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Grid Synchronization With Selective Harmonic
Detection Based on Generalized Delayed
Signal Superposition

Yong Lu

Abstract—Grid synchronization has always been an important
challenge for grid-connected converters under extremely distorted
grid conditions. Moreover, how to quickly and accurately extract
multiple required harmonics is also essential for control systems.
In this paper, two types of generalized delayed signal superposition
(GDSS) operators capable of extracting any arbitrary harmonic
component out of an input signal are derived. In order to show
the benefits of GDSS operators, a new grid information estima-
tion concept based on multiple GDSS operators (referred to as
MGDSS-PLL) is proposed to track the fundamental and multiple
targeted harmonics under single-phase and three-phase adverse
grid conditions. MGDSS-PLL can be flexibly tuned to extract any
harmonic components according to specific requirements within
one fundamental period, and it also exhibits great robustness to
grid disturbances. Simulations and experimental results are pre-
sented for verifying the performance of the MGDSS-PLL.

Index Terms—Delayed signal superposition, grid synchroniza-
tion, phase-locked loop, selective harmonic detection.

I. INTRODUCTION

N RECENT years, distributed generation systems (DGSs)

based on renewable energy sources (RESs) have experi-
enced a rapid and continuous development due to the increasing
demand for cleaner energy and also a flexible electric power
system like the smart grid [1]-[4]. However, a high penetra-
tion level of RESs in turn challenges reliable, efficient, and
safe operation of the utility grid and therefore the related grid
codes become more and more rigorous [5]-[7]. Consequently,
power-electronic converters, acting as energy conversion inter-
face between the DGSs and electricity network, are required
to provide stable performance and fault-ride-through capability
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Fig. 1. General control system for power-electronic converters connected to

the grid.

in order to handle undesired grid perturbations (including volt-
age sags, system unbalance, and severe distortions) [8]-[10].
In this scenario, one of the key issues in the design of reliable
controllers for these converters is the grid synchronization at
the point of common coupling. Therefore, the synchronization
algorithm should be accurate and robust under a variety of grid
conditions and play a critical role in the control of converters
[11]-[16], which is also demonstrated in Fig. 1.

Synchronous reference frame phase-locked loop (SRF-PLL)
is generally considered to be the most widely applied synchro-
nization technique in both single-phase and three-phase systems
considering its simple structure and satisfactory performance.
However, its tracking accuracy tends to be unacceptable when
the grid is polluted and/or unbalanced [17]-[19]. To improve
the behavior of SRF-PLL under abnormal grid conditions, var-
ious advanced approaches have been discussed in recent years
[20]-[32]. A majority of these approaches are based on adding
filtering stages, which can be further categorized into two types
as extended-loop-filter-based techniques and prefilter-based
techniques [24]. In practical implementation, the extended-
loop-filter-based methods are often preferred when only the
fundamental component of the grid is required, whereas
the prefilter-based synchronization techniques are generally
adopted to extract the fundamental and selected harmonic com-
ponents. Therefore, the prefilter-based techniques are normally
considered to be more convenient for a flexible control strategy
design under adverse grid conditions [25].

There are a variety types of prefilter-based synchroniza-
tion techniques proposed, including decoupled synchronous

