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Abstract—In this article, a robust Lyapunov demodulator
(LD) based on orthogonal signal generation (OSG) approach
for single/three-phase application is proposed. Conventionally,
LD is not capable of rejecting the DC-offset in the grid signal.
Thus, an additional estimation loop is required which may
affect the dynamic performance. Nevertheless, an application of
harmonically polluted grid voltage signal to LD may severely
affect the steady-state performance of the estimated parameters.
To address these issues, an enhanced LD based-OSG is proposed,
wherein a moving average filter is incorporated in the LD–OSG
structure. Thus, rapid rejection of DC-offset and harmonics is
easily achieved without any additional loop. The proposed struc-
ture may accurately estimate the fundamental in-phase and the
quadrature components. However, these orthogonal components
may suffer from amplitude imbalance and errors in the phase
information under off-nominal frequency conditions. Addition-
ally, the errors in the amplitude and the phase information are
eliminated using an open-loop frequency deviation detector and a
feed-forward curve fitting approach. The dynamic performance
of the proposed scheme has been validated by numerical and
hardware studies. It is reported that, with the less sensitivity
toward phase angle jump and good immunity to fundamental
negative sequence, the proposed scheme is a potential technique
for synchronization of single/three-phase grid connected power
electronic equipment.

Index Terms—Lyapunov demodulator, moving average filter
(MAF), amplitude estimation, phase estimation, frequency esti-
mation.

I. INTRODUCTION

W ITH the evolution of the smart grid, the improvement
in the grid resilience and power quality relies on a good

control over grid connected converters (GCCs) [1], [2]. The
control architecture of GCC is composed of well known grid
synchronization algorithms i.e. phase locked–loops (PLLs)
and frequency locked–loops [3]–[14]. In general, an elevated
performance of a control algorithm is achieved by analog or
digital signal conditioning units. With the pertinent digital
signal processors, the robust performance of a control tech-
nique relies on a fast removal of the noise and the harmonic
components [4]. Thus, demanding the need for research on
immunity based digital filtering techniques [5]. The optimized
filtering techniques often applied for the developement of
better control architecture of GCCs are reported in [6]–[8].

Synchronous reference frame (SRF) PLL usually provides
a good estimate of the grid attributes. However, the SRF-
PLL alone is incapable of handling the grid disturbances (i.e.
DC-offset, harmonics and the fundamental negative sequence
(FNS)). It is well known that the SRF-PLL is a type-2 system
and posses low-pass filtering capability. Importantly, simulta-
neous rejection of the DC-offset and harmonics may impose a
major challenge for the detection of the grid voltage attributes

for power system applications [8]. To overcome this issue, in-
loop and pre-loop filters are deployed to improve the tracking
ability of the SRF-PLL [8], [9]. With the inclusion of a specific
type of filtering technique, the stability margin, controller
tuning, and trade-off in the response time are challenging for
SRF–PLLs [10], [11]. Nevertheless, the non-adaptive pre-loop
filtering methods demostrate fast dyanmic response when com-
pared to in-loop filtering methods. However, erroneous results
in the estimate of amplitude and the phase information remain
challenging irrespective to the choice of control algorithm
[12]. Thus, error correction units are required to achieve zero
steady-state error in the estimate of the fundamental amplitude
and the phase information.

It is to be recalled that the DC-offset and FNS components
are the main reasons for double frequency oscillations in the
estimated parameters obtained from a grid synchronization
algorithm [10]–[14]. The orthgonal signal generation (OSG)
filters along with an instantaneous symmetrical component
method are capable of rejecting the DC-offset and FNS
components [13], [14]. Thus, there is need to explore improved
and accurate phase tracking algorithms with a good dynamic
behavior and negligible steady-state errors accompanied by
high immunity to grid disturbances.

