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Abstract—This article proposes an enhanced single-phase self-
tuning pre-filter for estimating the fundamental grid voltage
frequency. The known extended self-tuning filter (STF) adheres to
an increased structural complexity, which may consume memory
in the digital hardware to estimate the fundamental grid voltage
signal. The proposed STF, which relies on a simple non-adaptive
comb filter, may address this issue. Consequently, the introduc-
tion of imaginary zeros ensures better rejection of the DC-offset
and the harmonic components while keeping the proposed filter
structure simpler to implement. Furthermore, a simple open-
loop frequency estimator is proposed, which does not involve
any inverse trigonometric function to estimate the fundamental
frequency. This entire proposal is cost-effective and has good
frequency tracking abilities with a reduced computational load.
The experimental results imply the suitability of the proposed
scheme for weak inertia power grid networks where synthetic
inertia controllers require a rapid frequency information to
control the injected power under adverse grid voltage conditions.

Index Terms—Frequency estimation, moving average filter,
orthogonal signal generation, self-tuning filter, single-phase grid

I. INTRODUCTION

The high penetration of distributed renewable energy
sources (i.e., solar panels, wind turbines, etc.) into the power
grid network through the use of static power conversion
equipments may decrease the actual inertial component of
the grid [1]. This indicates to optimally regulate the voltage
and frequency parameters in the presence of grid-tied power
converters (i.e., Inverters). Thus, the concept of synthetic
inertia is introduced, which states that the control architecture
of the grid-connected converter (GCC) must provide virtual
inertia similar to a synchronous machine to maintain the grid
stability. In the case of weak inertia grids, the control of GCC
mainly relies on the accurate information of the fundamental
grid voltage frequency [2]. For this purpose, several techniques
are proposed in literature as follows: phase-locked loops
(PLLs) [3], [4], frequency-locked loops (FLLs) [5] and open-
loop schemes [6]. It is well known that PLLs and FLLs
are dynamically slower owing to the closed-loop nature. In
addition, the dynamic performance is severely affected by the
choice of the filtering scheme and controller tuning methods.

This work is supported in part by the Sér Cymru Programme by Welsh
European Funding Office (WEFO) under the European Regional Development
Fund (ERDF).

On the other hand, open-loop frequency estimation schemes
are free from tedious controller tuning process and are easily
implementable on a real-time digital hardware. In single-phase
applications, orthogonal signal generation (OSG) [7] approach
is widely adopted to ease out the challenge for estimating
three fundamental grid voltage parameters, i.e., amplitude,
phase and frequency. The prevalent OSG approaches [7] are as
follows: second order generalized integrator (SOGI), moving
average filter based OSG, demodulation based OSG, transport
delay approach, etc.

Interestingly, the discrete time implementation of any esti-
mation algorithm is highly encouraged from the view point of
hardware cost and memory utilization. However, the discrete
time delay blocks may cause instability issues and yield
additional poles which may result in higher order systems [8].
The effect of discretization on the stability of proportional
resonant controller is studied in [9] and the study suggests the
use of reliable discretization methods. Nevertheless, variable
sampling methods [10] can be adopted so as to obtain grid
frequency adaptability under off-nominal frequency devia-
tions. However, the specially designed numerically controlled
oscillator is still prone to double frequency component owing
to the presence of DC-offset and harmonics in the grid signal.
Note that synchronous sampling is not always preferred owing
to the readily available fixed-frequency sampling based low
cost embedded hardware. Thus, an efficient low sampling
frequency based two-sample PLL technique is proposed in
[11]. However, high sampling frequency may offer better
accuracy in the estimation [12], but at the expense of an
increase in hardware cost and memory storage. In this study,
an enhanced version of well-known self-tuning filter [13] is
designed optimally to provide better immunity towards DC-
offset and harmonics. Importantly, the proposed enhanced
SFT is computationally simpler to implement as compared
to recently proposed extended STF [14]. In addition, a simple
open-loop frequency estimator is proposed, when combined
with the enhanced STF will provide better estimates of the
fundamental frequency.

