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Abstract—In this article, a robust three-phase grid syn-
chronization technique has been proposed for rapid de-
tection of fundamental frequency, phase, and amplitude.
The widely accepted phase locked-loop (PLL) algorithms
possess complex architectures and require tedious tuning
process for attaining a good stability margin. In order to
surpass the shortfalls of PLL algorithms a computationally
efficient, stable, and open-loop scheme has been reported
in this work. A novel two consecutive samples based fre-
quency estimator is developed for fast detection of the
fundamental frequency. Moreover, an efficient hybrid pre-
filtering approach is implemented based on the demodula-
tion of the grid voltage signal. Additionally, the combination
of a delayed signal cancellation operator and a band-pass
filter allowed rapid rejection of DC-offset and harmonics,
respectively. In the event of a grid voltage imbalance, the
instantaneous symmetrical component (ISC) method is a
rescuer for the rejection of the fundamental negative se-
quence (FNS) component without any delay. Subsequently,
overall transient response time of the scheme is observed
to be improved. On the other hand, the fundamental pos-
itive sequence (FPS) component facilitates the estimation
of amplitude and phase angle information. Importantly, the
dynamic performance of the proposed scheme has been
experimentally validated in presence of various grid distur-
bances.

Index Terms—frequency estimation, grid voltage demod-
ulation, moving average filter, three-phase system

[. INTRODUCTION

ICRO-GRIDS are mini utility grids deployed to sup-
port main power grid with increasing use of non-
conventional energy sources to improve grid resilience [1].
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Typically, sophisticated power electronic converters [2] are
often deployed in-order to ensure the function of active power
distribution in the grid. Thus, fundamental frequency, phase,
and amplitude information becomes key controllable parame-
ters for the efficient functioning of grid-connected converters
(GCCs) [3], [4]. Moreover, accurate and precise measurement
of the frequency ensures continuous active power delivery to
the grid via GCCs. For this purpose, a grid synchronization
concept based control algorithm is essential to estimate the
grid voltage parameters for the control, protection, and syn-
chronization of GCCs [4]. The phase-locked loops (PLLs)
[5], [6], frequency-locked loops (FLLs) [7], [8], enhanced-
PLL (EPLL) [9], Kalman filter [10] are often exploitable
algorithms for synchronization of single-phase and/or three-
phase grid-tied inverters. Amongst these aforementioned ap-
proaches, PLLs and FLLs are the potential techniques for
estimating fundamental grid voltage parameters. However,
mutually related feedbacks are observable in these techniques
which may affect the tuning process and the stability margin of
the overall control scheme [11]. In a three-phase application,
the versatility of PLLs and FLLs is due to simple control
structure. Also, the grid attributes may be detected easily
due to easy access to orthogonal signal generation (OSG),
unlike the single-phase case [12]. Importantly, in the event
of voltage imbalance, the major design challenge is to reject
the fundamental negative sequence (FNS) component rapidly.
The filtering schemes alone are incapable of rejecting the
FNS component in the grid signal [13]. Thereby, a good
solution is to apply the instantaneous symmetrical component
(ISC) principle [14], which is successful with OSG-based
pre-filtering methods. Moreover, the rapid extraction of the
fundamental positive sequence (FPS) component is a widely
accepted choice to implement a robust grid synchronization
algorithm [15], [16]. Generally speaking, filters are universally
preferred to obtain fundamental component from a harmon-
ically distorted grid signal. Hence, the following filters are
widely reported i.e. moving average filters (MAFs) [17], de-
layed signal cancellation (DSC) operators [18], all-pass filters
[19], complex-coefficient complex-variable filter (CCVF) [20],
demodulation based MAF-OSG [21], etc.