The OSG based on demodulation of the grid voltage signal
is a potential approach to estimate the grid attributes [15]–
[24]. The demodulation of a single-phase signal is achieved
by multiplying fixed frequency unit orthogonal signals that
provide rotating reference (dq) frame components, as reported
in [15], [16]. However, the presence of harmonics and DC-
offset components will induce full cycle and even harmonics
components in the demodulated components [16]. Thus, the
least-squares-Kalman filter based demodulation approach is
eqquiped with an ability to reject the negative effects of
harmonics [17], [18]. Nevertheless, this approach is compu-
tationally complex owing to the higher-order finite impulse
response filters. On the other hand, low pass filter (LPFs)
based schemes involve in phase errors under off-nominal fre-
quency conditions [16]–[19]. Thus, a computationally efficient
infinite impulse response-LPF based demodulation scheme
with minimum phase error and an improved response time
is reported in [20]. The predictive filtering in conjuction
with moving average filters (MAFs) may be deployed to
minimize errors in the phase information [21]. On the other
hand, improved frequency adaptive filtered-sequence MAF-
PLL may avoid predictive filters for accurate extraction of the
phase information [22]. The simplest open-loop demodulation
based phase error compensation technique is reported in [23].
However, a proper rejection of the DC-offset and harmonics
under off-nominal frequency condition is challenging with
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this approach. Thus, a grid voltage demodulation technique
as reported in [24] may be adopted with improved off-
nominal harmonic and the DC-offset rejection capabilities.
However, the DSC operator involved in the pre-filtering stage
is responsible for elevation of the noise signal present in the
grid signal. Importantly, a good dynamic response may be
achieved with this technique for grid synchronization pur-
pose. Nevertheless, the quest for improved orthogonal signal
generators are still in demand. Also, the open-loop frequency
estimators when combined with improved OSGs may help in
attaining improved robustness, memory storage, steady-state
accuracy, and dynamic performance. It is expected to have an
investigation regarding the combination of new OSG structures
along with the open-loop frequency estimation algorithms
for achieving better accuracy and robust performance under
adverse grid voltage conditions. It is well known that the open-
loop frequency estimators performs well once the fundamental
grid voltage signal is obtained. Thus, the pre-filters (OSGs)
are responsible for strengthening the overall robustness of any
synchronization scheme.

An effective approach with which to perform OSG relies
on non-linear control theory [25], [26] based Lyapunov de-
modulation [27]–[29]. The analysis of Lyapunov based PLL
(L–PLL) is reported in [27] to estimate the grid attributes.
However, L–PLL is not immune to the DC-offset. To address
this issue, an additional DC-offset rejection loop may be
deployed with a trade-off in the response time [28], [29].
Under off-nominal frequency conditions, the improved L-PLL
[29] is incapable of rejecting harmonics properly. Thus, the
challenges with regard to the performance improvement are
addressed, in this article, as follows: A non-adaptive enhanced
Lyapunov demodulator-based-OSG (ELD–OSG) is proposed.
The possibility of rejecting the DC-offset and harmonics is
enhanced by incorporating MAFs in LD–OSG structure. Under
off-nominal frequency conditions, steady-state errors in the
estimated amplitude and phase information are eliminated
through an online regression method. For this purpose, an
open-loop frequency detector is considered owing to its su-
periority over the PLL. The salient features of the proposed
scheme are as follows:
• Good immunity to harmonics, DC-offset, and FNS.
• Improved and stable dynamic behavior.
• Improved steady-state accuracy.
• Reduced tuning efforts owing to the avoidance of fre-

quency and phase feedback loops
• Simple error compensation approach for amplitude and

phase estimation.

II. CONVENTIONAL LYAPUNOV DEMODULATOR

The Laypunov demodulator (LD) [22] is a non-linear ap-
proach that allows to reconstruct a single-phase grid voltage
signal from its dq−frame (i.e. direct (vd) axis and quadrature
(vq) axis) components, as explained below:

v(t) = A cos(φ) sin(ωnot) +A sin(φ) cos(ωnot)

= vq S1 + vd C1 (1)

where, S1 = sin(ωnot), C1 = cos(ωnot), vq = A cos(φ),
vd = Asin(φ), ωno is the nominal angular grid frequency, and

φ is the initial phase angle. The estimate of v(t) is expressed
as follows,

v̂(t) = v̂q S1 + v̂d C1 (2)

where, the estimate of the states i.e. vq and vd are denoted
by v̂q and v̂d, respectively. The accurate estimation of the
dq−frame components i.e. v̂q and v̂d may be achieved by
implementing the LD, as shown in Fig 1. The re-construction
of the fundamental orthogonal signals (v̂α and v̂β) may be
achieved by an inverse Park’s Transformation (IPT).

Fig. 1. General block diagram of Lyapunov’s demodulator-based-OSG.

A. Lyapunov’s Estimation Law
The Lyapunov’s estimation law relies on the demodulation

of the error (ê) between v and v̂ which is given below:
˙̂vq(t) = σ sin(ωnot) (v − v̂) = σ sin(ωnot) ê (3)
˙̂vd(t) = σ cos(ωnot) (v − v̂) = σ cos(ωnot) ê (4)

where, the time derivatives of state variables (vq and vd) are
˙̂vq and ˙̂vq , respectively and σ represents a constant gain. The
generalized state space model is expressed as follows,

˙̂x = σ H ê (5)
v̂ = HT x̂ (6)

where, H = [sin(ωnot), cos(ωnot)]
T and x̂ = [v̂q, v̂d]

T .

