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ABSTRACT The performance enhancement of an inverter-based grid-connected system necessitates a fast
and accurate dynamic response in terms of estimating three-phase grid voltage attributes. The synchronous
reference frame phase-locked loop (PLL) and/or the frequency-locking (i.e., frequency-locked loop)
approaches are widely used in practical applications. However, due to the phase/frequency feedback loops,
the aforementioned parameter estimation schemes may experience instability and provide a slow dynamic
response. This work presents a PLL-less grid synchronization solution for three-phase applications to
counter the slower dynamic response and demonstrate better immunity against the nonideality of a three-
phase grid. In order to remove even and odd-order harmonics and extract the fundamental frequency
positive sequence (FFPS), the proposed method employs a combination of band pass filters (CBPFs).
Additionally, a novel frequency estimation algorithm is developed, which accurately estimates the angular
three-phase grid frequency. Furthermore, the phase angle and amplitude are adaptively estimated using an
off-line error-resolving approach, which is derived from the transfer function of the proposed prefiltering
solution. Finally, the experimental findings validate the robustness of the current proposal.

INDEX TERMS Amplitude estimation, band pass filter (BPF), frequency estimation, grid synchronization,
phase estimation, three-phase system.

NOMENCLATURE RE Relative error.

BPF Band-pass filter. RESs Renewable energy sources.

CBPF Combined BPF. Vaos Vo, Veo Dc-offset present in phase ‘a’, ‘b’, and ‘c,
DFT Discrete Fourier transform. respectively.

DSC Delayed signal cancellation. Ag,Am Estimated instantaneous amplitude of FFPS,
3ES Three equidistant samples. Amplitude multiplication factor.

FEA Frequency estimation algorithm. Aqct Estimated actual value of amplitude of FFPS.
FFPS Fundamental frequency positive sequence. fg, Afg The estimated frequency of the grid voltage,
LPF Low-pass filter. and the deviation of the estimated frequency
NF Notch filter. from the nominal frequency.

NS Negative sequence. Jo fs Nominal frequency, sampling

PS Positive sequence. frequency.
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ht b~ Harmonic order for PS and harmonic order
for NS.

n Sampling index.

M Sample length in frequency estimation.

T,, T Fundamental time period, sampling time
period.

Vas Vi, Ve Grid voltage in ‘abc’ frame of phase ‘a’, ‘b’,
and ‘c,” respectively.

Vo, VB Input voltage of DFT-BPF.

f/ofl, f/;{l Extracted FFPS components extracted by
CBPE.

Vag Output voltage vector of Clarke transform.

Oc, 04, Uact  Phase-angle error correction factor,

instantaneous and actual phase angle.

I. INTRODUCTION

HE EMERGING technological trends suggest that the

RESs will be crucial in mitigating the detrimental
effects of climate change. RES is the primary source
for achieving this objective [1]. The healthy operation of
a utility grid is ensured when the inverter-based RESs
are working in unison, thus, grid synchronization is a
crucial prerequisite [2], [3]. Moreover, it is essential to
constantly sense the utility voltage signal to predict the
state of a healthy grid and keep good command over
the grid following inverter [4]. Hence, the measurement
systems and the control system of an inverter-based RES
are seriously engrossed by the multiple orders of harmonics
and interharmonics existing in the utility grid. Nevertheless,
the conditioning monitoring stage of an inverter system
may also induce deliberate dc-offset, thus, complicating
the task of fundamental angular grid frequency, amplitude,
and phase angle detection for interfacing RES with the
utility grid [5], [6]. Compared to other grid synchronization
techniques in the literature, the phase-locked loop (PLL) is
the most widely used and recognized method. For estimating
grid voltage attributes in three-phase industrial applications,
the synchronous reference frame-based PLL (SRF-PLL) is
a popular variant [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16]. However, under contaminated grid conditions,
the SRF-PLL’s performance can be unsatisfactory, exhibiting
significant oscillations in the estimated grid values in steady
state [7], [8]. Although reducing the SRF-PLL bandwidth
can alleviate this problem, it comes at the cost of a slow
response time, which may not be acceptable, particularly
in weak grid conditions where a fast dynamic response is
required. Different filtering solutions can be used to improve
the SRF-PLL’s performance in contaminated grid conditions,
but this comes at the expense of slower dynamic response
times when compared to other solutions [9].

Generally speaking, the literature on filtering solutions for
SREF-PLL typically describes in-loop filtering [10], [11], [12],
prefiltering [13], [14], [15], or a combination of both [16].
The in-loop filtering methods include moving average filters
(MAFs) [10] which are well-studied owing to their reduced
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complexity, NFs [11] are another class of filters that can
easily counter even-order components in the input signal,
proportional-integral-derivative (PID) controllers [12] can act
as higher-order LPFs, incorporated particularly for harmonics
rejection. However, the inclusion of these filters in the SRF-
PLL results in additional phase delay under off-nominal
frequencies. Another popular type of filtering method is pre-
filtering, intended to reduce the burden on SRF-PLL under
distorted grid conditions. Basically, MAFs [13], NFs [14],
and DSC [15], are commonly effective in unbalanced and
distorted conditions. Second-order generalized integrators
(SOGIs) [17], [18] and derivative-based orthogonal signal
generators (OSGs) [19] are the most common examples
of single-phase OSGs in prefiltering. Using LPFs and
OSGs, in-phase and quadrature-phase signals are delivered
to the instantaneous symmetrical component (ISC) to extract
FFPS from the contaminated three-phase grid voltage. This
requires extensive mathematical computations, increasing the
complexity of the system.

