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A robust synchronization method for grid sequence extraction

Abstract. A robust synchronization method based on least mean square is proposed for the real time detection of fundamental and harmonic
symmetrical components, including positive, negative and zero sequence. The new architecture is composed of three parallel structures providing
estimation of each phase fundamental and harmonic components delivered into a linear matrix transformation for grid sequence extraction. To
achieve frequency adaptation, a combination of least mean square and phase locked loop is used. The paper presents excellent simulation and
experimental results in order to verify correctness and validity of the algorithm.

Streszczenie. W artykule opisano opracowang metode synchronizacji z siecia, wykrywajgcq w czasie rzeczywistym czestotliwo$c¢ podstawowg oraz
wyzsze harmoniczne, w tym sktadowg zgodnag, przeciwng i zerowa. Architektura skfada sie z trzech réwnolegfych estymatoréw harmonicznych dla
kazdej fazy. Po przetworzeniu danych i wyznaczeniu sktadowych, dokonywana jest synchronizacja, z wykorzystaniem metody najmniejszych
kwadratéw oraz PLL. Przedstawione zostaty wyniki symulacyjne i eksperymentalne. (Algorytm synchronizacji czestotliwosciowej w ekstrakcji

skfadowych symetrycznych w sieci).
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Stowa kluczowe: przeksztaltniki sieciowe, metoda najmniejszych kwadratéw, PLL, sktadowe symetryczne

Introduction

Synchronization with the utility network is a crucial point
for controlling grid connected converters, especially under
unbalanced and distorted conditions [1, 2]. Among the
many applications of synchronization algorithms are flexible
AC transmission systems (FACTS) [3-5], series or shunt
active filters [6, 7], distributed power generation systems [8-
12], and uninterruptible power supplies [13]. Additionally,
The precise detection of fundamental and harmonic
symmetrical components is essential for power flux
calculations, or selective harmonic compensation [14, 15].
Therefore, the robust synchronization method for grid
sequence extraction is expected.

In general, for three phase applications, an ideal
synchronization method should: 1) provide the phase and
frequency information of the utility signal. 2) track the
fundamental and harmonic grid sequence components
variation. 3) work well under distorted utility conditions, such
as harmonics, line notching, voltage unbalance, etc. 4) be
implemented with the low computational burden.

Various synchronization algorithms have been proposed
in recent years. The simplest strategy of obtaining the
phase information is zero crossing method whose dynamic
performance is influenced by harmonics and white noise
[16-18]. Synchronous reference frame phase locked loop
(SRF-PLL) is widely used in three phase systems [19, 20].
Under ideal conditions without distortion or unbalance in
utility networks, SRF-PLL with a high bandwidth yields a
fast and precise detection of the phase and amplitude of the
utility voltage vector. SRF-PLL can also operate correctly if
only high order harmonics are present in the grid voltages,
by reducing its bandwidth to attenuate these harmonics.
However, under unbalanced conditions, the second
harmonic content of the voltage vector, caused by the
negative sequence components, makes the reduction of the
bandwidth an inefficient solution, since the dynamics
response speed of the PLL would become very slow for
such a narrow bandwidth.

In order to solve the abovementioned problem, several
improved schemes based on modified PLL have been
proposed. For instance, the decoupled double synchronous
reference frame PLL (DDSRF-PLL) [21] overcomes the
unbalance drawback by using a decoupling cell to isolate
the positive and negative sequence components. Although
the advanced synchronization system is capable of making
an accurate estimation of the fundamental components of
the voltage under unbalanced conditions, the performance
of the scheme may be severely affected by harmonics

present in the three phase signals.

Dual second order generalized integrator PLL (DSOGI-
PLL) [22-24] is another typical approach. It utilizes
quadrature signals generator to extract the fundamental
positive sequence. However, these detected signals may be
affected by low order harmonics and subharmonics.
Furthermore, the SOGI needs the grid frequency estimation
for its correct operation. This frequency can be obtained
from the output of SRF-PLL. Nevertheless, due to the
complexity of the resulting nonlinear closed loop scheme, it
is difficult to design the parameters in order to ensure
stability or some desired transient performance.