B. Stability and Convergence of State-Space Vector
As reported in [25], [26], and [28], the stability of the

Lyapunov estimation law is based on Kalman-Yakubovich-
Popov and Meyer-Kalman-Yakubovich Lemmas along with
the strictly positive real Lyapunov design approach. Thus, the
appropriate choice of Lyapunov like function (VLP ) is when
the time derivative of VLP is non-positive, i.e. V̇LP ≤ 0.
This ensures guaranteed boundedness as well as the stability
(ê, x̂, ˙̂x) as per [25]. In addition, the signal vector H follows
the persistent excitation (PE) property if there exist αo, α1,
and To > 0 such that,

α1I ≥
∫ t+To

t

H(τ)HT (τ)dτ ≥ αoI (7)

Thus, unboundedness of signal vector H is not the case for
Lyapunov estimation law [25], [28]. In the time interval [t, t+
T0], the integral of the matrix H(τ)HT (τ) is uniformly positive
definite [25], [26]. Hence, the exponential convergence of x̂
to x is ensured.
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III. PROPOSED ENHANCED LD–OSG BASED SCHEME

In this section, the analysis of the proposed enhanced LD
(ELD) based OSG is investigated for single/three-phase grid
attributes tracking. The major challenges with regard to the
elimination of DC-offset and the harmonics are discussed. Un-
der off-nominal frequency deviations, the steady-state output
of ELD–OSG will be erroneous in regard to the fundamental
amplitude and phase angle information. Thus, a computation-
ally efficient open-loop estimation of the frequency deviation
is presented to eliminate the aforementioned errors.

A. Error Boundedness

As discussed, the error term in (3) and (4) may be expressed
as follows:

ê = v − v̂ = vq S1 + vd C1 − v̂q S1 − v̂d C1 (8)

The errors in the estimation may be represented as follows:

v̄q = vq − v̂q (9)
v̄d = vd − v̂d (10)

Substituting (9) and (10) in (8), the error (ê) is,

ê = v̄q S1 + v̄d C1 (11)

Thus, a Laypunov’s like function is constructed as follows:

VLP (t) =
v̄2q (t) + v̄2d(t)

2
(12)

The time derivative of (12) yields.

V̇LP (t) = v̄q ˙̄vq + v̄d ˙̄vd (13)

where, ˙̄vq = − ˙̂vq and ˙̄vd = − ˙̂vd. Similarly, the time derivative
of estimation errors may be expressed as follows:

˙̄vq = −σS1ê (14)
˙̄vd = −σC1ê (15)

Thus, V̇LP (t) may be rewritten as follows:

V̇LP (t) = −σ (v̄q S1 + v̄d C1) ê = −σ ê2 (16)

According to PE property [25],[26], for positive values of σ >
0, V̇LP (t) ≤ 0 must hold. Thus, it may be concluded that,

lim
t→∞

= v̂q = vq (17)

lim
t→∞

= v̂d = vd (18)

From (17) and (18), the unknowns vq and vd are estimated
without any steady-state error.

B. Effect of the DC-Offset

The Lyapunov’s estimation law is sensitive to DC-offset
component present in the grid signal, as discussed in [28],
[29]. In order to deal with this issue, a third state may be
added representing the DC-offset (V̂o) [28]. In addition, a
constant element i.e. 1 is added to the signal vector (H) as
H = [sin(ωnot), cos(ωnot), 1]T and a tuning gain σ1 may
be introduced to update the law for rejection of DC-offset, as
reported in [29]. In Fig. 2, the implementation of the DC-offset

Fig. 2. Implementation of DC-offset rejection loop.

rejection loop is depicted. From [28], [29], the suitable choice
for σ and σ1 is, σ = 8fno and σ1 = fno where, fno is the
nominal frequency i.e. 50 Hz. As σ1 = σ/8, it is understood
that the convergence rate of V̂o state may affect the overall
dynamic response. Thus, a grid voltage signal contaminated
with a DC-offset is considered as follows:

v(t) = A sin(ωnot+ φ) + Vo = vq S1 + vd C1 + Vo (19)

Using (8) and (19), the error (ê1) in case of a DC-offset is,

ê1 = ê+ Vo = vq S1 + vd C1 − v̂q S1 − v̂d C1 + Vo (20)

Using (3) and (4), ê1 may be demodulated to obtain ˙̂vq and
˙̂vd in terms of ê and Vo as shown below:

˙̂vq = σS1ê1 = σ S1 ê+ σ Vo S1 (21)
˙̂vd = σC1ê1 = σ C1 ê+ σ Vo C1 (22)

