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ABSTRACT In grid-connected power converter applications, the phase-locked loop (PLL) is probably the
most widely used grid synchronization technique, owing to its simple implementation. However, in power
grids some very common problems, such as voltage distortion, voltage unbalance, and frequency instability
make synchronization a challenging task. The performance of the conventional synchronous reference frame
PLL (SRF-PLL) is greatly reduced in the presence of distorted grid conditions. For a polluted grid some
advance PLL techniques have been proposed, such as moving average filter PLL (MAF-PLL) and cascaded
delayed signal cancellation PLL (CDSC-PLL). These techniques have been mostly evaluated in the presence
of odd and even harmonics but the effects of interharmonics on these synchronization techniques still needs
to be investigated. In this paper, a detailed performance comparison has been made between SRF-PLL,
MAF-PLL, and CDSC-PLL for grid voltages contaminated with interharmonics in the presence of different
grid disturbances, such as frequency jump, phase angle jump, and dc offset. The techniques are simulated
using Matlab/Simulink. The CDSC-PLL shows excellent performance as compared with other techniques
in terms of dynamic response as it settles to frequency step change in a half cycle but the presence of
interharmonics greatly reduces its filtering capability. On the other hand, MAF-PLL gives a ripple free
behavior in frequency estimation but with a much slower dynamic response as it settles to a frequency step
change in more than three cycles. SRF-PLL only performs well under harmonics free grid voltages.

INDEX TERMS Grid synchronization, phase locked loop, interharmonics and power quality improvement.

I. INTRODUCTION
Synchronization of grid connected power converters is one
of the important issues to be solved in industrial and
power applications [1]–[3]. Synchronization is the process
of extracting the information about the frequency and phase
angle of the fundamental frequency positive sequence com-
ponent of the grid voltage. The phase information of the
grid voltage is needed to obtain the reference of the current
delivered by the power electronics converter [4]–[6]. This
infers that the quality of the injected power highly depends
on the accuracy of phase information.

Phase locked loop (PLL) is commonly used for grid
synchronization [7], [8]. Between several types of PLL,
the synchronous reference frame PLL (SRF-PLL) established
on PI controller is perhaps the most frequently used because
of its easy implementation and simple structure [9]–[13].
Many researchers have worked on SRF-PLL for the esti-
mation of grid phase and proved its accuracy if the electric
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grid does not contain harmonics and is balanced [14], [15].
On the other hand, if the grid voltage contains harmonics
components, the PI-based SRF-PLL shows inaccurate esti-
mation of phase [16], [17]. The harmonics filtering capability
of the SRF-PLL can be improved by carefully selecting the
tuning parameters of the PI controller [18]. However, this
approach results in a slower dynamic response. In [19], a feed
forward action is used to improve the response speed. Like-
wise, in [20] and [21], a number of techniques are presented
to remove unwanted ripples in the estimated phase, but a
drift in the grid frequency is not taken into account in testing
the proposed technique. In [14] an improved small signal
SRF-PLLmodel is proposed to analyze the variations of input
voltage magnitude in addition to effects of grid frequency and
phase angle changes.

In [22]–[24] using a MAF in the PLL control loop is
suggested. The MAF technique is proved to be effective
under adverse grid, however, the open-loop bandwidth of a
PLL is drastically reduced after incorporating a MAF into its
structure giving rise to slower dynamic response. In [25] a
detailed analysis and design guideline of a MAF-PLL and its
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frequency adaptive implementation are presented, in which a
performance comparison of the well-tuned MAF-based PLL
with a PI controller and the PID controller is presented.
The PID-type MAF-PLL is shown to have a higher band-
width giving a faster dynamic response while decreasing the
noise immunity and disturbance rejection capability. A novel
MAF-based PLL consisting of a frequency detector and an
initial phase is presented in [26], in which the effect of dis-
crete sampling on the MAF is analyzed and a linear interpo-
lation is employed to enhance the performance of theMAF. In
[27], a novel design of a low-gain PLL introducing an adap-
tive MAF before the loop-filter (LF) and its discrete domain
model are presented. Compared with the conventional high
gain SRF-PLL, the phase and voltage frequency errors are
reduced and the phase angle tracking is faster and more accu-
rate. In [28], a quasi-type-1 PLL (QT1-PLL) is presented.
In this structure, the proportional integral (PI) controller is
replaced by a simple gain. Thus, a larger open-loop band-
width can be realized. However, the QT1-PLL cannot filter
out the dc offset or even order harmonics. In [29] a differential
MAF-PLL is proposed. This PLL can rapidly eliminate the
low order harmonics by narrowing the window width of
the MAF. In [30] several types of PLL techniques includ-
ing MAF-PLL are compared to perform the synchronization
of active power filter. According to the results, the author
has demonstrated that the MAF-PLL provides good filtering
capability, which is attained at the cost of slower dynamic
response.