II. PROPOSED ENHANCED SELF-TUNING FILTER

In this section, a conventional self-tuning filter (CSTF)
useful for three-phase application is modified to present its
application in single-phase power systems. In general, the

978-1-7281-5135-9/21/$31.00 ©2021 IEEE 1020



CSTF requires orthogonal components (OCs) for its proper
operation. Therefore, the Clarke’s transformation is an useful
tool for obtaining the orthogonal components (v, vg) from a
harmonically distorted three-phase grid voltage signal (vgpc),
as shown in Fig. 1. Thereby, the application of CSTF can
provide fundamental orthogonal signals (FOCs) which are
beneficial for control of grid-tied converters. Moroever, the
accurate extraction of an orthogonal component from a single-
phase grid voltage signal is a tedious task. For this purpose,
many OSG approaches were reported in literature [7]. Nev-
ertheless, the improvement in the CSTF structure is essential
for obtaining the FOCs in case of single-phase power systems.
The transfer function of the CSTF is given below:

5+ p+ jw,

T =i o+ et

6]

where w, = 27 /T, (T, =1/ fs, fo = 50 Hz) and p = f, are
the cut-off frequency and fixed tuning gain, respectively. The
structure of CSTF is presented in Fig. 1.

Vabc 4~

abc

Fig. 1. Conventional single-phase self-tuning filter.

The parameter p was introduced to obtain a trade-off between
the dynamic response time and harmonic rejection abilities
while retaining an unity gain filter structure. The frequency
domain input (V,(s), Vs(s)) and the output (V,(s), Vs(s))
relationships between the actual (v, (t),vg(t)) and the FOCs
(0 (t), vp(t)) are expressed as follows:

Vals) = EVa(s) = Vals)] - 22 V3(s) @
Va(s) = C[Va(s) = Vo)) = “2Vals) @)

Note that (2) and (3) still converges slowly to the desired
states, i.e., Uo(t) and 0g(t). Hence, the CSTF structure is
modified using a comb filter, as exemplified in Fig. 1.

—»’Ua

vy L[]

Fig. 2. Proposed single-phase self-tuning filter.

In the case of proposed STF, the frequency domain input
(V) and the output (V,,, V) relationships between v,4(t) and
the FOCs are expressed as follows:

Vg _ PVg(S) [1 —e” u,s] _ & Vﬁ (4)
S S
_Tys
vV, = 7pv9(8): i il 7 )

where T, = 27 /w, is the window length. The harmonic and
DC-offset rejection abilities of the proposed STF compared
to the well-known CSTF [13] and the extended STF [14] are
compared using frequency response analysis (see Fig. 3).
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Fig. 3. Bode response plots of the proposed STF, CSTF and ESTF.

o

Note that the proposed STF has better DC-offset and harmonic
rejection capability when compared to the CSTF and the ESTF.
Hence, an improved STF can be developed as compared to
the single-phase version of the CSTF applied for an active
power filter (APF) application, reported in [13]. Further, the
harmonic and the DC-offset free FOCs obtained in the output
of proposed STF are denoted as follows:

D (t) = A sin (w1t + @) (6)
05(t) = A cos (w1t + @) 7

where A = /(04)? + (05)? and w; are the fundamental

amplitude and the unknown angular grid frequency. In order to
determine w; and to solve control issues regarding the proper
operation of grid-tied converters, the detection of fundamental
phase, frequency and amplitude is highly desired. For this
purpose, the PLL and/or open-loop frequency estimators with
the combination of OSGs are very attractive. Hence, an open-
loop frequency estimator is proposed in this work, which helps
detecting the fundamental frequency information.

ITI. GRID FREQUENCY ESTIMATION ALGORITHM

In general, the PLL algorithms are often employed in the
control structure of grid tied inverters for obtaining funda-
mental phase, amplitude and frequency information. However,
the dynamic performance of the PLL is affected with the
choice of tuning gain parameters. Therefore, an effortless
tuning based computationally simple three-point angular fre-
quency estimation technique, as proposed by J. Shekel [15],
is employed in this work. Note that the proposal suggested
in [15] suffers from a numerically-ill condition owing to the
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mathematical operations applied to the fundamental sinusoidal
component. Hence, a simple modification helps eliminating
the ill-condition. In order to generalize the concept, it can
be stated that for a given curve f(¢), a sinusoidal curve
expressed as A sin(wt + ¢) may be fitted to any three
consecutive points. For further clarification, let us assume,
Q = Q(t) = A sin (wt + ¢). Note that Q(¢t) must be single
valued, continuous, and twice differentiabe [15]. Thus, the
points which passes through Q(t) are defined as follows:

Q1 = Q(t+ At) = A sin (w1t + ¢ + w1 At) ®)

Q2= Q(t — At) = A sin (w1t + ¢ — w1 At) )

From (8) and (9), a general solution can be deduced as follows:

