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1. INTRODUCTION

Electrical power fluctuations (flickers) can cause disruptions to several vital systems used in homes,
hospitals, industries, cellular network base stations, and the IT industry. The power grid usually experiences
harmonic distortions, voltage swell, and voltage sag (voltage dip) as a result of these changes [1]-[3].
According to several statistical studies [4], [5], voltage sag is a frequent voltage disturbance problem that has
a negative impact on production costs. Possible reasons for voltage sag/swell include energizing big motors
or transformers, switching activities, defects (short circuits), and sudden changes in load [6]. Dynamic
voltage restorers (DVRs) are widely used in the industrial sector and are one of the most effective ways to
reduce distortions, imbalance, and voltage sag and swell [7]. The overall performance and transient
adaptability of the DVR system are critical in supplying sensitive equipment linked with high-quality power.
On DVR structure, algorithms for control, and modes of operation, a large body of literature exists.

A dynamic voltage restorer (DVR) that may lessen voltage sag in power systems can be controlled
using a unique dual-slope delta modulation (DSDM) technology, as demonstrated in [8]. For the purpose of
restoring the load voltage to its nominal value, this approach creates switching pulses for the CSI's power
electronic switches, which in turn provide the necessary phase angle jumps and missing voltage waveforms.
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A separate PWM pulse generator and a phase-locked loop (PLL)-based artificial neural network (ANN)

controller are employed in [9] for DVR control. A BES-based DC-DVR that mitigates the adverse impact of

voltage sag/swell occurrences on delicate loads in the DC network is described in [10]. Preview study [11], a

dynamic voltage restorer (DVR) application employs the frequency feedback loop-based cascade delayed

signal cancellation PLL to counteract grid voltage disruptions. The DVR system is controlled by the
decoupled af-PLL, which is provided [12]. This controller coupled a closed-loop feedback control signal
with a feedforward control signal. A solar energy-based single-phase DVR with a fuzzy logic-controlled
innovative boost inverter was used to reduce deep voltage sags, swells, and interruptions [13]. Researcher in

[14] suggests a super-twisting sliding mode control technique for single-phase three-level T-type inverter-

based dynamic voltage restorers. DVR employs an intricate wavelet transform-based control technique to

identify and address voltage-related PQ issues [15]. The ESRF theory-based DVR is used in [16] to keep the

ASD's DC-link voltage at its reference value during the sag period, which causes the motor to run at a

constant speed.

It has been demonstrated that the theory of adaptive filters is capable of monitoring changes in the
surroundings and characteristics of unidentified systems where the filter is employed. As conditions change,
the filter variables self-tune, maintaining the environment's and the filter system's behavior to fulfil their
intended roles. Three types of control have been established to capture the phase angle and number of
harmonics in a power system: LMS-based control, least mean fourth (LMF), and least mean square/fourth
(LMS/F) based control [17]. The D-STATCOM with the LMF control method is implemented in [18]. The
distributed static compensator used in [19] generates the active and reactive components by combining LMS
and LMF. The new control algorithms, such as variable step-size Griffith’s LMS [20] and variable learning
factor least mean square algorithm [21], have been implemented for DVR operation. The adaptive filter
algorithm family includes the LMF technique. Walach and Widrow [22] modified the least mean square
(LMS) algorithm in 1984 and created the least mean fourth (LMF) method. The LMF approach has
substantially less noise in the weights than the traditional LMS algorithm when the time constant values for
the two approaches are equivalent. The main goal of the LMF algorithm is to create a restricted steady state
of maladjustment for the specified learning rate, which is different from the LMS approach. The LMS
approach cannot attain high steady-state performance in situations with low signal-to-noise ratios (SNRs)
because it functions as a lower-order adaptive filter. In order to overcome this difficulty and improve the
system's steady-state performance, a fourth-order power optimization has been put into place [23]. Even in
areas with poor SNR, noise interruptions can be neutralized by it. Because of this, the LMF approach has a
fourth-order power optimization updating equation and operates as a higher-order adaptive filter. It has been
demonstrated that adaptive algorithms with high-order moments of errors, such as LMF, outperform
traditional LMS algorithms in terms of mean square error (MSE) [24]. An approach to enhance the adaptive
theory is to propose a composite of two adaptive transverse filters [25].