In order to improve the dynamic response, many tech-
niques have been proposed by the researchers. Delayed signal
cancellation PLL (DSC-PLL) is proposed recently in [31]
that shows good capability in filtering only certain orders of
harmonics. In [32] a sag detection algorithm based on DSC
is proposed for a dynamic voltage restorer. A digital filter
based phase lead compensator is cascaded into CDSC-PLL to
improve the transient response [33]. In [34] a new open loop
synchronization technique based on compensating the phase
deviation is proposed. For eliminating a quantified set of har-
monics multiple DSC blocks can be cascaded with different
time delays [35]–[39]. Nevertheless, in order to eliminate all
orders of harmonics five DSC blocks are necessary to be cas-
caded. In [40] an improved DSC-PLL including a phase lead
compensator is proposed with good filtering capability and
fast dynamic response. An adaptive DSC-PLL is proposed in
[41] that provides more flexibility to configure the undesired
order of harmonics. In [18] harmonic extraction based on
generalized trigonometric function delayed signal cancella-
tion (GTFDSC) is proposed to extract either the fundamental
component or the desired harmonic component.

The PLL techniques discussed above have been evaluated
in the presence of harmonics, but effect of interharmonics on
the performance of these PLL techniques has not been consid-
ered. Interharmonics are any signal of a frequency that is not
an integer multiple of the fundamental frequency. Interhar-
monics are not periodic at the fundamental frequency, so any
waveform that is non-periodic on the power system frequency

will include interharmonics distortion. Power system inter-
harmonics are most often created by two general phenomena.
The first is rapid non-periodic changes in current and voltage
caused by loads operating in a transient state (temporar-
ily or permanently) or when voltage or current amplitude
modulation is implemented for control purposes. The second
source of interharmonics is static converter switching not
synchronized to the power system frequency (asynchronous
switching). Some specific sources of interharmonics include
arcing loads, induction motors (under some conditions), elec-
tronic frequency converters, variable load drives, voltage
source converters and power line communications.

Interharmonics, like harmonics, add additional signals to
the power system. These additional signals can cause a num-
ber of effects, particularly if they are magnified by resonance.
The wider the range of frequencies present, the greater the
risk of resonance. Many of the effects of interharmonics are
similar to those of harmonics, but some are unique as a result
of their non-periodic nature.

In this paper the performance of three PLL techniques
including SRF-PLL, MAF-PLL and CDSC-PLL is analyzed
in the presence of Interharmonics. The effects of interhar-
monics on dynamic response and filtering capability of PLL
techniques are studied. This study will be helpful in exploring
the advantages and shortcomings of these PLL techniques
under such distorted grid conditions. In section II a brief
overview of the PLL techniques is presented. Section III
gives detailed simulation results and section IV concludes the
paper.

II. OVERVIEW OF PLL TECHNIQUES
In this section a brief overview of three PLL techniques
including SRF-PLL, MAF-PLL and CDSC-PLL is outlined.

FIGURE 1. Structure of SRF-PLL.

A. SRF_PLL
Synchronous reference frame PLL (SRF-PLL) is the stan-
dard PLL used in three phase applications. The SRF-PLL
is simple to implement and has fast dynamic response in
addition to accurate phase detection in case of normal grid
conditions [42]. The basic block diagram of the SRF-PLL
is shown in Fig.1. The proportional–integral (PI) controller
is used to ensure that vd = 0 in the steady state and the
grid voltage vector is perfectly aligned along the q-axis. The
output of the controller is added with the nominal frequency
of the grid and fed to the integrator. The integrator acts on the
frequency error signal and outputs the phase angle θ value.
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This phase angle θ value is fed back to the transformation
block resulting in a closed control loop. The unit vectors (sinθ
& cosθ ), ω (estimated frequency) and θ (estimated phase) are
the outputs of the SRF-PLL.

The three-phase voltage signals vsa.,vsb and vsc are con-
nected to the input of the first block of PLL where Clark’s
transformation is applied to convert the three phase voltages
in abc reference frame into αβ stationary reference frame as
shown in (1).[

vα
vβ

]
=

√
2
3

[
1 −1

/
2 1

/
2

0
√
3
/
2 −

√
3
/
2

]vsavsb
vsc

 (1)

The voltages in d-q frame are obtained by Park transformation
with the help of (2).[

vd
vq

]
=

[
sin (θ) − cos (θ)
cos (θ) sin (θ)

] [
vα
vβ

]
(2)

The q-axis component is the voltage of interest as it provides
the phase error information and is given by (3).

vq = vαcos (θ)+ vβsin (θ) (3)

The estimated frequency ω is given by (4).

ω = kpvq + ki

∫
vqdt + ωn (4)

Where ωn is the nominal value of the grid frequency, kp and
ki are the gains of proportional and integral controllers.

B. MAF_PLL
The harmonic filtering capability and response speed of
SRF-PLL is decreased for adverse grid conditions [43]. The
phase estimation of SRF-PLL can be improved by lowering
the bandwidth but this will result in a slow dynamic response.
Different techniques have been worked out to improve the
performance of SRF-PLL under adverse grid conditions by
applying pre-filtering techniques to the input signal. Moving
average filter PLL is a good solution for adverse grid con-
ditions. Moving average filter is a linear-phase filter that
allows the dc component to pass through and completely
blocks frequency components of integer multiples of 1/Tw
in Hertz [44]. The MAF technique is the most popular and
widely used technique as this filter has significant advan-
tages including easy implementation, complete rejection of
low order harmonics and low computational load. But the
response slows down in the presence of MAF in the closed
loop of PLL. The schematic diagram of MAF-PLL is shown
in Fig.2.

