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Abstract: An excess non-linear and unbalanced load application increases the power quality (PQ)
problem by injecting harmonic current. The avoidance of neutral current control creates additional PQ
problems due to excess circulating current in modern 3ϕ4W applications. Therefore, this manuscript
suggests improved αβ transform-based voltage and current control approaches for both 3ϕ3W and
3ϕ4W shunt active filter (SAF) applications. In the proposed approach, a novel combined voltage
and current (NCVC) control approach is presented for modern 3ϕ3W systems by using voltage and
closed-loop current controllers. However, due to the absence of a neutral current, the NCVC is not
sufficient for 3ϕ4W system application. Therefore, by considering the current reference parameter
generated from the NCVC, a novel harmonic compensation technique (NHCT) is proposed with
proper mathematical expressions for the 3ϕ4W application. To show the importance of NHCT over
traditional P-Q-R control, the developed MATLAB/Simulink model is tested by using different 1ϕ

and 3ϕ nonlinear/unbalanced load conditions. The comparative results indicate that, by using NHCT,
the 3ϕ4W system contains a lesser total harmonic distortion (THD) and harmonic mitigation ratio
(HMR), less ripple frequency, an improved power factor, a lesser neutral current, and a balanced
active/reactive power condition. From the above comparative analysis results, it is found that the
overall improvement percentage is 66.78%. The above findings justify the significance of the NCVC
and NHCT approach during both unbalanced and non-linear load-based 3ϕ4W applications.

Keywords: shunt active filter (SAF); non-linear/unbalanced load; power quality (PQ); novel
harmonic compensation technique (NHCT)

1. Introduction
1.1. Harmonic Problem Associated with Modern Load Applications

The distribution sector faces many challenges due to the varying loads, non-linear/
unbalanced loads, reactive power demand, and harmonic current issues [1]. Power system
voltage is distorted due to the absorption of nonlinear current harmonic components [2].
The presence of both non-linear voltage and current in a power system increases the
instability, frequency imbalance, and power losses in the line; reduces the power factor;
and affects the performance of the sensitive load [3]. Generally, the nonlinear currents
and voltages by 3ϕ non-linear loads like motor drives, thyristor-based rectifiers, and
uninterruptible power sources (UPS) have both positive (7th and 13th, etc.) and negative
(5th and 11th, etc.) sequence harmonics [4]. However, the non-linear current and voltage
produced by using 1ϕ non-linear load like a switch mode power supply (SMPS) [4] are
attached to a 1ϕ to neutral current in a 3ϕ4W power system to produce the three-order zero-
sequence harmonics (3rd, 9th, 15th, etc.) [5]. As a result, the above-generated positive and
negative sequence components and the three-order zero-sequence harmonic currents are
added arithmetically at the neutral bus [6]. Therefore, in 3ϕ4W power system application,
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the magnitude of the neutral current is increased to 1.75 times that of the phase current [7]
and affects the power quality (PQ). In addition to that, defective cables and overheating
transformers generate an additional, third harmonic component, and these components
also affect the system’s efficiency and stability. Hence, in modern power applications, there
is a need to regulate the neutral current and harmonics within the specified limit.

1.2. Evolutions of Filters and Associated Problems

For a stable and improved performance at the generation [8], distribution [9], and
transmission [10] sectors, the above nonlinearity and PQ issues must necessarily be ad-
dressed. As a solution, conventionally, electromechanical devices such as tap changing
transformers [11], passive filters [12], and synchronous condensers [13] are used to solve the
PQ-related problems. Generally, passive filters are widely chosen due to their simple design
and lower cost. However, conventional passive filters cannot eliminate the harmonic/non-
linearity due to an increase in size, fixed reactive power supply and improper tuning of
the resonance, etc. [13]. As a solution, power electronic-based devices like the dynamic
voltage restorer (DVR) [14], shunt and series active filter [15], static compensator [16], and
unified power quality controller (UPQC) [17] are widely selected to resolve the PQ related
problems. Still, due to the requirement of excess power electronic switches and fixed
compensation, shunt active filter (SAF)-based voltage source inverters (VSIs) are selected
for simple design, economy, and better performance [18]. In addition to that, SAFs are
used to eliminate the harmonics/non-linearity through a variable frequency and reactive
power supply [19]. However, this type of filter integration is only feasible for 3ϕ3W system
applications, and the performance is affected due to the excess circulating current present in
the system [20,21]. In a practical system, the role of a neutral current path is very important:
to protect the system from sudden surges or transient conditions [22]. In [23,24], a four-leg
SAF-based VSI is chosen for 3ϕ4W system applications and facilitates a neutral current
path to eliminate the circulating current. However, to get optimal performance in terms of
reduced switching loss and proper switching signal generation, finding a better and more
robust control technique for four-leg SAFs is necessary [25]. Therefore, to overcome the
above shortcomings, there is a requirement to find novel control strategies for reducing the
switching losses, circulating current, and harmonics obtained from the non-linear load.