To reduce such complexity, the dual-input/dual-output
frame band-pass filter is gaining popularity among literature
because it does not employ ISC [20]. As a result, many
non-ISC BPFs have been identified in the literature. Multiple
complex coefficient filters (MCCFs) [21] and «f-frame
DSC [22], [23] are popular non-ISC filters. These BPFs
perform better in continuous time-domain FFPS extraction
and harmonic removal. However, its digitization in the
discrete time domain is problematic and requires high-level
mathematical computation. Multiple DSC (MDSC) [24],
another class of non-ISC filters, has been reported in the liter-
ature to address the discretization issue. It works well enough
in nominal frequency cases, however, its effectiveness
degrades under the off-nominal frequency cases. The digital
signal processing (DSP)-based BPFs [25] and «f-framed
MATF [26] have shown significant performance in extracting
the FFPS from distorted and imbalanced three-phase grid
conditions. However, their performance deteriorates when
the grid operates under off-nominal frequency conditions,
where “K” becomes noninteger (if f; = Kf,,’, where f;’ is the
sampling frequency, f,” is the nominal frequency, and K is
the number of samples in a fundamental time period) [28].
Keeping the view of recent research, it has been established
that further effort is required to develop a simple filtering
solution with the required features of a good filtering solution
such as high rejection ability of harmonics, optimal accuracy,
and low computational effort.

In contrast to PLL, frequency estimators can be a better
alternative for estimating the fundamental frequency since
they avoid nonlinear feedback loops, which offer good
dynamic speed. Numerous frequency estimation techniques
based on DSP are reported in [29], [30], [31], [32], [33],
[34], [35], [36], and [37]. To measure the fundamental
frequency, the zero-crossing detector (ZCD) [29] and peak
detection method (PDM) [30] are considered simpler and
more effective techniques. They perform efficiently with the
ideal grid voltage and often produce two zero-crossing points
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or voltage peaks in the fundamental cycle. Nevertheless,
when harmonically polluted three-phase grid voltage under-
goes sudden voltage sag/swell or one-line-drop conditions,
false zero-crossings and voltage peaks may emerge in one
fundamental cycle, which affects the accuracy of frequency
estimation [31]. Moreover, using the DFT [32] and finite-
impulse-response (FIR) differentiator filter [33], it is possible
to estimate the fundamental frequency. However, it takes a
significant amount of careful approximation in implementa-
tion. Otherwise, it might lead to instability as regards the
digital signal processors, whose impacts are observed in
terms of parameter estimation accuracy [34]. Furthermore,
the modulation function (MF) technique may be a simple
solution for estimating fundamental frequency [35]. Still, MF
employs two LPFs in the «f-frame, which may increase
the complexity of the overall system design. Henceforth,
the sample storage-based frequency estimation technique is
gaining popularity since it provides better accuracy and is
easy to implement [37]. Three equidistant samples (3ES)
are a straightforward method for estimating the fundamental
frequency accurately. However, an issue arises when the
instantaneous value of the midterm reaches zero or is close to
zero [38]. Establishing a threshold value for the intermediate
sample is one possible solution to this issue. Doing so will
get rid of any mathematical uncertainty. An enhanced 3ES
approach described in [39] improves the performance of the
3ES method. However, its performance deteriorates when
sudden changes take place in the grid voltage. Since the
frequency estimator alone can handle a selective order of
harmonics, the four equidistant sample (4ES)-based tech-
nique is gaining popularity in the technical literature [40].
Note that, an additional prefiltering stage is always required
to assist the sample-based frequency estimator in achieving
better robustness under heavily distorted grid conditions [41].
Despite being a faster dynamic response-based PLL-less
solution [41], it ignores the impact of noninteger multiples
of harmonics responsible for degrading the power quality.
Considering all the above challenges, the present article
proposes an improved solution that can accurately estimate
grid voltage parameters in the presence of interharmonics
and subharmonics. The following are the key features of the
proposed PLL-Less approach in contrast to [41]:

1) CBPF is proposed that eliminates the NS and both
even and odd-order harmonics.

2) Higher accuracy in estimating fundamental frequency
information in the presence of inter/subharmonics
under the off-nominal grid voltage conditions.

3) Improved steady-state performance in the esti-
mated parameters in all dynamically worsened grid
conditions.

Il. THREE-PHASE NONSINUSOIDAL GRID SIGNAL

Apart from PS components, the NS components, the har-
monics, and the dc-offset are all examples of disturbances
that can be observed in a three-phase practical power system.
These disturbances can impact the controller functionality
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of an inverter-based RES. Hence, taking into account all
disturbances, the grid voltage may be expressed as

va(m) = Y [V sin(g)) + Vv sin(gy, )]+ Vao

h=123
+ . 4+ 27 _ . ( - 2
vp(n) = Z [Vh sin| ¢, — ? +Vh sin| ¢, — ? ]+Vbo
h=12,3
+ . + 27'[ _ . _ 27T
ve(n) = Z [Vh sin| 9 + — ) +V,, sin( ¢, + — ]+Vw
h=1.2,3 3 3

ey

where, in (1), [(ph+ = hnw, Ty + ¢;] and [, = —hnw,T; +
¢;, 1. Moreover, [V, V, 1[99, 1, (h = 1,2,3,...,) are
the amplitude, phase of the 4" harmonic component of the
positive and NS of three-phase grid voltage. Moreover, where
Vaos Vo, and V., are dc-offset of phase ‘@’ ‘b’ and ‘c,
respectively. Further, using the Clarke transformation [21],
abc-frame voltage can be converted into af-frame voltage
ve(n), vg(n) as

va(m) = > | Visin(gl)+V; sin(gy) | + Vao
h=1,2,3,... L PS NS dc-offset
va = Y| Vi cos(ep) + Vi cos(ey) |+ Vo
—_

h=1,2,3,... i PS NS dc-offset

2

where Vo = 2Vao — Vo — Veo)/3 and Vg, = (Vo —

Vc,,)/\/g. We may infer that grid disturbances (i.e., NS,
harmonics, and dc-offset) in the abc-frame voltage also
appear in the afB-frame voltage under faulty conditions.

lll. PROPOSED FREQUENCY ESTIMATION ALGORITHM
It is often desired to have an accurate estimate of the
fundamental utility grid frequency in order to control the
power converter correctly, thus, a novel FEA has been
developed, and its design process is briefly discussed. The
effectiveness of the proposed FEA is also evaluated in both
the ideal and nonideal grid conditions.