MAF can be described in continuous domain and discrete
domain as shown in (5) & (6) respectively.

Y (t) =
1
Tw

∫ t

t−Tw
X (τ ) dτ (5)

Y (k) =
1
N

∑N−1

n=0
X (k − n) (6)

FIGURE 2. Schematic diagram of MAF-PLL.

FIGURE 3. Bode diagram of MAF.

Where Tw is the window length of MAF. In Laplace domain
the MAF is described as:

MAFG(s) =
Y (s)
X (s)
=

1− e−Tws

Tws
(7)

It can be seen from (7) that the MAF needs a time equal
to its window width to reach steady-state condition. Hence,
a wider window width will result in a slower MAF transient
response and it will also result in a smaller MAF-PLL open-
loop bandwidth. According to Padė approximation the delay
time of (7) can be approximated as shown below:

e−Tws ≈
1− (−Tws/2)
Tws+ (−Tws/2)

(8)

The substitution of (8) in (7) results in

MAFG(s) ≈
1

1+ (Tws/2
(9)

Substituting s = jω in (9), the magnitude and phase margin
of the MAF can be expressed as:

|MAFG(jω)| =

∣∣∣∣ sin(ωTw/2)ωTw/2

∣∣∣∣ 6 − ωTw/2 (10)

The MAF-PLL effectively block the grid disturbances, but at
the cost of slowing down its transient response. This char-
acteristic can be visualized through its open loop bode plot
shown in Fig.3 for different window lengths. Selection of Tw
is the most important issue to be considered in designing a
MAF because Tw can determine the dynamic response speed
and filtering capability of MAF-PLL. Tw is chosen according
to the perturbation. For example, Tw should be selected to
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1/6 cycle in a 50 Hz grid system to eliminate the harmonics
of order 5, 7, 11, 13. . . etc. For triplen harmonics (3, 9, 27. . . .)
the bandwidth must be selected to 1/2 cycle and for even
harmonics (2, 4, 6. . . ) the bandwidth must be selected to
1 cycle.
Small Signal Model: In order to simplify the stability anal-

ysis and dynamic performance study, small signal model of
MAF-PLL is developed. The three phase input voltages of
MAF-PLL are represented as:

vsa =
∑

ih

[
V+ih cos

(
θ+ih

)
+ V−ih cos

(
θ−ih

)]
vsb =

∑
ih

[
V+ih cos

(
θ+ih −

2π
3

)
+ V−ih cos

(
θ−ih +

2π
3

)]
vsc =

∑
ih

[
V+ih cos

(
θ+ih +

2π
3

)
+ V−ih cos

(
θ−ih −

2π
3

)]
(11)

where V+ih (V
−

ih) and θ+ih (θ
−

ih ) are the amplitude and phase
angle of the interharmonics component of the input voltages.
Clark’s transformation is applied to yield

v∝(t) =
∑

ih

[
V+ih cos

(
θ+ih

)
+ V−ih cos

(
θ−ih

)]
vβ (t) =

∑
ih

[
V+ih cos

(
θ+ih

)
− V−ih cos

(
θ−ih

)]
(12)

The q-axis component is attained using Park’s transforma-
tion.

vq(t) =
∑

ih

[
V+ih sin

(
θ+ih − θ̂

)
+ V−ih sin

(
θ−ih + θ̂

)]
(13)

Under a quasi-locked state (i.e ω = ω̂ and θ = θ̂ ) (13) can
be approximated by

vq (t) ≈ V1
(
θ − θ̂

)
+ f (2ω, 4ω, 6ω, . . .) (14)

Where f (2ω, 4ω, 6ω . . .) represents the disturbance. Using
(14) and Fig.2 the small signal model of MAF-PLL is devel-
oped as shown in Fig.4.

FIGURE 4. Small signal model of MAF.

C. CASCADED DELAYED SIGNAL CANCELLATION
In order to improve the performance of PLL in adverse grid
conditions, initially delayed signal cancellation (DSC) tech-
nique is used. The positive and negative sequence compo-
nents of the grid voltage are detached according to the voltage
vector in a stationary (αβ) reference frame and the voltage
vector is delayed by a quarter of a cycle.

The basic idea of the delayed signal cancellation method
is to cancel a signal by adding the signal to its time-delayed

opposite phase version of the signal [45]. Generally, two
signals of opposite phase cancel each other when added. This
method can be used to create a harmonic free input signal.
Therefore, it is necessary to create a 180 degrees phase shift
through time delay in the harmonics of the input signal to can-
cel them. Further adding the input signal and the time-delayed
harmonics signal cancels the harmonics present in the signal,
and the input signal is free from harmonics. In the process,
two signals of the same magnitude are added, therefore to
maintain the DC gain of the input signal, the resultant signal is
divided by 2 [46]. The general expression of the single block
of DSC operator is shown in (15).

y(t) =
1
2
[x (t)+ x

(
t −

T
m

)
] (15)

Where m is the delay factor, x (t) is the input and y (t) is
the output of the block. The single DSC module can elim-
inate parts of harmonic meanwhile do not amplify others
simultaneously. The block diagram of a single DSC module
operating on the voltages in αβ frame is shown in Fig.5.