1.3. Need for Coordinated Control

In this section, the need for a novel coordinated controller is discussed by evaluating
the merits and demerits of existing literature. In [26], for 3ϕ SAF operations, a linear feed-
forward control approach is recommended. However, the design of the above controller is
complex with a linear control strategy for both steady-state and transient-state conditions
because the active power filter contains multiple control inputs and state variables. There-
fore, the traditional control approaches such as a linear quadratic regulator (LQR) [27] or
linear Gaussian servo controller (LGSC) [28] are suggested for computing the switching
pulses for the inverter. However, the above controllers do not provide significant perfor-
mance during non-linear load applications and take more time to generate the pulses for
inverter operation. In [29], due to the non-linear characteristics of the active filter, a sliding
mode control (SMC)-based robust control strategy is suggested. However, in practical
system application, the above strategies lag in their performance due to the chattering prob-
lems and the presence of additional noise [30]. The chattering problems are undesirable
phenomena of oscillation that occur at constant frequency and amplitude [31]. Due to the
above issues, the system lags in its performance by reducing the control accuracy, affecting
the moving mechanical parts, and producing high heat losses in an electric circuit [32].
In [9,33,34], advanced control strategies are proposed for 3ϕ4W operation. However, the
robustness of the controller is identified only during balanced load conditions, and, during
unbalanced load conditions, the PCC voltage is severely affected. To avoid the above prob-
lem, in [35,36], suitable modifications are proposed by reducing the sensor requirement
to balance the PCC voltage irrespective of unbalanced load conditions. However, during
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the controller design, the engineers do not consider the zero-sequence component because
of the delta connection of the transformer in [35] and the delta connection of a non-linear
load [36]. In [37], two independent controllers are suggested for grid-forming and grid-
following modes of operation. In [38,39], the unbalanced load voltage is compensated in
the αβ frame. Still, in [37–39], zero-sequence components are not considered during the
controller design. For 3ϕ applications, instantaneous power theory (IPT) is considered
widely for simple design and implementation [40]. Therefore, the proposed concept is mod-
ified [41] and implemented for a 3ϕ4W system operation [42]. In 3ϕ3W [35] or 3ϕ4W [43]
system operation, IPT is used to compute the necessary compensating currents by assuming
a linear utility voltage. However, during real-time applications, the utility voltage may
be unbalanced or distorted. Under such circumstances, the control of the 3ϕ4-leg SAF
using the traditional IPT scheme does not offer better performance during non-linear and
unstable load applications [44]. Therefore, designing an appropriate, effective controller for
regulating the neutral and harmonic current at the desired limit during distorted utility
voltage and non-linear/ unbalanced load applications is necessary.

1.4. Major Contribution towards Advancement

The primary objectives of the manuscript are presented as follows.

• Design of a new coordinated voltage and current control approach for 3ϕ3W and
3ϕ4W systems with lesser complexity and easier implementation.

• Development of a novel harmonic compensation technique (NHCT) by considering
the reference current generated from an NCVC and verifying the controller through
an original mathematical expression for the 3ϕ4W microgrid system.

• Analysis of the impact of the neutral current and comparison of the proposed perfor-
mance with the traditional P-Q-R approach.