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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reference-frame PLL [20], [26], sinusoidal signal integrator
PLL [27], signal reforming PLL [28], moving average filter
PLL [29], [30], double second-order generalized integrator PLL
(DSOGI-PLL) [31], [32], and delayed signal cancelation PLL
[33], [34], but these PLLs rarely give satisfactory harmonic de-
tection performance when considering their overall evaluation
in terms of the response time, steady-state error, and robustness.
Then, in [35]-[37], solutions based on harmonic decoupling net-
work (HDN) are proposed with improved harmonic detection
performance. These techniques can operate fast and accurately
under highly distorted grid and also allow the estimation of mul-
tiple harmonic components. However, these schemes are gen-
erally sensitive to unconsidered harmonics, and their dynamic
responses are still not satisfactory (from one to several funda-
mental cycles), especially under grid disturbances. For instance,
the synchronization method introduced in [35], denoted as mul-
tiple second-order generalized integrator frequency-locked loop
(MSOGI-FLL), consists of multiple DSOGIs tuned at different
harmonics of the fundamental grid frequency and an HDN that
decouples the interactions of different harmonic components on
the input signal of these DSOGIs. Thus, the MSOGI-FLL can
detect both the fundamental and the harmonic sequences even
under highly polluted grid conditions. However, since there
exists a tradeoff between the selectivity and settling time of
the SOGI operator, the number of DSOGI subsystems should
be equal to the number of significant harmonics contained in the
distorted grid in order to ensure an acceptable dynamic response.
Hence, any unconsidered harmonics will affect the steady-state
error of the HDN and the calculated results.

In this paper, two types of generalized delayed signal super-
position (GDSS) operators are derived based on the delayed
signal superposition operators presented in [38], and they can
extract any selected harmonic component out of the input signal
with the response time as short as half a fundamental period.
The obtained GDSS operators can be flexibly configured to im-
prove the performances of grid synchronization and harmonic
detection algorithms according to different grid conditions or
control requirements. Then, a novel grid synchronization tech-
nique capable of detecting fundamental and multiple targeted
harmonics is introduced for both single-phase and three-phase
systems under extremely distorted grid conditions. The pro-
posed system is denoted as multiple GDSS phase-locked loop
(MGDSS-PLL) since it contains multiple GDSS operators tuned
at the different harmonics, which cooperatively work as a set of
selective filters. Compared to the MSOGI technique, the GDSS
operators are more selective such that the design of each GDSS
submodule is independent, and there are no interactions between
the different harmonic orders. Hence, the number of GDSS op-
erators only depends on the number of interested harmonics,
and these operators are insensitive to unconsidered harmonic
components. Moreover, the presented MGDSS-PLL is robust
to small variations of the fundamental frequency and exhibits
great robustness against different grid perturbations. It should
be mentioned that the GDSS is similar to the cascaded delayed
signal cancellation (CDSC) introduced in [39] as they both orig-
inate from the concept of signal delay. However, differing from
the CDSC, the proposed GDSS is derived through an algebraic
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recursive procedure, which provides an easier parameter design
process and also a more intuitive harmonic elimination principle.
Additionally, no magnitude or phase angle correction block is
needed for the MGDSS-PLL method. In the paper, simulations
and experimental results are presented to verify the performance
of the proposed GDSS operators as well as the MGDSS-PLL
technique.

II. GDSS OPERATORS

Any voltage/current signal u(f) can be regarded as a combina-
tion of the fundamental and harmonics. Then, u(?) is described
as follows:

H
u(t) = Z Uy, cos(hwt + ¢p) (1
h=1

where £ is the harmonic order (for fundamental component,
h = 1), H represents the maximum harmonic order considered,
w and ¢y, are the fundamental frequency and initial phase of the
h-order harmonics, respectively. Two different types of gener-
alized delayed signal operators (GDS1 and GDS2) for u(f) are
considered in this paper:

k 2k
GDS1[u(t)] = u <t - hsnT> cos —— 2)

k . 2km
GDS2[u(t)] = u <t - hsnT> sin ——~ 3)

where T is the fundamental period, h is the harmonic order to
be detected, and n, k are arbitrary integers. If GDS1[u(#)] and
GDS2[u(t)] are added with k ranging from 0 to m (m < hgn)
and then multiplied by 2/(m + 1), two types of GDSS operators

can be constructed as follows:
2 - k 2k
GDSS1[u(t)] = —— > u (t - T) cos (’T @
m+1 = hsn n