A technique using the enhanced PLL (EPLL) [25] for
each phase is presented in [26], named as 3ph-EPLL. The
phase voltages and their 90 degrees phase shift version
reconstructed by the EPLL are used for obtaining the
fundamental positive sequence voltages, utilizing the
instantaneous symmetrical components (ISC) method.
Finally, another EPLL is applied to the output of the ISC
method to estimate the phase angle of positive sequence
voltages. Although the fundamental negative sequence
components of the grid voltages are eliminated by the EPLL
calculator, some harmonics will pass through the EPLL and
may be present in its output.

This paper proposes a grid synchronization scheme
aimed to provide an estimation of fundamental and
harmonic grid sequence components present in three
phase voltages. It is demonstrated that the new strategy
consists of three similar adaptive notch filters based on the
concept of least mean square (LMS) algorithm, a
symmetrical components calculator and a PLL based phase
angle estimator. In fact, the technique without coordinate
transformation can be widely used for three phase three
wire and three phase four wire systems.

Proposed Strategy
1 Signal Tracking Based on LMS

In power system, a three phase set of unbalanced and
distorted signals can be represented as

N
Uy = D U3 sin(nakT, +4)

n=1

N
(1) U = Y Uy sin(NeokT, +g)

n=1

N
Ug = Y U¢ sin(NeokT, +¢)

n=1
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where U]' and ¢" are the magnitude and initial phase
angle of nth harmonic component in phase i (i=a,b,c),
o is the fundamental frequency, T is the sampling interval

and Kk is the sampling instant. The phase angle of
fundamental component in phase a is described by:

) KT, + 45 =0, + o,

where 6, is the estimated value of wkT, +¢., and ¢, is
the estimated error. Therefore, the phase angle of n th
harmonic component in phase i is obtained:

NokT, + @7 =nb, +ng, + 47 —ng,
3) NokT, +dy = N6, +ng, +d —ng,
NokT, + ¢ =n6, +ng, + 4" —ng,

substituting (3) into (1), then the phase voltages can be
rewritten as:

N
Uy = D U3 cos(Ng, +¢f —ngy)sin(nd,)

n=1

N
+> U sin(ng, + 4] —ng,) cos(nd, )
n=1
N
Uy = Y Uy cos(ng, + ¢ —ng})sin(né,)
(4) .
n._: n 1

+> Uy sin(ng, + 4 —ng,) cos(nd, )

n=1

N
U, = > U cos(Ng, + ¢ —ng})sin(nd, )
n=l

N
+> U{ sin(ng, + ¢ —ng,) cos(nd, )
n=1
To simplify analysis, only the fundamental frequency
component is considered. Then, the above equation
becomes as follows:

u, =U. cos(e,)sin(,)+U, sin(p, ) cos(8,)
(5) U, =U} cos(g, )sin(d,) +U} sin(g, ) cos(d,)
U, =U. cos(¢,)sin(6,)+U. sin(g, ) cos(b;)

where @ =, +d — 45 and @, =@, +4 — @) . Next, the
model of equation (5) is utilized in the estimation of three
phase fundamental components. Equation (5) suggests that
the original signal can be reconstructed by adjusting the

weight coefficients Uil cos(@y) , Ui1 sin(p;) (i=a,b,c) ,
even though the phase angle of phase a is unknown.
Followed by this concept, adaptive linear filter with least
mean square (LMS) rule is implemented to adjust the

weight coefficients.
Firstly, the estimated signal can be expressed as:

(6) Y =WX

where V, W , X corresponding to the estimated output of
the fundamental grid voltage, the weight vector, the input
vector respectively, are represented as:

(7) Y:[Ja a, JC]T

Wy Wi,
(8) W =W, Wy,

Wy Wi,

T . T
(9) X =[X, X,] =[sin(6,) cos(6,)]

The basic architecture of LMS is designated as an
adaptive filter where the weight vector is adjusted in a
recursive fashion toward its optimum value. In terms of the
mathematical formulae, the weight vector is updated as [27,
28]:

e(k)X (k)"

X (k)" X (k)

where e(k) represents the estimated error expressed as
follows:

(10) W (K +1) =W (K) + u

T
e(k)=[e, & €]
. - T
=[u, -0, up -0, u,—0]
The step size u in equation (10) is critical for controlling

the convergence time as well as the level of misadjustment.
When 4 is small, the LMS algorithm takes more time to

learn about its input with minimum mean square error and
vice versa [29]. From (5), it can be deduced that if the
following equation is satisfied:

Ug cos(p,) Uy sin(g,)
W =| U, cos(¢,) Uy sin(e,)

(11)

(12)

Ug cos(¢.) Ugsin(e,)

then, the desired signal will equal to its estimate. Hence,
the three phase voltages can be regenerated by adjusting
weight vector with LMS rule.

In addition, it is worth to remark that the orthogonal
version of Y , i.e., 90 degrees phase shift version of Y , can
also be obtained at the same time from another linear
combination between input data vector and weight vector.
The equation describing the quadrature signal is given by:
(13) Yt=wX
where Y1 and W' corresponding to the orthogonal version

of Y and the revised weight vector of W respectively, are
represented as:

(14) Vi=[ay gy aci]T

Wy =Wy,
(15) W' =W, -W,,
Wy =W,

The scheme describing the estimation process of phase
a is shown in Fig. 1. Summarizing, the proposed algorithm
consists of three main blocks: 1) Least mean square (LMS)
block can provide updated law of the weight vector. 2)
Estimated signal generator (ESG) block can provide
estimation of the input signal. 3) Quadrature signal
generator (QSG) block can provide estimation of its 90
degrees phase shift version. The similar analysis can also
be applied for phase b and ¢, hence it is omitted here. In

steady state, ¢, can be considered to be zero. For the

sake of brevity, assume that ¢; =0 . Therefore, (2) is

rewritten to be kT, =6, . Referring to fundamental

component in phase a, the estimated value in discrete
domain can be derived as:
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U, =W, sin(akT; ) +W,, cos(wKTy)

k-1
(16) :[ pe,(J)sin(e]T, )Jsin(wkTs)

j=0

k-1
+ [Z e, (j)cos(m T )] cos(wkKTy)
j=0

Applying z transform to (16), the transfer function is
given by:

0,(2) y(l—z_1 cosa)TS)

&, (2) T, (1 —277" cos T, + 272)

(17) G'(9)=

where U,(z) and e,(z) correspond to the z transform of
U, and e, , respectively. Fig. 2 shows the discrete bode

plot of G'(z) where T, =0.2ms is assumed. It can be

observed that it exhibits as a typical notch filter at the
fundamental frequency point. The effect of step size y in

the frequency response is that higher step size results in
higher attenuation. From the plot, it can be concluded that
frequency characteristic of LMS is similar to SOGI in
attenuating  harmonics. Furthermore, the proposed
algorithm can extract harmonics with modified structure
which will be discussed later.

Magnitude (dB)

-250 [ R
10° 10! 10 10
Frequency (Hz)

Fig. 2. Bode diagram of LMS based adaptive filter

2 Instantaneous Symmetrical Components Theory
Aforementioned strategy can easily be implemented to
estimate three phase voltages. To extract grid sequence,

symmetrical components theory [30-32] is introduced as
follows. The three phase set of estimated signals can be

expressed as: Y =Y +Y~ +Y?, where, Y*, Y~ and Y°
are positive, negative, and zero sequence components.
Considering that some of the three phase grid connected
power converters employ a four wire connection, it is
necessary to be synchronized with zero sequence of the
grid voltage. The instantaneous symmetrical components
are related to the input signal by the equations:

0z 1B B[,
Yt =g :% A1 pla, |=TY
i | A g1 |0
N 1 L g B[,
(18) Y™ =g, =3 g1 pHa, |=TY
| 1B %
1% [ e
YO=|ap IR =T
i 11 1]

3

1 .
where ﬂ:—5+7] . ] stands for a 90 degrees phase

shift operator in the time domain. £ can be split into its real

part and imaginary part, then equation (18) can be rewritten
as:

Y'=TY+TY"
(19) Y =TY-T,Y*
YO=TY
where T,, T, and T; are 3x3 matrices given by:
1 -05 -05
T, :% 05 1 -05
-05 05 1
. 0 1 -1
(20) T,=—7—=-1 0 1
23 1 -1 0
1 1 1
T, 1 1 11
3 1 11

As shown in equation (19), if the estimated signal Y

and its orthogonal version Y are known, then the linear
matrix transformation can be used to extract the grid
sequence components. Since the LMS behaves as a in-
quadrature signals generator itself, the positive, negative,
and zero sequence components of the three phase signals
can be obtained by means of using a LMS for each phase
voltage.

