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Abstract—Frequency and phase angle estimation is a key aspect
for grid-connected inverters that are required to guarantee low-
voltage fault-ride-through capability. Over the past two decades,
a number of estimation algorithms have been proposed, mostly
based on the well-known phase-locked loop (PLL). It has been
demonstrated that standard PLLs do not perform correctly in
abnormal grid conditions, due to the oscillations produced in the
frequency and phase angle estimates by the voltage harmonics. This
paper introduces a new, general approach to harmonic decoupling
and presents a highly intuitive and simple scheme, applying it to
an αβ-PLL; compensation of any desired number of harmonic
components is possible. Two implementations of this decoupling
scheme are presented. It is shown that the performances of the
resulting fault-decoupled PLLs are comparable with those of other
advanced frequency and phase angle estimation structures.

Index Terms—Estimation algorithm, fault ride through, fre-
quency, grid connection, harmonics, phase angle, phase-locked
loop (PLL).

I. INTRODUCTION

THREE-PHASE, grid-connected inverters require a precise
measurement of the instantaneous grid voltages at the point

of common coupling (PCC), in order to maintain synchroniza-
tion and to be able to control instantaneous power flow. These
measurements are then used to obtain estimates of the frequency
and phase angle of the positive-sequence component of the grid
voltage, which are required by the current controller, [1]. Many
national grid codes have been recently updated to require low-
voltage fault ride through capability from grid-connected invert-
ers. For example, in the event of a voltage sag, the Italian grid
code CEI-021, [2], prescribes that the inverter must not discon-
nect for at least 200 ms, and up to 400 ms if the sag is less than
60% of the rated voltage. During the fault, it is also required
that the inverter provides voltage support to the grid, aiding
positive-sequence voltage recovery and negative-sequence volt-
age reduction, [3]. In all of the published control algorithms, it
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Fig. 1. Basic PLLs for frequency and phase angle estimation. (a) SRF-PLL.
(b) αβ-PLL.

is of fundamental importance that the frequency and phase an-
gle estimation algorithm maintain correct tracking even during
a fault occurrence.

A number of frequency and phase angle estimation
algorithms have been proposed over the past two decades; the
well-known phase-locked loop (PLL), [4]–[5], which has been
used in telecommunications in a variety of applications for the
past 80 years, is at the core of most of these techniques. In
particular, the synchronous reference frame PLL (SRF-PLL)
first proposed by Kaura and Blasko in 1996, [6], has become
the most widely used PLL for grid-connected converters. In the
SRF-PLL, shown in Fig. 1(a), a three phase to synchronous
reference frame transformation acts as the phase detector; a
PI regulator, acting as the loop filter, estimates the frequency,
which is then integrated to obtain the estimated phase angle.
Another basic PLL, shown in Fig. 1(b), is the αβ-PLL, in which
the vector product between the measured and estimated sta-
tionary reference frame voltage vectors acts as the phase de-
tector. Both the SRF-PLL and the αβ-PLL operate correctly
when the measured voltages form a positive sequence. How-
ever, they both have deficiencies when operating in distorted
grids, since the negative-sequence and the higher order harmonic
components cause oscillations in both the steady state frequency
and phase angle estimates, [6]–[7]. A significant improvement
in performance has been obtained with the decoupled dou-
ble synchronous reference frame (DDSRF) PLL [8], in which
a decoupling network removes, at steady state, the negative-
sequence component from the input to the SRF-PLL. A different
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Fig. 2. Advanced PLL structures. (a) Prefiltered PLL. (b) In-the-loop filtered
PLL.

implementation of the decoupling network is proposed in [9],
leading to the multiple reference frame PLL. In [10], negative-
sequence decoupling is applied to the αβ-PLL, which is shown
to have reduced overshoot in the frequency and phase angle
estimates compared to the SRF-PLL. In [11], the same authors
extend the decoupling network for the αβ-PLL to harmonic
components, while in [12] they propose an adaptive algorithm
that is able to modify the parameters of the PI regulator in the
αβ-PLL, in order to keep the frequency estimate within the
prescribed limits during fault transients. Since these decoupling
networks do not modify the structure of the PLL loop, they can
generally be interpreted as a prefiltering stage for the PLL in-
put, as shown in Fig. 2(a). Here, without loss of generality, the
prefiltering is applied to an αβ-PLL.