FIGURE 5. Single DSC module.

FIGURE 6. Frequency response of DSC4 operator.

The DSC block can be expressed mathematically by (16).

vαβ out =
1
2
[vαβin (t)+ e

j2π
m vαβ in

(
t −

T
m

)
] (16)
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FIGURE 7. Structure of CDSC.

The Laplace transform of (16) results in (17).

vαβ out (s) =
1
2
[1+ e

j2π
m e

−T
m s]vαβ in (s) (17)

Where

1
2

[
1+ e

j2π
m e

−T
m s
]
= αβDSCm(s) (18)

Substituting s = jw in (18) and applying mathematical
simplifications, the magnitude and phase angle can be deter-
mined as

αβDSCm(jω) =

∣∣∣∣cos(ωT2m − πm )

∣∣∣∣ 6 (ωT2m − πm ) (19)

Frequency response of DSC operator for m= 4 and T= 0.02s
is shown in Fig.6. The αβDSC4 allows the positive sequence
components to pass through and blocks the negative sequence
component and rejects harmonics of the order h = 4k-1
(k = 1, 2, 3. . . ). However harmonics of the order h = 4k +
1 are not eliminated.

The DSC operator can be cascaded to cancel wide range of
harmonics. The cascaded delayed signal cancellation (CDSC)
filter is very flexible in adjusting the delay time by selecting
the number of DSC blocks in series.

The k cascadedαβDSCoperator with delay factorsm1, m2,
m3,. . . , mk can be approximated by

αβDSCm1,m2,m3,....,mk (s) =
k∏
i=1

αβDSCmi (s) (20)

In our case single DSC module with delay factor m = 2, 4,
8, 16 and 32 respectively are cascaded as shown in Fig.7.
The resultant operator αβ DSC2,4,8,16,32 is described in
s-domain as:

αβDSC2,4,8,16,32 (s) =
∏

m=2,4,8,16,32

αβDSCm (s) (21)

Each DSC is configured to eliminate certain harmonics, and
the CDSC collectively eliminates all undesired harmonics
resting in the input. The cascading of DSC blocks results in
elimination of all dominant harmonic.

The transfer function αβDSCm as shown in (18) can be
re-written as

αβDSCm(s) =
1
2
[1+ e−(

sT
m −

j2π
m )] (22)

FIGURE 8. Block diagram of CDSC-PLL.

Using Padė approximation the delay term of (22) can be
approximated as

e−(
sT
m −

j2π
m )
=

1− ( sT2m −
jπ
m )

1+ ( sT2m −
jπ
m )

(23)

Thus the transfer function αβDSCm can be approximated as

αβDSCm (s) ≈
1

1+ T
2m (s−

j2π
T )

(24)

where 2π /T = ωn is the nominal value of grid frequency.
The transfer function of two cascaded αβ DSC operators

with delay factors m1 and m2 can be written as

αβDSCm1,m2
(s)

= αβDSCm1
(s) αβDSCm2

(s) (25)

αβDSCm1,m2
(s)

≈
1

1+ T
2m1

(s− jωn)

1

1+ T
2m2

(s− jωn)

=
1

1+ T
2

(
1
m1
+

1
m2

)
(s− jωn)+ T 2

4m1m2
(s− jωn)2

(26)

The second order term in (26) is negligible at frequencies
close to the nominal frequency. Therefore it can be further
simplified as

αβDSCm1,m2
(s) ≈

1

1+ T
2

(
1
m1
+

1
m2

)
(s− jωn)

(27)

Similarly the transfer function for k cascaded operators with
delay factor mi(i = 1, 2, 3,. . . , k) can be approximated by

αβDSCm1,m2,m3,....,mk (s) =
1

1+ T
2

∑k
i=1 (

1
mi
) (s− jωn)

(28)
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FIGURE 9. Grid voltage test conditions. (a) Frequency jump. (b) Phase jump. (c) Presense of dc offset.

FIGURE 10. Harmonics free grid voltage under. (a) Frequency Jump. (b) Phase jump. (c) Presense of dc offset.

Using (28) the transfer function for αβDSC2,4,8,16,32 operator
is given by (29).

αβDSC2,4,8,16,32 (s) =
1

1+ 31T
64 (s− jωn)

(29)

The CDSC-PLL control block is shown in Fig. 8 which
comprises of a transformation block, a delay operator, a PI
controller and an integrator. The delayed signal cancellation
is applied to α-β co-ordinates of the voltage signals. After the
implementation of CDSC block the voltage signals are again
transformed from α-βco-ordinates to d-q co-ordinates.