The demodulation [21]-[32] assisted filtering techniques are
the subject of concern to the proposed work for demonstrating
rapid rejection of FNS component, DC-offset, and harmonics.
The demodulation schemes are sub-categorized into adaptive
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and non-adaptive techniques, wherein filters are tuned to both
off-nominal and nominal grid frequency, or nominal grid
frequency alone. The non-adaptive demodulation schemes may
lead to elevated phase errors [21]-[24] whereas, frequency
adaptive approaches may avoid phase errors at the expense of
an increase in the time response [25]-[27]. Moreover, another
approach based on linear interpolation based finite impulse
response (FIR)- low-pass filters (LPF) may suffer from phase
and amplitude errors [28]. Herein, the pre-filtering stage is
non-adaptive to the grid-frequency albeit the adaptability to
grid-frequency is achieved through an error compensation
approach. But, high-order FIR-LPFs may increase the compu-
tational complexity of the overall scheme. Importantly, non-
adaptive schemes focus on open-loop frequency detection
algorithms owing to small steady-state oscillations which
might surpass the abilities of PLLs and FLLs. Feedback-less
detection of the fundamental frequency is often made possible
through digital signal processing (DSP) techniques [29]-[32].
As a matter of research investigation, the discrete oscillator
law (DOL) is very appealing to estimate the frequency by
storing three consecutive voltage samples of FPS component
[30]. However, when the mid-sample value is zero, then DOL
becomes numerically ill-conditioned [30], [31]. The removal
of this ill-conditioning may be achieved by holding the past
estimated frequency when the mid-sample tends to zero [30].
The spline modulating function based pre-filtering approach
may eliminate the ill-condition through a recursive process
which adheres to a trade off in response time and harmonic
rejection ability of the scheme [31]. Thereby, an improved
DOL (IDOL) technique [32] based on a MAF-OSG pre-filter
may avoid recursion process by utilizing the quadratic sum of
the mid samples of the orthogonal components (i.e. v, (n— 1)
and vg(n — 1)) [32]. Therefore, the intent of this work is to
address the key issues regarding a fast elimination of FNS,
DC-offset, and harmonics using grid voltage demodulation.
In addition, a new two-consecutive samples based open-loop
frequency estimation algorithm is reported to improve the
existing knowledge on the frequency estimation methods. The
potential findings of this work are as follows:

1) An improved hybrid feedback-less filtering approach is
proposed by incorporating DSC operator in series with a
modified MAF-OSG structure.

2) The hybridization of filters allowed to modify the previ-
ously reported generic MAF-OSG structure (Fig. 1(a)).

3) The major benefits are an improved time response and

PT _ =T, T,=Ty/2 - IPT
Vg4 Vd ~1
v—»[}— dq MAF [~ MAF ap vz
0—|aB —{ MAF |~ MAF — dq \j— j}
Uq vq t
6, = fwn dt

(a)

v 17 Vg ~1
v dg —| MAF MAF af =V
s q | MAF [~{ MAF ki

strong rejection of DC-offset and harmonics.

4) The ISC method assists in a fast extraction of the FPS
component while rejecting the FNS component.

5) In frequency estimation, no numerical ill-condition and/or
holding of previously estimated frequency is essential.

6) Under off-nominal frequency conditions, steady-state rip-
ples in the estimated parameters are negligible.

7) An error compensation based on linear regression is de-
ployed to obtain error-free estimated amplitude and phase
information.

This article has been organized as follows: the hybrid pre-

filtering stage requirements and extraction of FPS component

are explained in Section II, the proposed frequency estimation
technique is discussed in Section II, the amplitude and the
phase angle estimation is presented in Section IV, the real-
time simulation and experimental results been discussed in
Section V. The article is summarized in Section VI.

Il. HYBRID PRE-FILTERING STAGE (HPFS)

In practice, the fundamental grid voltage component is
unavailable due to the distortion caused by non-linear loads
connected to the grid. Undoubtedly, the actual grid signal
will be contaminated with harmonics. In a three-phase grid
signal, the negative sequence (NS) of n*" harmonic produces
distortions at (n -+ 2) and n*" harmonics [15]. Simillarly, the
NS of 5" harmonic will result in distortions of 5* and 7"
harmonics. In a similar manner, the n'” harmonic positive
sequence sequence (PS) will result in a distortion of (n—2) and
nt" harmonics. For this reason, the 5t and the 7*" harmonics
in the grid voltage are consiered as dominant in this study[15],
[16], whereas relatively smaller magnitudes of the 11** and
the 13" harmonic components may be neglected.

A. Filtering Mechanism of HPFS

In this regard, a hybrid pre-filter solution is proposed which
consists of a DSC operator (i.e. DSy 7) cascaded with modified
MAF-0SG (MM-OSG) structure, as shown in Fig. 1(b) which
is collectively known as “HPFS”. In general, the signal condi-
tioning or measurement unit and several other reasons, such as
half-wave rectification etc., may possibly inject a DC-offset in
the grid signal. For this reason, a DSq 7 is included in the pre-
filtering stage which ensures a good rejection of the DC-offset
and rejects the specific low-order harmonic (i.e. 7t harmonic)
with minimum delay in the input signal. Further, the inclusion
of the DSC operator also provides an insight to propose an

MM - 0SG

' PT Ty =Ty/2 T, =Ty/6 - IPT

0—{2B8 7 5 49N\ jo:

q q 1

DSO,7 8, = fw,l dt
(b)