From (21) and (22), it may be observed that Vo will become
a full cycle component with an oscillating frequency of fno.
To deal with this issue, a moving average filter (MAF) [10],
[21] may be deployed in LD–OSG structure, as shown in
Fig. 3. The window length (Tw) of MAF is equivalent to one

Fig. 3. Improved orthogonal signal generation based on LD.

fundamental period i.e. Tw = Tno, where Tno = 1/fno and
fno = 50 Hz. In Fig. 3, the filtered dq-frame components i.e.
ṽq and ṽd are fed to IPT to obtain v̂α and v̂β . In order to
understand the effect of MAF in the ELD–OSG structure, a
frequency response plot is provided in Fig. 4.

Fig. 4. Frequency response plot for ELD-based-OSG.
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It may be observed that the proposed structure behaves as a
comb filter which may effectively reject the DC-offset compo-
nent. In a simulation environment, the fundamental amplitude
(i.e. Â =

√
v̂2α + v̂2β ) is estimated in the presence of 10% DC-

offset with 50% voltage sag in the grid signal, as shown in
Fig. 5. It may be observed that the ELD–OSG structure posses

Fig. 5. Dynamic performance comparison in case of a DC-Offset in grid
signal.

a good DC-offset rejection capability and takes approximately
two times of fundamental cycle (i.e. 40 ms) to estimate the
amplitude. The ELD–OSG structure demonstrates good and
stable dynamic performance as compared to the LD–OSG
structure.

C. Small Signal Model and Effect of Harmonics

In this section, the small signal model of the LD is revisited
to explore the type of filtering capability associated with
the LD, as shown in Fig. 6 wherein D1 denotes the output
disturbance.

Fig. 6. Small signal model of the LD.

It may be inferred that the error term is subdivided into two
equal parts between the input states (vd and vq) to the output
states (v̂d and v̂q). The simplified transfer function relationship
is as follows,

V̂d(s)

Vd(s)
=

1(
s
ωc

)
+ 1

(23)

V̂q(s)

Vq(s)
=

1(
s
ωc

)
+ 1

(24)

where, ωc = σ/2 is the cut-off frequency. The choice of σ
will affect the low pass filtering capability of the Lyapunov
demodulator, as shown in Fig. 7. It is observed that for
σ ≥ 500 may lead to large overshoots in the estimate of the
fundamental amplitude. In addition, the steady-state estimation
error (p.u.) in the estimated amplitude in the presence of
harmonics may increase. Thus, the suitable choice of σ may
lie in the range of 400 ≤ σ ≤ 600 with a trade-off in
the response time and harmonic rejection ability. To further
enhance the harmonic rejection capability of the LD–OSG

Fig. 7. The Step response and the error in presence of harmonics in the
amplitude estimation for different values of σ.

structure, the MAF filter is essential. To understand this fact, a
third harmonic and the fundamental component are considered
in the grid voltage signal as follows:

v(t) = A sin(ωnot+ φ) + v3(t)

= vq S1 + vd C1 +A3 sin(3 ωno t+ φ3) (25)

where, A3 and φ3 are the amplitude and the phase of the
third harmonic component, respectively. Similar to (21) and
(22), for the third harmonic case, the state variables may be
re-written as follows:

˙̂vq = σ S1 ê+ σ v3(t) sin(ωnot)︸ ︷︷ ︸
A

(26)

˙̂vd = σ C1 ê+ σ v3(t) cos(ωnot)︸ ︷︷ ︸
B

(27)

The terms ‘A’ and ‘B’ can be rewritten as follows:

v3(t) sin(ωnot) =
A3

2
[cos(2 ωno t)− cos(4 ωno t)] (28)

v3(t) sin(ωnot) =
A3

2
[sin(2 ωno t) + sin(4 ωno t)] (29)

It may be inferred that, v̂q and v̂d are affected by double
frequency and even-harmonic components. From Fig. 4, it
is important to note that the inclusion of MAF will ensure
good rejection of even harmonic components. In Fig. 8, each
5% of 3rd, 5th, and 7th harmonics in conjunction with a
50% voltage sag are considered in the grid signal. It may be

Fig. 8. Performance comparison in case of harmonics in the grid signal.

observed that the ELD-OSG and the LD-OSG can track the
amplitude change. However, LD–OSG is less immune against
harmonics in the grid signal. Nevertheless, the ELD–OSG does
not suffer from steady-state oscillations without compromising
the response time.
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Fig. 9. Schematic diagram for the proposed single/three-phase scheme with GVEB.