GDSS2[u(t)] = miﬂ Y u (t - hfﬂT) sin <2z7r) )
k=0

When the A-order harmonic uy, (t) = Upcos(hwt + ¢y) is
considered, (4) can be further derived as follows:

m

o152 & ho o 2) o)
k=0

(6)
where « represents the phase angle of wy, () and « = hwt +
@y, Then, (6) can be rearranged to be

Un <

GDSS1[uy (t)] = [cos(av — 2k A) + cos(a — 2kB))]
m+1 l;

(N

. (h - hs)
A= o s (8)
B= Mﬂ. )

hsn
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TABLE 1
RELATIONSHIPS AMONG h, m, n, h;

hg m n h;
1 14 15 1, 14, 16, 29, 31
3 14 5 3,12, 18,27,33
4 15 4 4,12, 20, 28, 36
5 14 3 5, 10, 20, 25, 35
7 20 3 7,14,28
8 23 3 8, 16, 32
9 26 3 9, 18, 36

According to the certain sums of trigonometric functions pro-
vided in [40], (7) can be further simplified as follows:

G(CDcsc A+ EFcscB) h # h;
GDSS1[uy, (t)] =< U cosa+ GEFese B h = hy(jn+1)

Upcosa+GCDcesc A h=hs(jn—1)

(10)

where C'= cos(a — mA), D= sin[(m + 1)A], E= cos(«
— mB), F=sin[(m + 1)B], h; = hs(jn £ 1), and j is a
natural number. The same derivation process can be applied to
analyze (5) and a similar expression can be obtained as follows:

G(JDcsc A+ KFcsc B) h # h;
GDSS2 [uy (t)) = U sina+ GKFcesc B h = hs(jn+1)

Upsina+GJDcesc A h=hs(jn—1)
(11
where J = sin(a — mA) and K = sin(ac — mB).

As can be solved from (10), if D and F are set to zero with
m = hgn — 1, GDSSI operator will exhibit a zero gain for
any harmonic components at . # h;, but a unity gain and zero
phase shift for the harmonic components at A = h;, includ-
ing the selected harmonic order h,. The same conclusion can
be drawn for the GDSS2 except that it will introduce an ex-
tra —m/2 phase shift to the harmonics at h = h;. Therefore,
GDSSI and GDSS?2 can be configured as a quadrature signal
generation (QSG) method, and it can generate two pure quadra-
ture signals at any targeted harmonic order hy with properly
designed m and n. Fig. 2 illustrates the QSG algorithm based
on the GDSS operators (GDSS-QSG), where V}, ; represents the
hg-order harmonic component targeted at the input signal V;,,
and ¢ = e 77/ denotes a 7/2 phase delay operator. Typical
parameter designs of m, n, hg, and h; can be calculated and they
are given in Table I.

As can be seen from (4) and (5), the maximum delay time for
GDSSI and GDSS2 is mT'/hsn, which enables a fast harmonic
detection with the response time less than one fundamental

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

period. Additionally, with the further observation on (10) and
(11), for the applications where the even-order harmonics are
considered to be noncritical components (like in single-phase
systems), m can be redesigned to hsn/2 — 1 (hs X n is an
even number) and the overall time delay will be significantly re-
duced to less than half a fundamental cycle. In this situation, the
harmonic selection performance of GDSS/ and GDSS2 remains
nearly the same, except that the even-order harmonics will not
be completely eliminated.

In a practical implementation, GDSS-QSG will be realized
with digital signal processor and thus discretization is needed
for (4) and (5). If the sampling points of u(¢) is set to Ng within
a fundamental cycle, the discretized expression of the GDSS-
QSG operator can be written as follows:

m+1 Zzl ot |: hsn NS:| cos (2]:1 )
m+1 ;cn Ou |: %Ns} Sin(zfzﬂ)
According to (12), the GDSSI and GDSS2 can be regarded
as two finite impulse responses filters, and its performance is
similar to the comb filter developed in the digital signal pro-
cessing theory [41]. In Fig. 3, the frequency responses of the
GDSS-QSG at by = 4 and 7 are demonstrated, based on the pa-
rameters provided in Table I, in order to verify the previous
analysis. Fig. 4 presents the frequency responses of the fast
GDSS-QSG at hy= 5and 7 when the even-order harmonics
are not considered. In Fig. 4(a) and (b), m = 14, n = 6; in
Fig. 4(c) and (d), m = 20,n = 6. As can be seen from Figs. 3
and 4, the GDSS operators are rather selective and can be flex-
ibly configured for the different applications. As also indicated
by the presented frequency responses, gains decrease abruptly
at frequencies deviated from the selected harmonics; thus, the
interharmonics/subharmonics can be suppressed by the GDSS
operators, although not completely eliminated.

Vis [Z]

12
qvhs[i] ( )

III. MGDSS-PLL FOR SINGLE-PHASE AND
THREE-PHASE APPLICATIONS

As previously mentioned, the proposed GDSS operators can
be flexibly configured with different parameters to eliminate the
unwanted harmonics in the input signal and extract only the
desired harmonic component. According to the theoretical anal-
ysis, the GDSS operators have very short transient and are quite
selective. Therefore, they can be readily adopted to enhance
the performance of grid synchronization or harmonic detection
algorithms under adverse grid conditions since the grid informa-
tion sensed is highly distorted. In this section, presented as two
possible solutions, multiple GDSS operators tuned at the differ-
ent frequencies are utilized collaboratively in both single-phase
and three-phase systems to obtain the grid fundamental and mul-
tiple harmonic components. The new detection configurations
in these two applications are both denoted as MGDSS-PLL.

A. MGDSS-PLL for Single-Phase Applications

The main structure of the MGDSS-PLL for single-phase
applications is demonstrated in Fig. 5, where V;,, is the
single-phase input signal, # and V; denote for the computed
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fundamental phase and voltage, respectively, hsl, hs2... hsn
are multiple harmonic orders targeted, Vj, 51, Vis2 ... Visn rep-
resent the extracted harmonic components at corresponding fre-
quencies, GDSS1;,51, GDSS149 ... GDSS1y,, stand for
the GDSS1 operators tuned at these harmonic orders. As can
be seen from Fig. 5, MGDSS-PLL consists of multiple GDSS
operators tuned at different frequencies and working in paral-
lel as a set of selective filters. A standard SRF-PLL structure
is adopted here to estimate the phase of the fundamental com-
ponent. According to the structure diagram demonstrated, the
operation principle of the MGDSS-PLL and the function of each
submodular can be concluded and described as follows.

1) Single-phase input signal V,, is sampled and the con-
tained harmonic components will be eliminated by the
GDSS-QSG submodular tuned at the fundamental fre-
quency. Therefore, two pure quadrature signals will be
generated through this process and then fed to the SRF-
PLL block.

2) A standard SRF-PLL structure introduced in [31] is ap-
plied here to track the fundamental phase 6. Since the input
of SRF-PLL is clean, the control bandwidth of the SRF-
PLL can be designed to be high in order to ensure a good
dynamic. How to design the PI parameters is described in
[31] and will not be included in this paper.

3) Meanwhile, the harmonics of interest are extracted
by multiple GDSS! operators working in parallel and
the irrelevant frequency components will be com-
pletely filtered. Since these GDSS operators are rather
selective, there will be no interaction between different
harmonics. Consequently, the design of each GDSSI op-
erator is independent and only focused on the particular
harmonics.

4) Finally, the obtained grid information, including the fun-
damental phase, fundamental component and multiple

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

GDSS-QSGyy

GDSS-QSGy,

GDSS-PNSC

= VVL - W‘L

Fig. 6.  Structure diagram of the GDSS-PNSC.

harmonics, is fed to the control system for reference gen-
eration or related computation.