A. DESIGN PROCEDURE UNDER IDEAL THREE-PHASE
SINUSOIDAL CONDITION

Considering the ideal three-phase grid voltage contains an
FFPS can be represented as

votl(n) = V" sin (nw, Ty + ¢7)

v;,l(n) = V" cos (nweTs + ¢;). 3)
In practice, a sudden turn-on or turn-off of a heavy load can
cause voltage sags and swells in the grid voltage, negatively
affecting the transient process of FEA. The normalization

process is recommended in [43] to mitigate such negative
impacts as

Se,1(0) = vy | (M) /A; Sg.1(n) = v | (n)/A )
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Frequency estimation algorithm (FEA)

T
&

2nMT,

FIGURE 1. Proposed FEA.

where A = \/(vy | (m)? + (vi  (n)?, and Sg,1(n) and Sg,1 (n)

are the normalized fictitious voltage samples. Moreover,
Sa,2(n), Sg2(n), and Sy 3(n), Sg3(n) are derived from the
Sa,1(n), Sg.1(n), by delaying the “M” and “2M” sample,
respectively. Further, using the fictitious voltage samples
Se,1(n), Sp1(n), Su2(n), Sg2(n), and Sy 3(n), Sg3(n), the

intermediate voltage signals U, and Ug can be framed as
U = St (08 2(1) + [Sa 1 ] + Sa 203 () (5)
Up = Sp.1(mSp2() + [Sp1 ] + Sp2(m)Sp3(m). (6)
Further (5) and (6) can be simplified as
Uy = [Sut ] (1 + cos(MwgTs)) + [Su2(m)]” cos(Mas, T)
— sin(MawgTy) [Sa.1 (m)Sp.1(7) + Sa2(1)Sp 2 ()] (7
U =[S ] (1 + cos(May Ty)) + [Sp.2(m)]” cos(Ma, Ty)
+ sin(MwgTy)[Sp.1(n)Se,1 () + Sp2(m)Sa2(n)]. 3)

Adding (7) and (8), one may obtain as

1
cos(Mw,yTy) = E(Ua + Ug — 1). )
As instantaneous grid fundamental frequency is the sum
of nominal frequency (f,) and deviation of frequency from
nominal one (Afg) ie. fg =fo+ Afg Therefore, (9) can be
further rewritten as

X 1
cos (27 (f, + A, JMT) = S (Ua+ Us = 1) (10)
The extended form of (10) is as follows:
O COS (271 AngTs) — o, sin (271 AngTs) =U (11)

where U = %(Ua + Ug — 1), and o, = cos2nf,MTy) and
oy = sin(2rf,MT;) are represented as the constant terms.
Now, deviation in frequency can be defined as

o 1 U + o, sin 27t Af,MT.
A, = cos! s ( e S)
27 MT;

]. (12)

Oc

In order to make the (12) digitally realizable, it can be further
written as

Afy(n) =

1 . [U + oy sin (27r Afg(n — 1)MTS)
2 MT, cos o .
(13)

As (13), the proposed FEA technique depends on selecting
an optimal value of parameter M shown in Fig. 1. A lower
value of M implies the technique is more vulnerable to
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FIGURE 2. Selection of suitable value of “M” for FEA.

noise, which can introduce inaccuracies in the estimated
value of Af;,. Conversely, a higher value of ‘M’ leads to
slower dynamic performance. To evaluate the performance
of the proposed FEA, the Gaussian noise is added to the
FFPS component (refer to expression 1) of the grid voltage,
as follows:

Va(noisy) (1) = V;r Sin((pf_ + N(O, Uaz)

)
Vb(noisy) (n) = VIF sin <(pf'_ 271) + N( )

3
o f o+ 27 2
Vc(noisy)(n) = V1 smf ¢ + T +N(0, GC>.

(14)

Here, N(0,02), N(0, 013) and N(0,02) represent the
Gaussian noise w1th zero mean and variances of aa, o2 and
o2, res ively. W if i i 3 52
-, respectively. We specify the desired variances o, o,

and o for the noise to achieve the desired SNR levels of
25 dB in phase “a,” 30 dB in phase “b,” and 35 dB in phase
“c.” These noise levels are introduced when the fundamental
frequency drifts of 5 Hz (47-52 Hz), as specified in the
EN50160 standard [44]. Thus, Fig. 2, illustrates that the
smaller value of M is incapable of entirely eliminating noise
that is present in the input signal, and consequently, fails to
estimate the fundamental frequency accurately. Furthermore,
M = 15, with the LPF (window length T, = T,/4;
where T, = 1/f,; f, is the nominal frequency of the grid
voltage), performs well, is minimally impacted by noise,
and effectively determines the fundamental frequency of the
polluted grid voltage signal.

B. FREQUENCY ESTIMATION ALGORITHM UNDER
NONIDEAL CONDITION

Despite the fact that three-phase grid voltage is not ideal
in practice, dc-offset is combined with FFPS components in
this case. Since CT prevents equal dc-offset, the grid voltage
is held responsible for the unequal dc-offset. On account of
this, it could be expressed as

Vi sin (nwgTs 4+ ¢77) + Vao
Vi cos (nwg Ty + ¢7) + Vigo.

ve(n) =

15
Vo) = (15)
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FIGURE 3. Estimation of fundamental frequency under dc-offset.

