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A B S T R A C T

This paper presents a continuous terminal sliding mode controller (CTSMC) for single-phase dynamic voltage
restorers (DVRs). The presented controller can substantially eliminate the chattering compared to the first-order
sliding mode counterpart while achieving faster convergence speed compared to the super twisting counterpart.
Moreover, the continuous control signal enables the voltage source inverter to operate at constant switching
frequency. As the reference compensation voltage generator, an enhanced single-phase self-tuning (SP-STF)
filter is also proposed. The SP-STF has excellent band-pass filtering property, can completely attenuate DC
offset and has fast dynamic response. The SP-STF has been made frequency-adaptive through unknown grid
frequency estimation under a delayed-based linear regression framework. Comprehensive stability analysis of
the controller and filter are presented. Experimental studies are performed to demonstrate the effectiveness of
the proposed comprehensive control solution. Comparative simulation studies are also provided to highlight
the advantages of the proposed approach. Results show that the proposed technique can quickly detect and
compensate for any grid voltage fluctuations and helps to maintain constant voltage at the load side despite
voltage sag/swell and distortions.
. Introduction

Power quality is very important to ensure smooth operation of the
lectric power system (Ahmed, 2015; Çelik, 2022; Çelik & Meral, 2019;
alathi & Jayachandran, 2020). Electric power fluctuations (flickers)
ay interrupt the operation of some critical devices used in hospitals,

actories, base stations of cellular networks, homes, and IT sector.
enerally, these fluctuations exist in the utility grid in the form of
oltage sag (voltage dip), voltage swell, and harmonic distortions. In
rder to protect these devices from such fluctuations, custom power
evices known as dynamic voltage restorers (DVRs) have been devel-
ped (Moghassemi & Padmanaban, 2020). Basic DVR topology consists
f a dc voltage source (energy storage), a voltage source inverter, an
C filter, and a transformer whose secondary winding is connected
etween the grid and the load in series. The main function of a DVR
s to inject a compensation voltage into the point of common coupling,

✩ The work of H. Ahmed is supported by the Sêr Cymru II 80761-BU-103 project by Welsh European Funding Office (WEFO) under the European Regional
evelopment Fund (ERDF).
∗ Corresponding author.
E-mail address: hafiz.h.ahmed@ieee.org (H. Ahmed).

such that the voltage fluctuations existing in the grid do not affect the
voltage which feeds critical devices. In other words, the input voltage
of the critical devices (from now on, it will be called the load voltage)
always remains unchanged, regardless of the voltage fluctuations in the
grid.

In order to design a DVR which fulfills the desired operation, the
voltage fluctuations should be first detected. Voltage sag occurs when
there is a momentary decrease in the nominal grid voltage (IEEE Rec-
ommended Practice for Evaluating Electric Power System Compatibility
With Electronic Process Equipment, 1998). Generally, the voltage sags
occur due to the short circuit faults in the grid such as sudden load
connections, startup of induction motors with high ratings, and ground
faults in the power system. On the other hand, voltage swell happens
when there is a momentary increase in the nominal grid voltage (IEEE
Recommended Practice for Evaluating Electric Power System Compat-
ibility With Electronic Process Equipment, 1998). Voltage swell occurs
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when a large load is disconnected and large capacitors are switched on.
The duration of voltage sags and voltage swells varies from 0.5 cycles
to one minute maximum. For this reason, these voltage fluctuations
should be detected and compensated very quickly. In the ideal case, de-
tection of voltage sag/swell is relatively easy. However, the presence of
harmonics in the grid voltage makes it difficult to develop an effective
voltage fluctuation strategy. If the reference voltage estimation method
is not harmonically robust, this will increase the overall total harmonic
distortion. This will increase the loss and reduce the efficiency.

The speed of detection and compensation is determined by the
method used to control the DVR. The control method also deter-
mines the quality of the load voltage. In order to improve the power
quality through DVR, there are two main challenges. Firstly, the con-
trol method needs to detect the deviation in grid voltage amplitude
from the nominal value using noisy and potentially harmonically dis-
torted grid voltage measurement. This necessitates the development
of an advanced grid frequency-adaptive filtering technique to filter
the measured grid voltage, which is used to compute the necessary
compensation voltage reference. Secondly, the control methods need
to track the reference compensation voltage in a quick manner while
reducing the total harmonic distortion of the load voltage. This neces-
sitates the development of a robust control method that can deal with
external disturbances and parametric uncertainties while at the same
time providing fast convergence. These are the key control challenges
for DVR.