Prior to being integrated for the purpose of minimizing errors overall, two filters independently
adjust to respective error signals. System dynamic performance is degraded by the sluggish convergence rate
of LMF and standard LMS filters. To address these problems, two filters are combined. A convex
combination of LMF is used to eliminate the trade-off, and the convex filter always guarantees the best
tracking performance. The convex filter gets its name from its ability to always select the highest-performing
component filter. Retrieving harmonics from sinusoids using the suggested CLMF-based control technique
has never been successfully implemented.

This work proposes a two-filter combination for fast-tracking and accuracy. It is said to be better in
the following areas than the current standard algorithms (SRFT, IRPT, and so forth): It is more stable, takes
less time to settle, and has been shown to be more reliable than SRFT and IRPT. It encompasses basic
computation and is easy to implement because it uses simple mathematical blocks for calculation, whereas
SRFT and IRPT use complex blocks like a phase-locked loop (PLL) and so on. The CLMF algorithm is
implemented in this work to operate the DVR. The main contributions include:

— The recommended convex combination of the least mean fourth (CLMF) control method employed for
DVR operation has an adaptable character and quickly converges to extract the fundamental source
voltage (FSV) component.

— The compromise between tracking capabilities and accuracy of LMF filters owing to fixed stepping is
addressed by the CLMF algorithm, which provides a combination of two filters for rapid tracking and
precision. Furthermore, the suggested controller does not require a sophisticated PLL architecture.

— The suggested controller outperforms traditional LMS and LMF adaptive filters in terms of total
harmonic distortions (THD) analysis, computation complexity, steady-state, and dynamic performance.
The outline of the paper includes DVR system configuration, details of the proposed control algorithm, a
discussion on results, and the comparison of the proposed control algorithm with previously developed

control algorithms.
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2. SYSTEM CONFIGURATION

Figure 1 shows how the DVR system is designed. It is feasible to attach different kinds of loads at
different periods to disrupt the PCC by using a switch or breaker. Voltage sag and swell are experienced by
the supply voltage when the inductive and capacitive loads are turned on. Harmonics and voltage imbalance
are created in the supply voltage in the same way by turning on the diode rectifier with an RL-load and the
three-phase unbalanced load. In order to evaluate real-time performance, supply voltage is obtained at the
point of common coupling (PCC) after taking the influence of source impedance into account. The load
voltages and load currents are monitored at the load bus, which is linked to the crucial load. The DC bus
capacitor is chosen with the ability to respond quickly to dynamic changes in the system under consideration.
The control algorithm generates gate pulses that assist the voltage source converter (VSC) in converting DC
to AC voltage. The DVR operates in response to a disruption in the system, and it uses the injection
transformer and VSC to inject the required voltage into the system. The CLMF control algorithm is
responsible for realizing the gating signals to the VSC. As a result, the power quality improves and the load
voltage turns sinusoidal.
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Figure 1. System configuration of DVR: control strategy of DVR using composite least mean
fourth (CLMF) algorithm

3. CONTROL ALGORITHM

The overall structure of the CLMF control method is shown in Figure 2. A recommended CLMF
control algorithm must be used to extract the basic active and/or reactive component from the three supply
voltage phases, as shown in Figure 2. The basic active components extraction unit, the reactive component
extraction unit, and the PCC voltage amplitude calculation, which may be utilized to produce the load
reference voltage, are depicted in this diagram. The active and reactive fundamental components of each
phase have been averaged to find the fundamental components of the three-wire supply voltage.

3.1. Conversion of line voltage sensed into phase voltage

In the beginning, the line voltages v,;, and v, are anticipated at the PCC and phase voltages vy, vy,
and v, are computed with the help of the formula as (1)-(3) [24].

2 1
VUsq = gvab + gvbc 1)
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1 1
Usp = — gvab + gvbc @)

1 2
Use = — gvab 3 Ubc 3)
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Figure 2. System configuration of DVR: overall CLMF-based control algorithm

3.2. Unit template evaluation and terminal load voltage amplitude calculation

The generated load voltages are composed of two components, one of which is in the same phase as
the PCC voltage and is known as the in-phase component 7,4, , and the other is in quadrature 7,4, With the
PCC voltage. The load current i, ;. is used for the evaluation of unit templates. The peak amplitude of load
current I, 4 is calculated as (4).

ha = [ VTG G+ ) @
The predicted in-phase unit templates are as (5).
rpk=ji—z;k=a,b,c )

Furthermore, the in-phase unit templates are utilized for the prediction of the quadrature unit template as (6).