Using normalization process the following can be obtained
as:

Va (1) .
Sk (n) = ";‘—* = V*sin (nw Ty + ¢;) + Vi,  (16)
vg(n
SZI(”) = ’134(* ) = V*cos (na)gTS + qbf) + V/’;O 17)
where A* =/ (ve)? + (v,s)z

= | (V) + (Vgo) + (Vao) + 2V Gi(w)
———

constant term oscillatory term

(18)

where G (n) = Vi, sin(nwg T +¢f) + Vo cos(nwg T +¢?‘).
Further, intermediate voltage term can be defined as

Ut = St (S () + [SE )] + S, m)SE 5 (19)
2
Uj = S5, (0S5 5(n) + [S;l(n)] + 8% ,(m)Sh 3 (). (20)
After simplifying the (20), and (21) we get
(V¥)*[1 + 2c0os Mo, Ty] + Go() = Ui + Uj - (21)

where G, (n) = V;‘U[SSz,l(n) + ZSZ’z(n) + S;3(n) =3ve 1+
V/’:}‘U[SS’[;1 (n) +2S;’§’2(n) —|—S;§y3 (n) —3V3 1. Further, following
the steps from the previous section, the deviation in
frequency can be defined as:

coe] [U* + 0y sin (27 Afy(n — 1)MTS)}

O¢

. 1
Ao =5 0T,

(22)

where U* = 0.5[(U} + U;’_D: — G2(n))/(V*)? — 1]. From (22),
it can be observed that due to the dc-offset (Vyo, Vgo), the
FEA involves the extra oscillatory terms G,(n) and (V¥)2,
which leads to oscillations in the fundamental frequency
(Fig. 3). Similarly, when considering a more real scenario
during abnormalities, the grid voltage is commonly polluted
with NS and harmonics, which may raise the oscillations in
the proposed FEA. As a result, a prefiltering technique is
combined with the proposed FEA to mitigate this effect. In
light of the aforementioned issue, a prefilter is proposed in
this work and is discussed in the following section.

C. ELIMINATION OF DC-OFFSET AND EVEN-ORDER
HARMONICS

As demonstrated previously, the existence of dc-offset in a
three-phase utility grid voltage signal has a negative impact
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on the FEA and, as a result, performance degrades. Thus, a
BPF is intended to primarily act as a harmonic blocker and
can efficiently remove the dc-offset to enhance the overall
performance of the FEA. To clarify the action plan, a well-
known LPF is regarded as an initial step in this process and
can be expressed as

We
s+ w,
where the cut-off frequency of Hy(s) is considered as ‘w.’.
Now, translating the center frequency at nominal value, i.e.,
(s —jwy); w, = 27f,, the low-pass characteristics transform
into band-pass, can be represented as

We

s+ (@c — jwo) .
For the discrete frequency-domain design of (24), the
continuous poles of BPF are mapped into discrete poles
considering the z, = e*Ts. Hence, (24) can be written as

G
[ =0 +jp)z7!]
where “G” in (25) is the transformation gain factor, _A =
e T and o + jp = cos(w,Ts) + jsin(w,Ts) = e®Ts,
Further, using magnitude normalization from s-domain to
z-domain at nominal frequency, i.e., z = d®Ts  the value of
G can be calculated as
Hp(z = &?Ts) = 1
G=1-A.

H(s) = (23)

Hg(s) = (24)

Hp(z) =

(25)

(26)

Therefore, one may write for the case when G is substituted
in (25) as follows:

1-2)
[1=x(0 +jp)z ']
The frequency response of (27) has been shown in Fig. 4.
It is quite obvious that even after employing a conventional
BPF, the elimination of dc-bias is impossible. Therefore,
thanks to the comb filter (CF), which readily eliminates the
even-order harmonics and DC-offset, and as such utilized in
this work and is expressed by the following transfer function:

Hp(z) = 27)

1 _N
He) = 5[1-77 | 28)
where N = Jj% (fs and f, are the sampling frequency and
nominal frequency in Hz). Moreover, the cascading of the
CF with BPF can provide the excellent rejection of dc-offset
and even-order harmonics. Therefore, the cascading of CF
and BPF can be written as

(1/2)(1 —z_%)(l )
(1= +joz ]

Considering that the input and output voltage are in complex
forms. Therefore, (29) can be expressed as

Hp1(z) = Hp(2).Hc(2) = . (29

N
Vo (@ +jVpmn(@ (1/2)(1 2 2>(1 —4)
Va@ +jVp)  [L—Ailo +jp)z7!]

(30)
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Modified BPF
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FIGURE 4. Frequency response plot of Hg;(2).

FIGURE 5. Digital implementation of Hg,(2).

where Vy81)(2), VpB2)(2) and Vi (z), Vg(z) are the output
and input voltage of Hp1(z) in af-frame, respectively. Now,
segregating the real and imaginary pairs (30) as

Va1 () — )»[UVa(Bl)(Z)Z_l - Pvﬂ(Bl)(Z)Z_li|

— %(1 —n(1- v (31)
V1) (2) — )~|:O'Vﬁ(Bl)(Z)Zl + PVoc(Bl)(Z)Zli|
1 _N
_ E(1—)\)(1—z g)vﬁ(z). (32)

The straightforward inverse z-transform can be used to obtain
the time domain expression of (31) & (32) as

1 N
VBl (M) = E()» - 1)|:va(n) — vy <n — E)]
+ )L|:UV01(BI)(” — 1) — pvpin(n— 1)]. (33)

Similarly, the imaginary part of the proposed BPF is

1 N
vpwn(n) =50 = 1)[\},3(11) — g (n - 5)]
+ )»|:av/3(31)(n — 1) + pvgii(n — 1)i| (34)

Using (33) and (34), digital implementation of modified
BPF is straightforward, as seen in Fig. 5. There is less
mathematical computation needed for digital implementa-
tion. Fig. 4, depicts the frequency response graph of the
improved BPF. The improved BPF eliminates the dc-offset
(0 Hz) and even-harmonics “2hf,”; h = £1, +£2,4£3,..., to
the aliasing point.
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D. ELIMINATION OF FUNDAMENTAL FREQUENCY
NEGATIVE SEQUENCE COMPONENT AND ODD-ORDER
HARMONICS