A significant number of prefiltering methods that are
alternative to decoupling networks can be found in the liter-
ature; all use frequency-adaptive filtering techniques. In [13],
a positive-sequence component detector based on a dual-
second-order generalized integrator (DSOGI) is proposed; the
positive-sequence component is then fed to a PLL, giving
rise to a DSOGI-PLL. The positive-sequence detector acts
as a frequency-adaptive notch filter (ANF), in order to re-
move the negative-sequence component even in the event of
frequency variations. In [14], a bandpass synchronous refer-
ence frame moving average filter (MAF) is used to extract the
positive-sequence component and then feed it to an SRF-PLL.
Other methods rely on the use of frequency-adaptive complex-
coefficient filters (CCFs), [15]–[18]. As an alternative to CCFs,
it is possible to use the generalized delayed signal cancellation,
[19]. In this case, the prefiltering is achieved by a number of
cascaded complex transformations that each removes a certain
number of vector harmonic components; also in this case, the
output is fed to an SRF-PLL.

As an alternative to prefiltering, in-the-loop filtering has also
been explored in many contributions. The general idea is shown
in Fig. 2(b). An additional filter of some kind is placed in cas-
cade with the PI regulator in order to eliminate the undesired
oscillations produced by the negative sequence and harmonic

components. For example, the authors in [20] propose the use
of adaptive frequency notch filters within an αβ-PLL, [21] ex-
plores the use of a fourth-order observer within an SRF-PLL
(SOAP-PLL), and [22] performs a review of PLLs that use in-
the-loop MAFs.

Apart from the previously described developments in PLL
techniques, other estimators have been developed in the last
decade to allow detection of the positive-sequence voltage fre-
quency and phase angle. Among them, the most significant are
the SOGI frequency locked loop (SOGI-FLL) [23], the three-
phase ANF [24], and the enhanced PLL [25]–[26]. These tech-
niques are all very similar from a mathematical point of view
and behave basically as frequency-adaptive second-order band-
pass filters, [26]. In [23], multiple SOGIs are tuned at harmonic
frequencies, giving rise to the MSOGI-FLL.

This paper focuses on improving existent PLL techniques. In
particular, it studies a new approach to decoupling, compared to
the ones that have been proposed to date in the PLL literature.
The scheme that will be described is general, highly intuitive,
and allows compensating any number of harmonic components;
its implementation can be achieved in a number of ways. Two
of these, applied to an αβ-PLL, will be described here: one is
based on the previously described decoupling networks, while
the other is based on multisynchronous reference frame filtering,
a technique that has already been applied successfully in active
filter current control, [27]–[29]. The proposed scheme stems
from the work of the authors carried out on single-phase PLLs,
[30], and on speed and position estimation for ac drives with low-
resolution position sensors, [31]. The dynamic performances of
the resulting fault-decoupled PLLs will be analyzed for specific
grid faults with superimposed harmonic distortion. Conversely,
the dynamic performance of the control loop of grid-connected
inverters using these PLLs is out of the scope of this paper and
will be the subject of future investigation.

II. HARMONIC DECOUPLING STRATEGIES

Ideally, a decoupling algorithm should remove all of the
unwanted harmonic components from the measured voltages, in
order to keep the PLL locked to fundamental harmonic, positive-
sequence component at all times. Although decoupling can be
performed in any reference frame, in this paper, it will be carried
out in the stationary reference frame since it will be applied to
an αβ-PLL. Thus, one can define a decoupling voltage vector
V αβdec as

V αβdec = V αβ − V 1
αβ = V −1

αβ +
∞∑

h=±3,±5,...

V h
αβ (1)

where V αβ is the measured stationary reference frame voltage
vector, V 1

αβ is the rotating fundamental harmonic, positive-
sequence vector, V −1

αβ is the rotating fundamental harmonic,

negative-sequence vector, and V h
αβ is the generic rotating hth

order harmonic voltage vector. Equation (1) is written for the
most generic case of an unbalanced voltage at a PCC with
nonlinear loads, where nonzero-sequence voltage harmonics



2882 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 4, APRIL 2016

Fig. 3. MDC algorithm.

appear at all odd multiples of the fundamental frequency fe ,
[20].