- (-rpp+7pc)
qa V3

_ 3TpatTpb—Tpc
Tqb =

2v3
—=3rpa+Trpp—T;

— pat"pb~Tpc

T'qc - 23 (6)

The terminal load voltage amplitude can be calculated as (7).
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v, = f SO T o T )8 %

3.3. Retrieval of fundamental active components using the CLMF algorithm

The proposed algorithm uses a convex composition of the LMF. Here, in this work, two LMF
adaptive filters have been used. The equations of LMF applied for phase ‘a,” phase ‘b’, and phase ‘c’ are
identical. The generalized equation of LMF for retrieval of the fundamental active component is as (8).

Xispm(n +1) = Xispm(n) +0; X eSprrmi(n) X rpm(n); m=a,b,c;i=12 (8)

Hence, the weight equation of the first LMF adaptive filter for retrieval of the fundamental active component
of phase ‘a,” phase ‘b,” and phase ‘c’ can be written as (9).

Xlspa (Tl + 1) Xlspa (n) e3prra1 (n) X rpa(n)
Xlspb (Tl + 1) = Xlspb (n) + 0q X eSprrbl(n) X rpb (n) (9)
Xlspc(n +1) Xlspc(n) e3prrcl(n) X Tpc (n)

Where the term ep,,q1 (1), €prrp1 (1), €prrc1 (n) shown in (9) is the adaptive component error, which is
obtained as (10).

€prra1 (n) Vsa (Tl) Tva (n)
€prrb1 (Tl) = |Vsp (n) - XTsp (n) X |Top (n) (10)
eprrcl (n) Usc (n) rpc (Tl)

The term vy, (n), v, (1), vsc(n) is the phase voltage of the source, x;spq (M), X15pp (M), X15pc (M) 1S
the weight of the fundamental active component for all three phases of the first filter. The weight component
of the second filter, along with its error equations, can be depicted as (11).

[X2spa(M+ D] [Xaspa(M)] 3 prraz () X Tya (1)

Xospp (M + D[ = | Xospp (M) | + 05 X [€3 2 (1) X 1 (1)

| XospeM+1)] [ Xaspe () ] 3 prrea(n) X Tye(n)

-XZSpa(n + 1)] -XZSpa(Tl)- 7{175‘1 (m) — XTSP (n) x rpa(n)} X rpa(n) (1)
Xaspp (M + D[ = | Xaspp (W) [ + 0, X {Vsb (m) - XTSp (n) X 1pp (n)} X 1pp (1)

e+ DL DesneML |y ) 470 x e} X 1)

The a4, g, is the adaptation constant selected aptly to seize the relevant result, and r,,(n) is the in-phase unit
vector as derived in (5). The combined weight of the convex composition of the two filters for phase ‘a’ is
calculated using (12), from the individual weights of the filters.

Xspa(n) = Xlspa(n) X ((n) + )(Zspa(n) X [1 - Z(n)] (12)

To ensure that the composition is convex, we must find a function of {(n) that is bounded from zero
to one. This property is shared by sigmoid functions, which are also smooth (perfect for derivatives). The
sigmoid function plays a crucial role in ensuring a valid convex combination between the two adaptive
filters, enabling smooth and stable adaptation. By constraining its value between 0 and 1, it prevents
instability by avoiding extreme parameter shifts. This bounded range ensures a gradual and controlled
transition between filters, enhancing overall stability. Additionally, it improves performance by allowing
dynamic adaptation based on error conditions, effectively optimizing the contribution of each filter within the
specified range. The exponential function (sigmoid) further increases the computational burden. However,
rapid tracking and precision are the benefits of the aforementioned control algorithm.

3.4. Active and reactive loss component estimation
The DC bus voltage V. is sensed and then subtracted from the reference DC-bus voltage V,;.". It
generates the error signal V;, which is passed through the proportional-integral (P1) controller, called ‘DC-
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PI’. The PI controller gives the active loss component V,;p; as output, which helps to maintain the DC bus
voltage at the rated value and meets the VSC losses modelled at mt" sampling time as (13).

Vapr (M) = vap (m — 1) + kpg(vae (M) — vge(m — 1)) + kg (v4.(m)) (13)

Where, k,q and k;4 are gains of the PI controller. The reference load voltage is calculated, which is
335 V (peak of amplitude of source voltage). To achieve the voltage regulation, the measured load terminal
voltage is subtracted from the reference load terminal voltage. The error obtained by taking the difference
between reference load terminal voltage and measured load terminal voltage is passed through the PI
controller, called ‘AC-PI’. The error at the m*"* sample instant can be determined as (14).