As discussed, the immunity against the even-order harmonics
and the dc-offset is possible with the employment of
the previously suggested BPF. However, the odd-order
harmonics are still present in the output of Hp(z). Thus, to
resolve this problem another half-cycle LPF is incorporated
which not only targets the elimination of odd-harmonics but
the fundamental frequency NS (FFNS). The transfer function
of LPF is expressed as [46]

N
I=5-1

Hy(z) =T Z 7

=0

(35)

Herein, N denotes the no of samples in one fundamental
cycle. The term I' is considered the filter coefficient. Now,
using simple geometric series, the sum of N/2 terms can be

defined as
N
F(l _ zﬁ)

(I1-z7hH
By using frequency translation, the w, is assigned to the

center frequency, i.e., 7 — ze 7@ Ts and the modified form
of (36) is

Hy(2) = (36)

F|:1 - (ze—fons)g]

|:1 _ (Ze—jons)—1i|

Hp(2) =

F[l — (o1 +jm)z?]
= (37)

[1 — (o +jp)z_l}

where e"‘“ﬂTf% = cos(a)oTS%’) —i—jsin(a)(,TS%’) =o014jp1. The
most significant characteristic of the BPF is amplitude versus
frequency response. To achieve the ideal filtering qualities,
unity magnitude at the tuned frequency is required

F[l — (o1 +jp1)z_g}

), -, = |

w=w,

[1 - (o +jp)z‘1]
2T
T,
Considering that the complex output and input are involved
in Hp>(z), it can be expressed as follows:

I' =

(38)

2Ts . : -y
Va2 @) +/Vpm (@) _ (TT)[l (o1 +jp1)z 2]
Va®1)(@) +jVpB1)(2) [1— (o +jp)z"]
Further (39), can be simplified as

. (39)

Va2 — 27! [0 Va®2)(2) — pVamB2) (Z):|
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FIGURE 7. Digital implementation of Hg,(2).

=

= Vo (@) — 2z~

2T,
[01 Va1 (@) — PIV,B(BI)(Z):| (T) (40)

VB2 (2) — 7! [0 Va2 (2) + pVas2) (Z)]

R

2T,
= V@ — 2~ [0'1 Va1 (2) + Plva(Bl)(Z)] (T) (41)

To invert (40) and (41) from frequency domain
to time domain, we consider the Fourier trans-
forms Vyp)(2), Vapa) (@) < vam2y(m),vgm(n) =

v(':l(n), v; (). Thus, it can express the FFPS [vg'l(n) and
V;}F,l(”)] in the time domain as

N 2T, N
Vg (1) = T [Va(Bl)(n) —ova@n|n— 5
o

N
+ p1vg) (n - 5) +ovy (n—1) = pvj(n— 1)] (42)

5100 = (22) [vamn ) o =
Vi = 7 J|vsan () —ovpan|n =3

N
_ plva(Bl)(n — 5) —|—ov;](n -1+ pvotl(n — 1)]. 43)

Fig. 6, shows the frequency response plot of the
expression (37) (a). From there, it is obvious that the
newly designed BPF completely eliminates the odd-order
harmonics (2h + 1)f,; h = =*1,£2,4£3,..., including
FENS (—50 Hz). Moreover, employing (42) and (43)
as mathematical models for the digital implementation
is illustrated in Fig. 7, which is straightforward to
execute.

E. COMBINED BAND-PASS FILTER

The crucial unwanted components, i.e., the dc-offset (0 Hz),
the FENS (-50 Hz), and the even-order (2xf,) cum odd-order
((2h+1)f,) harmonics must be rejected rapidly such that the
parameter detection is precisely done by grid synchronization

VOLUME 3, 2024

-

Magnitude (abs)
o o o o
» o ©

[

o

[N
[=]
S

Phase (deg.)
o8

150
100

10-9 -8-76-5-43-2-10122345©678 910
Harmonics order

[y
S aoa
[SR=-R-R-]

FIGURE 8. Frequency response plot of H,(z).

FIGURE 9. Block diagram of the proposed three-phase CBPF-based grid variables
detection approach.

techniques. Thus, accurate and fast computation of FFPS is
ensured by cascading the modified BPF with a conventional
LPF, whose transfer function is given below

Hp (@) = Hp (2 Hp @)

_=nE0 -0 - @ tien:F]
[ =ae +jp) [l = (0 +jp)z ]

where Hy(z) is referenced by a combined prefilter but
precisely described as “prefiltering approach.” The frequency
response of the H,(z) is shown in Fig. 8, which sup-
presses the dc-offset, FENS, and harmonics and allows
only the FFPS with unity amplitude and no phase
shift.

IV. PHASE-ANGLE AND AMPLITUDE
ERROR-RESOLVING APPROACH

The nonadaptive nature of Hj,(z) can result in incorrect
amplitude and phase information when the grid operates
at off-nominal frequencies. To address this issue, an error
correction block can be integrated into the proposed tech-
nique to rescue from erroneous estimations. Note that,
the transfer function of the H),(z) is frequency-dependent,
it can be used to define the frequency-dependent error
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TABLE 1. Control par s and

1t of pr ing burden.