3 Phase Locked Loop

From the abovementioned analysis, it is clear that the
proposed strategy can achieve the accurate symmetrical
components extraction on condition that 8, is estimated
accurately. In practice, grid voltage may experience phase
angle jump or frequency variation. To ensure that the
proposed grid sequence detector gives rise to precise
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results it is necessary to equip the system with phase
locked ability. The basic configuration of the phase angle
estimation is shown in Fig. 3.

0 loop filter| VCO E»
14 o'

Fig. 3. Block diagram of the PLL system

The feedback component y can be expressed as:
Wi,
\/W121 +W3
_ Ug sin(g,)
UL o’ (9y) + (UL sin’ (0,)
=sin(@,)
It can be noticed that y contains information of

estimated phase error that is then utilized as the input for
the loop filter. The discrete proportional-integral (PI) type
controller is chosen to obtain a good trade-off between the
filter performance and system stability. If it is assumed that

@, is very small, the term sin(p,) behaves linearly,

(21)

i.e.,sin(p,) = @, [1]. Therefore, the PLL can be treated as

a linearized model. The block diagram of the PLL system in
the discrete time domain is shown in Fig. 4. The block
Kq(2) is the z transform of the loop filter and voltage

controlled oscillator (VCO). The closed loop transfer
function can be represented as [19]:

Kq(2)
Ho(z)=—2
1+ K4 (2)
For the second order loop using the PI type filter,
K4 (2) can be obtained as:

(22)

2(z-a)
(z-1)

where a =1-T, /7. T, denotes the sampling period of the

(23) Kd (Z):kp

digital system. kp and 7 denote the gains of the PI type

loop filter. Fig. 5 shows the root loci of the closed loop
system. It can be observed that there are two open loop

poles at z=1 and two open loop zerosat z=0 and z=¢ .

When T, > 27, the closed loop system is unstable in which
the open loop zero « is located at the outside of unit circle.

— K, (2 —>
9: d() P

a

Fig. 4. Simplified z domain model of PLL

4 Description of the Main Structure

The main structure of the proposed LMS-PLL
synchronization method for grid sequence extraction is
presented in Fig. 6, which consists of least mean square
(LMS-a, LMS-b, LMS-c) blocks, phase locked loop (PLL)
block, and symmetrical components calculator (SCC) block.
The detailed implementation block diagram of parallel units
(LMS-a, LMS-b, LMS-c) and phase locked loop (PLL) are
shown in Fig. 1 and Fig. 3. It can be noticed that the PLL
output 6, is treated as input data for LMS filters and the
weight coefficient y is treated as the only feedback

component for PLL block. The estimated each phase input
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signal and its 90 degrees phase shift version are forwarded
to a computational unit (SCC) which calculates the
symmetrical components using a linear transformation. In
SRF-PLL, the occurrence of any phase voltage fault will
cause a large deviation of phase angle estimation. By
contrast, in the presented algorithm, other two faulty signals
have no impact on phase angle estimation because the PLL
block is only connected to the LMS-a for synchronization.
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Fig. 5. Root locus of simplified PLL in z domain
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Fig. 6. Scheme of the proposed LMS-PLL