Fig. 1. General structure (a) Generic MAF-based-OSG and (b) Proposed non-adaptive HPFS
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improved version of the band-pass MAF-OSG (Fig. 1(a)) filter
[24], [32] denoted as MM-OSG. For understanding purpose,
a grid signal contaminated with a DC-offset, the 5", and the
7" harmonic is expressed as shown below:

u(t) = Arsin(wgt + ¢1) + Assin(bwyt + ¢5)
+ Az sin(Twgt + ¢7) +V, (1)

where, w, and V,, are the angular grid frequency and the
DC-offset, respectively. The fundamental amplitude and the
initial phase are denoted by A; and ¢1, respectively whereas
amplitude and initial phase of the 5! and the7*" harmonic are
denoted by As, A7, and ¢5, ¢7, respectively. A delay of 7/7
will be introduced in v(t) for rejecting the DC-offset and the
7t" harmonic as follows:
rov(t) —u(t—T1/7)

v o= 5 2

where, 7 = 27m/w,. Now, solving (2) and by utilizing the
trigonometric identity as provided below:

1 A+ B A-B
sin(A) — sin(B) = = |cos( + )sin( ) 3
2 2 2
The signal ‘v s expressed as follows:
v = A, sin(%) sin(wyt — (% — 1 —7/2))
. DWeT . dwyT
+As sin( 151 ) sin(Bwgt — ( 12 — ¢5 —7/2))

v = Ay Ky sin(wyt — ®1) + As K5 sin(5wyt — ®5) (4)

where, K1 = sin(“20), K5 = sin(2%47), and @, is the

net phase delay in the input signal. Therefore, only the
fundamental amplitude and the phase will be affected, while
the frequency information remains unaffected. Further, if w,
is equal to nominal angular frequency (w, = 2m50 rad/s)
then, the net delay offered by DS 7 to the input signal
is approximately 0.1437 i.e. 2.86 ms. Using (4), the signal
(') free from DC-offset is then applied to a MM-OSG
structure. In this strucure, the Park’s transformation (PT) will
perform the demodulation on v by multiplying unit orthogonal
components [21]-[27], tuned at 6, (= j wydt) to obtain the
dg—frame components as follows:

Vg =2 v cos (6n) (5
Ty = —2v sin (5,) (6)

Now, (5) is expanded as follows:

g = Ay Ki sin ((wg + wy) t — @1) +
+ Ay K sin (wg —wpn)t— ®1) +
As K5 sin ((bwg + wn) t — ®5) +
As Ky sin ((bwg —wy) t — ®5)  (7)
Similarly, (6) is expressed as follows:
g = A1 Kq cos (wg +wp)t —P1) +
— A Ky cos ((wg —wp)t —®1) +
As K5 cos ((bwg + wp) t — $5) —
As K5 cos ((bwg —wpn)t—®5)  (8)

Subsituting, wy, = wy in (7) and (8), it may be observed
that, the dg—frame components are only affected by dou-
ble frequency component and even harmonics. Therefore,
a MAF with a window length (7,,) equals to one-half of
the fundamental period (7,,/2) is sufficient to reject even
harmonics. However, under off-nominal frequency condition
even harmonics will not be attenuated properly. To address
this issue, a MAF with a T,, = T,,/6 is cascaded with a half-
cycle MAF for improving the harmonic rejection capability.
Later, the filtered dg—frame components [i.e. vq4 & 4] are
applied to the inverse PT tuned at w, for obtaining the
fundamental orthogonal signals [0} (k) & j9L(k)]. The delay
(T,) of HPES is smaller than that of the standard MAF-
OSG structure proposed in [32]. Thus, the improved transient
response time (74) of HPFS computed for a 50 Hz signal is,

74 =0.1437 + T, /2 + T, /6 ~ 0.8096 cycle  (9)

For understanding the impact of DSCy 7, the magnitude re-
sponse plot of HPFS and the generic MAF-OSG is estimated
using the AC frequency sweep method in a simulation envi-
ronment, as shown in Fig. 2. It may be noted that the initial

0 \7Proposed Filter —General MAF-OSG

-50

(s)/v(s)|

Vd

-100

-100 -

34(s)/v(s)|
=>
==

-200
100

Frequency (Hz)"™ o

Fig. 2. Magnitude response plot for the dg—frame components with
regard to the input signal

asymptote of the bode response plot does sufficiently rejects
the DC-offset as compared to the MAF-OSG structure. In
addition, the good elimination of the even harmonic com-
ponents which are multiple of 2f; is also possible. In the
flowchart of the proposed scheme (Fig. 3), a simplified behav-
ior of the scheme is presented, wherein a three-phase signal
may be easily decomposed into stationary «f—components
through Clarke’s transformation. Thereby, the v, and the
vg components are then applied to two individual HPFS
blocks to obtain the in-phase and the quadrature fundamental
components which are utilized to extract the FPS components,
ie. 05" and 0.