D. Discrete time realization of ELD–OSG

The discrete time derivative of the state variables may be
expressed as follows:

v̂q(k)− v̂q(k − 1) = σ S1 ê Ts (30)
v̂d(k)− v̂q(k − 1) = σ C1 ê Ts (31)

where, the sampling period and the current sampling instant
are Ts and k, respectively. Certainly, this simple structure
resolves algebraic loop issues as the estimated states are fed-
back similarly to a closed loop system. Thus, a unit delay
based simple infinite impulse response-integrator [31] may be
deployed. Thereby, a modified gain is σ̂ = σTs = 8fnoTs
where, fno = 50 Hz. The discrete time architecture of the
ELD–OSG is depicted in Fig. 10. Moreover, the error in

Fig. 10. Alternative discrete time structure of ELD-OSG.

the output of the ELD–OSG structure are expected under
off-nominal frequency conditions. Hence, the estimation of
the fundamental amplitude and the phase information will be
inaccurate.

E. Estimation of the Deviation in Frequency

The steady-state error in the estimated amplitude and phase
are caused due to deviations in the fundamental frequency.
In the proposed work, the deviation in frequency may be
estimated from two consecutive samples of the v̂α and v̂β ,
as follows:

M1 = |v̂α(k)| ∗ |v̂α(k −N)| (32)
M2 = |v̂β(k)| ∗ |v̂β(k −N)| (33)

where, |v̂α|, |v̂β | are the normalized orthogonal signals and N
is the distance between two consecutive samples (i.e. N = 30

[24]). Adding (32) to (33), the estimated grid frequency (f̂ng)
is computed as follows:

cos (N ω̂ngTs) = M1 +M2 (34)

f̂ng =
ω̂ng
2π

=
1

2πNTs
cos−1(M1 +M2) (35)

where, ω̂ng is the estimated angular grid frequency. The
estimation of the deviation in frequency is,

∆f̂ = f̂ng − fno (36)

where, fno is the nominal frequency. In addition, the applica-
tion of the proposed ELD–OSG scheme for single-phase and
three-phase schemes with a common grid variables estimation
block (GVEB) is exemplified in Fig. 9. In a three-phase
scheme, the two individual blocks are deployed to the decou-
pled orthogonal signals obtained from Clarke’s transformation.
Thereby, the fundamental positive sequence components (v̂+1

α

& v̂+1
β ) are extracted by applying the instantaneous symmet-

rical component (ISC) method [24].

F. Estimation of Amplitude and Phase with Correction

In this section, amplitude and phase corrections are carried
out for single and three-phase grid voltage monitoring. For the
single-phase case, the estimated amplitude is,

Â =
√
v̂2α + v̂2β (37)

For the three-phase case, the estimated amplitude is,

Â =
√

(v̂+1
α )2 + (v̂+1

β )2 (38)

Equations (37) and (38) are the feasible solutions under nom-
inal frequency conditions. However, when the grid frequency
deviates from its nominal value, then the output of the ELD–
OSG suffers from amplitude imbalance in v̂α and v̂β . To
address this issue, a ratio of the per unit amplitude to Â may
be defined,

K̂1 =
1

Â
(39)

Hereafter, the supply frequency is varied in steps from 47-52
Hz i.e. 1 Hz step-size then K̂1 is computed offline, as shown
in Table I. Once ∆f̂ is known from (36) then a quadratic curve
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TABLE I
SIMULATED DATA FOR AMPLITUDE AND PHASE CORRECTION FACTOR

∆f (Hz) -3 -2 -1 0 1 2

θ̂1 (rad.) -0.2255 -0.141 -0.0572 0.0262 0.1092 0.192

K̂1 0.9768 0.9829 0.990786 1 1.0107 1.0231

fitting method is applied online to update K̂1 as follows:

K̂1 = 0.0008 (∆f̂)2 + 0.01 (∆f̂) + 1 (40)

The correct estimated amplitude (Ang) is,

Âng = K̂1

√
v̂2α + v̂2β = K̂1Â (41)

From (41), it can be inferred that if Â is compensated correctly,
then Âng → 1. Similarly, the phase angle information for the
single-phase case is estimated as follows:

θ̂ = arctan

(
v̂α
v̂β

)
(42)

For the three-phase case, the estimated phase is,

θ̂ = arctan

(
v̂+1
α

v̂+1
β

)
(43)

The error in the phase information is denoted by θ̂1 which
may be obtained by subtracting the artificially generated ramp
phase angle (θt) from θ̂ i.e. θ̂1 = θt − θ̂. Similar to the
procedure followed in the amplitude correction case, for every
step change in the supply frequency θ̂1 is noted offline, as
shown in Table I. Using (36), θ̂1 is expressed in terms of ∆f̂
which may be updated through an online linear regression
method as expressed below:

θ̂1 = 0.0835(∆f̂) + 0.0257 (44)

The actual phase angle information is,

θ̂ng = θ̂ + θ̂1 (45)

It may be understood that, if θ̂ is correctly compensated then
θ̂ng → θt. Similarly, the correction factors for the three-phase
case in GVEB remain unchanged as shown in Fig. 9, only the
filter configuration needs to be changed.