Ve (m) = v* (m) — v (m) (14)
The PI controller gives a reactive loss component v;pr as output is given by (15).
Vipg (m) = Vipg (m - 1) + kpq (vte (m) — VUte (m - 1)) + kiq (vte (m)) (15)

The k,, and k;, are the proportional as well as integral gain of the ac-PI. The PI controller gains for
both the DC-link and AC voltage loops were tuned using a trial-and-error approach in the simulation
environment. Initial values were selected based on standard design guidelines, considering system time
constants and desired dynamic response. The final gains were chosen once the desired performance was
consistently achieved across typical operating conditions.

3.5. Generation of reference three-phase load voltage component
The total fundamental active weight component of the load voltage V,, is determined by subtracting
the DC-PI output (loss component) V,,; from the averaged active weight component .

VLp =Xsp — Vapr = Va — Vapr (16)

The active component of the reference load voltage is obtained by multiplying the total fundamental active
weight component of the voltage V;,, with the in-phase unit vectors. This is used for the calculation of the
reference load voltage v* ;. as (17).

Viape = VLp X Tpabc (7)

The total fundamental reactive weight component of the terminal voltage V,, is determined by adding the
AC-PI output v;p; with the averaged reactive weight component x;, as (18).

Vig = Vg + Vipr = Xsq T+ Vipy (18)

The reactive component of the reference load voltage v* ;4 is obtained by multiplying the total fundamental
reactive weight component of the V;,, with the quadrature unit vectors 4. This is used for the calculation
of reference v* yqp..

17*qabc = Vqu X Tgpabc (19)
The total reference load voltage v, is obtained as (20).

* — * *
Ulabe =V pabc +v qabc (20)

4, RESULTS AND DISCUSSION

The system is designed with MATLAB/Simulink, with the events created at the source side with the
help of a three-phase programmable source. The MATLAB 2016a is employed for the development of the
simulation model with a sampling time of 20 us. The voltage sag as well as swell is created at 0.45 sec. to 0.53
sec. and 0.75 sec. to 0.83 sec. respectively. The voltage unbalances and distortions are created at 0.6 sec. to 0.68
sec. and 0.91 sec. to 0.98 sec. respectively. The following subsections describe the overall performance of the
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suggested controller with its internal signals, steady state, and dynamic response, along with THD analysis. The

parameters used for simulation are provided below:

- System parameters for simulation
Grid voltage with voltage anomalies: 3 phase, 410 V, 50 Hz; load of 10 kVA with 0.82 p.f. (Lagg.); rating
of injection-transformer =11 kVVA, 200/200 V; DC-link voltage (Vq4) = 300 V; DC bus capacitor (Cqc) =
3300 pF; interfacing inductor (Li) = 3 mH; passive ripple filter: R, = 6 Q and C, = 10 uF; switching
frequency fs = 10 kHz, adaptation constant used o, = o, = 0.0001.

4.1. Performance of DVR with CLMF-based control algorithm

The internal signals play an important role in investigating the performance of the proposed
controller for the operation of the DVR to mitigate all voltage-related anomalies. Figure 3(a) illustrates the
internal signals of the proposed controller during voltage sag and unbalance. On the other hand, Figure 3(b)
depicts the internal signals of the proposed controller during voltage swell and distortions. Figure 3(a) and
Figure 3(b), the subplot (1) indicates the source voltage v, along with all voltage-related power quality
issues at the different instants of the period. The average of all three phases of the active and reactive
components of weights has been taken. These two parameters i.e., x,, and y, are represented in subplots (6)
and (7). The average value of the active and reactive components of the source voltage is then passed through
the LPF, which gives y,, = V; and x,, = V; signals. The output of the DC-PI Vyp, is subtracted from the
average of the active component of a source voltage V,; which gives the load voltage active component V. It
is shown in the subplot (8). Similarly, the output of AC-PI v;;, is added with an averaged reactive component
of a source voltage V;; which gives the load voltage active component V,p. It is shown in the subplot (9). The
reference load voltage is depicted in the subplot (10). From the subplot (10), it is observed that the reference
load voltage v*,,;. is constant in magnitude and the same as that of the normal condition, irrespective of
voltage sag, swell, distortion, and unbalance. It shows the effectiveness of the proposed controller.

