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Abstract — Phase angle, frequency and amplitude of the
utility voltage vector are basic information for an increas-
ing number of grid-connected power conditioning equip-
ments, such as PWM rectifiers, uninterruptible power sys-
tems (UPS), voltage sag compensators and the emerging
distributed generation systems. For these applications, ac-
curate tracking of the utility voltage vector is essential to
ensure correct operation of the control system. This paper
presents a comparative study of synchronous reference
frame PLL algorithms for single-phase systems. Simulation
and experimental results, including operation of the PLL
structures under distorted utility conditions are presented,
to allow a performance evaluation of the PLL algorithms.

Keywords — Phase-locked loop, grid-connected system, dis-
torted utility conditions.

I. INTRODUCTION

Phase angle, frequency and amplitude of the utility voltage
vector are basic information for an increasing number of grid-
connected power conditioning equipments, such as Pulse
Width Modulation (PWM) rectifiers, uninterruptible power
systems (UPS), voltage sag compensators and the emerging
distributed generation systems. For these applications, accurate
tracking of the utility voltage vector is essential to ensure cor-
rect operation of the control system.

Recently, there has been an increasing interest in PLL to-
pologies for grid-connected systems [1-5]. The three-phase
PLL discussed in [4] uses a synchronous reference frame
(SRF) to detect phase angle, frequency and amplitude of the
three-phase voltages of the utility system. For single-phase
systems, similar approaches can be utilized, as presented in [1-
3]. In [1-2], the quadrature voltage, required for a SRF PLL, is
generated from a single-phase input, through the use of an in-
verse Park transformation. In [3], the quadrature signal is gen-
erated by using the Hilbert transformer. A simpler way of gen-
erating the quadrature signal is through the use of a transport
delay block, which is responsible for introducing a phase shift
of 90 degrees with respect to the fundamental frequency of the
input signal.

This paper presents a comparative study of SRF PLL algo-
rithms for single-phase grid-connected systems, including an
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evaluation of their behavior under distorted utility conditions.
Simulation and experimental results with distorted utility con-
ditions are used to illustrate the operation of the PLL struc-
tures.

II. PLL STRUCTURES CONSIDERED

Inverse Park-Based PLL

Figure 1 shows a schematic diagram of the single-phase
PLL structure, introduced in [1-2]. As it can be seen, a single-
phase voltage (V) and an internally generated signal (V) are
used as inputs to a Park transformation block (¢f-dq). The d-
axis output of the Park transformation is used in a control loop
to obtain phase and frequency information of the input signal.
V4 is obtained through the use of an inverse Park transforma-
tion, where the inputs are the d and g-axis outputs of the Park
transformation (dg-¢ff)). fed through first-order pole blocks.
The poles are used to introduce an energy storage element in
the internal feedback loops.

Figure 2 shows the reference frames considered in the trans-
formations. Eq. (1) and (2) show the direct and inverse Park
transformation utilized.
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Figure 1 — Single-phase PLL algorithm based on a inverse Park
transformation for the generation of the quadrature signal.
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Hilbert Transformer-Based PLL

In [3] is presented a SRF PLL algorithm for single-phase
systems, where the quadrature signal is generated through the
use of the Hilbert transformer, as illustrated in Figure 3. For a
real signal x(¢), the Hilbert transform (H) is defined as shown

in eq. (3), where P is Cauchy principal value [6].

#(6) = H(x) =§IZ% 7 ()

By using the Hilbert transformer, it is possible to generate a
signal, which is orthogonal with the input signal. A Park trans-
formation is then applied to generate the d and g-axis voltages,
used in the control loop, in a way similar to the previous algo-
rithm.

Transport Delay-Based PLL

Figure 4 shows a block diagram representation of a SRF
PLL, based on the use of a transport delay to generate the
quadrature signal. The delay is adjusted in order to give a 90
degrees phase-shift with respect to the fundamental frequency
of the input signal. The basic difference of this method, com-
pared with the Hilbert transformer method is that, in this case,
all the harmonic content of the input signal is subjected to the
same time delay. For the Hilbert transformer method, all the
harmonic content is phase-shifted 90 degrees.
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Figure 4 — Single-phase PLL algorithm based on the use of a
transport delay to generate the quadrature signal.