III. SIMULATION RESULTS
In this section, the three PLL techniques overviewed in the
previous section are evaluated in the presence of different

grid conditions. The comparison between these three tech-
niques is performed under Matlab/Simulink environment.
The nominal grid frequency is set to 50 Hz. Three test cases
are considered for performance evaluation.
A) Test Case 1: In this test the grid voltage undergoes a
+ 1 Hz frequency step change. The performance index
taken in this case is 2% settling time, i.e., the time after
which the estimated frequency reaches and remains
within 0.02x1 Hz = 0.02 Hz. The frequency overshoot
and peak phase error is also calculated for performance
evaluation.

B) Test Case 2: A phase angle jump of + 40◦ is added at
0.1s to further evaluate the techniques. The 2% settling
time, i.e., the time after which the phase error reaches
and remains within 0.02 × 40◦ = 0.8◦ is the main
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FIGURE 11. Distorted grid voltage (Low amplitude interharmonics) under. (a) Frequency jump. (b) Phase jump.
(c) Presense of dc offset.

TABLE 1. Summary of results (harmonics free grid voltage).

TABLE 2. Parameters of low amplitude interharmonics.

performance index in this test. The phase overshoot
and peak frequency error are also calculated for per-
formance evaluation.

C) TestCase 3: In this test the grid voltage is contaminated
with the dc offset (va,dc = −0.1 pu, vb,dc = 0.1 pu,
vc,dc = 0.05 pu). The 2% settling time in case of

FIGURE 12. Low amplitude interharmonics in grid voltage.

FIGURE 13. High amplitude interharmonics in grid voltage.

frequency estimation and phase error approaching to
zero degrees is calculated. The overshoot in frequency
and phase is also considered to evaluate the perfor-
mance of PLL techniques.

The main objective of this paper is to evaluate the perfor-
mance of three PLL techniques in the presence of interhar-
monics. Initially, simulations are performed to evaluate the
techniques for harmonics free grid voltage. The techniques
are further simulated in the presence of interharmonics in
two steps, first with a low amplitude of interharmonics and
then with an increased amplitude. The grid voltages under
three test conditions are shown in Fig.9 and the achieved
results for the PLL techniques under three test conditions
are shown in Fig.10. Table 1 shows the results of PLL
techniques for harmonics free grid voltage under three test
conditions.
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FIGURE 14. Distorted grid voltage (High amplitude interharmonics). (a) Frequency jump. (b) Phase jump. (c) Presense
of dc offset.

It is observed from the simulation results that for test case 1
CDSC-PLL takes less than a half cycle to settle down in
estimating the frequency, whereas SRF-PLL and MAF-PLL
settle to frequency jump in more than four cycles and three
cycles respectively. The frequency overshoot and peak phase
error of CDSC-PLL is also less than the other two tech-
niques. When a phase angle jump is added, the performance
of CDSC-PLL is again better among the three techniques
in terms of settling time. The phase overshoot and peak
frequency error is again less than the other techniques. For
further evaluation, dc offset is added as per test case 3. In this
case the CDSC-PLL has better dynamic response but the
overshoot in frequency and phase of CDSC-PLL is larger
than SRF-PLL and MAF-PLL. In this case the performance
of SRF-PLL is greatly affected as it fails to settle down to a
change in frequency and phase.

The three tests are performed again by adding interharmon-
ics of low amplitude to the grid voltages. The parameters of
interharmonics are listed in Table 2. The simulation results for
the PLL techniques in three test cases are shown in Fig.11 and
the three phase grid voltages contaminated with interharmon-
ics are shown in Fig.12.

When a frequency jump is added at 0.1s the CDSC-
PLL again give a quick response in estimating the grid fre-
quency and phase but the filtering capability of SRF-PLL and
CDSC-PLL is reduced as compared to MAF-PLL as indi-
cated in the zoomed view. The MAF-PLL shows a very slow
response in estimation of frequency and phase. The addition
of phase jump and dc offset to the grid voltage results in
almost the same behavior in terms of dynamic response as
in the case of harmonics free voltages but in this case ripples
appear in the response of SRF-PLL and CDSC-PLL, and the
SRF-PLL is not able to estimate the frequency and phase in
the presense of dc offset. The simulation results obtained in
this case are shown in Table 3.

TABLE 3. Summary of results (interharmonics).

TABLE 4. Parameters of high amplitude interharmonics.

Finally the PLL techniques are evaluated by increasing the
amplitude of interharmonics in the grid voltage. The parame-
ters of interharmonics used for simulation of PLL techniques
in this case are given in Table 4 and the distorted grid voltages
are shown in Fig.13.
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TABLE 5. Summary of results (inter harmonics).

The three test conditions are again applied and the behav-
ior of PLL techniques is elaborated in Fig.14. The sum-
mary of results is given in Table 5. It can be observed that
response time and overshoot in frequency and phase of all
the techniques are almost the same as in previous test but the
number of ripples is increased in the response of SRF-PLL
and CDSC-PLL in the estimation of frequency and phase and
also in the presense of dc offset. These ripples may lead to
wrong estimation of frequency and phase and even failure in
the case of SRF-PLL.