(2Q + Q1+ Q2)(2Q — Q1 — Q2)
Q1+ Q2

The transcendental equation (10) is solved using approxima-
tion considered in [15] which yields the estimated frequency

tan (w1 At) = v (10)

as follows: w; = \/% where, Q is the second derivative
of function Q(t). However, w; suffers from a numerically
ill-condition whenever Q(t) = 0, resulting in an erroneous
estimate of frequency. This situation can be avoided by con-
sidering the FOCs. It is simple to understand that the FOCs
are, therefore, differentiated twice as follows:

o () = —w? A sin(wit + @) (11)

Op(t) = —w? A cos(wit + ¢) (12)
Squaring and adding, (11) and (12) results in,

(6a(t)® + (05(1))* — wiA? =0 (13)

From (13), a first order discrete time model can be obtained
to determine w;, given below:

P(n) =r(n)Q(n) (14)

where Q = A2, 7 = w*, P = (04)2 + (03)? and n is the
discrete time sampling instant. The parameter r(n) can be
obtained by minimizing the function given below:

n

Ty = 3 34" P(R) ~ r(m) QR
k=0

(15)

where -y is known as forgetting factor lies in the range of [0, 1).
A low value of ~ helps to control the convergence rate of the
algorithm with improvement in the harmonic rejection ability.
On the other hand, larger value of ~ affects the overshoot in the
fundamental frequency and the harmonic rejection capability.
The value of r(n) can be obtained by differentiating (15) and
equating it to zero as follows:

S PR

SRRy ST IO
Using (16), r(n) can be recursively obtained as follows:
= e~ 1) + P)QUR)
¢(n) ’

() =Y "R = 7¢(n — 1) + [Q(K)]
k=0

(16)

a7

r(n)

The estimated frequency is,

f - \/4 r(n)
V7 T or

Note that the estimated frequency can be computed with-
out a numerically ill-condition as shown in Fig. 4. Hence,

1 1
Vo4 M Q-2
1

Up e i T
i i

(18)

Eq. (14)—(17)

]

L

Fig. 4. Proposed fundamental frequency estimator

this provides an opportunity to use the real-time embedded
hardware platform in an optimal way without increasing the
computational load. However, a low-pass filter i.e., half-cycle
moving average filter (MAF) [3], is still required to attenuate
the steady-state ripples in the estimate of frequency under off-
nominal conditions. Note that the errors in the fundamental

X 16

an)

g 14]

5 12

g 10

o8

;; 6

g 4

g 2

s 0

= -2 -1 0 1 2

Frequency Deviation (Hz)
Fig. 5. Errors in the estimated frequency when the supply voltage is

harmonically distorted.

frequency other than the nominal frequency are below 15 mHz
which is a maximum permissible limit specified by the IEC
61000-4-7 standard.

IV. SIMULATION RESULTS

The simulation study is performed in MATLAB/Simulink
environment at a sampling frequency of 10kHz. Further,
the simulations results are divided into two categories i.e.
1) To perform comparative performance evaluation with the
known frequency estimation algorithms and 2) To analyze the
performance of the proposed OSG when applied to a single-
phase APF application. The grid voltage parameters are 1 p.u.
at 50 Hz with a total harmonic distortion (THD) of 10.67%
while the harmonics, ie., h = 3,5, 7, 9, 11, 13, 15, 17
are considered as per EN 50160 standard [16]. The proposed
scheme is compared with the single-phase configuration of
CSTF-PLL [13] and ESTF-PLL [14] techniques along with a
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demodulation based PLL [4]. The control parameters for DT-
PLL are o =400, 8 = 50 and ~ = 50. The tuning parameter
p = 50,150 is chosen for the CSTF-PLL and the ESTF-PLL,
respectively. Similarly, the parameters for the proposed scheme
are p = 50 and v = 0.96.

A. Comparative performance evaluation

The proposed scheme and the DT-PLL are found immune
to the presence of DC-offset component in the grid voltage
signal, as shown in Fig. 6. However, DT-PLL suffers from a
0.5 Hz overshoot in the estimate of frequency. In addition,
the ESTF-PLL and CSTF-PLL are incapable to handle the
DC-offset component present in the grid signal. Further, the

=3
k=3
(5}
oD
=
S
=
=
S
= P . [DT-PLL
3 T A R A T ,/_.'\_:PFOPO_Sed
S [P [ \—CSTF-PLL
2 | —ESTF-PLL|
S 50 .
=
o
L 49f-- £
[N / ) ; Ji
[0} 20 40 60 80 100 120

Time [ms]
Fig. 6. Estimation of frequency in the presence of 10% of DC-offset.

harmonic rejection ability at nominal frequency i.e. 50 Hz is
presented in Fig. 7. Note that the proposed scheme, ESTF-
PLL and CSTF-PLL has good harmonic rejection ability when
compared to the DT-PLL. Moreover, the proposed scheme can
settle to a next steady-state within 2.5 times of a fundamental
cycle. On the other hand, the ESTF-PLL, the DT PLL and

Grid Voltage [p.u.]