III. IMPLEMENTATION ISSUES

Inverse Park-Based PLL

Although the algorithm of the PLL based on the inverse
Park transformation is easily implemented, requiring only an
inverse Park and two first-order low-pass filters, the tuning of
its PI controller and the choice of the time constant of the fil-
ters is a more difficult process, as compared with the other

0, PLL algorithms. This is due to the presence of the two interde-
» K » pendent nonlinear loops, which makes linearization and use of
linear system analysis tools more troublesome processes.
. _ + +
Vi=0 ¢ > & 1 9; Hilbert Transformer-Based PLL
_ s + + e
v Once the ideal Hilbert transformer, as defined in eq. (3)
d dg leads to a noncausal system, it is not practically realizable.
v « However, it is possible to approximate the transformation
aa 1475} through the use of a Finite Impulse Response (FIR) filter, with
y coefficients defined as [6]:
VD!
1—cos[(n—0.5N)x]
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h[n]=
Figure 3 — Single-phase PLL algorithm based on a Hilbert 0 for n=05N
transformer for the generation of the quadrature signal.
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where N is the filter order, n is the coefficient index
(0 <n <N) and A/n] are the coefficients of the filter. In eq. (4),
if N is an odd number, the filter is high-pass and, if N is an
even number, the filter is band-pass.

Figure 5 shows a block diagram representation of the FIR
filter, where index ¢ is defined in eq. (5). As it is seen, this im-
plementation of the Hilbert transformer requires an input sig-
nal delayed by g samples, in order to generate output signals
Ve and Vg with a phase displacement equal to 7/2 for every
frequency of interest. In Figure 5, the input signal is the grid
voltage and the output signals are used as inputs for the Park
transformation block in the Hilbert transformer-based PLL.
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Figure 5 — Block diagram representation of the FIR filter.
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Figure 6 shows the frequency response of the FIR filter for
different orders, with a sampling frequency equal to /0kHz. It
is possible to see that for low order filters, the gain is strongly
dependent on the frequency. This is particularly important for
low frequency systems as utility applications, where it is pos-
sible to have a gain for the fundamental frequency lower than
the gain for the harmonic components. As the filter order is in-
creased, the gain approximates the unit for all frequencies.
Table 1 shows the impact of the filter order over the output
signal at the fundamental frequency.
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Figure 6 — Frequency response of the FIR filter for different orders.

Sampling frequency equal to /0kHz.
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Table 1 - FIR filter response at 60H. Sampling frequency /0kHz.

Filter Order | Delay [ms] Phase delay Gain @ 60Hz
@ 60Hz [degrees]
5 0.2 4.32 0.07
25 1.2 25.9 0.31
101 5.0 108.0 0.99
251 12.5 279.0 1.02

Analyzing Figure 6 and Table 1 it can be pointed out:

e For low order filters, the gain at the fundamental fre-
quency is low, compared with the gains at harmonic
frequencies, suggesting a PLL output highly affected by
distortions in the input signal;

e  For higher order filters, the added time delay makes the
utilization of this algorithm not viable for on-line appli-
cations. In cases where the time delay is not a issue, the
use of filters with higher orders can be an adequate so-
Iution for a more precise track of the phase angle of the
input signal.

Transport Delay-Based PLL

The transport delay block is easily implemented through the
use of a first-in-first-out (FIFO) buffer, with size set to one-
fourth the number of samples contained in one cycle of the
fundamental frequency. Generally speaking, the algorithm is
easily implemented and the tuning process does not pose espe-
cial difficulties.

IV. SIMULATION RESULTS

A simulation study was conducted to allow an evaluation of
the operation of the PLL structures, especially under distorted
utility conditions. The total harmonic distortion was purposely
selected high (THD > 10), in order to allow a better visualiza-
tion of the behavior of each algorithm. The PI controllers of
each PLL were adjusted with the same gains. The Hilbert
transformer was implemented with a FIR filter with order 5.
The magnitude error for the fundamental components was cor-
rected in the output of the filter.

Figure 7 shows the phase difference between the instantane-
ous angle of the fundamental component of the input signal
and the output angle of each PLL. A voltage sag with residual
voltage equal to 70% and a phase angle jump of 30 degrees
was applied to each PLL input. All three PLLs have a very
similar behavior in terms of settling time, what is explained by
the fact that the gains of the PI controllers where set equally.
However, the inverse Park-based PLL exhibits an output sig-
nal less affected by the presence of harmonics. In this case, the
algorithm based on the Hilbert transformer presents an output
more sensitive to harmonic distortions in the input signal.
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Figure 7 — Angle deviation during a voltage sag with 30 degrees of
phase-angle jump and residual voltage equal to 70%.

