b)

)
. (B-5)

Fig. 41. Variations of the PM of the PEL as a function of the design
constant b.

It is observed that the PM is only a function of the design constant
b. If we replace f(b) ≈ b in the abovementioned equation, we
get

PM ≈ 90◦ + tan−1

(
b2

1− b3

)
= tan−1

(
b3 − 1

b2

)
. (B-6)

The abovementioned equation is an accurate approximation of
(B-5). Fig. 41, which provides a numerical comparison between
(B-5) and (B-6), confirms this accuracy.
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[15] K. J. Åström and T. Hägglund, PID Controllers: Theory, Design, and
Tuning. Pittsburgh, PA, USA: International Society of Automation, 1995.

[16] S. Preitl and R.-E. Precup, “An extension of tuning relations after symmet-
rical optimum method for PI and PID controllers,” Automatica, vol. 35,
no. 10, pp. 1731–1736, 1999.

[17] X. Li and F. Gao, “A three-sample filter for fast arbitrary harmonic
elimination,” IEEE Trans. Ind. Electron., vol. 69, no. 5, pp. 5122–5131,
May 2022.

[18] S. Gude, C.-C. Chu, and S. V. Vedula, “Recursive implementation of
multiple delayed signal cancellation operators and their applications in
prefiltered and in-loop filtered PLLs under adverse grid conditions,” IEEE
Trans. Ind. Appl., vol. 55, no. 5, pp. 5383–5394, Sep./Oct. 2019.

[19] S. Golestan, F. D. Freijedo, and J. M. Guerrero, “A systematic approach
to design high-order phase-locked loops,” IEEE Trans. Power Electron.,
vol. 30, no. 6, pp. 2885–2890, Jun. 2015.

[20] F. D. Freijedo, A. G. Yepes, O. Lopez, P. Fernandez-Comesana, and J.
Doval-Gandoy, “An optimized implementation of phase locked loops
for grid applications,” IEEE Trans. Instrum. Meas., vol. 60, no. 9,
pp. 3110–3119, Sep. 2011.

[21] Y. F. Wang and Y. W. Li, “Analysis and digital implementation of cascaded
delayed-signal-cancellation PLL,” IEEE Trans. Power Electron., vol. 26,
no. 4, pp. 1067–1080, Apr. 2011.

[22] C. Liu, J. Jiang, J. Jiang, and Z. Zhou, “Enhanced grid-connected phase-
locked loop based on a moving average filter,” IEEE Access, vol. 8,
pp. 5308–5315, 2020.

[23] S. Golestan, M. Monfared, F. D. Freijedo, and J. M. Guerrero, “Perfor-
mance improvement of a prefiltered synchronous-reference-frame PLL
by using a PID-type loop filter,” IEEE Trans. Ind. Appl. Electron., vol. 61,
no. 7, pp. 3469–3479, Jul. 2014.

[24] J. I. Garcia, J. I. Candela, and P. Catalán, “Prefiltered synchronization
structure for grid-connected power converters to reduce the stability impact
of PLL dynamics,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 9,
no. 5, pp. 5499–5507, Oct. 2021.

[25] K. Liu, W. Cao, J. Zhao, and J. You, “Unified digital phase-locked loop
with multiple complex resonators for both single- and three-phase grid
synchronization,” IEEE Access, vol. 5, pp. 24810–24818, 2017.

[26] S. Golestan, A. Akhavan, J. M. Guerrero, A. M. Abusorrah, M. J. H.
Rawa, and J. C. Vasquez, “In-loop filters and prefilters in phase-locked loop
systems: Equivalent or different solutions?,” IEEE Ind. Electron. Mag.,
vol. 16, no. 3, pp. 23–35, Sep. 2022.

[27] P. Rodríguez, R. Teodorescu, I. Candela, A. V. Timbus, M. Liserre, and F.
Blaabjerg, “New positive-sequence voltage detector for grid synchroniza-
tion of power converters under faulty grid conditions,” in Proc. 37th IEEE
Power Electron. Specialists Conf., 2006, pp. 1–7.

[28] P. Rodriguez, A. Luna, R. S. Munoz-Aguilar, I. Etxeberria-Otadui, R.
Teodorescu, and F. Blaabjerg, “A stationary reference frame grid synchro-
nization system for three-phase grid-connected power converters under
adverse grid conditions,” IEEE Trans. Power Electron., vol. 27, no. 1,
pp. 99–112, Jan. 2012.

[29] S. Golestan, M. Monfared, F. D. Freijedo, and J. M. Guerrero, “Design and
tuning of a modified power-based PLL for single-phase grid-connected
power conditioning systems,” IEEE Trans. Power Electron., vol. 27, no. 8,
pp. 3639–3650, Aug. 2012.

[30] I. Carugati, P. Donato, S. Maestri, D. Carrica, and M. Benedetti, “Fre-
quency adaptive PLL for polluted single-phase grids,” IEEE Trans. Power
Electron., vol. 27, no. 5, pp. 2396–2404, May 2012.

[31] R. M. Santos Filho, P. F. Seixas, P. C. Cortizo, L. A. B. Torres, and A.
F. Souza, “Comparison of three single-phase PLL algorithms for UPS
applications,” IEEE Trans. Ind. Electron., vol. 55, no. 8, pp. 2923–2932,
Aug. 2008.

[32] C. Zhang, S. Føyen, J. A. Suul, and M. Molinas, “Modeling and analysis
of SOGI-PLL/FLL-based synchronization units: Stability impacts of dif-
ferent frequency-feedback paths,” IEEE Trans. Energy Convers., vol. 36,
no. 3, pp. 2047–2058, Sep. 2021.