2. Integration Problems and System Modeling

This section is divided into three subsections. In Section 1, the modern 3ϕ3W and
3ϕ4W Utility Grid with a distribution-flexible AC transmission system (DFACTS) and
associated problems are discussed. Looking at the problems, the proposed system model
organization with a detailed schematic diagram is presented in Section 2. To give a proper
mathematical justification, detailed mathematical modeling of the proposed system for
component extraction is presented in Section 3.

2.1. Modern 3ϕ3W and 3ϕ4W Utility Grid with DFACTS

In this section, the problems associated with the modern 3ϕ3W and 3ϕ4W utility grid
with DFACTS are presented.

• The modern 3ϕ3W utility grid requires three-leg insulated gate bipolar transistor
(IGBT) switch-based DFACTS devices for compensating the harmonics and unbalanced
loads. Among different types of DFACTS devices, preferably active power filters
(APFs) are selected for balancing the voltage, frequency, and phase angle. APFs are
used for specific applications like shunt and series compensation. The modern 3ϕ3W
utility system facilitates only three-phase non-linear and balanced/unbalanced load
applications. The main problem associated with a 3ϕ3W system is the lack of a return
path for an unbalanced current, which leads to distortion of the grid voltage.

• The modern 3ϕ4W utility grid requires four-leg IGBT-based DFACTS devices for
alleviating neutral, harmonic, and unbalanced current components. APFs are also
applicable for both shunt and series operations. This type of system is applicable for
both single-phase and three-phase nonlinear and balanced/unbalanced load appli-
cations. This is more applicable to modern power system applications. In case of an
unbalanced load, a neutral line provides a path for neutral current regulation, which
reduces the circulating current issues. The main problem associated with the modern
power system includes excess neutral current, non-linearity, and voltage regulation.
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For regulating the 3ϕ4W system, an additional PWM is required, which is generated
by the associated control method using the fourth wire of the system.

Looking at the above problems and modern power system needs, the regulation
of both the 3ϕ3W and 3ϕ4W systems is a challenging issue. A proper controller design
with an appropriate mathematical representation is much needed for real-time problems.
The recommended features in the controller include robustness, speed, and adaptation
to the system variations based on the current information related to single/three-phase
nonlinear and unbalanced load applications. This motivates the development of a coor-
dinated controller for both 3ϕ3W and 3ϕ4W utility-grid-based SAFs for modern power
system applications.

2.2. System Organization

• The complete proposed system architecture is presented in Figure 1. In this proposed
system architecture, a 3ϕ4W grid is directly connected to the non-linear load. To see
the variability, the non-linear load is converted to the unbalanced load through a C.B.
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Figure 1. A 3𝜑4W SAF_based coordinated power system schematic diagram. Figure 1. A 3ϕ4W SAF_based coordinated power system schematic diagram.

• As shown, a 3ϕ4W-based voltage source inverter (3ϕ4W-VSI) is designed by consider-
ing eight IGBT switches (T1, T2, T3, T4, T5, T6, Tn1, and Tn2) and a dc-link capacitor
(Cdc). In this proposed system, the modeled 3ϕ4W-VSI is connected to the system
in quadrature.

• To eliminate the ripples present in the system, an additional LC filter is connected in
series with the inverter.

• Disturbances like frequency variations, the dc-link voltage regulation, power factor,
and harmonics are regulated through the proposed 3ϕ4W −VSI.

• Due to the shunt connection of the VSI and switches operated in the power frequency
cycle, the inverter can behave as a shunt active filter and eliminates the nonlinearity
present in the circuit. Thus, the system draws a balanced current from the grid and
maintains a unity power factor.

2.3. Detailed Mathematical Modeling for SAF Component Extraction

The successful operation of SAFs depends on the required unbalanced load neutral
current generation. Due to the above operation, the neutral grid current can be bounded to
zero, and this shows the balanced operations of the grid. The complex power (Scomp) and
neutral current (In) equation of a non-linear-based system is represented as in [45,46].