IV. NUMERICAL RESULTS

The performance of the proposed ELD–OSG scheme is
compared with LD–PLL [29] in MATLAB/ Simulink envi-
ronment. The simulation parameters are as follows: 1) grid
voltage: 1 p.u., 50 Hz, and sampling frequency of 12 kHz; 2)
LD–PLL: σ = 400, σ1 = 50, kp = 5000; and 3) ELD–OSG
scheme: σ = 600 thus σ̂ = 0.05 and N = 30. The following
two test cases are considered: 1) single-phase (off-nominal
condition) and three-phase (unbalance, unequal DC-offset, and
frequency drift).

A. 1− φ: Frequency Step with DC-offset, and Harmonics

For the single-phase (1− φ) case: total harmonic distortion
(THD) of 10.67% as per European standard i.e EN501060
[30] is considered in the grid signal, as given in Table II. In
the corresponding waveform as shown in Fig. 11, the grid
signal is subjected to a 10% DC-offset and a frequency jump
of +2 Hz. It could be observed that the proposed ELD–OSG

Fig. 11. Estimation of frequency in presence of DC-offset, frequency step,
and harmonics.

scheme takes approximately 50 ms to estimate the frequency
with good immunity to DC-offset and harmonics. The LD-PLL
suffers from large overshoots and poor dynamic performance
as compared to the proposed scheme.

B. 3−φ: Unbalance, Unequal DC-offset, and Frequency Drift

For the three-phase (3 − φ) case: A frequency step of
+2 Hz along with 0.3 p.u. fundamental negative sequence
component (FNS) and an unequal DC-offset (0.1, 0.2, and
0.3 p.u per phase) in the grid signal are considered, as shown
in Fig. 12. Both, the LD–PLL and the proposed scheme has

Fig. 12. Fequency estimation in presence of the FNS, Unequal DC-offset,
and frequency step.

good frequency tracking ability. However, LD–PLL suffers
from large transients and steady-state oscillations. Moreover,
both the schemes are capable of rejecting the FNS component.

V. EXPERIMENTAL RESULTS

The experimental validation is considered based on dSPACE
1104 controller board and the estimated parameters are cap-

TABLE II
HARMONICS IN THE GRID SIGNAL AS PER EN 50160 STANDARD

Order 3 5 7 9 11 13 15 17 THD
% 5 6 5 1.5 3.5 3 0.5 2 10.67
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tured on a 16 channel scopecorder (DL-750). The performance
of the ELD–OSG scheme is compared with the LD–PLL [29].
The experimental parameters for the algorithms are similar to
the numerical results. To understand the significance of the
ELD–OSG, a single-phase and a three-phase variant of the
proposed ELD–OSG scheme are provided. Importantly, two
critical test conditions are considered for single and three-
phase case. Thereby, the dynamic performance improvement
may be observed at nominal and off-nominal frequency con-
ditions.

A. Single-Phase Case

The grid voltage signal with a THD of 10.67% is subjected
to two critical test conditions as follows:

1. 50% voltage sag, 10% DC-offset, 30◦ phase transition
and harmonics at nominal frequency condition i.e. 50 Hz,
as shown in Fig. 13.

Fig. 13. 1 − φ estimation of the fundamental grid attributes at nominal
frequency condition.

2. Frequency jump of +2 Hz (i.e. 50-52 Hz), 10% DC-offset
and harmonics, as depicted in Fig. 14.

Fig. 14. 1−φ off-nominal frequency tracking ability in presence of DC-offset
and harmonics.

In Fig. 13, it may be observed that the proposed scheme takes
approximately 2.5 times of fundamental cycle to estimate the
grid parameters. In addition, the phase angle jump leads to a
peak overshoot in the estimated frequency i.e. 3 Hz and 12.5
Hz for the ELD–OSG scheme and the LD–PLL, respectively.
Under off-nominal frequency conditions (Fig. 14), the pro-
posed scheme posses a better harmonic rejection capability as
compared to LD–PLL. It is evident that both the schemes are
capable of rejecting the DC-offset component. However, the

dynamic performance of the LD–PLL is more oscillatory when
compared to the ELD–OSG scheme. The peak overshoot in
frequency and phase information, for the LD–PLL is 2.57 Hz
and 18◦ whereas for the ELD–OSG scheme is 0.6 Hz and 11◦.
Moreover, the ELD–OSG scheme posses negligible amount of
steady-state ripples in the estimated quantities. Thus, a robust
performance is achieved with the ELD–OSG scheme for its
suitability in single-phase applications.

