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a  b  s  t  r  a  c  t

Second-order  generalized  integrator  (SOGI)  based  phase-locked  loops  (PLLs)  are  commonly  used  for
grid voltage  synchronization  in  single-phase  grid-connected  power  converters.  SOGI-PLLs  are  attrac-
tive  because  of  their  simple  structure  that makes  them  suitable  for implementation  even  in  low-end
digital  controllers.  In this  paper,  an  SOGI  based  fixed-parameter  PLL  structure  with  full dc  offset  rejection
capability  is presented.  This  PLL  uses  two  cascaded  SOGI  structures  and  it is  termed  as cascaded  general-
ized  integrator  PLL (CGI-PLL).  A systematic  design  procedure  is proposed  for the CGI-PLL  that  minimizes
the  response  time  and  unit  vector  harmonic  distortion.  This  design  achieves  minimum  settling  time  for
any given  worst-case  frequency  deviation  in the  grid  voltage  and  ensures  that  the  unit  vector  THD is
less  than  1%. The  PLL designed  using  the  proposed  method  has  good  harmonic  attenuation  capability.
The  steady-state  and transient  response  of this  PLL  have  been  validated  experimentally  and  are  found  to
agree  with  the  theoretical  analysis.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Distributed generation systems with renewable energy sources
as the input are increasing worldwide to reduce the use of con-
ventional energy sources. These systems essentially consist of a
renewable energy source such as photovoltaic modules feeding
power to the grid through a power converter interface. These power
converters are controlled in closed-loop to feed maximum available
power to the grid continuously.

A major component of the control of the power converters is
the grid synchronization block [1]. The preferred way of grid syn-
chronization is using phase-locked loops (PLLs). PLLs estimate the
frequency and phase of the grid voltage. Unit amplitude sine and
cosine signals are generated from the estimated phase angle of the
PLLs. These signals are commonly known as unit vectors and are
used for closed-loop control reference generation. The parameters
that benchmark the performance of any single-phase PLL are as
follows:
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1. Quality of the unit vectors in terms of THD and dc offsets when
the input voltage to the PLL has harmonic distortion, dc offsets
or frequency deviations.

2. Synchronization time.

There are different types of single-phase PLLs described in lit-
erature. A detailed presentation of different single-phase PLLs is
provided in a recent review paper [2]. A conventional orthogonal
signal generation (OSG) PLL described consists of (T/4) delay block.
This method requires large memory in the digital controller to real-
ize the T/4 delay. It also provides no additional filtering when the
input contains harmonics or dc offsets. The delay required strongly
depends on the varying grid frequency as well as sampling fre-
quency. A dc canceling single-phase PLL is detailed in [3]. The
design, however, does not consider the settling time of the PLL
which is an important design parameter. Variable time delay (VTD)
PLL described in [4] is seen to have relatively larger settling time of
the order of 3.5 fundamental cycles (70 ms)  for transient changes
in the input. Being a variable time delay-PLL, there is added com-
plexity of adaptively changing the required time delay. Some PLLs
use complex coefficient filters (CCFs) [2] which again increases the
system complexity. Three-phase frequency adaptive PLL [2,5] uses
in-loop low-pass moving average filters (MAFs). Because of the low-
pass MAFs, this PLL will not be able to block a dc offset in the input
voltage. There are many other advanced PLL structures reported
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Fig. 1. Structure of cascaded generalized integrator PLL (CGI-PLL).

[6–11]. They are computationally intensive which makes it difficult
to implement them in low-end digital controllers.

Second-order generalized integrator (SOGI) based PLL is
described in [12]. The SOGI-PLL is based on the commonly used
three-phase synchronous reference frame PLL (SRF-PLL) [13,14].
SOGI-PLL has a simple implementation. This makes it attractive in
terms of implementation in a low-end digital controller. The SOGI
blocks have filtering capability also which is beneficial when the
grid voltage contains lower order harmonics. The systematic design
of basic SOGI-PLL is discussed in [15] in some detail. However, the
basic SOGI-PLL is affected by the presence of dc offsets [16] in the
input voltage.