B. Extraction of the FPS components

The inclusion of HPFS block individually in the «f-
axes provide two-inphase (9} 3) and respective quadrature
components (j@iﬁ) as depicted in Fig. 4. An instantaneous
symmetrical component method [14] is then applied to the
pairs of the fundamental orthogonal components to compute
the FPS components without any delay. For simplicity, a
relationship is developed as shown below:

ot 1 1o by 0, 0
Cl=zn 1| (10)
o5 2 —joy g
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~ Frequency (50 Hz)
Bfac

Fig. 3. Flowchart of the proposed scheme

The implementation details of (10) are provided in Fig. 4.

¥a

HPFS blocks and FPS computation
Fig. 4. Extraction of the FPS component

I1l. PROPOSED FREQUENCY ESTIMATOR

In this section, the implementation of the frequency estima-
tion technique is discussed which is based on the storage of
two consecutive samples of FPS components. For a real-time
implementation, the discrete time FPS components are taken
into consideration, as expressed below:

it (n) = Asin (nw, Ts + 0)

A}f( )=Acos (nwy Ts + 6) (11)
where, A, wgy, 0, T,, and n are the amplitude, the angular
grid frequency, the phase angle, the sampling period, and
the sampling instant, respectively. Herein, the normalized FPS
components are utilized as given below:

. A
55 ()] = s
(0a")? + (057)

sin (nwy Ts + @)

05" (n)] = = cos (nwy Ty + ) (12)

The procedure regarding the generalized derivation of the algo-
rithm by utilizing the voltage samples of unit «3-components
is provided below,

STEP-1: Product of voltage samples (PoVS):
For a-axis component, the product of two voltage samples is,

(n)] * [0, (n — L)
= sin*(nw,Ty) cos(L w,Ty)

—sin(L wyTy) sin(nwyTy) cos(nw,yT,

My = [85"

s) (13)

where, L is the distance between the samples i.e. L =1, 2,...
N, N € I. Similarly, for the 3-axis component,

My = |05 (n)] * |o5% (n — L)
= cos*(nwyTy) cos(L wyTy)
+sin(L wyTs) sin(nwgTs) cos(nwyTs) (14)
STEP-2: Addition of PoVS and frequency estimation:
Add (13) to (14) yields:
(15)

My + My = cos (L wyTs)
———
DC-term
The estimated angular fundamental frequency is denoted by,
. 1
g = IT. cos™ (M, + My)

STEP-3: Estimation of deviation in frequency:
For small angular frequency deviation (Awg) from w,,, then

(16)

Wy = wn + Aw, (17)
Substituting (17) in (15),
cos(L (wn + Awg) Ts) = My + M, (18)
LHS
The expansion for L.H.S term is as follows:

L.H.S = C, cos(L Awy Ts) — Sy, sin(L Awg Ts)  (19)
where, C,, = cos(L w,Ts) and S,, = sin(L w,Ts). The
frequency deviation (in Hz) is estimated as,

A@Z%ﬁ;%m@mﬁ¢W”%q (20)

However, Aw, is unknown, thus equation (20) is made real-
izable by substituting Awy(n — 1) in place of Aw,.

F_ sin~! | Cpcos(L Awg(n—1) Ts)—(M1+4Mos)
Afy=torm —h }<m
Hence, the estimated frequency (in Hz) is,
fo=rtatAf, (22)

where, f, is the nominal frequency (i.e. 50 Hz). Herein, L
is the only calibration parameter which relies on the trade-off
between the settling time (¢s) and steady-state accuracy. In a
simulation environment, for L = 30, at t =0.02 s, a step change
of 2 Hz along with the harmonics (h = 5,7,11,13) whose
respective amplitude rounded up to a largest value computed
through v;, = 1/4h are considered in the grid signal, as shown
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Fig. 5. Schematic diagram of the proposed scheme

in Fig. 6. The steady state ripple content in the estimated
frequency is attenuated by including a half-cycle MAF in the
path of the frequency estimation.