Scomp = (P + P̃) + j(Q + Q̃) (1)
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In =
√

I2
a + I2

b + I2
c − Ia Ib − Ib Ic − Ia Ic (2)

Equation (1) shows that the complex power contains both balanced (P and Q) and
oscillating (P̃ and Q̃) components. In Equation (2), Ia, Ib, and Ic are denoted as the
phase currents presented in the 3ϕ4W system. Due to the applications of non-linear
and unbalanced load, the total power of the 3ϕ4W system contains both harmonic and
unbalanced components. Oscillating components are the combination of both harmonic
and unbalanced components. The main purpose of using 3ϕ4W SAFs is to eliminate the
unbalanced/harmonic components and to achieve a unified power flow operation. During
that period, the grid voltage and grid current must lie in the same phase (i.e., Vg〈0 ,Ig〈0).
To compute the required Scomp, the proper estimation of compensating current (I∗c ) plays
an important role. Due to the shunt connection of the SAFs, I∗c also helps to eliminate
the harmonic/unbalanced components present in the system. Therefore, there is a need
for a proper mathematical representation for estimating the I∗c with the help of P̃ and Q̃,
respectively. Then, the supplied Scomp can be computed as

Scomp = Vg × I∗c (3)

where I∗c is termed as the supplied compensating current with a phase angle ∠θi and
computed as

I∗c =
Vf∠θv −Vg

Z f∠θz
⇒ Vf = Vg + IcZ f∠θi + θz (4)

where Vf is termed as the supplied compensating voltage with a phase angle ∠θv and Z f

is termed as the series impedance with a phase angle θz. The P̃ and Q̃ components are
computed by substituting Equation (4) in Equation (3) and presented as

Scomp = Vg

(
Vf∠− θv −Vg

Z f∠− θz

)
=

VgVf∠θz − θv

Z f
−

V2
g ∠θz

Z f

P̃ =
VgVf

Z f
cos(θz − θv)−

V2
g

Z f
cos(θz)

Q̃ =
VgVf

Z f
sin(θz − θv)−

V2
g

Z f
sin(θz)

 (5)

From Equation (4), it is clear that the oscillating active/reactive power, and specifically
the injected current, is regulated by controlling the SAF terminal voltage, current, and the
associated impedance. Therefore, to achieve the above-planned objective, it is necessary
to regulate the individual VSI switches so that the SAF impedance and nonlinear load
impedance are converted to linear load and the system improves the PQ. Therefore, the
switching operation of the SAF decides the control architecture of load compensation.

3. Coordinated Control Algorithm

In this section, the proposed coordinated control algorithm is designed by combining
both NCVC and NHCT approaches for 3ϕ3W and 3ϕ4W grid-connected non-linear and
unbalanced load applications. The detailed controller performance with proper math-
ematical representations is discussed below. Initially, the detailed control algorithm of
NCVC architecture for a 3ϕ3W system is presented. By using the component extracted
from NCVC, the proposed NHCT approach is structured for 3ϕ4W system applications.

3.1. NCVC Architecture for a 3ϕ3W System

To reduce the computational burden and reduce complexity, the proposed NCVC
control architecture is presented for a 3ϕ4W application by neglecting the zero-sequence
component. In the proposed approach, the voltage controller regulates the real and reactive
power. In addition to that, the current controller is used to regulate the inverter current
output by selecting an appropriate switching sequence or modulation index. To obtain a
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complete idea, both the open-loop and closed-loop models with appropriate mathematical
representation are discussed below.

3.1.1. Open-Loop PCC Voltage and VSI Controller

During the switched-on conditions of VSI, the open-loop VSI current control model is
designed by using Kirchhoff’s voltage law (KVL) and represented in the αβ component.
The following equations are represented in the frequency domain. Frequency domain
analyses are used to convert differential equations into simple algebraic equations [47,48].

(L f + Lg)SIα(s) + (R f + 3Ron + Rg)Iα(s) = Vf α(s) + Vgα(s)−Vlα(s) + 2π(L f + Lg)
[ fo + ∆ f (s)]Iβ(s)

(6)

(L f + Lg)SIβ(s) + (R f + 3Ron + Rg)Iβ(s) = Vf β(s) + Vgβ(s)−Vlβ(s)− 2π(L f + Lg)
[ fo + ∆ f (s)]Iα(s)

(7)

The open-loop proposed VSI voltage control model is designed by using Kirchhoff’s
current law (KCL) and represented in the αβ component.