Processor Burden

Schemes e T
®) +/- X /= SQRTTIT

Control Prameters ({)

FEA: w,, = 27507 /s, Ts = 0.0001s,

OLST [42] . 20 25 2 21
pre-filtering: T, = 0.02s
FEA: N; = 50,7, = 0.0001
EPL [41] ! o2 1 22
Pre-filtering: N = 200,7, = 0.02s,p =1
CDSC-PLL PLL: k, = 188, k, = 0.0125
» = 188, ks = 0.0125 032 1 21
[23] Pre-filtering: T, = T'/4,T = 0.02s
FEA: M = 15,7 = 0.0001s
Proposed ’ i 224 1 22

Pre-filtering: Np; = 100, Ngy = 100

*SQRT-square root **Mathematical Functions: T—trigonometry and

IT-inverse trigonometry

correction factors. Now, substituting z = 2 Ts in (46) as
follows:

Hp (2

= Hp (fg)

2T
_ G () ) -5
2 sin(nféT" ) sin(n(fg;f”)T” )

- 45)
sin(r(fy —fo)T3)
Now, defining f, = f, + Af, in (45), one may obtain
nAngo) NEINAS
os< sin
Hy(fy) = e T8l Tl % )sin(*5 ).<46>

sin(7r Af, T)

The amplitude factor from (46) can be defined as

2 cos (”Aj;gT"> sin (%)

sin (n Af, Ts)

[y (f)| = 47

In order to avoid the additional trigonometric function
in (47), the Taylor series expansion can be utilized, providing

1 — (ki + k) (Afp)? + kika(Afp)*
1 — k3(Af,)?

1
5 [ Ho )| ~ ‘ (48)
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s in the pr of Gaussian white noise and harmonics.
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FIGURE 11. Prototype hardware setup for conducting experiments.

272
T
where k| = (”ZT")Z, ky = (”TTS)Z, and k3 = ”TV are constant

terms. To further elaborate on the phase factor described in
(46), it can be expressed in terms of grid frequency

LHy(fy) = =Ty AN, + 7T Afy. (49)

Since expression (49) allows us to rewrite it in linear form
in terms of Afy, it can be expressed as

—ZHy(fy) = kaAfy 50)
———
0c
where the constant term is denoted by k4 = 7n(T, — Tj),

which is independent of the frequency. It is noteworthy that
at fy = fo, (50) yields zero. However, if the frequency varies,
it acts as a rescuer for the phase estimator, providing the
correct phase angle value. From [38], [39], and [41], the grid
voltage amplitude, (Ag) can be estimated as

AAg = \/<v;1)2 + (vg’l)z.

At nominal conditions, the magnitude in the output of
|H ) ()| is unity, indicating that ;\g being equal to the actual
grid voltage amplitude (Aact). However, if the grid frequency
deviates from its nominal value, Ag will not be equal to
Aact, and an amplitude multiplication factor (A,,) is needed
which is obtained by rearranging (50) as explained in the

subsequent steps

(5D

~ A

Aact ~ (Am) : Ag (52)
where A, is given below
) ~ 1 — k3(Af)*
1 — (ki + k2)(Afg)” + kika(Afg)
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FIGURE 12. Test study S-1: experimental [12(a)-(d)] and simulation results [12(e)] in the presence of phase jump (20°), voltage sag (50%), frequency step (50-52 Hz), and

harmonic disturbances (Table 2). (a) Three-phase grid voltage. (b) Estimated fund

tal frequency (?g). (c) Estimated actual amplitude (A,). (d) Estimated actual phase-angle

(ém). (e) Simulation results of estimated parameters under nonideal grid voltage conditions.

The Af, is the difference between the actual grid frequency
and the nominal frequency. On the other hand, the estimation
of the instantaneous actual phase angle of the utility grid is

computed as follows:
Bact = Og + 0e (54)

where ég is the estimated phase-angle using the arctangent
function and 6, is the phase-angle error correction term and
0, is calculated by utilizing the FFPS components as

—+

v
Ao -1 VBa
0, = tan (_v+ )

a,l

(55)

To correct the phase-angle under frequency deviations, the
frequency-dependent 6, is required, which has a linear
relationship with Af;, also obtained from (50). From the
relationship shown in (54), the adaptive nature of éact is
confirmed. Furthermore, the block diagram illustrated in
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Fig. 9 represents the workflow of the proposed technique
used for estimating the fundamental amplitude, frequency,
and phase-angle in three-phase applications.

V. NOISE SENSITIVITY ANALYSIS WITH HARMONICS

Within the dynamic framework of power grid, characterized
by various uncertainties, therefore, accurate measurement
of error in the estimated parameter is vital for seamless
power converter integration. To assess the uncertainty in
grid voltage, and hence verify the efficacy of the proposed
scheme, harmonics are taken into account, as outlined in
Table 2, which reports a total harmonic distortion (THD) of
15.32% accordance with the EN-50160 standard [44]. This
assessment is further enriched by the inclusion of noise at
25, 30, and 35 dB, under the frequency drift of +2 Hz from
50 to 52 Hz. The techniques under consideration include
advanced PLL and PLL-Less techniques, such as cascaded
DSC-based PLL (CDSC-PLL) [23], the enhanced PLL-less
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(a) Three-phase grid voltage (f,). (b) Estimated fundamental frequency. (c) Estimated actual amplitude (A..). (d) Estimated actual phase-angle (0.c:). (€) Simulation results of S-2.

technique (EPL) [41] and the simple and popular open-
loop synchronization technique (OLST) [42]. The control
parameters of each method are detailed in Table 1. Fig. 10
presented herein offers a comprehensive comparison of the
errors yielded by various methods, elucidating relative error
(RE %) in steady-state grid voltage parameters

Actual value - Estimated value
RE(%) =

x 100. (56)
Actual value

Specifically, in terms of frequency, CDSC-PLL exhibits
a 0.11% error, OLST records 0.96%, EPL demonstrates
0.076%, and the proposed method achieves an impressive
0.03% error which is under the limit mentioned in the grid
code IEC standard 61000-4-7 [45]. Similarly, for phase-angle
estimation, CDSC-PLL reports a 0.4° error, OLST records
1.8°, EPL shows 0.2°, and the proposed approach attains a
minimal 0.06° error. Furthermore, in amplitude estimation,
CDSC-PLL, OLST, and EPL exhibit 0.12%, 0.25%, and
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0.15% errors, respectively, while the proposed method
outshines with a 0.04% error. The numerical findings support
the proposed scheme’s superior performance compared to
other methods that can address the uncertainties of grid
voltage dynamics.