B. MGDSS-PLL for Three-Phase Applications

With an extra concern for the sequence components de-
tection, the MGDSS-PLL structure proposed for single-phase
applications can be readily implemented in three-phase applica-
tions under an a3 reference frame. Therefore, before the three-
phase MGDSS-PLL configuration is presented, a harmonic
sequence component extraction algorithm based on a positive-
and negative-sequence calculator (PNSC) and GDSS operators
is derived in the first place.

The derivation process of the PNSC is introduced in [35],
and the obtained expressions can be directly adopted in this
paper. According to [35], the positive- and negative-sequence
components in the «f reference frame can be calculated as

follows:
s w1 ma =2 T s
V:j - af+ Vg ) af+ *2 q 1
s ma [V mea=2 Y s
V; = af— V@ ) af— _2 g 1

where V,,, Vj; are the signals transformed from the abc stationary

frame by using the Clark transformation, and V!, V;f , Vo,

V};” represent the positive- and negative-components in the a3
reference frame. The expression of the Clarke transformation
T, is written as follows:

, 11
2 2 2
Top| = a° 15
[T s] 3 ; @ _@ (15)

As can be seen from (13) and (14), the quadrature signals
of V,,, V3 are required for the calculation of the desired V",
V/;r Vo, VB_' Therefore, the aforementioned GDSS-QSG can
be applied to provide these quadrature signals and the unwanted
harmonic components will also be eliminated through this pro-
cess. Fig. 6 illustrates the structure diagram of the discussed
harmonic sequence components extraction algorithm, which is
marked as GDSS-PNSC.

In Fig. 6, V. represents the three-phase voltage/current sig-
nal to be estimated; V,,(15), Vj(ns) are the targeted hg-order
harmonic under the o3 reference frame; V;( hays V;( hsy» Vaths)»
VB’( hs) denote the extracted positive and negative sequence
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components of V;,(4,) and Vg(ps); V:L-;(:(h,s‘) and Vipe(ns) — are,
respectively, the computed positive and negative components
of Vipe; GDSS — QSG, stands for the GDSS-QSG operator
tuned at the h -order harmonic. Moreover, T[;,} is the inverse

Clark transformation and it is given as follows:

10
2| _L V3

w35 % | e
LV
2 2

Then, if the GDSS operators in Fig. 5 are substituted with
GDSS-PNSC blocks and the required transformation are added,
three-phase MGDSS-PLL capable of detecting fundamental in-
formation and multiple harmonic/sequence components under
highly polluted and unbalanced grid will be obtained and its
structure is depicted in Fig. 7.

As can be inferred from Fig. 7, the main configuration of
the three-phase MGDSS-PLL is similar to the single-phase
MGDSS-PLL introduced previously. Hence, the signal process-
ing procedure of the three-phase MGDSS-PLL can be equally
concluded and described as follows.

1) Three-phase input signal V. is transferred to V,, 3 under
the o reference frame using the Clark transformation
and then fed to the multiple GDSS-PNSC subsystems.

2) Irrelevant harmonic components contained in V, 3 will be
eliminated by the GDSS operators in each GDSS-PNSC
subsystem and pure quadrature signals at targeted frequen-
cies will be generated. Then, these quadrature signals will
be extracted into positive and negative sequence compo-
nents under the a3 reference frame by the PNSC blocks
as shown in (13) and (14).

3) The same type of SRF-PLL structure as mentioned in
single-phase MGDSS-PLL is implemented here to track
the positive fundamental phase 6. Since the input signal
V:j is clean and balanced, a similar design procedure is
applied as in single-phase applications.
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TABLE II
SINGLE-PHASE GRID PARAMETERS

Voltage components Magnitudes (V)  Phase (rad)
Fundamental voltage 311 0
Third harmonic 62 /6
Fifth harmonic 62 /4
Seventh harmonic 62 0
Ninth harmonic 31 /6
Eleventh harmonic 31 /12
Thirteenth harmonic 31 /9
Fifteenth harmonic 62 /3

4) The obtained positive and negative harmonic sequence
components at multiple desired orders are finally trans-
ferred to the abc stationary reference frame.