4.2. Dynamic and steady state response of DVR with proposed controller

The aggregate DVR performance with a suggested controller is portrayed in Figure 4. Figure 4(a) is
dedicated to voltage sag and unbalance, whereas Figure 4(b) represents mitigation during voltage swell and
distortions. The subplot (1) of both the figures represents the three-phase source voltage vy, With
aforementioned events. The maintained load voltage v,,;. even during all disturbances is shown in subplot (2)
of Figure 4. The voltage inserted by the DVR in all three phases vy jq, Vinjp, Vinjc IS represented separately in
the subplots (3), (4), and (5). The load terminal voltage V;, as well as the DC link voltage V. is as shown in
subplots (6) and (7), which settle at their reference levels with small variations during supply disturbances.
Finally, the load current i, is represented in subplot (8). Both Figures 4(a) and 4(b) show that the load voltage
is maintained even though there are sag, swell, unbalance, and distortion issues in the supply voltage.

The performance comparison with respect to THD analysis has been presented for conventional
LMS, LMF, and CLMF control algorithms in Figure 5(a), which shows both the source voltage and load
voltage of algorithms in a graph format. When compared to other algorithms, the source voltage of the
CLMF algorithm is 21.78%. The load voltage for CLMF comes out to be only 3.83%.

The performance of the control algorithms after implementing the optimization algorithm for the
approximation of Pl gains has been assessed using the DC-link voltage response. The DC-bus voltage
responses for each of the three control algorithms are shown in Figure 5(b). In this instance, the index
parameters for the three control algorithms have been identified as rise time (T,), settle time (Ts), and
percentage peak overshoot. The rise time (T;) is calculated at 100 % of the final value (i.e. at 300 V). Also, to
be noted is the fact that these index parameters were calculated with a 2% tolerance range (294 V-306 V) was
used to generate these index values. For the proposed CLMF control algorithm, the rise time, settling time,
and % peak overshoot are 0.082 sec., 0.092 sec., and 2.33% respectively, which are indicated by a blue color
curve. The LMF control algorithm has a rise time = 0.082 sec., a settle time = 0.1 sec. and % peak overshoot
= 3.66% respectively, indicated by the green curve. On the other hand, the rise time, settling time, and %
peak overshoot are 0.0797 sec., 0.105 sec., and 5.83% respectively for the LMS algorithm indicated by a red
curve. The dynamic performance of the proposed control algorithm, along with LMF and conventional LMS,
has been tabulated in Table 1. Although LMS exhibits a marginally faster rise time (0.0797 sec. Vs.
0.082 sec.), the claim of 'faster convergence' for CLMF likely pertains to the algorithm's internal convergence
behavior -specifically, the speed at which it stabilizes its adaptive coefficients or minimizes the error norm.
This metric, distinct from rise time, better reflects the learning efficiency and robustness of CLMF.
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Figure 5. Performance comparison: (a) graphical representation for THD analysis of LMS, LMF, and
proposed CLMF control algorithm; and (b) DVR DC-link voltage response by adjusting gains of Pl
controller with proposed and conventional LMS, LMF control algorithm

Table 1. Comparison of conventional LMS, LMF, and the proposed algorithm

Method LMS LMF CLMF
Type of filter Adaptive  Adaptive Adaptive
Rate of convergence Slower Fast compared with LMS Faster compared with LMS
Source voltage THD (%) 21.79 21.79 21.78
Load voltage THD (%) 4.99 4.38 3.83
% Peak overshoot 5.83 3.66 (2% less compared with LMS)  2.33 (3% less compared with LMS)
Rise time (T, sec.) 0.0797 0.082 0.082
Settle time (T, sec.) 0.105. 0.1 0.092

5. CONCLUSION

The performance of DVR with an innovative composite least mean fourth (CLMF) control scheme
has been discussed. The suggested control algorithm is capable of dynamically responding to voltage-related
power quality issues. Additionally, it has been noted that the control algorithm successfully works under
distorted and unbalanced signals. In terms of reference voltage extraction and PI gain tuning, the dynamic
voltage restorer (DVR) system’s performance has significantly improved with the proposed CLMF control
algorithm. Results demonstrate that the proposed CLMF-based control scheme gives a better rise time, 0.082
sec., and less settling time, 0.092 sec., respectively, with a peak overshoot of 2.33% compared with
conventional LMS and LMF control algorithms. The adaptation constant parameter tuning method is also
explained. Because of its adaptive nature, the use of CLMF reduces the computational time and noise in the
form of distortions/unbalances and can be easily removed from the signal. According to IEEE 519-2022 std.,
the load voltage's THD analysis is less than 5%. Thus, it can be concluded that the performance of the
developed control algorithm is satisfactory. The limitation of the proposed control algorithm is the difficulty
in choosing the mixing parameter.
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