C f SVf α(s) = I f α(s) + Igα(s)− Ilα(s) + 2πC f [ fo + ∆ f (s)]Vf β(s) (8)

C f SVf β(s) = I f β(s) + Igβ(s)− Ilβ(s)− 2πC f [ fo + ∆ f (s)]Vf α(s) (9)

where Lf and Lg are termed as a filter and grid inductor, Rf and Rg are termed as the filter
and grid resistance, Ron is termed as the switching on resistance, Cf is termed as a capacitive
filter, and Iα(s) and Iβ(s) are termed as the active and reactive current components. Iα(s)
is termed as the combination of the active filter and grid current component, and Iβ(s)
is termed as the combination of the reactive filter and grid current components. Vf α(s),
Vgα(s), and Vlα(s) are termed as the active components of filter voltage, grid voltage, and
load voltage, respectively. Similarly, Vf β(s), Vgβ(s), and Vlβ(s) are termed as the reactive
components of filter voltage, grid voltage, and load voltage, respectively. fo and ∆ f (s) are
termed as the operating frequency and change in frequency due to the system variations.

3.1.2. Closed-Loop PCC Voltage Controller and VSI Controller

X Working of the VSI Voltage Controller:

As stated in Figure 2, the main motive of the PCC voltage controller is to control the
active and reactive components of the PCC voltage as per the desired grid voltage signals.
To develop the voltage controller, specific filters such as a Notch filter (Fn(s)), capacitive
filter, and regulators are required. The detailed description regarding filter selection as
well as design is presented in Appendix A. Figure 2 shows that, at first, the three-phase
grid voltage (Vg,abc) and load current (Il,abc) components are converted to the two-phase
grid voltage (Vg,αβ0) and load current (Il,αβ0) components. The NCVC technique is only
used to generate the signals 3ϕ3W −VSI by reducing the complexity and computational
burden. To eliminate the higher-order harmonics from the voltage (Vgα and Vgβ), a notch
filter is used initially. After eliminating the harmonics, the sensed voltage signals (Vpα

and Vqα) are compared with the reference voltage signals (Vre f
gα and Vre f

gβ ) to find the active
and reactive error signals (Uvα and Uvβ). The obtained error signal is linearized through
the PI regulator. The selection of regulators is explained below. The reference voltage
signal is also used to determine the frequency component through the capacitive filter
and closed-loop frequency regulator. The detailed structure of the closed-loop frequency
regulator is illustrated in Figure 3. The controller structure is designed by considering
Equations (8) and (9). In addition to that, to eliminate the non-linearity present in the active
(Ilα(s)) and reactive load (Ilβ(s)), the notch filter is used. After getting all the linearized
values (Ipα and Iqβ), the voltage controller extracts the linear active and reactive (I+lα and
I+lβ) current components. The sensed values are further used to design the current controller
for VSI operation. The proposed PCC voltage controller references are determined by
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analyzing the active/reactive power, frequency, and power factor demand as illustrated
in Figure 3. The undertaken controller design parameters are presented in Appendix B
(Table A1).
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Figure 2. NCVC architecture for 3𝜑3W VSI application. Figure 2. NCVC architecture for 3ϕ3W VSI application.

X Regulator Selection:

As one of the open-loop poles is already at the origin, the system achieves zero
steady-state error conditions easily. Therefore, for harmonic elimination or avoidance of
any uncertainty condition, the applications of the proportional controller have gained
interest [19,26]. A higher value of the proportional gain is selected for faster system
response, and a lower value is chosen to improve the system’s stability during any transient
conditions. In these circumstances, the proportional integral regulators (PIR) are also
preferred at one condition by avoiding the chances of pure integrator conditions; otherwise,
the system loses its stability. To guarantee zero steady-state error, all the regulators used
in the NCVC are generally PIRs. The zero of the PIRs is selected so that it cancels out the
close to origin pole of the open-loop system. The selection of the PIR gain ‘K’ occurs in
such a way that, for a more significant value, it gives a faster response. In addition, it limits
the peak overshoot to a safer limit (if the root locus is drawn, for a stable reply, all the
closed-loop poles are present on the left side of the s-plane at all PIR gain values). All the
regulators of the current controllers are presented as

Kα(s) = Kβ(s) = K(
s + τ

s
) ∵ τ =

R f + Rg + 3Ron

L f + Lg
(10)