It is seen from the Table I that the proposed frequency
estimator has attained good ‘t;’ and steady-state accuracy. It

TABLE |
SIMULATED DATA FOR SEVERAL L-VALUES
L 10 20 30 40 50
ts (ms) 26 26.5 27 28 29
R.E. (%) 0.046 0.029 0.013 0.002 0.009

is to be noticed that, the relative error (R. E.) for L > 30
in the fundamental frequency estimation is well below 0.03%
according to the IEC standard 61000-4-7 [34]. Moreover, the
peak overshoot in Af, is forced to be limited in the range
—fr — 1+ f, and fy + 1 — f,, as per the EN50160 [33]
standard, where the frequency range is 47 (f1)-52 (fy) Hz
with the help of the saturation block S7 as depicted in Fig. 5. In
addition, the saturation block S5 helps in entire elimination of
the transient overshoot in A f;, which may reflect in amplitude
and phase estimation with the lower and upper saturation limits
as (—fr+ fn) and (fy — f»)- The overall schematic diagram of
the proposed scheme is depicted in Fig. 5, wherein the colored
blocks represent the important aspects of the proposed scheme.

V. ESTIMATION OF AMPLITUDE AND PHASE ANGLE

The grid side converters may be precisely controlled if the
information on phase and amplitude is accurately available [4].
However, outputs of proposed HPFS will suffer loss in actual
amplitude and the phase delay. The errors in amplitude and
phase are dependent on the frequency deviation (Af,) [28].
Therefore, a mathematical relationship may be established as a
function of A f, in order to compensate the errors and achieve
grid frequency adaptability in an open-loop manner.

A. Amplitude estimation and error compensation

In the schematic shown in Fig. 5, the estimation of ampli-
tude is computed as follows:

(

The loss in magnitude caused due to the DSC operator is
recovered as follows:

A = \J(0a7)% + (057)? (23)

(ﬁé—k)Q + ({)[13+)2

Ky

(24)

A

A’l‘ = — =
Ky

where, K1 = sin(wy7/14). Under off-nominal frequency

condition, the actual amplitude of the FPS components is

still erroneous owing to the MM-OSG filter. Thus, A, will

be treated as a reference and the errors in A, are noted, as

shown in Table II. Hence, a ratio of the actual amplitude

o —Va
E’ v TABLE Il
55 \ b SIMULATED ERROR INFORMATION IN ESTIMATED AMPLITUDE AND
- —Ve PHASE
6
; ‘ Af, (Hz) -3 2 1 0 1 2
- é‘ --‘Actual frequency O (rad.) 02977  0.3481 0.3985  0.4489  0.4993  0.5497
g5 % —L=30without MAF pryes Ac 1.00167 1.00076 1.00023 1.00004 1.00022 1.00077
E g L=30 with MAF 52 Wm mw Ar 0.99833  0.99924 0.99978 0.99996 0.99978 0.99923
T35 // 51.967 -/ V
ge
w . . . . .
50 (Ager = 100 V) to A, is then computed for six individual
0 001 002 Ti:]':‘?(s) 004 005 0% step changes (i.e. from 47-52 Hz) in the supply frequency,

Fig. 6. Low-pass behaviour of the proposed frequency estimator

which is expressed as

(25)
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Using (21), a curve fitting approach may be applied as shown
in (26) to obtain the amplitude correction factor (A.) as,
A, = 0.0002 (Af,)? +0.000002 (Af,)+ 1 (26)

where, the coefficients are generated from the parabolic curve
shown in Fig. 7. The estimate of the actual fundamental

1.002 T : ,
= |
10015 6,=0.05044 +0.4489
! i
1.001 : i
A ' ) e
€ 1.0005 A= 0.0002(Af 2 + 2E-06(Af )+ 1 -=-=-==rsmnm e
1
0.9995

-1 0
4f (Hz)

Fig. 7. Amplitude and the phase correction factor plot with regard to
Afy

amplitude is,

Apge = A A, 27)

From (27), it is ensured thflt A fac 18 correct estimate of Age:.
Thus, with this approach Ay, can achieve adaptability to the
grid frequency in a feed-forward manner.