So far, many control methods and DVR topologies have been de-
veloped by the researchers to meet the required control objectives
and challenges. These control methods include proportional–integral
(PI) (including evolutionary optimization-based control parameter tun-
ing) (Omar, Aleem, El-Zahab, Algablawy, & Ali, 2019), state feed-
back (Kim & Sul, 2005), 𝐻∞ control (Li, Blaabjerg, Vilathgamuwa, &
Loh, 2007), repetitive control (Roncero-Sánchez, Acha, Ortega-Calderon
Feliu, & García-Cerrada, 2008), hysteresis control (Sasitharan & Mishra,
2010), fuzzy logic control (Roselyn et al., 2020), and sliding mode
control (SMC) (Biricik & Komurcugil, 2016; Biricik, Komurcugil, Tuyen,
& Basu, 2019; Komurcugil, Biricik, Bayhan, & Zhang, 2021), to name a
few. Conventionally, the PI controller in the synchronous frame (SRF)
is the most widely used control method for three-phase DVR. However,
the application of SRF-PI is not straightforward for a single-phase
system. It requires the implementation of quadrature signal generators
which add implementation and tuning complexity. Moreover, current
sensors are also required which limits the choice of micro-controllers
with built-in analog sensor signal processing capability. The main
drawback of the state feedback control is its intensive computation
requirement in generating the compensation voltage reference. Even
though the 𝐻∞ control has strong robustness, it suffers from im-
plementation complexity. The repetitive control is quite successful
in eliminating the periodic disturbances. However, its performance
under non-periodic disturbances is not satisfactory. Hysteresis con-
trol is also characterized by robustness against parameter variations
with fixed switching frequency. However, the inverter should be op-
erated with high switching frequency so as to achieve the desired
compensation performance. The problem with fuzzy logic control is
the lack of systematic design procedure. The number and shape of
membership functions are selected by trial-and-error method. The SMC
method offers many advantages such as fast dynamic response, simple
implementation, and insensitivity to parameter variations (Falehi &
Torkaman, 2021; Pandey, Agrawal, Mandloi, & Sarkar, 2017; Toumi
et al., 2020). The SMC method has been widely adopted for controlling
power and energy systems, especially microgrids (Ding, Han, & Ning,
2022; Ding, Han, Ning, & Yue, 2020; Ning, Han, & Ding, 2020, 2021).
DVR is a popular solution to improve the power quality issues of
microgrids. In the case of single-phase DVR, SMC methods can be used
using voltage sensors only which results in cost reduction and reliability
enhancement of the complete system. However, it suffers from chat-
tering phenomenon (Biricik & Komurcugil, 2016; Biricik et al., 2019).
2

In Biricik, Komurcugil, Ahmed, and Babaei (2021), Ouchen, Benbouzid,
Blaabjerg, Betka, and Steinhart (2021), it is shown that the chattering
can be reduced by the super twisting algorithm based on SMC. Super
twisting algorithm has the chattering reduction capability whereas ter-
minal sliding mode control has fast convergence property. To take the
benefit of the both world, in recent time, continuous terminal sliding
mode control (CTSMC) has been proposed in the literature (Fridman,
Moreno, Bandyopadhyay, Kamal, & Chalanga, 2015). CTSMC has fast
convergence, generates continuous control signals and achieves better
sliding accuracy than the super twisting or terminal sliding mode
control alone. This motivated the selection of CTSMC as the control
method.

Generating the reference voltage is an integral part of the DVR
control system. In the ideal case, generating the reference voltage
from the measured grid voltage is straightforward. However, practical
grid voltage often contains harmonics. Moreover, the frequency is also
fluctuating around the nominal value. These issues complicate the
reference voltage generation. To overcome this issue, phase-locked loop
(PLL) has widely been adopted in the DVR control literature (Hafezi &
Faranda, 2017; Kumar & Mishra, 2015; Trabelsi, Komurcugil, Refaat, &
Abu-Rub, 2018). In the single-phase case, PLL needs a quadrature signal
generator (QSG). For this purpose, quarter-delay (T/4) is a popular
approach. However, in the non-ideal grid frequency case, the delay can
be fractional. Moreover, if fixed delay is used, then additional compen-
sation mechanisms need to be considered. This complicates the design
process. Some other methods of generating the quadrature signals
are: second-order generalized integrator (SOGI) (Ahmed & Benbouzid,
2020b; Al Hosani, Nguyen, & Al Sayari, 2018; Rodríguez et al., 2011;
Singh & Jain, 2019; Vamja & Mulla, 2022), adaptive notch filter (Biri-
cik et al., 2019), all-pass filter (Gautam, Xiao, Lu, Ahmed, & Guer-
rero, 2022), Lyapunov estimator (Ahmed & Benbouzid, 2020a; Verma,
Subramanian, & Jarial, 2022) and Luenberger observer (Ahmed, Pay,
Benbouzid, Amirat, & Elbouchikhi, 2020; Pay, Cao, Sun, & McCluskey,
2020). In recent times, self-tuning filter (STF) became very popular in
the literature as a filtering technique for DVR controller (Abdusalam,
Poure, Karimi, & Saadate, 2009; Biricik, Khadem, Redif, & Basu, 2018;
Chedjara et al., 2018; Safa, Berkouk, Messlem, Chedjara, & Gouichiche,
2018). STF has excellent dynamic performance and provides band-pass
filtering property which can be very beneficial to extract the funda-
mental component from the distorted grid voltage signals. However, it
is only applicable for three-phase systems. This issue has been avoided
in Biricik, Redif, Özerdem, Khadem, and Basu (2014) by using T/4
delay-based QSG. As discussed previously, this approach can introduce
estimation error in the non-ideal grid due to the grid frequency fluctua-
tions. Moreover, STF is also sensitive to the presence of DC offset in the
measurement. In this paper, we propose a novel STF for a single-phase
system without using any delay. The proposed single-phase STF (SP-
STF) has a similar frequency domain property as that of the standard
STF applicable for three-phase systems. Moreover, a pre-loop filter is
also proposed to further enhance the filtering property. Thanks to the
pre-loop filter, the proposed SP-STF is also robust to any potential DC
offset in the measured voltage signal. To make the SP-STF frequency-
adaptive, delay-based linear regression framework (Ahmed, Ushirobira,
& Efimov, 2021, 2022) is considered. An advantage of this approach
is that the frequency estimation is decoupled from the filtering stage
which makes the overall system linear and the closed-loop system
fast responsive. Moreover, excellent harmonic robustness is an added
advantage.