An a priori knowledge of V αβdec is not possible, however,
it can be estimated by using properly formed algorithms. The
following sections describe two possible ways to obtain this.
Both algorithms are based on the fact that a reference frame
transformation of the voltage vector to any harmonic frequency
hfe produces a frequency shift of the entire voltage spectrum.
The voltage component at that frequency becomes stationary,
while all the other harmonic components will be rotating, albeit
at different speeds compared to the stationary reference frame;
these rotating components can be either decoupled, as in the al-
gorithm presented in Section II-A, or filtered, as in the algorithm

presented in Section II-B, in order to produce an estimate V̂
h

αβ

of the voltage component at hfe . By replicating this approach,
it is possible to estimate any number of harmonic components,
which are then transformed back to the stationary reference
frame and added up to produce the desired V̂ αβdec . It should be
noticed that all of the reference frame transformations use the
phase angle estimate θ̂1 coming from the αβ-PLL; thus, both of
these approaches can be seen as a number of frequency-adaptive
bandpass filters working in parallel.

A. MDC Algorithm

Fig. 3 shows the block diagram of the multiharmonic decou-
pling cell (MDC) algorithm. This is essentially an extension of
the DDSRF algorithm presented in [8] and is mathematically
equivalent to the algorithm described in [9]. The difference with
what has been presented previously is that here the algorithm
is used to calculate V̂ αβdec , while in [9] the algorithm is used
to calculate V̂ 1

αβ , which is then fed to the PLL. The harmonic
decoupling cells (HDCs) that are visible in Fig. 3 are structured
according to the general definition given in [8]; m indicates the
harmonic order of the component that is being decoupled, while
n indicates the harmonic order of the frequency at which the de-
coupling is taking place. A first-order low-pass filter is cascaded

Fig. 4. MSF algorithm.

with the HDCs to attenuate any residual, undecoupled harmonic
components: following the indications in [8], the low-pass
filters are tuned for a 35-Hz bandwidth. Each estimated har-
monic component is subsequently used to decouple its influence
through the HDCs in the other reference frames.

With h being the number of harmonic components that are
estimated, it can be easily seen that this algorithm requires the
use of (h2 + h) HDCs and 2h reference frame transformations.
Furthermore, extending the algorithm to decouple a new har-
monic requires a significant amount of modifications, so the
MDC algorithm is not modular.

B. MSF Algorithm

Fig. 4 shows the block diagram of the multiharmonic SRF
filtering (MSF) algorithm. The basic idea is to apply only low-
pass filtering after each reference frame transformation, instead
of decoupling each harmonic and then applying light filtering,
as done above. It has been decided to use Butterworth filters due
to their straightforward tuning. The filter order is determined
by the spectral separation between the various harmonics. For
example, assuming balanced (or lightly unbalanced) voltage har-
monics, the significant harmonic orders present in the spectrum

are h = +1,−1,−5, +7,−11, etc. The closest harmonic to V̂
−1
αβ

is V̂
1
αβ , i.e., spectrally separated by 2fe . In this case, a sixth-

order filter, with a cutoff frequency around 25 Hz, successfully

removes the effect of V̂
1
αβ and all other harmonic components

from V̂
−1
αβ . The calculation of V̂

−1
αβ has the heaviest filtering

requirement, since the other harmonic components have a wider
spectral separation. For example, the closest harmonic compo-

nent to V̂
−5
αβ is V̂

−1
αβ , spectrally separated by 4fe ; in this case, a

fifth-order filter with a cutoff frequency around 40 Hz is suffi-
cient to obtain a good estimate. This filter order can also be kept
for the calculation of the remaining components, or even further
relaxed, since the spectral separation increases to 6fe , for |h| >
5. On the other hand, if the voltage harmonics are heavily un-
balanced, the harmonic orders present in the spectrum are +1,
−1, −3, −3, +5, −5, etc. Thus, each harmonic component is
always spectrally separated by 2fe from its closest neighbor and
sixth-order filters are required throughout.