As can be seen from Figs. 5 and 7, the fundamental synchro-
nization is realized through a typical SRF-PLL structure, and its
accuracy is actually ensured by the GDSS operator tuned at the
fundamental frequency, while other GDSS operators designed
at multiple harmonic frequencies are only implemented for es-
timating multiple harmonic components in order to be used in
the control process. Therefore, the performance of the MGDSS-
PLL is basically determined by the GDSS operators, and thus the
MGDSS-PLL can be flexibly designed with a variable number
of GDSS-PNSC or GDSS subsystems for the specific applica-
tions and the control requirements. Furthermore, the parameters
of the GDSS operators can also be optimized according to the
different grid conditions and the control requirements, in order
to achieve the most suitable synchronization performance in re-
spect to the tracking accuracy and computational complexity.
It is worth mentioning that the MGDSS-PLL is immune to the
input frequency variations within a small range, since the gains
and phases around the targeted frequencies are still close to their
nominal values as shown in Figs. 3 and 4.

Consequently, with the adoption of the proposed GDSS oper-
ators, fast dynamic and accurate synchronization for both fun-
damental and multiple harmonic components can be guaranteed
simultaneously, even under highly harmonic distortion or typical
grid disturbances.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the performance of the MGDSS-PLL under adverse
grid conditions, simulations based on MATLAB/SIMULINK
and experimental tests with a dSPACE DS 1103 system are pre-
sented in this section. In the simulations and experiments, a
highly unbalanced and distorted grid is applied, and the grid
parameters during normal and fault conditions are specified in
Table II for single-phase systems and in Table III for three-phase
systems. The MGDSS-PLL is configured to track the funda-
mental, third, fifth, seventh, and ninth harmonic components
in single-phase systems and to track the fundamental, fourth,
seventh, and eleventh harmonic sequence components in three-
phase systems. Moreover, parameters of the GDSS operators in
the single-phase applications are listed in Table IV, and parame-
ters of GDSS-PNSC subsystems in the three-phase applications
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TABLE III
THREE-PHASE GRID PARAMETERS

Voltage components Magnitudes (V)  Phase (rad)

Fundamental positive sequence 311 0

Fundamental negative sequence 40 /3
Second harmonic positive sequence 31 0

Fourth harmonic negative sequence 31 /6
Fifth harmonic positive sequence 62 /6
Seventh harmonic negative sequence 62 /4
Eighth harmonic positive sequence 31 /3
Eleventh harmonic positive sequence 62 w/12
Thirteenth harmonic negative sequence 62 /9

TABLE IV
PARAMETERS OF THE SINGLE-PHASE MGDSS-PLL

GDSS submodular  m n h; (even orders excluded)

GDSS-QSG 12 26 1,25,27.

GDSS13 14 10 3,27,33.

GDSS1; 14 6 5,25,35.

GDSS1; 20 6 7,35,49.

GDSS1g 17 4 9,27,45.
TABLE V

COMPLEXITY OF THE SINGLE-PHASE AND THREE-PHASE MGDSS-PLL

Application [GDSS] [PNSC] [T,3 & T;é] Total mult- Total

~ iplications  additions
Single phase 6 0 0 22 80
Three phase 16 4 6 69 282

are provided in Table I. The grid fundamental frequency is 50 Hz
during the simulations and experiments.

Before the simulation and experimental results are demon-
strated, computational complexity of the MGDSS-PLL should
be analyzed to evaluate its real-time process, since hardware
resources are generally limited in practical applications. Ac-
cording to Fig. 5, the process of single-phase MGDSS-PLL
mainly requires to compute one GDSS-QSG submodular and
four GDSSI operators. Meanwhile, based on Fig. 7, the process
of three-phase MGDSS-PLL practically requires calculating six
transformation matrices and four GDSS-PNSC subsystems. As
can be inferred from (12), the proposed GDSS operator consists
of two parts: Sampling points stored in the memory and constant
coefficients that can be determined during the design process.
Therefore, the process of the GDSS operator can simply be
realized with (m + 1) multiplications and m additions. Actu-
ally, the mathematical operations of the GDSS operator can be
further decreased considering the symmetrical characteristics of
the coefficients.