B. Three-Phase Case

The occurrence of grid fault may cause voltage unbalance,
as a consequence a FNS component may arise. Simultane-
ously, the presence of unequal DC-offset (0.1, 0.2, and 0.3 p.u.
per phase) and harmonics (each 5% of 5th and 7th, 3% of 11th

and 1% of 13th) in the grid may hinder the performance of the
synchronization algorithm. Thus, two severe test conditions in
this case are as follows:

1. Symmetrical 50% voltage sag, unequal DC-offset, phase
angle transition of 30◦, and harmonics at nominal fre-
quency condition, as shown in Fig. 15.

Fig. 15. 3 − φ estimation of the fundamental grid attributes at nominal
frequency condition.

2. The FNS of 0.3 p.u., frequency step of +2 Hz (i.e. 50-52
Hz), an unequal DC-offset, and harmonics, as depicted
Fig. 16.

Fig. 16. 3−φ off-nominal frequency tracking ability in presence of DC-offset,
FNS, and harmonics.

In Fig. 15, the settling time performance of the ELD–OSG
scheme and the LD-PLL are approximately 50 ms and 55
ms, respectively. However, the overshoot in frequency is 3
Hz and 8.9 Hz for the ELD–OSG scheme and the LD–PLL,
respectively. In Fig. 16, by reducing the magnitude of phase ‘a’
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to 0.1 p.u., a 0.3 p.u. FNS is developed. The filter configuration
of the three-phase ELD-OSG scheme and the three-phase
LD-PLL are implemented as suggested in Fig. 9. It may be
observed that, both the schemes are capable of rejecting the
FNS component. However, a slower dynamic performance is
observed in case of the LD–PLL. The peak overshoot in the
frequency and the phase information, for the LD–PLL is 3 Hz
and 18◦ whereas for the ELD–OSG scheme is 0.8 Hz and 10◦.
Also, the maximum steady-state errors in amplitude and phase
are 0.0015 p.u. and 0.1 ◦, respectively. The relative frequency
error is well below 0.03% mentioned in IEC Standard 61000-
4-7 [32], as exemplified in Fig. 17.

(a) Error in amplitude (p.u.)

(b) Error in phase (deg.)

(c) Relative frequency error (Hz)

Fig. 17. Steady-state error in amplitude, phase, and frequency.

Hence, the ELD–OSG scheme has good immunity to DC-
offset and harmonics under off-nominal frequency conditions.

C. Results and discussion

A summary of the experimental results for single/three-
phase test cases are presented in Table III. The peaks errors
in the estimated fundamental amplitude, phase, and frequency
information are denoted by ∆Ap, ∆fp, and ∆θp. The settling
time performance is denoted by tr. It is understood that the
proposed scheme takes ≈2.5 times of the fundamental period
to estimate the grid parameters. With help of the MAF filter,
a higher immunity to the negative effect of DC-offset and
harmonics is attained. The phase angle transition affects the
frequency information in both the LD–PLL and the ELD–
OSG. However, a maximum overshoot of 3 Hz is observable
in the estimated frequency in the case of the proposed scheme.
Moreover, the proposed three-phase scheme has demonstrated
a good FNS and DC-offset rejection capability with a net
response time of ≈50 ms. Thus, the proposed scheme has good
potential for detection of selective harmonic and fundamental
grid voltage attributes.

TABLE III
SUMMARY OF COMPARATIVE PERFORMANCE EVALUATION

Case Peak Errors
1 − φ 3 − φ

ELD–OSG LD–PLL ELD–OSG LD–PLL

Voltage
Sag

∆Ap (p.u.) - - - -
∆fp (Hz) 3 12.5 3 8.9
∆θp (◦) - - - -
tr (ms) ≈50 ≈55 ≈50 ≈55

Frequency
Step

∆Ap (p.u.) 0.06 0.11 - -
∆fp (Hz) 0.6 2.57 0.8 3
∆θp (◦) 11 18 10 18
tr (ms) ≈50 ≈55 ≈50 ≈55

DC-offset Rejection Yes Yes Yes Yes
Harmonic Attenuation Good Poor Good Poor
Steady-State Accuracy High Low High Low