Contributions of this work are twofold. Firstly, a continuous termi-
nal sliding mode control strategy is applied for the first time to single-
phase DVR. The applied control scheme can reduce the chattering and
at the same time has fast dynamic response compared to conventional
sliding mode controller such as super twisting sliding mode control (ST-
SMC) (Biricik et al., 2021). Numerical simulation results are provided
to support this claim. Secondly, to generate the reference compensation
voltage for the proposed controller, a frequency-adaptive single-phase
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Fig. 1. Schematic of the DVR-connected system.

enhanced self-tuning filter is also developed. The developed filter has
excellent filtering and DC offset rejection capability. It has better
harmonic filtering capability compared to existing methods such as
SOGI frequency locked-loop (SOGI-FLL) (Rodríguez et al., 2011). Com-
parative numerical simulation and experimental results are provided to
validate the effectiveness of the developed filters in reducing the total
harmonic distortion.

This paper is organized as follows: Section 2 gives an overview
of the modeling and operation principle of the DVR. Details of the
control and filtering techniques being developed in this work are given
in Section 3. Comprehensive numerical simulation and experimental
results are given in Section 4. Comparative studies are presented in
Section 5. Finally, Section 6 concludes this paper.

2. Problem formulation

The considered single-phase DVR topology is given in Fig. 1. In this
system, an H-bridge voltage source inverter is connected in series with
a transformer to the sensitive load that is being protected. The trans-
former provides galvanic isolation between the DVR and the load. The
DVR continuously monitors the grid voltage 𝑣𝑔(𝑡) (with grid impedance
𝑧𝑠) and injects the necessary compensation voltage to maintain the
constant voltage at the load end. Differential equations governing the
dynamics of the DVR are given by:

𝐿𝑓
𝑑𝑖𝑓
𝑑𝑡

= 𝑣𝑖 − 𝑣𝑐 , (1)

𝑓
𝑑𝑣𝑐
𝑑𝑡

= 𝑖𝑓 − 𝑖𝑔 , (2)

where filter inductor and capacitor are denoted by 𝐿𝑓 and 𝐶𝑓 , filter and
grid currents are denoted by 𝑖𝑓 and 𝑖𝑔 , compensation voltage is denoted
by 𝑣𝑐 , and the output voltage of the H-bridge inverter is denoted by
𝑣𝑖 = 𝑢𝑉𝑑𝑐 with 𝑉𝑑𝑐 being the DC-link voltage and 𝑢 is the control
input. The compensation voltage is directly related to the grid and load
voltages and given by:

𝑣𝑐 (𝑡) = 𝑣𝑔(𝑡) − 𝑉𝐿(𝑡), (3)

where 𝑉𝐿(𝑡) is the load voltage. In the ideal case i.e. disturbance-free
grid case, the load voltage will be the same as the grid voltage. In this
case, the compensation voltage will be zero. However, in the presence
of various disturbances such as voltage sag/swell, harmonics etc., the
DVR control system needs to generate the ideal reference compensation
voltage and force the DVR to follow the reference compensation voltage
to maintain desired voltage at the load side. To facilitate the control
design, let us assume that the reference compensation voltage is given
by 𝑣⋆𝑐 . Then, the compensation voltage error and its derivative are given
by:

̄̃𝑣𝑐 = 𝑣𝑐 − 𝑣⋆𝑐 , (4)

�̃�𝑐 = ̇̃̄𝑣𝑐 = �̇�𝑐 − �̇�⋆𝑐 . (5)
3

Then, with respect to state variables ̄̃𝑣𝑐 and �̃�𝑐 , the estimation error
dynamics are given by:
̇̃̄
𝑐 = �̃�𝑐 , (6)
̇̃𝑣𝑐 = −𝛼 ̄̃𝑣𝑐 + 𝛼𝑢𝑉𝑑𝑐 +𝜛(𝑡), (7)

where 𝛼 = 1∕𝐿𝑓𝐶𝑓 and the lumped unknown disturbance term is given
by:

𝜛(𝑡) = − 1
𝐶𝑓

𝑑𝑖𝑔
𝑑𝑡

− 𝛼𝑣⋆𝑐 − �̇�⋆𝑐 . (8)

We assume that the unknown disturbance term is uniformly bounded
and Lipschitz continuous i.e. |𝜘| = |

𝑑𝜛
𝑑𝑡 | < 𝜛+, where 𝜛+ is a known

ositive constant.
The control problem considered in this work is to design a suitable

that will ensure that the compensation error ̄̃𝑣𝑐 converges to zero
espite the presence of the disturbance term 𝜛(𝑡).

. Proposed solution

.1. Continuous sliding mode controller development

To design the controller 𝑢 for the error system (6)–(7), we will
onsider the Continuous Terminal Sliding Mode (CTSM) approach pro-
osed in Fridman et al. (2015). CTSM is a combination of two high
rder sliding mode (HOSM) approaches, namely the super twisting al-
orithm and the continuous terminal sliding mode algorithm. This helps
o substantially eliminate the chattering phenomenon and gives con-
inuous control signals. For this purpose, let us consider the following
liding surface:

= �̃�𝑐 + 𝜆2⌈ ̄̃𝑣𝑐⌋
2
3 , 𝜆2 > 0, (9)

here ⌈𝛽⌋𝜂 = |𝛽|𝜂sign (𝛽), for any non-negative real number 𝜂. Consid-
ring the sliding surface 𝜎, the CTSM control signal is given by:

= 1
𝛼𝑉𝑑𝑐

(

𝛼�̃�𝑐 − 𝜆1⌈𝜎⌋
1
2 + �̃�

)

, 𝜆1 > 0, (10)