VI. SIMULATION AND EXPERIMENTAL RESULT

Using the experimental test bench depicted in Fig. 11,
the early validation of the current proposal is discussed.
An efficient real-time controller, i.e., dSPACE (DS1104),
compatible with the MATLAB/Simulink environment, is
utilized for the hassle-free code generation of the proposed
synchronization algorithm. The simulation environment con-
structed in MATLAB/Simulink uses a fixed step mode and
10 kHz sampling frequency. Note that, the input signal is
synthetically generated within the controller to develop a
three-phase grid voltage signal in the range of 1 V and
is treated as 1 pu signal, later sent to the real world
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FIGURE 14. Test study S-3: experimental [14(a)-(d)] and simulation results [14(e)] in the presence of dc-offset (10% in phase “a”, -20% in phase “b” and +20% in phase “c”),
frequency drift of 5 Hz (47 —52 Hz ) and harmonic disturbances (Table 2). (a) Three-phase grid voltage. (b) Estimated fundamental frequency (f;). (c) Estimated actual amplitude

(Z\w). (d) Estimated actual phase-angle (f.c). () Simulation results of S-3.

using the digital-to-analog converter (DAC) ports of the
CLP-1104 board using the three-BNC connector cables.
This process helps early verification of the synchronization
algorithms and avoids using costly programmable power
supplies. Nevertheless, to make the system more realistic
in the study, the grid voltage signal is sent out to the
real world and then again sent back to test algorithms
through an analog-to-digital converter (ADC) port of the
DS1104 controller via the CLP-1104 board. Simultaneously,
a four-channel (DL-9040) oscilloscope records a three-phase
grid voltage signal and estimated parameters in real time.
Nevertheless, due to the limitation of the ports in the
DL-9040, the steps have to be reiterated for recording the
estimated phase, frequency, and amplitude obtained from the
proposed algorithm, respectively. The only difference is that
once the grid voltage is recorded, then it is iteratively fed
to the control algorithms to estimate a single parameter of
interest and is sent out in real time via the DAC port of
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the CLP-1104 board to record variations in the estimated
parameters on the DL-9040 in a sequential manner. The
outcomes of test cases are framed in two ways: 1) numerical
results for enhanced visualization and 2) experimental results
for early validation, which are compared with both the PLL
and PLL-less approaches (as discussed in Table 1). The
evaluation report, focusing on grid disturbances, such as
fundamental NS (FNS), DC-offset, harmonics, and variations
in amplitude, phase, frequency, or their combinations, is
numerically presented in Table 3.

A. TESTSTUDY 1 (S-1)

Voltage Sag (0.4 pu), Af =+2 Hz, and a Phase-Jump (+20°)
With Harmonics: In the initial phase of the experiment,
the grid was operating at the nominal frequency conditions.
Under favorable grid circumstances, the voltage signal in the
grid exhibited a significant and abrupt change at time = 1 s.
This change involved an increase in frequency by +2 Hz, a
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TABLE 2. Harmonics percentage of fundamental component as per the standard
EN50160 [44].

Harmonics
2nd 3rd 4lh 5Lh 61h 7lh Slh glh 10lh 1 1lh 12Ih 131h
4% 10% 3% 8% 2% 5% 1% 3% 1% 2% 1% 1%

decrease in voltage by 0.4 per unit (pu), and a phase shift
of 20°. The odd and even harmonic components involved in
the grid voltage are outlined in Table 2. Fig. 12(j) presents
a comparative analysis of the experimental and simulated
results using different techniques. It is worth highlighting
that the proposed method exhibited an exceptional ability to
maintain a stable frequency estimation with a minimal tran-
sient variation of only 1 Hz, a performance that significantly
surpassed other techniques. In contrast, the CDSC-PLL,
OLST, and EPL methods displayed relatively larger transient
variations of 2.78, 2.4, and 2.0 Hz, respectively. Furthermore,
when it comes to steady-state accuracy, the proposed method
consistently outperformed its counterparts, with CDSC-PLL,
OLST, and EPL exhibiting oscillations of 0.06, 0.93, and
0.03 Hz, respectively. All methods demonstrated commend-
able ability in accurately tracking the voltage drop that
occurred within the utility grid. Regarding the precision of
the phase estimation process, the proposed synchronization
approach, CDSC-PLL, OLST, and EPL exhibited transient
deviations of approximately 3.0°, 13.1°, 4.81°, and 4.1°,
respectively.

B. TEST STUDY 2 (S-2)

FNS (0.33 pu), Phase-Jump of (+20°) and Harmonics: This
study evaluates how well the current proposal behaves under
the challenging conditions, such as faults in the power
system and phase jumps with even and odd-order harmonics
(see Table 2). At the beginning of the test, the grid was
operating at its nominal frequency of 50 Hz. Considering

15001

the simulation test scenario [see Fig. 13(e)], at ¢ 1s,
the voltage in one phase of the grid became zero, and
the experimental conditions are shown in Fig. 13(a)—(d).
The proposed technique outperforms all other methods in
terms of estimating the frequency. It achieves a new steady
state within 27 ms and has a peak overshoot of 2.9 Hz,
which is lower than the overshoot produced by CDSC-PLL,
OLST, and EPL (3.4, 7.2, and 4.0 Hz, respectively). All
approaches, including the proposed method, can estimate
the FFPS amplitude. The most critical task is to accurately
estimate the grid voltage phase angle. The highest transient
phase deviation of 12.5° is offered by the OLST, which
has 11.9° of oscillations in the steady state compared to
other schemes. From this test study it can be concluded
that the proposed technique can accurately estimate grid
voltage parameters, even under challenging conditions, such
as power system faults and phase jumps with harmonics.