[33] J. Xu, H. Qian, S. Bian, Y. Hu, and S. Xie, “Comparative study of single-
phase phase-locked loops for grid-connected inverters under non-ideal
grid conditions,” CSEE J. Power Energy Syst., vol. 8, no. 1, pp. 155–164,
2022.

[34] Y. Zhou, H. Hu, X. Yang, Z. Meng, and Z. He, “Impacts of quadrature signal
generation-based PLLs on low-frequency oscillation in an electric railway
system,” IEEE Trans. Transp. Electrific., vol. 7, no. 4, pp. 3124–3136,
Dec. 2021.

[35] C. K. Aravind, B. I. Rani, C. Manickam, J. M. Guerrero, S. I. Ganesan,
and C. Nagamani, “Performance evaluation of type-3 PLLs under wide
variation in input voltage and frequency,” IEEE Trans. Emerg. Sel. Topics
Power Electron., vol. 5, no. 3, pp. 971–981, Sep. 2017.

[36] S. Golestan, J. M. Guerrero, A. M. Abusorrah, J. C. Vasquez, and Y.
Al-Turki, “LTP modeling and stability assessment of multiple second-
order generalized integrator-based signal processing/synchronization al-
gorithms and their close variants,” IEEE Trans. Power Electron., vol. 37,
no. 5, pp. 5062–5077, May 2022.

[37] S. Golestan, M. Monfared, F. D. Freijedo, and J. M. Guerrero, “Advantages
and challenges of a type-3 PLL,” IEEE Trans. Power Electron., vol. 28,
no. 11, pp. 4985–4997, Nov. 2013.

[38] A. Bamigbade, V. Khadkikar, and M. A. Hosani, “A type-3 PLL for single-
phase applications,” IEEE Trans. Ind. Appl., vol. 56, no. 5, pp. 5533–5542,
Sep./Oct. 2020.

[39] P. Kanjiya, V. Khadkikar, and M. S. E. Moursi, “Obtaining performance of
type-3 phase-locked loop without compromising the benefits of type-2 con-
trol system,” IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1788–1796,
Feb. 2018.

[40] Y. Wang et al., “A forward compensation method to eliminate DC
phase error in SRF-PLL,” IEEE Trans. Power Electron., vol. 37, no. 6,
pp. 6280–6284, Jun. 2022.

[41] S. Bifaretti, P. Zanchetta, and E. Lavopa, “Comparison of two three-phase
PLL systems for more electric aircraft converters,” IEEE Trans. Power
Electron., vol. 29, no. 12, pp. 6810–6820, Dec. 2014.

[42] H. A. Hamed and M. S. El Moursi, “A new type-2 PLL based on unit delay
phase angle error compensation during the frequency ramp,” IEEE Trans.
Power Syst., vol. 34, no. 4, pp. 3289–3293, Jul. 2019.

[43] S. Golestan, F. D. Freijedo, A. Vidal, J. M. Guerrero, and J. Doval-Gandoy,
“A quasi-type-1 phase-locked loop structure,” IEEE Trans. Power Elec-
tron., vol. 29, no. 12, pp. 6264–6270, Dec. 2014.

[44] S. Golestan, J. M. Guerrero, J. C. Vasquez, A. M. Abusorrah, and
Y. Al-Turki, “Harmonic linearization and investigation of three-phase
parallel-structured signal decomposition algorithms in grid-connected ap-
plications,” IEEE Trans. Power Electron., vol. 36, no. 4, pp. 4198–4213,
Apr. 2021.

[45] L. Harnefors, M. Bongiorno, and S. Lundberg, “Input-admittance calcu-
lation and shaping for controlled voltage-source converters,” IEEE Trans.
Ind Electron., vol. 54, no. 6, pp. 3323–3334, Dec. 2007.

[46] M. Cespedes and J. Sun, “Impedance modeling and analysis of grid-
connected voltage-source converters,” IEEE Trans. Power Electron.,
vol. 29, no. 3, pp. 1254–1261, Mar. 2014.

[47] B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Analysis
of D-Q small-signal impedance of grid-tied inverters,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 675–687, Jan. 2016.

[48] S. Golestan, E. Ebrahimzadeh, B. Wen, J. M. Guerrero, and J. C. Vasquez,
“dq-frame impedance modeling of three-phase grid-tied voltage source
converters equipped with advanced PLLs,” IEEE Trans. Power Electron.,
vol. 36, no. 3, pp. 3524–3539, Mar. 2021.

[49] J. L. Agorreta, M. Borrega, J. López, and L. Marroyo, “Modeling and
control of N -paralleled grid-connected inverters with LCL filter coupled
due to grid impedance in PV plants,” IEEE Trans. Power Electron., vol. 26,
no. 3, pp. 770–785, Mar. 2011.

[50] F. D. Freijedo, A. G. Yepes, O. Lopez, A. Vidal, and J. Doval-Gandoy,
“Three-phase PLLs with fast postfault retracking and steady-state rejection
of voltage unbalance and harmonics by means of lead compensation,”
IEEE Trans. Power Electron., vol. 26, no. 1, pp. 85–97, Jan. 2011.

[51] S. Golestan, J. Matas, A. M. Abusorrah, and J. M. Guerrero, “More-stable
EPLL,” IEEE Trans. Power Electron., vol. 37, no. 1, pp. 1003–1011,
Jan. 2022.

[52] V. Kaura and V. Blasko, “Operation of a phase locked loop system
under distorted utility conditions,” IEEE Trans. Ind. Appl., vol. 33, no. 1,
pp. 58–63, Jan./Feb. 1997.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