̇̃𝑢 = −𝜆3 ∫

𝑡

0
⌈𝜎⌋0𝑑𝜏, 𝜆3 > 0. (11)

he positive constants 𝜆1, 𝜆2 and 𝜆3 are suitably designed control
ains. For further analysis, we assume that in addition to the compen-
ation error ̄̃𝑣𝑐 , its derivative �̃�𝑐 is also available. If it is not readily
vailable, then a second-order sliding mode differentiator can be im-
lemented (Ahmed, Ríos, Ayalew, & Wang, 2018). Out of various
hoices available in the literature, the following uniform robust exact
ifferentiator (Cruz-Zavala, Moreno, & Fridman, 2011) with fixed-time
onvergence property can be considered:

̇̂
𝑣𝑐 = −𝜉1

(

⌈

̂̃̄𝑣𝑐 − ̄̃𝑣𝑐
⌋

1
2 + 𝜉2

⌈

̂̃̄𝑣𝑐 − ̄̃𝑣𝑐
⌋

3
2

)

+ �̃�𝑐 , (12)

̇̃̂𝑣𝑐 = −𝜉3

(

1
2

⌈

̂̃̄𝑣𝑐 − ̄̃𝑣𝑐
⌋0

+ 2𝜉2
(

̂̃̄𝑣𝑐 − ̄̃𝑣𝑐
)

+ 3
2
𝜉22

⌈

̂̃̄𝑣𝑐 − ̄̃𝑣𝑐
⌋2
)

, (13)

where ⋅̂ indicates estimated value, 𝜉1, 𝜉3 > 0 are tuning gain and 𝜉2 ≥ 0
is a scalar gain. For the sake of implementation and analysis simplicity,
we assume that full state measurements are available.

To analyze the stability of the presented control technique, let us
substitute the control (10)–(11) into the error system (6)–(7). Then, the
following can be obtained:
̇̃̄𝑣𝑐 = �̃�𝑐 , (14)

̇̃𝑣𝑐 = −𝜆1⌈𝜎⌋
1
2 + �̃� +𝜛, (15)

̇̃𝑢 = −𝜆3⌈𝜎⌋
0. (16)

et us consider that ̃̄𝑣𝑐 = �̃� + 𝜛. Then, the Eqs. (14)–(16) can be
ewritten as:
̇̃̄𝑣 = �̃� , (17)
𝑐 𝑐
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Fig. 2. Block diagram of the CSTSM controller.

̇̃𝑣𝑐 = −𝜆1⌈𝜎⌋
1
2 + ̃̄𝑣𝑐 , (18)

̇̄̃𝑣𝑐 = −𝜆3⌈𝜎⌋
0 + 𝜘, (19)

here 𝜘 is the derivative of the lumped disturbance term 𝜛 and
atisfies |𝜘|≤𝜛+ as assumed in the problem formulation given in Sec-
ion 2. Closed-loop error system (17)–(19) mimics the CSTSM algorithm
n Fridman et al. (2015).

To analyze the stability of the CSTSM controller as applied to the
VR system, let us consider the following quadratic Lyapunov function

Fridman et al., 2015):

= 𝛱𝑇𝛷𝛱, (20)

here 𝛱 = [⌈ ̄̃𝑣𝑐⌋
2
3 𝜎 ⌈

̃̄𝑣𝑐⌋
2]𝑇 and

𝛷 =

⎡

⎢

⎢

⎢

⎢

⎣

𝜙1 − 1
2𝜙12

1
2𝜙13

− 1
2𝜙12 𝜙2 − 1

2𝜙23
1
2𝜙13 − 1

2𝜙23 𝜙3

⎤

⎥

⎥

⎥

⎥

⎦

,

here the elements of the matrix 𝛷 are suitably selected to ensure that
the Lyapunov function (20) is positive definite and radially unbounded.
If the parameters are chosen as 𝜆1 > 𝜆2 > 𝜆3 > 𝜛+, then it has
been shown in Fridman et al. (2015) that �̇� ≤ −𝜅𝑉

3
4 for some

positive constant 𝜅. This shows the finite-time stability of the closed-
loop error system (17)–(19). This implies finite-time convergence of
the compensation voltage tracking error. Block diagram of the CSTSM
controller is given in Fig. 2.

3.2. Reference voltage generation

The controller presented in Section 3.1 requires the reference com-
pensation voltage 𝑣⋆𝑐 . For this purpose, let us consider the single-phase
rid voltage 𝑣𝑔(𝑡) given by:

𝑣𝑔(𝑡) = 𝑉𝑔0 + 𝑉𝑔 sin (𝜔𝑡 + 𝜑) , (21)

here 𝑉𝑔0 is the DC offset, 𝑉𝑔 is the magnitude, 𝜔 is the angular
requency, 𝜑 is the phase angle and the instantaneous phase is given by
= 𝜔𝑡+𝜑. The grid frequency 𝜔 is unknown but has a known nominal
alue 𝜔𝑛 = 100𝜋. In the ideal case and without DC offset, the reference
oad voltage can be generated by:

⋆
𝐿 = 𝜇

𝑣𝑔
𝑉𝑔

= 𝜇 sin(𝜃), (22)

here 𝜇 is the desired magnitude of the reference current. From 𝑉 ⋆
𝐿 ,

the reference compensation voltage can be calculated as:

𝑣⋆𝑐 = 𝑣𝑔 − 𝑉 ⋆
𝐿 . (23)

In the ideal case i.e. disturbance-free grid, generating 𝑉 ⋆
𝐿 and conse-

quently 𝑣⋆𝑐 is straightforward. However, in practice, the grid voltage
magnitude is not constant and can have voltage sag/swell. Moreover,
harmonics, especially lower order ones, are often present. In this case,
extracting the instantaneous phase 𝜃 from the disturbed grid voltage 𝑣
𝑔

4

is required. For this purpose, a self-tuning filter (STF) framework will
be considered in this work.