B. Phase angle estimation and error compensation

The unit orthogonal FPS components (i.e. |01 (n)| and
05" (n)]) are utilized to estimate the phase angle information
as shown below:

. 05"
6 = arctan [ } (28)

it

The errors in 6 are denoted by 6. which is expressed as,

O = Opey — 0 (29)
where, 0,5 is an artificial reference phase which is generated
internally. Thereafter, 6. is noted for every step increment in
the supply frequency (i.e. from 47-52 Hz), as shown in Table
II. Thus, once Af, is known from (21) and the curve fitting
from Fig. 7, 6. is computed as,

0. = 0.0504(Afy) + 0.4489 (30)
Thus, 6. may compensate the errors present in 6 in order to
estimate the actual phase angle (f¢4.) as follows:

Ofac=0+0. 31
If g is ideally compensated, then it is to be understood that
0 fqc will be equivalent to 6,..y. For this purpose, phase error
is presented in the simulation mode which is demonstrated
after estimating 6¢,. and subtracting it from 6,.. ;. Further, the
control parameters of the proposed algorithm are summarized
in Table III.

TABLE IlI

CONTROL PARAMETERS FOR THE PROPOSED SCHEME
Parameters [ Values
L 30
MAF pre-filter window length (T = T /2 + T}, /6) | 13.33 ms
Fundamental period (77,) 20 ms
DSC operator time delay (7/7) 2.86 ms
K, at 50 Hz 0.0078329
Sampling frequency, fs = 1/7Ts 12 kHz
Wn 2750 rad/sec

. 3 Hz (upper limit)
Saturation block (S1) 4 Hz (lower limit)

. . 2 Hz (upper limit)

Saturation block (S2) 3 Hz (lower limit)

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed algorithm is developed in MATLAB/
Simulink environment through a discrete time solver with a
fixed time step. A hardware-in-loop (HIL) simulation mode is
considered for early testing of the simulated algorithm using
a dSPACE DS1104 controller and an input/output CLP1104
board. The results are captured through a 16 channel DL750
scopecorder, as shown in Fig. 8. The HIL simulation-mode

Control Desk
MATLAB/Simulink

Ho

Input/ Output
CLP1104 board

DL-750
Scopecorder

\AA AL
~ oS
@ a =2 R

a8 & =
S 5 ]

Personal
computer

dSpace Controller A
CardDS1104  Vabc

o

g
a ®
IS : P
2 ]
s <
F T c
- =]
< Chroma AC-Power Ed
5 Source 61700 Three Voltage Sensors LV-25P

Fig. 8. lllustration of real-time simulation and its hardware setup for

experimental study

(HIL-M), allows to virtually validate the complied code by
internal generation of individual test input which may be
uploaded to the controller card. In real time-mode (RT-M), the
validation of the proposed scheme is performed by emulating
the actual grid conditions through an AC-programmable power
source (Chroma 61701). Herein, the controller card will only
consist of the complied algorithm and the test inputs are gen-
erated from Chroma 61701. Thereafter, a compatible stepped
down + 12 V grid signal is obtained from LEM LV25-P volt-
age sensors. The signal conditioning unit based on operational
amplifiers will receive the stepped down signal and provides a
per unit (p.u.) equivalent of the grid signal. Later, the analog-
to-digital converter (ADC) ports of CLP1104 input/output
board will send the p.u. grid signal to the controller card
for processing. The estimated parameters are obtained from
the digital-to-analog converter (DAC) ports and are captured
using a scopecorder. In all test cases (i.e. A — F) the grid
voltage signal is sampled at fs = 12 kHz while considering
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each 5% of the 5t and the 7** harmonics in the grid signal
for performance evaluation of the proposed scheme.

A. Phase jump and harmonics

In this test case, a 30° phase jump is considered in the grid
voltage waveform at nominal frequency depicted in Fig. 9. The

30°/div
20 ms

3 Hz/div

6 rad./div

Fig. 9. In presence of harmonics the grid voltage signal is subjected to
a phase jump of 30°

respective waveforms for estimated parameters are highlighted
in Fig. 9. It is evident that the phase jump may be accurately
estimated within 28 ms without any steady-state error. The
reason for this transient duration is the reaction time taken
by HPES to extract FPS, computation of frequency deviation
and the T,,/2 of MAF employed in the path of A fg with 16
ms, 2 ms, and 10 ms, respectively. The peak overshoot in the
amplitude and the frequency is noticed as 0.1 p.u. and 3 Hz,
respectively.

B. Voltage sag and harmonics

In the present study, a symmetrical voltage dip is realized
by sudden reduction in nominal voltage (1 p.u.) in all phases
(i.e. a-b-c) to 0.5 p.u. in both HIL-M and RT-M. In Fig. 10, it
could be seen that the voltage sag is accurately tracked within
28 ms. However, frequency information will suffer from an
overshoot of 2.5 Hz whereas, phase information is affected by
an undershoot of —20°. Thus, the proposed scheme has a good
ability to accurately track the voltage sag without involving in
any steady-state oscillations.