IV. CONCLUSION
In this paper a detailed comparison is made between three
PLL techniques used for synchronization of grid con-
nected power converters, specifically in the presence of
interharmonics. The performance is evaluated on the basis
of estimated frequency and phase in the presence of fre-
quency drift, phase angle jump and dc offset. It is observed
from the simulation results that the performance of SRF-PLL
is good under harmonics free grid voltage but is greatly
affected in the presence of interharmonics. The presence of
dc offset also significantly reduces its filtering capability.
The filtering capability of MAF-PLL is good but its dynamic
response is slow under three test conditions. The overshoot in
frequency and peak phase error at the event of frequency jump
for MAF-PLL is also larger. On the other hand CDSC-PLL
comparatively shows fast dynamic response in estimating
the frequency and phase but the presence of interharmonics
reduces its filtering capability and the performance declines
further with increased amplitude of interharmonics. The over-
shoot in frequency and phase of CDSC-PLL is also larger
as compared to the other two techniques in the presence of
dc offset.

In future work the CDSC-PLL technique having the fast
dynamic response among all can be applied in applications
that contain interharmonics, such as speed drives of shipboard
power systems and grid connected PV inverters.

REFERENCES
[1] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus, ‘‘Overview

of control and grid synchronization for distributed power generation
systems,’’ IEEE Trans. Ind. Electron., vol. 53, no. 5, pp. 1398–1409,
Oct. 2006.

[2] I. J. Balaguer, Q. Lei, S. Yang, U. Supatti, and F. Z. Peng, ‘‘Control for
grid-connected and intentional islanding operations of distributed power
generation,’’ IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 147–157,
Jan. 2011.

[3] O. Carranza, E. Figueres, G. Garcerá, and L. G. Gonzalez, ‘‘Comparative
study of speed estimators with highly noisy measurement signals for wind
energy generation systems,’’ Appl. Energy, vol. 88, no. 3, pp. 805–813,
Mar. 2011.

[4] E. Figueres, G. Garcera, J. Sandia, F. Gonzalez-Espin, and J. C. Rubio,
‘‘Sensitivity study of the dynamics of three-phase photovoltaic inverters
with an LCL grid filter,’’ IEEE Trans. Ind. Electron., vol. 56, no. 3,
pp. 706–717, Mar. 2009.

[5] M. P. Kazmierkowski, R. Krishnan, J. D. Irwin, and F. Blaabjerg, Control
in Power Electronics: Selected Problems, 1st ed. San Diego, CA, USA:
Academic, 2002.

[6] C. Lascu, L. Asiminoaei, I. Boldea, and F. Blaabjerg, ‘‘Frequency
response analysis of current controllers for selective harmonic compen-
sation in active power filters,’’ IEEE Trans. Ind. Electron., vol. 56, no. 2,
pp. 337–347, Feb. 2009.

[7] T.-V. Tran, T.-W. Chun, H.-H. Lee, H.-G. Kim, and E.-C. Nho, ‘‘PLL-based
seamless transfer control between grid-connected and islanding modes in
grid-connected inverters,’’ IEEE Trans. Power Electron., vol. 29, no. 10,
pp. 5218–5228, Oct. 2014.

[8] S. Golestan, J. M. Guerrero, and J. C. Vasquez, ‘‘Three-phase PLLs:
A review of recent advances,’’ IEEE Trans. Power Electron., vol. 32, no. 3,
pp. 1894–1907, Mar. 2017.

[9] D. Velasco, C. Trujillo, G. Garcera, and E. Figueres, ‘‘An active anti-
islanding method based on phase-PLL perturbation,’’ IEEE Trans. Power
Electron., vol. 26, no. 4, pp. 1056–1066, Apr. 2011.

[10] G.-C. Hsieh and J. C. Hung, ‘‘Phase-locked loop techniques. A sur-
vey,’’ IEEE Trans. Ind. Electron., vol. 43, no. 6, pp. 609–615,
Dec. 1996.

[11] R. M. Santos Filho, P. F. Seixas, P. C. Cortizo, L. A. B. Torres, and
A. F. Souza, ‘‘Comparison of three single-phase PLL algorithms for UPS
applications,’’ IEEE Trans. Ind. Electron., vol. 55, no. 8, pp. 2923–2932,
Aug. 2008.

[12] A. Timbus, M. Liserre, R. Teodorescu, P. Rodriguez, and
F. Blaabjerg, ‘‘Evaluation of current controllers for distributed power
generation systems,’’ IEEE Trans. Power Electron., vol. 24, no. 3,
pp. 654–664, Mar. 2009.

[13] S.-K. Chung, ‘‘A phase tracking system for three phase utility interface
inverters,’’ IEEE Trans. Power Electron., vol. 15, no. 3, pp. 431–438,
May 2000.

[14] F. Hans, W. Schumacher, and L. Harnefors, ‘‘Small-signal modeling
of three-phase synchronous reference frame phase-locked loops,’’ IEEE
Trans. Power Electron., vol. 33, no. 7, pp. 5556–5560, Jul. 2018.