5 Multiple LMS Adaptive Filter

Thanks to LMS inherent filtering characteristic, it is able
to perform an accurate estimation of the fundamental
component of the input voltage under unbalanced and small
distorted conditions. However, the extraction error will not
be acceptable when the low order harmonics is relatively
large. To make the proposed system faster while rejecting
harmonics, in this section, a new structure named as the
multiple LMS (MLMS) is proposed to accurately detect the
specified harmonic sequences of the grid voltage, even
under extreme distorted conditions. Fig. 7 shows the MLMS
structure, as it can be noticed, the MLMS can be
understood as a set of n selective and adaptive filters,
tuned at different frequencies and working in parallel. The
LMS-n block has the similar structure with Fig. 1 except that
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the input 6, (in Fig. 1) is replaced by né, (in Fig. 7), the
estimated error e, =u, —U0, (in Fig. 1) is replaced by

n
€, =ua—ZGxa (in Fig. 7). It can be observed that the
x=1

number of separated harmonics depends directly on the
number of subfilters. If the proposed MLMS structure is
extended to three phase systems, a fast and precise
extraction of the fundamental and other harmonic grid
sequence components is guaranteed. Similar to equation

(17), the transfer function from estimated error e, to the
LMS-n block output U, in Fig. 7 is given by:

y(l —z"cos neT, )

(24) Gn(z) =

T (1—22_1 cos NwT, + 2_2)

For the special case, only the fundamental, 5th and 7th
components are considered. Therefore, the generalized
transfer function from instantaneous estimated error to
estimated each phase voltage can be expressed as:

(25) G(2) =G(2)+G5(2) +G;(2)

g U s [ %

> — 1

Uja

e, 2 s [

Uy _ > — U,
: :
20 :

-

LMS-n T

> > Upa

Fig. 7. Block diagram of MLMS filter structure

The dashed line in Fig. 8 shows the discrete bode
diagram of the transfer function given by equation (25). It
can be observed in this diagram how the multiple structure
gives rise to notches in the frequency response curve at the
frequencies where the individual LMS-n is tuned. As a result,
this configuration guarantees better performance in case of
high distorted level.

-20

-100-

-120

-140

-160;

-1801

20000 10' 102 10°
Frequency

Fig. 8. Bode diagram of the MLMS where fundamental, 5th and 7th
harmonic components are included

Magnitude (dB)

—— 11=0.002

Simulation Results

In order to evaluate performance of the proposed
algorithm, the time domain simulations are carried out by
means of MATLAB/SIMULINK, using the fixed step discrete

time solver at f, =5kHz . Initial parameters have been

selected as follows: The step size of the adaptive filter is set
to £=0.06 , The parameters of the PLL are set

tok, =2.63 and 7=0.034 . The initial three phase grid
voltage is balanced and undistorted. Its amplitude and
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fundamental frequency are 1 p.u. and 50Hz respectively.
The following test cases have been considered for the utility
voltage.

Case 1: Unbalance and Frequency Variation

The immunity of the proposed structure with respect to
amplitude variation and the unbalanced condition is tested
here, which is a common practice in distribution systems or
grid connected converters. In this case, the fundamental
positive sequence is reduced to 0.6 p.u.. Meanwhile, 0.3
p.u. negative sequence and 0.1 p.u. zero sequence are
added to the initial voltage at 1.1s. Moreover, to set a more
serious circumstance, when t = 1s, the frequency starts
increasing at 15 Hz/s and it reaches 53 Hz at 1.2s.

Fig. 9 shows the transient response of the LMS-PLL
under the aforementioned condition. It can be observed that
the proposed method can accurately extract the positive,
negative and zero sequences with almost imperceptible
transient time. The frequency tracking capabilities of the
proposed and other methods are shown in Fig. 10. Notice
that, all methods provide a fast and accurate response
during normal conditions. However, under unbalanced
situation, The SRF-PLL can not lock the phase angle well.
The DDSRF-PLL and DSOGI-PLL have higher transitory
error, but fast response, while the 3ph-ELL has slower

dynamics. Only the proposed technique has a good
compromise between dynamic response and steady
precision.
2
1
AL |
-2 ‘ ‘
1.05 1.1 1.15 1.2
2
1 |
s ]
-2 ‘ ‘
1.05 1.1 1.15 1.2
0.5
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; '/\NM/@
-0.1+ i
-0.2 | L
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6 L 4
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0 ‘ s
1.05 1.15 1.2