STF (Abdusalam et al., 2009; Biricik et al., 2018, 2014; Chedjara
et al., 2018; Safa et al., 2018) is originally proposed for the three-
phase system working in the stationary reference frame. It has excellent
filtering properties and can extract the fundamental component from
very noisy measured signals. The transfer function of STF is given by:
𝑉𝑥𝑦
𝑈𝑥𝑦

(𝑠) = 𝛶
(𝑠 + 𝑗𝜔)

(𝑠 + 𝛶 )2 + 𝜔2
, 𝛶 > 0, (24)

here 𝛶 is the tuning parameter, 𝑈𝑥𝑦 and 𝑉𝑥𝑦 are the filter input and
utput phasor signals. From the transfer function, it is clear that STF is a
and-pass filter. The STF filter cannot be applied directly to the single-
hase system as only one measurement signal is available. To overcome
his limitation, fixed time-delay based quadrature signal is generated
n Biricik et al. (2014) to make STF suitable for single-phase systems.
owever, in the actual power grid, the frequency is not constant. As

uch, fixed time-delay based quadrature signal generation may intro-
uce estimation error under frequency fluctuation. A potential solution
ould be the use of frequency adaptive time-delay. However, this may
ntroduce fractional time-delay and implementing fractional delay is
omputationally expensive. To overcome this issue, in this work, STF-
ype filters will be used to generate the quadrature signal. For further
onsideration, this filter will be named as Single-Phase STF (SP-STF).

To facilitate the design of the SP-STF, let us consider the following
tate variables:

1 = −𝑉𝑔 cos(𝜃), (25)

2 = 𝑉𝑔 sin(𝜃), (26)

here 𝜁2 is the measured grid voltage and 𝜁1 is the quadrature signal of
𝜁1. Then, the dynamics of the grid voltage signal without the DC offset
is given by:

�̇�1 = 𝜔𝜁2, (27)

�̇�2 = −𝜔𝜁1. (28)

The issue of DC offset will be addressed in Section 3.2.3. For system
(27)–(28), the following SP-STF can be designed:
̇̂𝜁1 = �̂�𝜁2, (29)
̇̂𝜁2 = −�̂�𝜁1 + 𝜆4

(

𝜁2 − 𝜁2
)

, (30)

where ̂ represents estimated value and 𝜆4 is the tuning parameter. In
Eqs. (29) and (30), estimated grid frequency is used. Details of the
frequency estimation will be given in Section 3.2.1. To demonstrate
the similarity of SP-STF and STF, let us consider the following transfer
functions of the SP-STF:
𝜁1
𝜁2

(𝑠) = 𝐺1(𝑠) =
𝜆4�̂�

𝑠2 + 𝜆4𝑠 + �̂�2
, (31)

𝜁2
𝜁2

(𝑠) = 𝐺2(𝑠) =
𝜆4𝑠

𝑠2 + 𝜆4𝑠 + �̂�2
. (32)

hen, in the phasor form i.e. 𝐺3(𝑠) = 𝐺2(𝑠) + 𝑗𝐺1(𝑠), SP-STF transfer
unction is given by:

3(𝑠) = 𝜆4
𝑠 + 𝑗�̂�

𝑠2 + 𝜆4𝑠 + �̂�2
. (33)

Transfer functions (24) and (33) show that the original STF and the
proposed single-phase version both act as a band-pass filter. This shows
the similarity between the two filters. It is to be noted here that the
proposed SP-STF has some structural similarity with the well known
second-order generalized integrator (SOGI) (Dao, Biricik, & Ngo, 2020;
Mukundan C. M., Naqvi, Singh, & Jayaprakash, 2021; Nirmal Mukun-
dan, Naqvi, Singh, Singh, & Jayaprakash, 2021). The feedback term in
SP-STF is frequency independent whereas the feedback term in SOGI
is frequency dependent. As such, we need one multiplication operation
less than SOGI which reduces the computational complexity. Moreover,
transfer functions (31) and (32) of SP-STF are also different from SOGI
transfer functions.
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3.2.1. Grid frequency estimation
The developed SP-STF requires estimated grid frequency for freque-

ncy-adaptive operation of the filter. This issue is going to be addressed
in this Section. For the development of frequency estimator, let us
consider the following delayed versions on the grid voltage signal (21)
with 𝑣𝑙𝜏𝑔 = 𝑣𝑔(𝑡 − 𝑙𝜏), 𝑙 = 1, 2, 3:

𝑣𝜏𝑔 = 𝑉𝑔0 + 𝑉𝑔 sin(𝜃) cos(𝜔𝜏) − 𝑉𝑔 cos(𝜃) sin(𝜔𝜏), (34)

𝑣2𝜏𝑔 = 𝑉𝑔0 + 𝑉𝑔 sin(𝜃) cos(2𝜔𝜏) − 𝑉𝑔 cos(𝜃) sin(2𝜔𝜏), (35)

𝑣3𝜏𝑔 = 𝑉𝑔0 + 𝑉𝑔 sin(𝜃) cos(3𝜔𝜏) − 𝑉𝑔 cos(𝜃) sin(3𝜔𝜏). (36)

Using (21) and (34)–(36), one can obtain that:

(𝑣2𝜏𝑔 − 𝑣𝜏𝑔)(1 + 2 cos(𝜔𝜏)) = −𝑉𝑔(sin(𝜃) − sin(𝜃 − 3𝜔𝜏)),

= 𝑣3𝜏𝑔 − 𝑣𝑔 . (37)

Eq. (37) can be organized as:

𝑣𝑔 − 𝑣𝜏𝑔 + 𝑣2𝜏𝑔 − 𝑣3𝜏𝑔 = 2(𝑣𝑔 − 𝑣2𝜏𝑔 ) cos(𝜔𝜏). (38)

Eq. (38) can be written as a first-order regression model:

𝑦 = 𝑋𝛽, (39)

where 𝑦 = 𝑣𝑔 − 𝑣𝜏𝑔 + 𝑣2𝜏𝑔 − 𝑣3𝜏𝑔 , 𝑋 = 2(𝑣𝜏𝑔 − 𝑣2𝜏𝑔 ), and 𝛽 = 2 cos(𝜔𝜏).
The unknown parameter 𝛽 can easily be estimated from Eq. (39) by
applying linear regression and given below :
̇̂𝛽 = 𝜆5𝑋(𝑦 −𝑋𝛽), (40)

where the positive parameter 𝜆5 controls the convergence rate. From
the estimated unknown parameter 𝛽, the actual grid frequency can be
evaluated as:

�̂� = arccos(𝛽)∕𝜏.