Figure 8 shows the difference between the instantaneous
amplitude of the fundamental component of the input signal
and the amplitude information from each PLL. As in the previ-
ous case, a voltage sag with residual voltage equal to 70% and
a phase angle jump of 30 degrees was applied to each PLL in-
put. Although the amplitude deviation present a mean value
close to zero for all PLLs, the Hilbert Transformer-based PLL
exhibits an output very affected by the presence of harmonics.
The steady-state peak-to-peak variation of the deviation pre-
sent by the transport delay-based PLL and the inverse Park-
based PLL are of the same magnitude.
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Figure 8 — Amplitude deviation during a voltage sag with 30 degrees
of phase-angle jump and residual voltage equal to 70%.
V. EXPERIMENTAL RESULTS

The three PLL algorithms presented were implemented in a
digital signal processor (DSP), suited for motion control and
power electronics applications (TMS320LF2407, Texas In-
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struments). A clock frequency equal to 40MHz and a sampling
frequency equal to /0kHz were used. The gains of the PLLs
were all set with the same values.

Table 2 shows the processing time for each PLL, with the
Hilbert transformer-based algorithm used as a reference. As it
is seen, the transport delay-based PLL exhibits the lowest
processing time, followed by the inverse Park algorithm.

Table 2 — Processing time for each PLL algorithm.

_Algorithm Processing Time
Inverse Park 86,4%
Hilbert Transformer 100%
Transport Delay 74,4%

Figure 9 to Figure 11 show the experimental results obtained
for the PLL algorithms. As in the simulation study, an input
signal with a high total harmonic distortion was purposely used
to allow a better visualization of the PLLs behaviors with dis-
torted conditions. In each figure, Ch.! is the instantaneous an-
gle of the input signal; Ch.2 is the angle of the fundamental
component of the input signal; Ch.3 is the output of the PLL;
and Ch.4 is the angle difference, between the output of the
PLL and the angle of the fundamental component of the input
signal (Ch.4=Ch.3-Ch.2).

As it can be seen, in terms of phase angle, all three PLL al-
gorithms present very similar steady-state performances when
subjected to distorted input conditions. Depending on the in-
formation required and on the level of harmonic content ex-
pected, a more adequate tuning for the PI controllers can be
used.

Although the implementation of the Hilbert transformer
through a FIR filter leads to a phase delay, as explained before,
the knowledge of this delay allows it compensation to mini-
mize the output error.
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Figure 9 — Inverse Park-based PLL: instantaneous input angle (Ch.1);

angle of the fundamental component of the input signal (Ch.2); angle
generated by the PLL (Ch.3) and angle deviation (Ch.4=Ch.3-Ch.2).
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Figure 10 — Hilbert transformer-based PLL: instantaneous input angle
(Ch.I); angle of the fundamental component of the input signal

(Ch.2); angle generated by the PLL (Ch.3) and angle deviation
(Ch.4=Ch.3-Ch.2).
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Figure 11 — Transport delay-based PLL: instantaneous input angle
(Ch.I); angle of the fundamental component of the input signal
(Ch.2); angle generated by the PLL (Ch.3) and angle deviation

(Ch.4=Ch.3-Ch.2).
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In addition to the evaluation of the operation of the PLL un-
der distorted conditions, the algorithms were also evaluated
with variations in the frequency of the input signal. For varia-
tions in the range expected for utility applications (</Hz), no
important deteriorations were observed in the operations of the
PLLs.

VI. CONCLUSIONS

This paper presents a comparative study on PLL algorithms
for single-phase utility connected applications. The algorithms
considered are based on the use of a synchronous reference
frame (SRF) to obtain information on amplitude, frequency
and phase angle of a single-phase signal. The quadrature sig-
nal, required by the SRF algorithm, is generated with different
strategies, depending on the PLL structure considered. It is
shown that all algorithms allow the extraction of the required
information from the input signal, even for input signals with
high harmonic content.

In terms of load to the processing unit, the Hilbert trans-
former-based PLL present the worst behavior and the frans-
port delay-based PLL represents a 25% improvement in the
performance. For the same set of PI controller gains, the angle
and amplitude deviation encountered for the inverse Park-
based PLL and the transport delay-based PLL have the same
magnitude, in case of distorted input conditions. The Hilbert
transformer-based PLL, implemented with a FIR filter of order
5 presents the worst general performance.
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