time (s)
Fig.9. LMS-PLL simulation results when grid voltage is suffering
from unbalance and frequency variation. (a) grid voltage [p.u.]. (b)
1st positive sequence [p.u.]. (c) 1st negative sequence [p.u.]. (d)
1st zero sequence [p.u.]. (e) detected phase angle [rad].
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Fig. 10. Grid frequency estimation performance of PLLs in case 1.
(a) real value of grid frequency [Hz]. (b) detected frequency with
LMS-PLL [Hz]. (c) estimated error with SRF-PLL [Hz]. (d) estimated
error with DDSRF-PLL [Hz]. (e) estimated error with DSOGI-PLL
[Hz]. (f) estimated error with 3ph-EPLL [Hz]. (g) estimated error
with LMS-PLL [Hz].

Case 2: Unbalance and Harmonics

In this case, unbalanced and highly distorted three
phase grid voltages are considered for simulation tests.
Similar to Case 1, the fundamental negative and zero
sequence components are superposed on the 0.6 p.u.
positive sequence with the values of 0.3 p.u. and 0.1 p.u.
during the fault. Furthermore, the harmonic components set
is added as follows: fifth (0.1 p.u. negative sequence),
seventh (0.06 p.u. positive sequence).

As it can be appreciated in Fig. 11(d), the LMS-PLL
structure can’t achieve the accurate extraction for sequence
components when the input voltage is highly polluted. In
contrast, due to the selective harmonic separating
characteristic, MLMS-PLL can overcome the weakness
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aforementioned. As shown in Fig. 11(b), (c), (e)—(g), this
configuration is able to acquire the accurate estimation of
the fundamental and harmonic grid sequences.
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Fig.11. MLMS-PLL simulation results when grid voltage is suffering
from unbalance and harmonics. (a) grid voltage [p.u.]. (b) 1st
positive sequence [p.u.]. (c) 1st negative sequence [p.u.]. (d) 1st
negative sequence with LMS-PLL [p.u.]. (e) 1st zero sequence
[p.u.]. (f) 5th negative sequence [p.u.]. (g) 7th positive sequence

[p.u.].

Fig. 12 shows some plots regarding frequency
estimated error detected by the representative PLL
algorithms. It can be observed that LMS based PLLs have
the minimum oscillating ripple. Especially, the MLMS-PLL
completely corrects the error after a short transient time.

Experimental Results

To verify the effectiveness of the proposed
synchronization algorithm in this paper, the system was
implemented in a control board based on the dSPACE 1005
experimental platform. All the required signals are
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programmed by the Chroma 61512 AC source, which can
generate voltage dip or rise, phase angle jump, harmonics,
unbalance, frequency offset and other typical fault signals.
The input signals have been acquired through the DS2003
A/D board, and processed in dSPACE 1005. Control Desk
is used to display the variables on the computer screen.
Fig. 13 shows a basic diagram of the experimental setup.

20
10¢ b
o——— (@)
-10F 1

-20 s :
0.95 1 1.05 1.1

10

0.95 1 1.05 1.1

5, ,
50 ]

0.5¢ 1
0“““‘4‘Y e — (1)
-1 . .
0.95 1 1.05 1.1
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Fig. 12. Grid frequency estimated error of PLLs in case 2. (a)
estimated error with SRF-PLL [Hz]. (b) estimated error with
DDSRF-PLL [Hz]. (c) estimated error with DSOGI-PLL [Hz]. (d)
estimated error with 3ph-EPLL [Hz]. (e) estimated error with LMS-
PLL [Hz]. (f) estimated error with MLMS-PLL [HZz].