From a computational point of view, this algorithm requires
h filters and 2h reference frame transformations. Furthermore,
extending the algorithm to decouple a new harmonic requires no
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TABLE I
TYPE-E FAULT DETAILS

fe 50 Hz
V 1

p r e−f a u l t 340 � 0° V
Zero-sequence voltage 46.47 � 0° V
V 1

fa u l t 246.47 � 0° V
V −1

fa u l t 46.47 � 0° V
V 7

fa u l t 50 � -30° V

modification of the existing structure. Thus, the MSF algorithm
is completely modular.

C. Performance Evaluation of the Decoupling Algorithms

In order to compare the performances of the two decoupling
algorithms and to understand their underlying limitations, sim-
ulations have been performed for a type-E fault, [32], with a su-
perimposed positive-sequence, seventh-harmonic voltage. The
details of the fault are shown in Table I, expressed in terms of
the actual voltage components. A zero-sequence voltage is also
present in this type of fault, although it does not appear in the
harmonic spectrum of V αβ .

In this analysis, the reference frame transformations in both
algorithms are performed assuming perfect phase angle estima-
tion; this has been done to allow an analysis of the decoupling
algorithms only, without the effect of the PLL dynamics. With-
out any loss of generality in the results, both algorithms have
been implemented to estimate V −1

αβ , V −5
αβ , V 7

αβ , and V −11
αβ .

Fig. 5(a) shows the grid voltages during the fault, while Fig. 5(b)
shows the amplitudes of V̂ −1

αβ according to the MDC and MSF
algorithms. The MSF estimate is significantly slower than its
MDC counterpart, both in the rise and settling times, due to its
sixth-order filtering requirements. On the other hand, Fig. 5(c)

shows the amplitudes of V̂
−5
αβ ; transient decoupling errors can

be noticed for the MDC estimate, while the MSF estimate is far
less sensitive, as a consequence of its strongly filtered nature;

similar waveforms are also obtained for V̂
−11
αβ . Finally, Fig. 5(d)

shows the amplitudes of V̂
7
αβ . Compared to V̂

−1
αβ , the MSF es-

timate is significantly quicker, due to the fact that the LPF filter
has a lower order and a higher cutoff frequency; nonetheless,
the MDC estimate remains the quicker of the two. As expected,
both algorithms estimate the harmonic components correctly at
steady state.

From the above, it is evident that the MDC algorithm has
a faster response compared to the MSF algorithm, however, it
more sensible to transient decoupling errors.

III. FAULT-DECOUPLED αβ-PLL

The αβ-PLL can easily incorporate any of the above
decoupling algorithms, as shown in Fig. 6, resulting in a fault-
decoupled αβ-PLL. Here, V̂ αβdec is subtracted from V αβ , in

order to obtain V̂
−1
αβ , which constitutes the input to the PLL. The

PLL can be tuned by applying small-signal analysis, [4]. If the
decoupling algorithm’s influence on the dynamics is sufficiently

Fig. 5. Decoupling algorithm behavior following a type-E fault. (a) phase volt-

age waveforms. (b) Amplitude of V̂
−1
αβ . (c) Amplitude of V̂

−5
αβ . (d) Amplitude

of V̂
7
αβ .

small, this leads to the well-known closed loop transfer function
between the estimated and input phase angles

θ̂1

θ1 =
Kps + Ki

s2 + Kps + Ki
. (2)

Equation (2) is a second-order transfer function with one
zero and two poles. The PI regulator gains can be selected by
performing classical root locus analysis.

In the αβ-PLL that is used in this study, the only difference
with respect to the PLLs shown in Figs. 1 and 2 is that the
feedforward signal is summed at the output of the integral path
of the PI regulator. This is done to obtain an “unenhanced” fre-
quency estimate ω̂unenh which is inherently more filtered than
the “enhanced” frequency estimate ω̂enh . This different filter-
ing property is evident by comparing the closed loop transfer
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Fig. 6. General structure of a fault-decoupled αβ-PLL.

functions between these estimates and the actual frequency

ω̂enh

ω
=

Kps + Ki

s2 + Kps + Ki
(3)

ω̂unenh

ω
=

Ki

s2 + Kps + Ki
. (4)

Since (4) has no closed loop zero, it will have stronger high-
frequency filtering properties than (3).