—DT-PLL
I—Proposed
—CSTF-PLL]
ESTF-PLL]
(0] 20 40 60 80 100 120
Time [ms]

Frequency [Hz]
3

I
©
»

Fig. 7. Estimation of frequency in the presence of harmonics.

the proposed scheme adheres to a comparable overshoot in
the estimate of frequency when grid voltage suffers from
a 30° phase jump, as depicted in Fig. 8. Nevertheless, the
proposed frequency estimator and the DT-PLL can settle to
a next steady-state faster as compared to the ESTF-PLL and
CSTF-PLL. Further, the ability to handle the voltage sag in
the grid voltage signal is shown in Fig. 9.

Grid Voltage [p.u.]

— —DT-PLL
:"\:‘ 54 - —Proposed
= 53| e- —CSTF-PLL|
g —ESTF-PLL
D B2 ST N
=3
FERE N b Syl A Sl Wt | St St iy
L

50

0 20 40 60 80 100 120

Time [ms]

Fig. 8. Estimation of frequency in the presence of 30° phase jump.

Grid Voltage [p.u.]

a
N

—DT-PLL
—Proposed
"""""""""""""""""""""""" —CSTF-PLL
a ESTF-PLL

Frequency [Hz]
3

N
©

60 80 100 120
Time [ms]

Fig. 9. Estimation of frequency in the presence of 50% voltage sag.

Grid Voltage [p.u.]

—Proposed
—————————————— —CSTF-PLL
—ESTF-PLL

Frequency [Hz]

[0} 20 40 60 80 100 120 140
Time [ms]

Fig. 10. Frequency step tracking in the presence of 50% voltage sag.

Note that the DT-PLL is sensitive to the voltage sag as
compared to the other schemes. Nevertheless, the proposed
algorithm has fast frequency tracking ability as compared to
all other schemes. Similarly, a frequency step tracking ability
is shown in Fig. 10, when 50% voltage sag is considered in
the grid voltage signal. It can be observed that the proposed
frequency estimator and the CSTF-PLL does not suffer from
overshoot in the estimate of frequency. However, the DT-PLL
and the ESTF-PLL suffers from 4 Hz and 0.4 Hz of overshoot
in the estimate of frequency, respectively. In Fig. 11, the
off-nominal harmonic rejection capability is presented. The
proposed frequency estimator is able to track the frequency
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Grid Voltage [p.u.]

—Proposed
1= O e i St it St —CSTF-PLL|
ESTF-PLL

100 120

Frequency [Hz]
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Fig. 11. Frequency step tracking in the presence of harmonics.

within two fundamental cycles with a negligible amount of
error in the estimate of frequency. The performance of ESTF-
PLL and the DT-PLL are severely affected in the presence of
harmonics under-off-nominal frequency conditions. Moreover,
the CSTF-PLL is dynamically slower in response. Hence, the
proposed solution may be a suitable choice for single-phase
weak grids and active power filter applications.

B. Proposed STF based single-phase active power filter

In general, improving the power quality of the utility grid
is a challenging task. Hence, the APFs can help improving the
power quality of the grid. A good control over APF usually
achieved with the employment of STF in the control structure
of a generic single-phase APF, as shown in Fig. 12. Therefore,
the proposed STF is implemented in the control structure
of the generic single-phase APF application as provided in
[13]. The extraction of the fundamental component from

Va

Proposed STF | _ i _
I gL Vi

B
s
i(l

4 ¢
Rl pQ
S Calulation,
Ly »
. T = @
icy | te <
lre f * 2 P ref
Le b4 L, »?

ol R
P Q

> >

? Vie O Reference
Q104 ‘ v Current
Q203 dCT ey Generation

Fig. 12. Generic single-phase active power filter configuration.

the non-linear load current (¢;) component (i.e., fa L I 8L)
and the fundamental component from the grid voltage signal
(vg) helps in generating accurate reference current (I,.y).
Thereby, a good control over inverter and the DC-Link voltage
(Vae) can be achieved while injection of required amount of
compensating current (¢.) can easily takes place. This process
helps in reducing overall THD in the source current (¢5) while
complying with the IEEE-519 standard [13]. In the absence
of the proposed STF, the THD in ¢5 = iy is ~26% and grid
voltage is distorted as per EN50160 standard. When the non-
linear loads i.e. Ry = 30 Q and L; = 80mH and R, = 40 Q
and L; = 80 mH along with the parameters L, = 1 pH,