Consequently, the complexity of the single-phase and three-
phase MGDSS-PLL can be summarized and as presented in
Table V. As can be seen from the results, the processing time
of the synchronization algorithm is relevantly short according
to the complexity analysis discussed in [37], which is beneficial
for the real-time operation of the control system.
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Fig. 9. Simulation results of the single-phase MGDSS-PLL under distorted

grid conditions.

A. Simulation Results

Single-phase distorted grid voltage described in Table II is
illustrated in Fig. 8, where the grid fault appears at t = 0.5 s.
Simulation results of the MGDSS-PLL under this grid condition
are shown in Fig. 9. As can be seen from the results, MGDSS-
PLL can accurately synchronize with the fundamental phase and
extract multiple targeted harmonics within half a fundamental
cycle, which is consistent with the theoretical analysis. In order
to further test the performance of MGDSS-PLL under adverse
grid conditions, grid disturbances including voltage sag, phase
jump, and frequency variation are applied in the simulation and
the results are given in Figs. 10 and 11. In Fig. 10, atz=0.5 s, the
grid fundamental voltage peak value drops from 311 to 255 V
with an extra 7/6 phase jump and in Fig. 11, the grid fundamental
frequency changes from 50 to 50.5 Hz during the fault condition.
As can be seen from Figs. 10 and 11, the proposed MGDSS-
PLL is valid in single-phase distorted grid and exhibits great
robustness considering common grid disturbances.

Similar simulation tests are set up for three-phase applica-
tions. The unbalanced and distorted grid specified in Table III
is shown in Fig. 12, where the grid fault appears at = 0.5 s.
Simulation results of the MGDSS-PLL under this extreme grid
condition are given in Fig. 13. As indicated by the simulation
waveforms, the proposed MGDSS-PLL can accurately extract
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Fig. 12.  Unbalanced and distorted three-phase grid voltage.

all the interested harmonic sequence components within one
fundamental period, which is also consistent with the theoretical
analysis. Then, the MGDSS-PLL is tested under more stringent
scenarios with grid voltage sag, phase jump, and frequency vari-
ation. The obtained results are demonstrated in Figs. 14 and 15.
In Fig. 14, the grid positive fundamental voltage drops from
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Fig. 14.  Simulation of the three-phase MGDSS-PLL with voltage sag and
phase jump.

311 to 255 V with an extra 7/6 phase jump at t = 0.5 s. The
other conditions remain the same as given in Table III. The same
parameters are set for the grid voltage in Fig. 15 except that
the positive fundamental frequency changes from 50 to 50.5 Hz
during the fault condition. As can be concluded from Figs. 14
and 15, the introduced MGDSS-PLL can effectively work in
three-phase grid under a variety of grid conditions, which makes
it an attractive synchronization technique.

B. Experimental Results

During the experiments, the input voltage is sampled by the
analog-to-digital converters and fed to the detection algorithm.
The waveforms recorded are all calculated results based on
the detection algorithm and generated by the digital-to-analog
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Fig. 16. Distorted single-phase grid voltage in the experiments.

converters of the control system. The sampling rate in the ex-
periments is set to 15 kHz.

Single-phase distorted input voltage applied in the exper-
iments is given in Fig. 16, and its parameters are described
in Table II. Experimental results of the single-phase MGDSS-
PLL under this condition are provided in Fig. 17. According
to the results, the proposed MGDSS-PLL can effectively detect
the fundamental phase and extract multiple interested harmonic
components within half a fundamental period, which is also
proved by the simulation results. Fig. 18 shows the experimental
results of the single-phase MGDSS-PLL under a more exigent
situation, where the grid fundamental voltage drops from 311
to 255 V with an extra 7/6 phase delay and 0.5 Hz frequency
change. As indicated by the waveforms, the detection perfor-
mance is not affected and the MGDSS-PLL algorithm shows
great robustness.