To analyze the stability of the estimator (40), let us consider the
unknown parameter estimation error as 𝛽 = 𝛽 − 𝛽. Then, the error
dynamics is given by:
̇̃𝛽 = −𝜆5𝑋2𝛽. (41)

Solution of Eq. (41) is given by:

𝛽(𝑡) = 𝑒−𝜆5 ∫
𝑡
0 𝑋2(𝜏)𝑑𝜏𝛽(0). (42)

The error will converge to zero exponentially if 𝑋 is bounded. For
any 𝜏 < 𝜋∕𝜔, 𝑋 is bounded which makes the unknown parameter
estimation error exponentially stable.

The unknown frequency estimator has two gains to be tuned, delay
𝜏 and control gain 𝜆5. Through extensive numerical simulation, it
has been found that 𝜏 = 𝑇 ∕4 can be a good choice where 𝑇 is the
fundamental period of the grid voltage. Control gain 𝜆5 has to be
tuned as a compromise between fast dynamic response and disturbance
rejection capability.

3.2.2. Stability analysis of SP-STF
To analyze the stability of the SP-STF, let us consider 𝑟2 = 𝜁21 + 𝜁22

and �̂� = atan(𝜁2∕𝜁1) with 𝜁1 = 𝑟 cos(�̂�) and 𝜁2 = 𝑟 sin(�̂�). Then, the SP-STF
(29)–(30) in polar coordinates can be written as:

�̇� = 𝜆4𝑟 sin(�̂�)�̃�𝜁 , (43)
̇̂𝜃 = −�̂� + 𝜆4𝑟

−1 cos(�̂�)�̃�𝜁 , (44)

where �̃�𝜁 = 𝜁2 − 𝜁2. Let us consider the synchronization error i.e. error
between the actual the estimated instantaneous phase of the grid as:

𝜃 = 𝜃 − �̂�. (45)

With respect to the synchronization error, the closed-loop SP-STF in
polar coordinates (43)–(44) can be rewritten as:

( ̃)
�̇� = 𝜆4𝑟 sin 𝜃 − 𝜃 �̃�𝜁 , (46) w

5

Fig. 3. Block diagram of the proposed enhanced STF based grid-synchronization
technique.

̇̃𝜃 = �̂� − 𝜔 − 𝜆4𝑟
−1 cos(𝜃 − 𝜃)�̃�𝜁 , (47)

where �̃�𝜁 = 𝑉𝑔 sin(𝜃) − 𝑟 sin(𝜃 − 𝜃). System (46)–(47) has the following
equilibrium point:

𝛯⋆ = {𝑟 = 𝑉𝑔 , 𝜃 = 0}. (48)

Jacobian of the system (46)–(47) with respect to the equilibrium point
(48) is given by:

𝐽
(

𝛯⋆) =

[

−𝑉𝑔𝜆4 sin
2(𝜃) 0.5𝑉 2

𝑔 𝜆4 sin(2𝜃)

𝜆4 sin(2𝜃)∕(2𝑉𝑔) −𝜆4 cos2(𝜃)

]

. (49)

Stability of the Jacobian matrix (49) can be obtained through the
following characteristics polynomial:

𝑠2 + {𝜆4 cos2(𝜃) + 𝑉𝑔𝜆4 sin
2(𝜃)}𝑠 = 0. (50)

A stable second-order polynomial has all non-negative coefficients.
Since, all coefficients are non-negative, local-stability of SP-STF is
ensured.

3.2.3. Enhanced SP-STF
The proposed SP-STF is designed by assuming an ideal grid. In prac-

tice, various abnormalities such as harmonics, DC offset may be present.
In this case, estimation error is inevitable. To overcome this limitation,
a pre-loop filter can be very useful. For further consideration, pre-loop
filter enabled SP-STF will be named as enhanced STF (ESTF). The block
diagram of the ESTF is given in Fig. 3. In ESTF, two SP-STFs are used.
The first one works as the pre-loop filter while the second one is used
for estimating the unknown frequency. The pre-loop filter can remove
any DC offset.

Transfer functions of the ESTF are given by:

𝜁1
𝜁2

(𝑠) =
𝜆24�̂�𝑠

(

𝑠2 + 𝜆4𝑠 + �̂�
)2

, (51)

𝜁1
𝜁2

(𝑠) =
𝜆4𝑠2

(

𝑠2 + 𝜆4𝑠 + �̂�
)2

. (52)

Bode magnitude plot for the transfer functions (31) and (51) i.e. for
the quadrature signal are given in Fig. 4. This figure shows that ESTF
blocks the DC offset as the gain is zero for 𝑠 = 0. This is not true for
SP-STF. Moreover, for high frequency cases, SP-STF has a decay rate
of −40 dB/Decade whereas ESTF has a decay rate of −60 dB/Decade.
This shows 1.5 times better filtering property. Similar, excellent per-
formance can be seen for the direct signal also. In this case, the Bode
magnitude plot for the transfer functions (32) and (52) are given in
Fig. 5. In the high frequency case, ESTFs decay rate is −40 dB/Decade

hich is two times faster than STF. As a result, ESTF can be considered
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a
c

Fig. 4. Bode magnitude plot for transfer functions (31) and (51) with 𝜆4 = 50.