[15] A. Kulkarni and V. John, ‘‘Design of synchronous reference frame phase-
locked loop with the presence of dc offsets in the input voltage,’’ IET Power
Electron., vol. 8, no. 12, pp. 2435–2443, 2015.

[16] M. Karimi-Ghartemani and M. R. Iravani, ‘‘A method for synchroniza-
tion of power electronic converters in polluted and variable-frequency
environments,’’ IEEE Trans. Power Syst., vol. 19, no. 3, pp. 1263–1270,
Aug. 2004.

[17] V. Kaura and V. Blasko, ‘‘Operation of a phase locked loop system
under distorted utility conditions,’’ IEEE Trans. Ind. Appl., vol. 33, no. 1,
pp. 58–63, Jan./Feb. 1997.

[18] N. Hui, D. Wang, and Y. Li, ‘‘A novel hybrid filter-based PLL to elim-
inate effect of input harmonics and DC offset,’’ IEEE Access, vol. 6,
pp. 19762–19773, 2018.

[19] F. Liccardo, P. Marino, and G. Raimondo, ‘‘Robust and fast three-
phase PLL tracking system,’’ IEEE Trans. Ind. Electron., vol. 58, no. 1,
pp. 221–231, Jan. 2011.

[20] F. D. Freijedo, J. Doval-Gandoy, O. Lopez, and E. Acha, ‘‘Tuning of phase-
locked loops for power converters under distorted utility conditions,’’ IEEE
Trans. Ind. Appl., vol. 45, no. 6, pp. 2039–2047, Nov./Dec. 2009.

[21] Y. Li, J. Yang, H. Wang, W. Ge, and Y. Ma, ‘‘A hybrid filtering technique-
based PLL targeting fast and robust tracking performance under distorted
grid conditions,’’ Energies, vol. 11, no. 4, p. 973, 2018.

VOLUME 7, 2019 101353



I. Ullah, M. Ashraf: Comparison of Synchronization Techniques Under Distorted Grid Conditions

[22] M. Karimi-Ghartemani, S. A. Khajehoddin, P. K. Jain, and A. Bakhshai,
‘‘Derivation and design of in-loop filters in phase-locked loop systems,’’
IEEE Trans. Instrum. Meas., vol. 61, no. 4, pp. 930–940, Apr. 2012.

[23] L. Wang, Q. Jiang, L. Hong, C. Zhang, and Y. Wei, ‘‘A novel phase-locked
loop based on frequency detector and initial phase angle detector,’’ IEEE
Trans. Power Electron., vol. 28, no. 10, pp. 4538–4549, Oct. 2013.

[24] I. Carugati, S. Maestri, P. G. Donato, D. Carrica, and M. Benedetti, ‘‘Vari-
able sampling period filter pll for distorted three-phase systems,’’ IEEE
Trans. Power Electron., vol. 27, no. 1, pp. 321–330, Jan. 2012.

[25] S. Golestan, M. Ramezani, F. D. Freijedo, M. Monfared, and
J. M. Guerrero, ‘‘Moving average filter based phase-locked loops:
Performance analysis and design guidelines,’’ IEEE Trans. Power
Electron., vol. 29, no. 6, pp. 2750–2763, Jun. 2014.

[26] L. Wang, Q. Jiang, and L. Hong, ‘‘A novel three-phase software phase-
locked loop based on frequency-locked loop and initial phase angle detec-
tion phase-locked loop,’’ in Proc. 38th Annu. Conf. IEEE Ind. Electron.
Soc. (IECON), Oct. 2012, pp. 150–155.

[27] S. A. Lakshmanan, A. Jain, and B. S. Rajpourhit, ‘‘Analysis and design
of adaptive moving average filters based low-gain PLL for grid connected
solar power converters,’’ in Proc. IEEE Power Energy Soc. Gen. Meeting,
Jul. 2015, pp. 1–5.

[28] S. Golestan, F. D. Freijedo, A. Vidal, J. M. Guerrero, and
J. Doval-Gandoy, ‘‘A quasi-type-1 phase-locked loop structure,’’ IEEE
Trans. Power Electron., vol. 29, no. 12, pp. 6264–6270, Dec. 2014.

[29] J. Wang, J. Liang, F. Gao, L. Zhang, and Z. Wang, ‘‘A method to improve
the dynamic performance of moving average filter-based PLL,’’ IEEE
Trans. Power Electron., vol. 30, no. 10, pp. 5978–5990, Oct. 2015.

[30] Y. Terriche, J. M. Guerrero, and J. C. Vasquez, ‘‘Performance improvement
of shunt active power filter based on non-linear least-square approach,’’
Electr. Power Syst. Res., vol. 160, pp. 44–55, Jul. 2018.

[31] F. A. S. Neves, M. C. Cavalcanti, H. E. P. de Souza, F. Bradaschia,
E. J. Bueno, and M. Rizo, ‘‘A generalized delayed signal cancella-
tion method for detecting fundamental-frequency positive-sequence three-
phase signals,’’ IEEE Trans. Power Del., vol. 25, no. 3, pp. 1816–1825,
Jul. 2010.