One important type of transient operation that should be used
to validate the tuning of the PLL is the phase jump. This oc-
curs frequently in the event of a fault due to modifications in
the grid impedances. A simulation has been performed to show
the performance of the PLL following a 30° phase jump. The
PI gains have been set to Kp = 304 and Ki = 19108, i.e., the
open-loop zero is placed at –10 Hz and the two closed loop
poles are placed at –14 and –34 Hz on the real axis. In order
to analyze the dynamic behaviors, PLLs with MDC decoupling
(MDC-PLL), with MSF decoupling (MSF-PLL) and without
decoupling have all been simulated. The algorithms decouple
the same set of harmonics that was used in Section II-C. Fig. 7(a)
shows a comparison of the phase angle estimation error; it can
be seen that apart from residual errors introduced by the de-
coupling algorithms, the phase angle transient is quite similar
for all three cases and converges rapidly. Fig. 7(b) shows the
enhanced frequency estimates: in this case, the initial frequency
step in all three estimates is very large; furthermore, decoupling
errors cause significant oscillations on the estimates of both
the MDC- and MSF-PLL, compared to the PLL without de-
coupling. Fig. 7(c) shows the unenhanced frequency estimates:
here, it can be seen that the drop in the estimated frequency is
much lower due to the previously described dynamic proper-
ties; furthermore, the transient is very similar for all three PLLs.
This allows concluding that the unenhanced estimate should be
preferred over the enhanced estimate and will be used in the
rest of this paper for frequency estimation. Furthermore, these
results prove that an initial tuning of the PLL can be performed
without taking the decoupling structures into account.

Fig. 7. Estimates following a 30° phase jump for the αβ-PLL with MDC
decoupling, MSF decoupling, and no decoupling. (a) Phase angle. (b) Enhanced
frequency. (c) Unenhanced frequency.

IV. COMPARATIVE ANALYSIS

The MDC- and MSF-PLLs have been evaluated through
simulation with MATLAB-Simulink. The comparative analy-
sis that follows has been split into two sections for clarity.
The first section shows the performances of the PLLs sub-
jected to two consecutive faults. The second section shows
the results of comparisons with two other state-of-the-art es-
timators, namely the MSOGI-FLL, [23], and the SOAP-PLL,
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Fig. 8. Performance of the MDC- and MSF-PLLs during a type-E fault. (a)

V̂
1
α and V̂

1
β components. (b) Phase angle estimation errors and frequency

estimates. (c) Amplitude of V̂
−1
αβ .

[21]. The MSOGI-FLL is taken as an example of an algo-
rithm that is inherently able to estimate and decouple multi-
ple harmonic components; conversely, the SOAP-PLL is taken
as an example of an algorithm that is not inherently able to
estimate multiple harmonics, but with appropriate in-the-loop
filtering can effectively reduce the influence of the harmonic
components on frequency and phase angle estimation. In or-
der to allow a fair evaluation, the PI gains of the MDC- and
MSF-PLLs have been set to the values used in [21] for all
the simulations performed in this section, i.e., Kp = 251.3 and
Ki = 15791.4; this corresponds to placing the open-loop zero
at –10 Hz and the closed-loop poles coincident at –20 Hz on the
real axis. The MSOGI-FLL is tuned as in [23].

A. Comparisons Between the MDC- and MSF-PLLs

The first fault that the PLLs are subjected to is an augmented
version of a type-E fault described in Table I. This is a particu-
lar type of voltage sag that occurs in the event of a double line
to ground fault. In addition, a seventh-harmonic component has
been added during the fault. Fig. 8 shows the performance of the