Fig. 5. Bode magnitude plot for transfer functions (32) and (52) with 𝜆4 = 50.

Fig. 6. Photograph of laboratory set up.

s a suitable tool to generate the reference voltage for the sliding mode
ontroller proposed in Section 3.1.

Using the ESTF filtered states 𝜁1 and 𝜁2, the reference voltage (23)
can be generated as:

𝑉 ⋆
𝐿 = 𝜇 sin

(

atan2
(

𝜁2,−𝜁1
))

. (53)

4. Simulation and experimental results

The effectiveness and feasibility of the proposed method have been
verified by simulations and experiments. Simulations were carried out
by MATLAB/Simulink. The experimental performance of the proposed
CTSMC was observed in a real time environment. Laboratory setup
used in this work is given in Fig. 6. The used parameters are given
in Table 1. In the developed control methods, there are 5 positive
constant parameters to tune. Parameters 𝜆1−𝜆3 are related to the CTSM
controller while parameters 𝜆4 and 𝜆5 are related to the ESTF, which
is the reference signal generation method. Control parameters need to
satisfy the condition 𝜆1 > 𝜆2 > 𝜆3 > 𝜛+, i.e., the parameters need to
be higher than the upper bound imposed on the external disturbance.
Based on the disturbance term given by Eq. (8) and knowledge of
6

Table 1
Parameters for experimental study.

System and control parameters Values

CTSMC gains 𝜆1 = 20000, 𝜆2 = 16000, 𝜆3 = 8000
SP-ESTF gains 𝜆4 =

√

2𝜔𝑛, 𝜆5 = 10, 𝜏 = 5 ms.
Grid voltage 𝑉𝑔 and 𝑓𝑔 120 V (rms) 50 Hz
Grid impedance 𝑅𝑔 = 1 mΩ, 𝐿𝑔 = 0.1 μH
Transformer turns ratio 1 ∶ 1
DC link voltage, 𝑉𝑑𝑐 120 V
LC filter 𝐿𝑓 = 0.8 mH, 𝐶𝑓 = 50 μF
Sensitive series load 𝑅 = 100 Ω

Table 2
Qualitative comparative analysis of the methods considered in Section 5.

Control method Tracking accuracy THD

This Work High Very Low
ST-SMC (Biricik et al., 2021) Medium Medium

(a) Comparative analysis of control methods

Filtering Method THD Frequency Estimation
Harmonic Robustness

SP-STF Low High
ESTF Very Low High
SOGI-FLL (Rodríguez et al., 2011) Medium Low

(b) Comparative analysis of filtering methods

DVR circuit, we have obtained the controller gains through trial and
error. For the ESTF, the gain 𝜆4 is selected as a trade-off between
fast convergence and harmonic disturbance rejection properties. By
comparing the transfer function given by Eq. (33) with that of the
standard second-order transfer function, one can find that for an op-
timal damping ratio of 1∕

√

2, the gain 𝜆4 should be selected as
√

2𝜔𝑛
with 𝜔𝑛 being the nominal grid frequency. The gain 𝜆5 determines the
grid frequency estimation accuracy. Through Eq. (42), one can see that
this term determines the exponential convergence rate of the frequency
estimation error. Through numerical simulation 𝜆5 = 10 has been found
to provide a good comprise between the estimation accuracy and the
convergence time.

The simulation results of the sag condition test are presented in
Figs. 7 (a) and experimental results is presented in Figs. 7 (b) and (c).
Captured wave-forms in Fig. 7 shows dynamic response of the DVR
under 50% voltage sag in the grid voltage. As can be seen in both
simulation and experimental results, the grid voltage is reduced from
120 V to 60 V. It can be seen that the converter of the DVR did not
inject voltage before the sag occurs. During the sag condition at the
grid voltage, the required voltage is generated by the converter and
injected to the PCC. As a result of this injection, the voltage at the load
terminals is almost not affected from the voltage sag.

The proposed controller’s performance has also been tested in the
case of voltage swell. For this case, the grid voltage was increased
by 20% from 120 V to 144 V with the help of an auto-transformer.
The simulation results are given in Fig. 8(a) and experimental test
results are presented in Figs. 8 (b) and (c). Whether the grid voltage is
increased or restored, the DVR injects the required voltage to the PCC
and as a result load voltage was not affected by this adverse situation.

The response of the system during voltage fluctuations including
harmonic distortion has been simulated and experimentally investi-
gated. The simulation results in Fig. 9(a) and Experimental results in
Fig. 9(b) and (c) show that the distorted grid voltage is successfully
filtered at the load terminal.

5. Comparative simulation study

In this Section, simulation-based comparative studies are presented.
As a comparison method, recently proposed ST-SMC (Biricik et al.,
2021) has been chosen. It should be noted here that the CTSM con-
troller considered in this work is a combination of both super twisting



H. Ahmed, S. Biricik, H. Komurcugil et al. Control Engineering Practice 128 (2022) 105340
Fig. 7. Simulated and experimental responses of 𝑣𝑔 , 𝑣𝑐 , and 𝑣𝐿 during voltage sag in the grid voltage, (a) Simulation, (b) and (c) Experiment.
Fig. 8. Simulated and experimental responses of 𝑣𝑔 , 𝑣𝑐 , and 𝑣𝐿 during voltage swell in the grid voltage, (a) Simulation, (b) and (c) Experiment.
Fig. 9. Simulated and experimental responses of 𝑣𝑔 , 𝑣𝑐 , and 𝑣𝐿 under harmonic distortions in the grid voltage, (a) Simulation, (b) and (c) Experiment.
Table 3
Comparisons with the existing wider literature on control of single-phase DVR.