C. TEST STUDY 3 (S-3)

Dc-Offset (10% in Phase ‘a’, —20% in Phase ‘b’, and
+20% in Phase ‘c’) Under Frequency Drift of 5 Hz (47 Hz—
52 Hz) With Harmonics: Dc-offset is often caused by various
factors, such as transformer core saturation, ADCs, and
single-phase rectifiers. This study takes into account the
effects of frequency drift, phase jumps, and harmonics (odd
order from Table 2), along with dc-offsets. The frequency
was stepped from 47 to 52 Hz and the phase voltages
(denoted as vq, vp, and v.) were influenced by dc-offsets of
10%, -20%, and +20% of their previous amplitudes. These
uneven dc-offset posed a challenge for accurately estimating
grid voltage parameters, including frequency, phase, and
amplitude. Despite these challenges, the proposed technique
demonstrated superior accuracy in parameter estimation
when compared to other methods. The results, as depicted
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TABLE 3. Comparative analysis under various grid conditions.

Adverse Test Studies Advanced grid synchronization techniques

[23] [42] [41] Proposed
Aft (Hz) 278 2.41 2.0 1
Afgs (Hz) 0.06 0.93 0.029 ~ 0
S-1 Ay () 13.8 4.81 4.1 4
Abg () 0.41 3.8 0.20 ~
ts (ms) ~ 35 ~ 20 ~ 25 27
Aft (Hz) 31 72 4.01 29
A fs (Hz) ~ 0 ~ 2.9 ~ 0 IS
S-2 NGy (©) 14.5 16.5 10.9 114
Abg (°) ~ 0 11.9 ~ 0 =~
tg (ms) ~ 35 ~ 20 ~ 25 27
Aft (Hz) 0.36 429 0.91 0.84
Afgs (Hz) 0.018 3.85 0.004 ~
S-3 AA; (pu) 0.03 0.05 0.045 0.035
AAg (pu) ~ 0.0004 ~ 0.02 ~0 =
Aby (©) 20.2 17.4 16.8 18.5
Abg (©) 0.11 135 0.04 ~
tg (ms) ~ 35 ~ 20 ~ 25 27
Inter-harmonic Test study @] PLL_LCSS[thhOdS Proposed
Aft (Hz) 0.3 0.7 0.025
sa Afs (Hz) 0.12 0.6 0.007
Aby (©) 2.1 3 0.3
Abg (°) 0.5 2.1 0.065

where f represents the time taken for the system to reach a steady-state.
The transient deviations in the estimated values of the fundamental
frequency, phase, and amplitude from their true values are denoted by
Afe, AfO, and AAg, respectively. On the other hand, the steady-state
errors in the estimated fundamental frequency, phase, and amplitude are
represented by Afs, Afs, and AAg, respectively.

in Fig. 14 (with a magnified view), reveal that the proposed
technique maintained a good dynamic response of 27 ms
with a good balance of steady-state accuracy.

D. TEST STUDY 4 (S-4)

Inter Harmonics Including Voltage Sag (0.2 pu): This
rigorous test study investigates the impact of harmonics
(dominating odd-order: 3 & 5% and dominating even-
order 2" & 4% their level is mentioned in Table 2),
interharmonics (0.03 pu and 175 Hz), and subharmonics
(0.02 pu and 25 Hz) on grid voltage under off-nominal
conditions, resulting in a voltage loss of 0.2 pu. Fig. 15
illustrates the performance of each comparative scheme.
When the grid voltage is exposed to interharmonics and
harmonics, it becomes evident that all schemes exhibit
steady-state oscillations in both the frequencies (0.6, 0.12,
and 0.007 Hz) and phase (2.1°, 0.5°, and 0.065°) in OLST,
EPL, and the proposed scheme, respectively. Nonetheless,
the proposed method displays fewer steady-state oscillations
and demonstrates greater resilience in addressing these
challenges compared to the conventional methods. Also,
Table 3 offers numerical data for understanding the ability
of the interharmonic suppression with the current proposal
and demonstrates superior accuracy in the steady state under
off-nominal frequency conditions. Hence, without a doubt,
the effectiveness of the proposed scheme surpasses that of
the other well-established grid synchronization methods.

VIl. CONCLUSION
In order to overcome the drawbacks associated with the PLL,
a PLL-less grid synchronization scheme is developed in this
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article. In this context, a newly designed CBPF shows high
disturbance rejection capability and is capable enough for
extraction of FFPS components from a harmonically polluted
grid condition. Moreover, the proposed FEA accurately
estimates the fundamental frequency of the grid voltage.
Additionally, using the error compensation technique, ampli-
tude, and phase angle can be adaptively estimated. The
present article incorporated the detailed design procedure,
mathematical calculation, and control parameters, which
makes them relatively simpler to implement in a real-time
environment. The proposed grid synchronization technique
is evaluated under a variety of challenging grid conditions,
such as FFNS, dc-offset, harmonics, and interharmonics.
Nonetheless, comparative analyses of the experimental and
simulation results demonstrate that the proposed approach
outperforms all other comparable techniques. It exhibits
higher resiliency, robustness, and accuracy, maintaining
a fast dynamic speed while estimating the grid voltage
parameters. The proposed technique could, therefore, be
a suitable alternative for synchronizing three-phase grid
converters.
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