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a b s t r a c t

This paper presents a synchronization technique to accurately track the phase and frequency of the input
signal under large frequency deviations. The hybrid FPLL structure consists of a conventional SRF PLL
feedback loop along with a feed forward frequency estimator loop. The advantage of this technique is that
the feedback controller has to reduce only the phase error and the frequency error is eliminated by the
feed forward controller. This increases the dynamic response of the system under frequency deviations.
The performance of the hybrid structure is compared with the conventional SRF PLL and the former
shows improved performance over the SRF PLL in terms of filtering characteristics and transient response
for wide range of frequency deviations. The steady state error analysis is carried out and the necessary
condition for stability is also derived. Simulations are carried out in MATLAB/Simulink and implemented
in real time using an ALTERA cyclone II FPGA board. The results obtained for various grid conditions such
as unbalance, harmonics, phase jump and frequency deviation demonstrate the phase-tracking ability of
the technique.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The growing demand for clean, reliable and renewable energy is
driving society towards distributed generation systems. The
increasing penetration of distributed generation system into the
grid requires cheap and integrated control systems [1,2]. In grid
connected systems, accurate phase angle and frequency of utility
voltage is essential since the voltage or current reference is syn-
chronized with the phase of the utility voltage for various applica-
tions such as power factor correction, active/reactive power
control [3–5]. Many synchronization techniques have been pre-
sented over the recent years. In synchronous reference frame
(SRF) based Phase Locked Loop (PLL) based systems, the phase
angle estimation is adaptively updated by a closed loop mecha-
nism whose objective is to track the actual frequency and phase
angle. The simplicity of the structure makes this technique the
widely accepted synchronization algorithm for grid connected sys-
tems [6]. However, its performance deteriorates under distorted
conditions. In such cases, the bandwidth is reduced drastically to
improve the filtering characteristics [7] which in turn affect the
transient response. Moreover under wide frequency deviations, it
introduces a steady state error in the phase angle estimation. The
main challenge in the design of PLL employed in grid connected

systems is to achieve good dynamic response and zero steady state
error under distorted supply and frequency deviations.

Several techniques [8–10] have been proposed to improve the
tradeoff between transient response and filtering such as place-
ment of extra filter inside the loop, pre-filter before the phase
detector and implementation of complex structures. The use of
extra filters in the SRF PLL, such as notch and moving average
[8,9] eliminates the ripple due to phase unbalancing and harmon-
ics. The software based PLL employed in series connected convert-
ers utilizes delayed cancellation technique [10] to extract the
positive sequence component from stationary frame to remove
the effect of distortions in supply. However, these systems [8–10]
are designed to operate at the nominal frequency and needs mod-
ification to work satisfactorily under wide frequency variations.