two PLLs during the fault. Fig. 8(a) shows the V̂
1
α and V̂

1
β com-

TABLE II
TYPE-F FAULT DETAILS

fe 50 Hz
V 1

p r e−f a u l t 340 � 0° V
Zero-sequence voltage 0 V
V 1

fa u l t 193.14 � 0° V
V −1

fa u l t 73.14 � 180° V
V −5

fa u l t 20 � 45° V
V 7

fa u l t 50 � −30° V

TABLE III
FAULT DETAILS

fe 45 Hz
V 1

p r e−f a u l t 340 � 0° V
Zero-sequence voltage 0 V
V 1

fa u l t 170 � −30° V
V −1

fa u l t 85 � 110° V
V −5

fa u l t 102 � −10° V
V 7

fa u l t 68 � −0° V
V −1 1

fa u l t 68 � −0° V

ponents of the decoupled voltage vector V̂
1
αβ . It can be seen that

within about 1.5 cycles, the waveforms recover their sinusoidal
shape, indicating that correct decoupling has been achieved for
both PLLs. Fig. 8(b) shows the phase angle estimation errors
and the frequency estimates. The maximum phase angle error
is about 7° for the MDC-PLL and 5° for the MSF-PLL, while
the fluctuations in the frequency estimates are at all times less
than 1 Hz. Fig. 8(c) shows the estimated amplitudes of the funda-
mental harmonic, negative-sequence component. By comparing
it with Fig. 5(b), it can be seen that the PLL dynamics cause a
slight increase in the overshoot of the MDC-PLL estimate, but
not of the MSF-PLL estimate.

The second fault is a type-F fault described in Table II. This
fault is more demanding than the first, since the two faulty phase
voltages undergo phase jumps in addition to a variation in their
amplitudes. This causes the fundamental harmonic, negative
sequence to be phase shifted by 180°with respect to the previous
case. This fault type has been augmented as well with fifth- and
seventh-harmonic components, as shown in Fig. 9(a). Fig. 9(b)–
(d) shows the performance of the PLLs. With respect to the
previous fault, the tracking performance is altered, especially

for the MSF-PLL. Fig. 9(b) shows how V̂
1
α and V̂

1
β are strongly

distorted during the transient, which this time lasts for a full two
cycles. The phase angle and frequency estimation errors shown
in Fig. 9(c) increase considerably due to the large decoupling
errors shown in Fig. 9(d). However, the algorithm maintains
correct tracking and converges to correct steady-state estimates.
The MDC-PLL is evidently the quicker of the two to regain

proper tracking, since it is able to estimate V̂
−1
αβ correctly in a

shorter amount of time.

B. Comparison With State-of-the-Art Estimation Algorithms

The comparison between the two fault-decoupled PLLs and
the MSOGI-FLL, and the SOAP-PLL has been performed on
the basis of the fault conditions shown in Table III. This test is
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Fig. 9. Performance of the MDC- and MSF-PLLs during a type-F fault.

(a) Phase voltage waveforms. (b) V̂
1
α and V̂

1
β components. (c) phase angle

estimation errors and frequency estimates. (d) Amplitude of V̂
−1
αβ .

extremely demanding, since simultaneous frequency and phase
jumps are present, together with fifth-, seventh-, and eleventh-
harmonic components. The voltage waveforms are shown in
Fig. 10(a). Fig. 10(b) shows the phase angle estimation errors
for all the above algorithms during the fault. The MDC-PLL
and MSOGI-FLL have similar transients; the MSF-PLL has a
somewhat longer settling time, while the SOAP-PLL has the
largest overshoots and a settling time similar to the MSF-PLL.
At steady state, the MSOGI-FLL, MSF-PLL, and MDC-PLLs
all have practically zero estimation error, while the SOAP-PLL
has residual ripple. Fig. 10(c) shows the estimated frequency for
the four algorithms. The MDC-PLL has the quickest response;
the other three algorithms require about two cycles to reach

Fig. 10. Performance comparison between MDC-PLL, MSF-PLL, MSOGI-
FLL, and SOAP-PLL. (a) Phase voltage waveforms. (b) Phase angle estimation
errors. (c) Frequency estimates.

steady state. The MSOGI-FLL and SOAP-PLL have larger fre-
quency errors compared to the MDC- and MSF-PLLs.

Fig. 11 shows the estimated amplitudes of the harmonic com-
ponents, only for the three algorithms that perform these calcula-
tions. The transients are highly distorted, but the main character-
istics of the MDC- and MSF-PLLs are confirmed: the former is
faster but subjected to higher decoupling errors, while the latter
is slower, leading to more filtered estimates. The MSOGI-FLL
has a somewhat intermediate dynamic response.