The unbalanced and distorted three-phase input voltages used
in the experiment is demonstrated in Fig. 19, and its important
parameters are given in Table III. Fig. 20 shows the experimental
results of the proposed method under the input voltage given in
Fig. 19. As can be seen from the waveforms, all the positive-
and negative sequence components contained in the input are
accurately separated by the MGDSS-PLL and the settling time
of the algorithm is about one fundamental period, which matches
with the simulation and theoretical analysis. A more critical grid
condition is also tested in the experiments and the results are
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demonstrated in Fig. 21, where the grid positive fundamental
voltage drops from 311 to 255 V with an extra 7/6 phase jump
and 0.5 Hz frequency change. As it can be confirmed by Fig. 21,
the introduced MGDSS-PLL is immune to some typical grid
perturbations like voltage sag, phase jump and small frequency
variation, so it can maintain high tracking performance with
great robustness.
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Asillustrated by the simulation and experimental results given
in Figs. 8-21, the proposed MGDSS-PLL can maintain excellent
synchronization performance under extremely distorted single-
phase/three-phase applications and exhibits great robustness
against different grid perturbations. Furthermore, the response
time is half the fundamental period for single-phase MGDSS-
PLL and one fundamental cycle for three-phase MGDSS-PLL,
which indicates a faster dynamic than the methods proposed in
[35]-[37] as mentioned in Section I.

To make it more clearly about the benefits of the derived
MGDSS-PLL structure, the input voltages shown in Figs. 16
and 19 are also tested with the aforementioned MSOGI-FLL.
The obtained experimental results are, respectively, presented in
Figs. 22 and 23, where Aw™ = (w — 314.16) rad /s represents
the error between detected positive fundamental frequency and
its rated value. In the experiments, only the fundamental, third,
fifth, seventh, and ninth harmonics are considered to design the
HDN of the single-phase MSOGI-FLL, and only the funda-
mental, fourth, seventh, and eleventh harmonics are considered
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Fig. 22.  Experimental results of the MSOGI-FLL with a single-phase grid.

to design the HDN of the three-phase MSOGI-FLL. All other
harmonic components contained are regarded as unknown com-
ponents. According to the obtained results, any unconsidered
harmonics will affect the tracking performance of the MSOGI-
FLL when the number of DSOGI subsystems is not equal to the
number of significant harmonic components contained.
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Fig. 23.  Experimental results of the MSOGI-FLL with a three-phase grid.

V. CONCLUSION

This paper has presented two types of GDSS operators that
can extract any arbitrary harmonic component out of the input
signal and they can flexibly be configured to improve the per-
formance of synchronization and harmonic detection algorithms
with fast dynamic (response time as short as half a fundamental
cycle). A new grid information estimation system based on the
introduced GDSS operators, i.e., MGDSS-PLL, has also been
proposed for the fundamental and multiple harmonics detec-
tion under extremely polluted single-phase and three-phase grid
conditions.

The proposed MGDSS-PLL structure contains multiple
GDSS operators working collaboratively, which enables accu-
rate and fast signal extraction at multiple interested harmonic or-
ders. Since these GDSS operators are quite selective, the design
process of each GDSS block is independent, and there will be no
interaction between different harmonic components. Hence, the
obtained MGDSS-PLL is insensitive to unconsidered harmonic
components. Moreover, the MGDSS-PLL also exhibits great ro-
bustness regarding to typical abnormal grid conditions including
voltage sags, phase jumps, and frequency variations. All these
features make the proposed MGDSS-PLL to be a competitive
synchronization algorithm for both single-phase and three-phase
systems in practical applications. Simulation and experimental
results under varieties of grid conditions are presented in the
paper to verify the effectiveness of the GDSS operators and the
proposed MGDSS-PLL.
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