[32] J. Roldan-Perez, A. Garcia-Cerrada, M. Ochoa-Gimenez, and
J. L. Zamora-Macho, ‘‘Delayed-signal-cancellation-based sag detector
for a dynamic voltage restorer in distorted grids,’’ IEEE Trans. Sustain.
Energy, to be published.

[33] M. Xie, H. Wen, C. Zhu, and Y. Yang, ‘‘A method to improve the transient
response of dq-frame cascaded delayed-signal-cancellation PLL,’’ Electr.
Power Syst. Res., vol. 155, pp. 121–130, Feb. 2018.

[34] T. Ren, H. Ding, Y. Xu, Z. Zhao, L. Chen, Y. Huang, and J. Zhou,
‘‘A new open-loop synchronization method based on compensation of
phase deviation for pulsed generator converter,’’ IEEE Trans. Plasma Sci.,
vol. 46, no. 10, pp. 3307–3312, Oct. 2018.

[35] Y. F. Wang and Y. W. Li, ‘‘Grid synchronization PLL based on cascaded
delayed signal cancellation,’’ IEEE Trans. Power Electron., vol. 26, no. 7,
pp. 1987–1997, Jul. 2011.

[36] P. S. B. Nascimento, H. E. P. de Souza, F. A. S. Neves, and L. R. Limongi,
‘‘FPGA implementation of the generalized delayed signal cancelation—
Phase locked loop method for detecting harmonic sequence compo-
nents in three-phase signals,’’ IEEE Trans. Ind. Electron., vol. 60, no. 2,
pp. 645–658, Feb. 2013.

[37] J. Svensson, M. Bongiorno, and A. Sannino, ‘‘Practical implementation of
delayed signal cancellation method for phase-sequence separation,’’ IEEE
Trans. Power Del., vol. 22, no. 1, pp. 18–26, Jan. 2007.

[38] S. Golestan, M. Ramezani, J. M. Guerrero, and M. Monfared, ‘‘dq-frame
cascaded delayed signal cancellation-based PLL: Analysis, design, and
comparison with moving average filter-Based PLL,’’ IEEE Trans. Power
Electron., vol. 30, no. 3, pp. 1618–1632, Mar. 2015.

[39] S. Gude and C.-C. Chu, ‘‘Single-phase multiple delayed signal cancella-
tion filter-based enhanced phase-locked loop for accurate estimations of
grid voltage information,’’ in Proc. IEEE Energy Convers. Congr. Expo.
(ECCE), Sep. 2018, pp. 5664–5669.

[40] Q. Huang and K. Rajashekara, ‘‘An improved delayed signal cancella-
tion PLL for fast grid synchronization under distorted and unbalanced
grid condition,’’ IEEE Trans. Ind. Appl., vol. 53, no. 5, pp. 4985–4997,
Sep./Oct. 2017.

[41] S. Gude and C.-C. Chu, ‘‘Three-phase PLLs by using frequency adap-
tive multiple delayed signal cancellation prefilters under adverse grid
conditions,’’ IEEE Trans. Ind. Appl., vol. 54, no. 4, pp. 3832–3844,
Jul./Aug. 2018.

[42] S. Golestan, M. Monfared, and F. D. Freijedo, ‘‘Design-oriented study of
advanced synchronous reference frame phase-locked loops,’’ IEEE Trans.
Power Electron., vol. 28, no. 2, pp. 765–778, Feb. 2013.

[43] S. Golestan, M. Monfared, F. D. Freijedo, and J. M. Guerrero, ‘‘Perfor-
mance improvement of a prefiltered synchronous-reference-frame PLL by
using a PID-type loop filter,’’ IEEE Trans. Ind. Electron., vol. 61, no. 7,
pp. 3469–3479, Jul. 2014.

[44] Y. Han, M. Luo, C. Chen, A. Jiang, X. Zhao, and J. M. Guerrero,
‘‘Performance evaluations of four MAF-based PLL algorithms for grid-
synchronization of three-phase grid-connected PWM inverters and DGs,’’
J. Power Electron., vol. 16, no. 5, pp. 1904–1917, 2016.

[45] S. Golestan, F. D. Freijedo, A. Vidal, A. G. Yepes, J. M. Guerrero, and
J. Doval-Gandoy, ‘‘An efficient implementation of generalized delayed
signal cancellation PLL,’’ IEEE Trans. Power Electron., vol. 31, no. 2,
pp. 1085–1094, Feb. 2016.

[46] Y. F. Wang and Y.W. Li, ‘‘Analysis and digital implementation of cascaded
delayed-signal-cancellation PLL,’’ IEEE Trans. Power Electron., vol. 26,
no. 4, pp. 1067–1080, Apr. 2011.

101354 VOLUME 7, 2019


	INTRODUCTION
	OVERVIEW OF PLL TECHNIQUES
	SRF_PLL
	MAF_PLL
	CASCADED DELAYED SIGNAL CANCELLATION

	SIMULATION RESULTS
	CONCLUSION
	REFERENCES