C. Digital Implementation

The two fault-decoupled PLLs have been implemented
digitally on a 32-bit, floating point, 150-MHz TI Delfino
F28335. Fig. 12 shows the block diagram of the digital imple-
mentation. A 10-kHz sampling frequency was chosen and the
PI parameters were calculated in order to be consistent with the
above simulations. The s-domain zeros and poles were mapped
to the z-domain according to z = esT s , with Ts being the sam-
pling time. Thus, the s-domain open-loop zero at –10 Hz maps to
z = 0.9937 and the two coincident s-domain closed-loop poles at
–20 Hz map to z = 0.9875. To achieve this, the PI gains are set
to Kp = 249 and Ki = 15692.5. By comparing these gains with
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Fig. 11. Performance comparison between MDC-PLL, MSF-PLL, MSOGI-

FLL: (a) Amplitude of V̂
−1
αβ . (b) Amplitude of V̂

−5
αβ . (c) Amplitude of V̂

7
αβ .

(d) Amplitude of V̂
−11
αβ .

Fig. 12. Digital implementation of the fault-decoupled αβ-PLL.

Fig. 13. Execution times of the MDC-PLL and MSF-PLL as a function of the
number of decoupled harmonics

Fig. 14. Digital implementation of MDC-PLL and MSF-PLL. (a) Phase angle
estimation error. (b) Unenhanced frequency estimates.

the s-domain counterparts given at the beginning of Section IV,
it can be seen that they are very similar. Thus, as long as the
sampling frequency is sufficiently high, it is also possible to use
the s-domain gains without affecting the dynamic performance
of the PLL significantly.

The PLLs were coded in C. The execution time required by
the MDC-PLL and MSF-PLL depends on the number of de-
coupled harmonics. This is shown in Fig. 13 and is equal to
the sum of the execution time required by the αβ-PLL and by
the harmonic decoupling. The first contribution, in blue, is con-
stant and equal to 2.4 μs, while the second contribution, in red,
depends on the algorithm. As the number of decoupled harmon-
ics increases, the MDC- PLL requires progressively more total
execution time due to the higher degree of complexity of the al-
gorithm: for instance, in case of four decoupled harmonics, the
total execution time is equal to 30.6 μs for the MSF-PLL and
34.5 μs for the MDC-PLL. For a larger amount of decoupled
harmonics, this difference will increase even further. It should
be stated that no optimization of the code was used, except for
the use of look-up tables for the trigonometric functions. It is ex-
pected that, by using processor-specific code optimization, the
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execution times of the harmonic decoupling strategies should
decrease considerably. Nonetheless, the present implementa-
tions of both algorithms are sufficiently fast to be implemented
within the control systems of modern grid-connected inverters
with PWM switching frequencies up to 15 kHz.

Both algorithms were tested for the fault case of Table III.
Fig. 14(a) shows the unenhanced frequency estimation, while
Fig. 14(b) shows the phase angle estimation error. No apprecia-
ble difference in behavior is visible with respect to the simulation
results shown in Fig. 10.

V. CONCLUSION

This contribution has introduced a general approach to
harmonic decoupling in PLLs for grid-connected inverters and
has presented a highly intuitive and simple scheme, applying it
to an αβ-PLL. Two implementations of this decoupling scheme
have been described: the MDC algorithm and the MSF algo-
rithm. Key conclusions can be summarized as follows:

1) The MDC algorithm requires less filtering, is quicker than
the MSF algorithm, but it is not modular;

2) The MSF algorithm relies on heavy filtering, thus is
slower; on the other hand it is modular;

3) as long as the decoupling algorithm’s influence on the
dynamics is sufficiently small, fault-decoupled PLLs can
be easily tuned by using (2)-(4);

4) simulations have allowed to evaluate the performances of
the fault-decoupled PLLs and it has been shown that they
are comparable to those of other advanced frequency and
phase angle estimation structures;

5) digital implementation on a 32-bit floating point micro-
controller has shown that the MDC-PLL requires pro-
gressively more total execution time compared to the
MSF-PLL as the number of decoupled harmonics in-
creases. However, both algorithms are sufficiently fast
to be implemented within the control system of modern
grid-connected inverters.
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