FNS Rejection - - Yes Yes

Control parameters 2 3 2 3

D. Application: Harmonic Parameter Estimation

In Fig. 18, the information of K̂1, θ̂ng and N is essential to
accurately extract the amplitude and the phase information of
a harmonic component. Thus, a linear interpolation method
(LIM) [19] is deployed for the determination of N value.
The frequency adaptive ELD-OSG module is then subjected

Fig. 18. Estimation of harmonic parameters.

to an error signal ve = v − v̂α. In addition, individual block
of the ELD-OSG structure is tuned to h ∗ θ̂ng , where h =
3, 5, 7, 9, ..2L+1, L ≥ 0 ∈ I in the harmonic estimation block.
Thereby, the amplitude and phase information is computed
through Âh =

√
v̂2hα + v̂2hβ and θ̂h = tan−1(v̂hα/v̂hβ),

respectively. Hence, the fundamental component (i.e. v̂f ) may
be effectively extracted by subtracting the estimated harmonic
components (vh =

∑L
h=3,5,7,9.. v̂h). In Fig. 19, each 5% of

Fig. 19. Estimation of third harmonic component in the presence of DC-offset
and frequency step of +2Hz.
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3rd, 5th, 7th, and DC-offset along with a step change of
+2 Hz in the supply frequency are considered in the grid
signal. It may be observed that the third harmonic component
is accurately estimated within 2.5 times of the fundamental
cycles.

E. Comparison with Other Synchronization Schemes

In this section, a comparative performance evaluation of
the proposed scheme with the existing solutions is provided.
The comparison is made with respect to an improved open-
loop scheme (IOLS) [23], the double second order generalized
integrator (DSOGI)-PLL [12], and the MAF-PLL [11]. The
case studies are considered under nominal and off-nominal
frequency conditions. In Fig. 20, grid voltage is subjected to
120◦ phase jump along at 50 Hz. In Fig. 20(a), in the absence
of DC-offset the IOLS has outperformed in the ability of
tracking the estimated phase without any steady-state error. It

(a) 120◦ phase jump without DC-offset

(b) 120◦ phase jump with unequal DC-offset
Fig. 20. Comparative phase angle tracking performance.

is to be noticed that the proposed scheme has good capability
in tracking the estimated phase as compared to MAF–PLL
and DSOGI–PLL. In phase jump case, the proposed scheme
is comparatively more immune to the DC-offset similar to
MAF-PLL while adhering a good dynamic response. On the
other hand, the ELD–OSG scheme has better capabilities
to reject the DC-offset component when compared to IOLS
and DSOGI–PLL, as shown in Fig. 20(b). Subsequently, off-
nominal frequency tracking ability of IOLS shall be faster
than other schemes as ensured by the previous test case and

confirmed in Fig. 21(a). However, the MAF–PLL, DSOGI–
PLL, and IOLS still suffers from steady-steady oscillations
when compared to ELD–OSG scheme. Further, IOLS and

(a) +2 Hz frequency step without DC-offset

(b) +2 Hz frequency step with DC-offset
Fig. 21. Comparative frequency step (50-52 Hz) tracking performance in
presence of harmonics and DC-offset

DSOGI–PLL are incapable of rejecting the unequal DC-offset
component present in the grid signal, as shown in Fig. 21(b).
Moreover, the ELD–OSG scheme suffers from a negligible
amount of steady-state error as compared to MAF–PLL.

VI. CONCLUSION

A robust and improved Lyapunov demodulator based
non-linear filtering technique is proposed for tracking the
single/three-phase fundamental grid voltage attributes. An
enhanced DC-offset and harmonic rejection capability is
achieved by deploying MAF in the ELD–OSG structure. In
effect of which no additional feed-back loop is required to
reject the DC-offset. Under off-nominal frequency conditions,
the output of the ELD–OSG filter is erroneous. Thus, feed-
forward compensation method dependent on open-loop fre-
quency deviation technique is a rescuer for the elimination
of errors in the amplitude and the phase information. How-
ever, the amplitude imbalance will not affect the estimate of
the fundamental frequency (i.e. ≈2.5 times of fundamental
period). From experimental measurements, it can be inferred
that the proposed scheme is found less sensitive towards
phase angle jump as compared to the LD–PLL. Nevertheless,
the proposed three-phase scheme outperformed in respect
to stable and dynamic performance abilities. In addition, a
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good immunity to FNS and harmonics is observed under off-
nominal frequency conditions. Therefore, it can be concluded
that the proposed scheme is a potential technique for synchro-
nization of single/three-phase grid connected power electronic
equipment.
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