C. Unequal DC-offset, phase jump, FNS, and harmonics

An unsymmetrical fault condition known as line-to-ground
(LG) fault is tested when phase ‘a’ undergoes a sag of 0.1
p-u while other phases (i.e. b and c) remains at nominal
value shown in Fig. 11. Thus, in grid signal there exist a
0.3 p.u. FNS component. In addition, a 30° phase jump and

2 Hz/div

20°/div
20 ms

3 Hz/div

6 rad./div

5Hz/div i---------i--oooo-

6 rad./di\(

Fig. 11. Grid voltage signal contamined with harmonics, unequal DC-
offset, and 0.3 p.u. of FNS including a phase jump of 30°

unequal dc offset of 0.1 p.u. (phase a), 0.2 p.u. (phase b), and
0.3 (phase c) p.u. are considered in both HIL-M and RT-M.
The disturbance considered in phase and amplitude affects the
frequency information with an overshoot of 3 Hz. However,
the amplitude and the phase are accurately estimated within
28 ms without any steady-state error. Thus, HPFS is said to be
immune towards the negative effect of DC-offset, harmonics,
and FNS component.
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D. FNS and frequency step

In this test, the grid voltage with 0.2 p.u. FNS and a
step change of 2 Hz is considered, as shown in Fig. 12. A

1 V/dlv

__ﬁ- Fo ) |

2 Hz/div

6 rad./div

1v/div

30°/div
20 ms

3 Hz/div

6 rad./div

Fig. 13. Unified test case (50 Hz): the combined disturbances i.e. 50%
voltage sag, 30° phase jump, and unequal DC-offset in presence of
harmonics

Fig. 12. Input supply frequency undergoes a step change of 2 Hz along
with a 0.2 p.u. FNS in the grid signal

good immunity towards FNS is observable in the estimated
parameters. Moreover, the fundamental frequency is estimated
within 27 ms without significant overshoot. However, the
estimation of parameters may suffer from negligible amount
of steady-state oscillations in amplitude, phase, and frequency
ie. 0.003 V, 0.2°, and 0.01 Hz, respectively. The proposed
scheme has the potential of frequency tracking under off-
nominal frequency condition.

E. Unified test cases

Two worst test cases are presented for nominal and off-
nominal frequency conditions. The grid voltage parameters are
as follows: vgpc: 1 p.u. to 0.5 p.u., G452 0° to 30°, and unequal
DC-offset: Vgo= 0.1 p.u., V4,= 0.2 p.u., and V_,= 0.3 p.u.

1) Nominal frequency condition 50 Hz: The waveforms are
presented in Fig. 13. The proposed scheme may accurately
tracks the change in amplitude and phase within 28 ms without
any steady-state errors. However, frequency is affected by a
peak overshoot of 3 Hz.

2) Off-nominal frequency condition 47-52 Hz: From the
waveforms depicted in Fig. 14. The amplitude and phase are
detected within 15 ms. Since, Af, tends to increase from
—3 Hz towards positive direction, the S block will hit the
saturation (i.e. 2 Hz) approximately within 15 ms. Thereby, the
correct estimate of frequency is obtained within 28 ms with
an overshoot of 1 Hz. The steady-state ripples in amplitude,
phase, and frequency are below 0.0004 V, 0.009°, and 0.0012
Hz, respectively.

1V/div HIL-M

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, : | Aace ) |
................................ 52Hz 7 (Hz) |
5 Hz/div 47 Hz 1::5H1 AR
30, d """"" MR T | CoZIEIIIIIITTN
/ td z 0 I """"" igact Gref (° 1
20 ms R T T Tttt Sitetattetettet t
1v/div ¢ RT-M

5Hz/div i---------ieooi-- /\ ———— [g (Hz)
6 rad. /dlv '''''''''''''''''''''''''''''
“zb‘,;{s" o It bt shhtr SR’ Bty 1B 0t Eri;&.’a}{s’)‘

Fig. 14. Unified test case (47-52 Hz): the combined disturbances i.e.
50% voltage sag, 30° phase jump, unequal DC-offset, and harmonics

F. Comparison with

schemes

various grid synchronization

The performance of the proposed scheme is compared
with vital schemes such as enhanced three-consecutive sam-
ples (E3CS) technique [32] developed for a single-phase
application originated from generic three-phase open-loop
scheme [21], multiple delayed signal cancellation—enhanced
PLL (MDSC-EPLL) [9], second-order-generalized-integrator
(SOGD-FLL [8], and all-pass filter (APF)-PLL [19]. Table
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IV, presents the performance of the proposed scheme vis-a-
vis other techniques reported in the literature. In general, the