Chroma 61512 DS2003
AC source A/D conversion
HOST PC dSPACE 1005

Control Desk RTI Platform

Fig. 13. Block diagram of experimental setup

Experimental situation and parameters selection is the
same as case 2, presented in simulation. Fig. 14 shows the
experimental results. Fig. 14(a)—(c) show that the fast

response and accurate performance of the proposed
MLMS-PLL are revealed even when the measured signal is
simultaneously affected by harmonics and unbalance. As
shown in Fig. 14(d), the fundamental negative symmetrical
components detected by MLMS-PLL entirely eliminate
harmonics influence and reach the correct value after a
relatively short transient. However, due to lack of multiple
structure, LMS-PLL shows obvious oscillation in the
estimated fundamental negative sequence.
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909000000001
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Fig.14. Experimental results when grid voltage is suffering from
unbalance and harmonics. (a) input voltage and detected 1st
positive sequence with MLMS-PLL. (b) detected 5th negative and
7th positive sequences with MLMS-PLL. (c) detected 1st zero
sequence and phase angle with MLMS-PLL. (d) detected 1st
negative sequence with LMS-PLL and MLMS-PLL.

Negative sequence
LMS
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Comparison

To highlight the features of the proposed method, in this
section, the performance assessment of several PLL
algorithms is carried out. As shown in Table I, it is noticed
that SRF-PLL has the shortest settling time with the lowest
computational burden but the phase tracking performance
is limited under unbalanced or distorted grid conditions.
DDSRF-PLL and DSOGI-PLL have similar performance on
phase tracking and computational burden, while the former
has shorter response time. 3ph-EPLL and LMS-PLL have
better antiharmonic characteristic than aforementioned
methods, although they have relatively high computational
burden. The last column in Table | summarizes the
performance of MLMS-PLL method. It can be observed that

Table |. Performance comparison of PLL methods

MLMS-PLL has shorter settling time and zero phase
estimated error at the cost of computational burden. It must
be pointed out that with the development of digital signal
processors, computational burden is no longer a problem.
In addition, the last three algorithms have special structures
with no need of coordinate transformation. The application
field of PLL methods is described in Table I, it can be
observed that only the proposed MLMS-PLL can realize
accurate phase locked control when there are harmonics
and unbalance in grid voltage. From Table lll, it is noticed
that only the proposed MLMS-PLL can extract the
fundamental and harmonic symmetrical components of
three phase input signals.

SRF- DDSRF- DSOGI- 3ph- LMS- MLMS-
PLL PLL PLL EPLL PLL PLL
Settling time < 40ms =~ 40ms > 40ms > 40ms =~ 40ms =~ 40ms
Phase error
(unbalanced) 0 =0 =0 B B B
Z'?SE&SLS‘” £0 £0 £0 £0 £0 =0
Con;zt:(tje;trl]onal lowest low low high high highest
. . need need need no need no need no need
transformation
Park . need need need no need no need no need
transformation
Table |l. Application field of PLL methods
SRF- DDSRF- DSOGI- 3ph- LMS- MLMS-
PLL PLL PLL EPLL PLL PLL
Undistorted Y Y Y Y Y Y
Balanced Distorted lightly Y Y Y Y Y Y
Distorted heavily N N N N N Y
Unbalance Undistorted Y Y Y Y Y Y
d Distorted lightly Y Y Y Y Y Y
lightly Distorted heavily N N N N N Y
Unbalance Undistorted N Y Y Y Y Y
d Distorted lightly N Y Y Y Y Y
heavily Distorted heavily N N N N N Y
Notes: Y -- well locked; N -- unlocked;
Table lll. Separated grid sequence of PLL methods
SRF- DDSRF- DSOGI- 3ph- LMS- MLMS-
PLL PLL PLL EPLL PLL PLL
Positive Y Y Y Y Y Y
Fundamental _Negative N Y N N Y Y
Zero N N N N Y Y
Positive N N N N N Y
Harmonic Negative N N N N N Y
Zero N N N N N Y

Conclusion

In this paper, a method based on LMS filter for obtaining
grid sequence is presented and evaluated through
theoretical analysis, simulation and experimental results
which demonstrate the good performance of the strategy for
distorted and unbalanced three phase systems. The main
architecture consists of three parallel LMS or MLMS filters
detecting each phase and its 90 degrees phase shift
version which are delivered into a computational unit to
calculate the symmetrical components using a linear
transformation. Furthermore, a PLL based frequency
adaptive scheme is also used for grid synchronization. Low
computational burden due to recursive mode and no
coordinate transformation makes the method suitable for
software implementation, and the flexibility of the structure
depends on harmonics to be considered for industrial
applications.
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