Category Hafezi and
Faranda (2017)

Trabelsi et al.
(2018)

Kumar and
Mishra (2015)

Babaei,
Kangarlu, and
Sabahi (2010)

Bae, Lee, Jeong,
and Han (2010)

Biricik and
Komurcugil
(2016)

Proposed

Topology H-bridge PUC H-bridge 1𝜙-AC/AC H-bridge H-bridge H-bridge

AC Current
Sensor

2 𝑖𝐿, 𝑖𝑖𝑓 2 𝑖𝑓 , 𝑖𝑔 2 𝑖𝑠 , 𝑖𝑓 0 2 𝑣𝑔 , 𝑣𝐿 0 0

AC Voltage
Sensor

1 𝑣𝑔 3 𝑣𝑔 , 𝑉1 , 𝑉2 2 𝑣𝑔 , 𝑣𝑐 2 𝑣𝑔 , 𝑣𝑐 2 𝑖𝑠 , 𝑖𝐿 2 𝑣𝑔 , 𝑣𝑐 2 𝑣𝑔 , 𝑣𝑐

Voltage
Controller

PI MPC MPC Rule-based PD SMC CSMC

Parameter
Insensitive

× × × × × ✓ ✓

Controller
Convergence

Asymptotic Asymptotic Asymptotic No Info. Asymptotic Asymptotic Finite-Time

Controller
Complexity

Low Medium Medium Medium Low Medium Medium

Grid-
Synchronization

PLL PLL PLL × PLL None ESTF

Harmonic
Robustness

× × × × ✓ × ✓
and terminal sliding control algorithms. As such, the CTSM controller
can be considered as a fast convergent extension of the super twisting
algorithm. For both techniques, the proposed single-phase ESTF has
been selected as the reference generator to ensure fair comparison.
7

In the simulation, suddenly the grid experiences a −50% voltage sag
together with both low and high-order harmonics. The considered grid
has a total harmonic distortion (THD) of 14.7% and the individual
harmonic components are: 3rd−10%, 5th−8%, 9th−6%, and 13th−4%.
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Fig. 10. Comparative simulation results.

Comparative simulation results given in Fig. 10(a) show that despite the
change in the grid voltage, the load voltage remained constant by the
proposed controller, however, ST-SMC controller has higher tracking
error in the presence of voltage sag and distortion. Higher tracking
8

error is evidenced by the DVR output voltage in Fig. 10 (b). Using the
CTSM method, a THD of 1.08% has been achieved while it is 1.85% for
the super twisting counterpart. This represents a significant reduction
in the THD of the load voltage, which results in higher efficiency and
lower energy consumption by the DVR. High distortion can enhance the
degradation of insulation materials in electrical equipment (Caramia
et al., 2000). As such, the proposed method can significantly enhance
the lifetime of DVR and the load by reducing the THD compared to the
existing ST-SMC approach. The results in Section 5 show the suitability
of the proposed technique over ST-SMC.

In this work, two filters are proposed, namely SP-STF and ESTF.
ESTF is an extension of SP-STF and is proposed by keeping in mind
the harmonic robustness. As a comparison filter, SOGI-FLL (Rodríguez
et al., 2011) is selected. SOGI-FLL is undoubtedly one of the most
popular single-phase grid synchronization techniques available in the
literature. These three filters are tested using the same condition as
above-described. For testing SP-STF and SOGI-FLL, CTSM is used as
the DVR controller to ensure fair comparison among the filters. Load
voltage THD when the proposed controller is used with SP-STF and
SOGI-FLL-based reference generators are given in Fig. 10 (e) and (f).
Results in Section 5 show that the proposed SP-STF filter achieves a
THD of 1.34% while it is roughly 4% for the SOGI-FLL, which is the
comparison method. Results show that the THD for SOGI-FLL is ap-
proximately 4 times higher compared to the ESTF, which is developed
in this work. In addition, thanks to the double-stage filtering, the ESTF
achieves 25% reduction in THD compared to the SP-STF, which uses
single-stage filtering and is also developed in this work. These results
highlight the advantage of ESTF and/or SP-STF as the reference gen-
erator tool for single-phase DVR application. A qualitative comparison
between the comparative techniques can be found in Table 2.

A table-based comparison of the proposed technique with the wider
literature is given Table 3.

6. Conclusion

In this paper, a continuous terminal sliding mode controller is
applied to the dynamic voltage restorer for power quality improve-
ment. To facilitate the reference compensation voltage generation for
the controller, an enhanced single-phase self-tuning filter-type grid-
synchronization strategy is also proposed. A delay-based linear regres-
sion framework is used to make the filter frequency-adaptive. Thanks
to the continuous control signal, the proposed controller significantly
eliminates the chattering while at the same time maintains fast dy-
namic performance. This also helps to achieve constant PWM switching
frequency for the voltage source inverter. It has been demonstrated
that the proposed grid-synchronization technique is highly capable
of extracting the fundamental component even in heavily distorted
grid conditions. Stability analysis of the controller and the filter are
presented. All the theoretical developments are verified through ex-
perimental study by considering challenging grid voltage scenarios.
Experimental results show that the proposed technique is very effective
to maintain the desired load voltage even in the case of grid volt-
age sag/swell and distortions. As a future work, application of the
proposed control method for DVR in improving the power quality of
grid-connected and/or islanded microgrids can be considered.
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