Several methods [11–14] have been introduced for frequency
estimation under distorted conditions. An improved PLL structure
proposed for controlling the grid connected equipments consists
of multiple filters [11] in series to overcome the limitations of SRF
PLL under distorted conditions. Each distortion component is atten-
uated through dedicated pre-filters and a second order low pass fil-
ter is used to remove the distortions in the frequency measurement.
The decoupled double synchronous reference frame PLL [12] with
two synchronously rotating frames having exactly opposite angular
velocities is introduced to handle the unbalanced conditions. This
technique is capable of tracking the frequency variations but re-
quires some improvement under harmonic conditions. A robust
PLL developed for FACTS devices [13] regulates the system gain in
an adaptive control manner. The structure consists of three control
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units for frequency, phase angle, and voltage magnitude estimation
and the improved response under frequency deviations is attrib-
uted to the structure that enables independent control of frequency
and phase tracking. The three control units are connected together
and all the parameters are tuned accordingly. The adaptive linear
optimal filter (ALOF) [14] proposes a synchronization algorithm
that recursively updates the frequency and the phase angle of the
fundamental component of input signal. The learning rate parame-
ter has a significant effect on the frequency characteristics of the
system and is a compromise between the accuracy and the conver-
gence speed. The structure includes separate sub filters for elimi-
nating individual harmonics and the harmonic components
considered for cancellation depends on the application and the
available computational resources. Therefore, the computational
load of ALOF depends on the number of harmonics considered for
elimination. A novel technique (EPLL) [15] proposed for frequency
measurements in power system applications introduce a major
modification in the PD section of the PLL structure. This method
generates a steady state error of 15 mHz under distorted supply
and frequency deviations. Based on [15], a synchronization algo-
rithm that adaptively follows the phase and frequency variations
with no steady state error is proposed [16] for three phase applica-
tions. This structure utilizes four similar EPLL units for three phase
system which complicates the structure and it is difficult to be prac-
tically implemented [14]. Dynamic analysis of three single phase
PLL algorithms namely the power PLL, park PLL and EPLL utilized
in UPS applications is made and useful comparative results are pre-
sented [17]. In all the three structures the implementation of the fil-
ter and VCO section remain the same with difference in their PD
mechanism. The structure of power PLL is similar to that of the con-
ventional PLL and it is based on the principle that the mean ficti-
tious power is zero when the voltage and the fictitious current
are in quadrature. The park PLL tracks the deviations in frequency
and has two low pass filters in the PD section to remove the ripples.
However, in this technique the harmonic rejection capability is in-
creased at the cost of transient response [17]. The EPLL has the high-
est dynamic response among the three structures but its output
signal highly oscillates at second order harmonic frequencies dur-
ing transient conditions [17].

These approaches [16] attempt to estimate the frequency by
increasing the complexity in PD section or concentrates on har-
monic elimination [13,14] and updates the filter parameters with
respect to frequency. However, most of these methods [14–17],
utilize the feedback control technique to track the phase angle
and frequency of the signal and the loop filter provides a correction
around the nominal frequency. These systems exhibit poor perfor-
mance for large variation in frequency unless a compromise is
made for the filtering characteristics under distorted conditions.

In this paper, a hybrid structure (FPLL) which includes the
conventional SRF PLL feedback loop and a feed forward frequency
estimator loop are used to track accurately the phase and fre-
quency of the input signal for wide frequency deviations. The hy-
brid structure is simple to implement and the phase and the
frequency estimation is accurate and insensitive to unbalance

and harmonic conditions under wide frequency deviations. The
interesting feature of proposed system is that the same technique
can be extended to any existing PLL techniques employing con-
stant feed forward frequency.

2. The conventional SRF PLL

The three phase voltages Va, Vb, Vc are represented as
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These signals are transformed into the stationary reference
frame signals Va and Vb using Clarke transformation
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These signals are transformed to the rotating reference frame
using the Park transformation to dq frame.
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where Dh ¼ h� � h ð4Þ

and U is the magnitude. The objective is to compute an accurate
estimate (h�) of the actual phase (h) of the input signal. Since the
phase of a periodic signal is the time integral of its frequency, the
angle (h�) is obtained by integrating a frequency command (x�).
The Dh is set to zero by a PI controller and the PLL gets locked to
the utility voltage. Thus the PLL can be treated as a linear control
system with the utility magnitude appearing as a gain in the
forward path, the plant being a simple integrator. The basic config-
uration of the SRF based PLL system is shown in Fig. 1. The plant
transfer function H(s) can be expressed as

HðsÞ ¼ 1=s ð5Þ

The transfer function of the PI controller is

GcðsÞ ¼ ðKp þ KI=sÞ ð6Þ

where Kp and KI are the gains associated with PI controller. The PI
controller parameters are chosen in accordance with the symmetri-
cal optimum method [7]. According to this method, the magnitude
and the phase plot are symmetrical about the cross over frequency
xc which is at the geometric mean of two corner frequencies of the
open loop transfer function. The PI controller can be tuned to have a
high bandwidth under balanced conditions. However, to improve
the filtering characteristics under distorted conditions, the band-
width is reduced which slows down the dynamic response.

The open loop transfer function of the system is given by

GðsÞ ¼ ðKp þ KI=sÞ
s

ð7Þ

Fig. 1. SRF PLL.
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