02[\[\/\V\I\I\I\F\I\II\I\I\I\I‘I\I\I\I\I\I\I\I\I\[I\I\
EO\H{HH\HIﬂH\H!HH\H{HH\HHHH
=02 \\l} V v[ U \ V \v] U V \\.' ku} \v} vl \v} \v ‘u} \v} u’ V ¥ri—Grid Voltage
01 015 02 02 03 03 04 045 05 055 06
A‘IO
$s
~ 0 —Grid Votage THD
01 015 02 02 03 03 04 04 05 055 06
10 AL\ AN AA
<o \JAVP {\UA& T UA\JK {\UA\/’](\‘({\“A‘
0 U U vl W lvl U VH\/H i—Load Current
01 015 02 025 03 035 04 045 05 05 06
~ AOF T T T T T S — T |
S ] —lowdCurentTHD|

04 015 02 025 03 03 04 045 05 055 06
Time [3]
Fig. 13. Harmonically distorted supply voltage with non-linear load current.
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Fig. 14. Dynamics of compensating current, source current and DC-link
voltage.

L; = 8mH and L. = 20mH, as shown in Fig. 13, the i,
behaves as non-linear current which is responsible for the
power quality degradation. On the other hand, the involvement
of proposed STF based APF whose V. is maintained at 800
V using a PI controller and Cy. (2000uF), helps to reduce the
THD well below 3% by properly injecting the . in the utility
grid. Moreover, the variations in the load does not severely
affect the dynamics of the DC-link voltage while fast injection
of the compensating current can be maintained within two
times of the fundamental cycle, (see Fig. 14).

V. EXPERIMENTAL EVALUATION

The real time validation of the proposed frequency estimator
is carried out using dSPACE DS1104 controller. A fixed step
solver with a sampling frequency of 10 kHz is considered. The
automatic code generation approach is utilized for uploading
the complied code to DS1104 controller. The grid voltage
signal is then supplied to the algorithms under evaluation for
three different test conditions. The results are captured on
an oscilloscope from digital-to-analog converters of the in-
put/output board. In Fig. 15, 50% voltage sag, 30° phase jump
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and 10% of DC-offset in the grid voltage signal is supplied to
all the schemes. It can be observed that the proposed frequency

3
Grid Voltage ‘0.5 p.u. /div

Proposed $ 8 Hz /div
DT-PLL I \

CSTF-PLL
ESTF-PLL

50 Hz 50 ms /div
-—

Fig. 15. Combined voltage sag, phase jump and DC-offset at nominal
frequency condition.

estimation scheme has better DC-offset and harmonic rejection
ability as compared to other schemes. In addition, the DT-
PLL and the proposed estimator suffer from an overshoot in
the estimate of frequency i.e. 8 Hz and 4 Hz, respectively.
Similarly, in case of frequency ramp (Fig. 16) and frequency
step (Fig. 17), the proposed frequency estimation algorithm
has a better dynamic performance. Moreover, a better steady-
9

Grid Voltage 0.5 p.u. /div

Proposed

50 Hz ‘

< CSTF-PLL
ESTF-PLL

51 Hz

200 ms /div

Fig. 16. Frequency ramp tracking performance i.e. 50-51 Hz

3
~ DC-offset Grid Voltage ¢0_5 p.u. /div

52 Hz
Proposed\

50.Hz
DT-PLL N\

ESTF-PLL~_

CSTF-PLL

50 ms /div

—~———

Fig. 17. Frequency step from 50 Hz to 52 Hz in the presence of harmonics
and 10% of DC-offset.

state accuracy is achieved within two times of the fundamental
cycle. Hence, the proposed STF based frequency estimator is
a useful approach for detection of fundamental frequency in
single-phase applications.

VI. CONCLUSION

An improved and computationally less demanding self-
tuning filter based open-loop frequency estimation technique
is proposed for single-phase weak inertia grids. With the

inclusion of a comb filter, the conventional STF can be
effectively employed for single-phase application with good
immunity towards DC-offset and harmonics. To better utilize
the memory allocated in any embedded hardware, a simple
open-loop frequency estimator is proposed which could be
easily employed at lower sampling frequencies. In addition,
experimental results confirm the better dynamic tracking abil-
ity of the proposed scheme for providing frequency support.
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