TABLE IV
PERFORMANCE COMPARISON OF THE PROPOSED SCHEME WITH OTHER
THREE-PHASE SCHEMES

Peak Errors MDSC- SOGI- APF- Proposed
Case and Settling (32] EPLL FLL PLL SCfIl)CmC
Time [9] [8] [19]
0Am (pu) - - - - -
6 fm (Hz) NA -0.2 1.7 0.1 2.5
|
Voltage sag g o) NA 286 -1l 09 -20
ts (ms) 20 35 40 30 28
0Am (pu) NA -0.07 0.1 0.04 0.1
. 6 fm (Hz) 6 8 8 252 3
Phase jump 560m (%) 7 02 7 _ 7
ts (ms) 31 35 40 473 28
0Am (pu) - -0.14 0.02 0.004 0.001
Frequency 4 fm (Hz) - -2.5 - - -
step 60m (°) 2.5 -0.03 5 4.5 0.2
ts (ms) 31 35 40 35 27
Harmonic, FNS, and
DC-offset rejection Yes Yes No Yes Yes
Steady-state frequency Large Medium Large Large Least

oscillations

proposed scheme demonstrates an improvement in response
time i.e. 28 ms. It is expected that disturbance considered
in the phase information affects frequency information albeit
only 3 Hz overshoot is observable which is small if com-
pared to the performance demonstrated by E3CS, MDSC-
EPLL, and SOGI-FLL. Moreover, the sag induced in the
grid voltage is also traced within fastest possible duration as
compared to MDSC-EPLL, APF-PLL, and SOGI-FLL. In

Grid Voltage
(0.5 p.u./div)

Estimated Amplitude
(0.05 p.u./div)

0.5 p.u.

1 p.u. .
Improved
OLST <CS

Improved
OLST

Estimated Frequency
(1 Hz/div)

Phase Error (10°/div)

Improved
oLsT

10 ms/div
-~

Fig. 15. Comparison of the MAF based open-loop schemes with the
proposed scheme

Fig. 15, two MAF-OSG based schemes i.e. improved open-
loop synchronization technique (OLST) [33] and E3CS are
compared with the proposed scheme at nominal frequency

condition where grid signal undergoes a 50% voltage sag
with a combination of 30° phase jump and unequal DC-
offset. It can be observed that the improved OLST, the E3CS
scheme, and the proposed scheme can accurately tracks the
amplitude change within 20 ms, 30 ms and 28 ms, respectively.
However, due to the presence of the DC-offset in the grid
signal the improved OLST suffer from oscillations in the
estimated frequency and the phase information. Moreover, the
proposed technique posses good ability to provide ripple free
phase angle information within 28 ms. Thus, the proposed
scheme demonstrates an improvement in response time by 2
ms in comparison to the E3CS technique. In Fig. 16, for an
off-nominal frequency step of 2 Hz from 50 Hz in presence
of harmonics, it can be observed that the steady ripples in

Grid Voltage (0.5 p.u./div)

Esitmated Frequency (0.5 Hz/div)

Improved
OLST

52.%5
51.95

Fig. 16. Frequency step (50-52 Hz) in presence of the harmonics

the estimate of the frequency is well below the permissible
limits as per the IEC standard 61000-4-7 when compared to
the improved OLST and E3CS techniques.

VI. CONCLUSIONS

A non-adaptive improved digital signal processing algorithm
has been reported for rapid detection of three-phase grid
voltage parameters. The HPFS with ISC method ensures
good rejection of DC-offset, harmonics, and FNS component
under nominal and off-nominal frequency conditions. A novel
fundamental frequency estimator is proposed which is based
on the storage of two consecutive samples of the FPS com-
ponents. The suggested modified pre-filtering unit enables to
improve the overall transient response time of the scheme.
Unlike PLL based schemes rigorous tuning processes are not
required due to the open-loop architecture. As the feedback-
loops are avoided, the real-time implementation complexity is
noticed to be reduced and will not suffer from stability related
issues. The fundamental grid voltage attributes are accurately
estimated within 1.4 times of fundamental period. Moreover,
the proposed scheme has good immunity towards grid voltage
unbalance and frequency drifts. From the experimental and
simulation observations, it may be inferred that the proposed
feedback-less scheme is a potential choice for three-phase grid
voltage monitoring, induction heating, uninterruptible power
supplies, low-voltage ride through capability, etc.
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