The dc offsets can occur due to the voltage sensor offsets and dc
offsets in A/D converters. The dc offsets can also occur due to mis-
match in the semiconductor devices in a practical power converter
[17]. If there is dc offset in the input voltage, the signal vˇ in the
basic SOGI [12,15] will also contain dc offset [12]. Thus, the embed-
ded SRF-PLL in the basic SOGI-PLL will have a dc offset in its input.
This can result in dc offsets in the unit vectors [18]. This is highly
undesirable as it can cause dc injection to the grid [18]. The grid
interconnection standards such as IEEE 1547-2003 [19] impose a
stringent limit of 0.5% dc injection to the grid. Hence, it is impor-
tant to design the PLL to ensure that the dc injection is within the
limit set by IEEE 1547-2003.

To have adequate performance when the input to the PLL con-
tains dc offsets, two approaches can be followed. One approach is
to further reduce the bandwidth of the embedded SRF-PLL [18]. The
second approach is to modify the SOGI structure to cancel the dc
offsets. As the basic SOGI-PLL inherently contains a filtering SOGI
block, the latter approach is preferred. This approach would also
be advantageous in improving the overall settling time as very low
bandwidths of the embedded SRF-PLL will not be necessary. For
SOGI-PLL, a dc offset compensation method is proposed in [16]
by modifying the structure of the SOGI-PLL. However, its design
procedure relies on heuristic approach for the selection of filter
parameters, which is not easily systematized. The work reported in
[20] considers multiple cascading of the SOGI blocks in a frequency-
locked loop (FLL) for three-phase systems. The SOGI blocks are
designed with different gains to achieve a desired input voltage har-
monic attenuation. In such an approach, different combinations of
the gains of SOGI are possible for the required harmonic attenuation
but the possibility of settling time minimization is not considered.

In this paper, a systematic design of cascaded SOGI based single-
phase PLL is presented. This PLL is called cascaded generalized
integrator PLL (CGI-PLL). It has full dc rejection capability. This is a
fixed parameter PLL. In other words, adaptation of SOGI parameters
in CGI-PLL is avoided to ensure stability and simple implementa-
tion. The structure of the CGI-PLL is shown in Fig. 1.

It is known that input frequency deviations in fixed param-
eter SOGI-PLLs cause second harmonic ripple in the estimated
frequency [12]. This ripple results in harmonic distortion in the
unit vectors [15]. The CGI-PLL is also affected by the frequency
deviations in the input and hence its design must limit the unit

vector THD under worst-case frequency deviations in the input
voltage.

A systematic design method is proposed for the CGI-PLL which
achieves minimum settling time for a given worst-case frequency
deviation in the input voltage. The proposed design procedure can
be summarized in the following two steps:

1. The parameters k1 and k2 in SOGI transfer functions are selected
such that SOGI blocks have fast response to step change in the
input.

2. A highest possible bandwidth (ωbw) of the embedded SRF-PLL
structure is chosen such that the unit vector THD is less than u%
even for a frequency deviation of up to ±F% in the grid voltage.

The grid frequency deviation range of ±F% and the limit on unit
vector THD u% can be specified by the designer. In this paper, a
frequency deviation of up to F = 8% is considered. This means that
a frequency range of 46–54 Hz is considered for the design in a
50 Hz system. The limit on unit vector THD is chosen to be u = 1%.
The proposed design ensures that even for the given worst-case
frequency deviation of ±8%, the unit vector THD is within 1%. The
actual frequency deviation is normally much smaller and hence
the PLL will perform even better. It is also shown that the proposed
design can give adequate unit vector performance even when input
voltage contains considerable harmonic distortion.

The various performance measures such as dc offset rejection
capability, frequency tracking, harmonic attenuation capability for
the CGI-PLL under the proposed design are validated experimen-
tally and agree with the analytical predictions.

This paper is organized as follows. Section 2 discusses the struc-
ture and operation of CGI-PLL in ideal and practical grid conditions.
The proposed systematic design of the CGI-PLL is detailed in Sec-
tion 3. The comparison of CGI-PLL with state-of-the-art SOGI based
single-phase PLLs is also included in Section 3. The experimental
validation of the performance of the CGI-PLL is discussed in Sec-
tion 4. Conclusions are provided in Section 5.

2. Structure and operation of CGI-PLL

The CGI-PLL consists of two cascaded SOGI blocks followed by
an embedded SRF-PLL. The structure of cascaded generalized inte-
grator PLL (CGI-PLL) is shown in Fig. 1. Input voltage is fed to a
standard SOGI block. Its output v˛1 is input to another SOGI block.
The outputs of the second SOGI block are termed as v˛ and vˇ which
are fed to the embedded SRF-PLL structure.

The transfer functions for v˛ and vˇ for this PLL topology are as
follows,
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vg
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