Energies 2022, 15, 7526 8 of 26Energies 2022, 15, x FOR PEER REVIEW 8 of 28 
 

 

gV

gV

+
lI

+
lI

0gV

0lI

lP

0P

lQ

)s(FN

)s(FN

)s(FN

 

   

  −
=

 

 
++ 0lll

0
g

g
g

g
g

0ll

III

V
0

0

0
V

V

0
V

V

3
2

PQP









lP
~

lQ
~

0P
~

extraP

dcV

ref,dcV

P/PI
e,dcV

P
~

 

 

−

+
−

 
 

−

+
=
 

 

l

l

g
g

g
g

2 g
2 g

*
m* m

Q~
P~

P~

V
V

V
V

V
V

1

II













-1

*
mI

*
mI 

*
0mI

 

   

 

−
−−

=

 

 

*
m

0*
m

*
m

* cm* b
m

* a
m

III

2
1

2
3

2
1

2
1

2
3

2
1

2
1

0
1

3
2

III



*
amI

*
bmI

*
cmI

*
cnI

gaI

gbI

gcI

gnI

3-phase

Four wire 

Grid

*
aI

*
bI

*
cI

*
nI

)s(GL

Real Power Regulator wF

)s(Fr )s(GF

Frequency Regulator 

)s(Gq

)s(V
ref
g

)s(Vg
)s(K

Closed loop PCC 

Voltage regulator

Limter

)s(F

wF

)s(F

LimterLimter

)s(Plr

Droop Controller

Notch Filter

n)IVIVIV(
3

2
P 0L0gLgLgl ++= ++



+
+

+

+

+

+

+

++

PLL  regulator

-

-

-

-

- -
+++

-

+
+

Closed loop Frequency  regulator

+
-

1s

K

F

droop,p

+
pK

pK

pK

pK

1T

4T

3T

6T

5T

2T

1nT

2nT

Hysteresis Band Controller

Relay

Relay

Relay

Relay

*
aI

*
bI

*
cI

*
nI

 

Figure 3. Proposed NHCT control architecture. 

✓ Regulator Selection: 

As one of the open-loop poles is already at the origin, the system achieves zero 

steady-state error conditions easily. Therefore, for harmonic elimination or avoidance of 

any uncertainty condition, the applications of the proportional controller have gained 

interest [19,26]. A higher value of the proportional gain is selected for faster system 

response, and a lower value is chosen to improve the system’s stability during any 

transient conditions. In these circumstances, the proportional integral regulators (PIR) are 

also preferred at one condition by avoiding the chances of pure integrator conditions; 

otherwise, the system loses its stability. To guarantee zero steady-state error, all the 

regulators used in the NCVC are generally PIRs. The zero of the PIRs is selected so that it 

cancels out the close to origin pole of the open-loop system. The selection of the PIR gain 

‘K’ occurs in such a way that, for a more significant value, it gives a faster response. In 

addition, it limits the peak overshoot to a safer limit (if the root locus is drawn, for a stable 

reply, all the closed-loop poles are present on the left side of the s-plane at all PIR gain 

values). All the regulators of the current controllers are presented as 

gf

ongf

LL

R3RR
                             )

s

s
(K)s(K)s(K

+

++
=

+
== 


   (10) 

✓ Frequency regulator: 

As illustrated in Figure 3, the frequency of the proposed system is varied between 

49.9 Hz and 50.1 Hz. The damping ratio (𝜁) of both the frequency regulator and notch 

filter is set in between 0.5 and 0.8 to avoid a sluggish response. In this proposed approach, 

a first-order filter is used to limit the frequency variation. The details regarding the 

Figure 3. Proposed NHCT control architecture.

X Frequency regulator:

As illustrated in Figure 3, the frequency of the proposed system is varied between
49.9 Hz and 50.1 Hz. The damping ratio (ζ) of both the frequency regulator and notch filter
is set in between 0.5 and 0.8 to avoid a sluggish response. In this proposed approach, a
first-order filter is used to limit the frequency variation. The details regarding the frequency
regulator are detailed in Table A1. The regulator dynamics are tested and presented in the
result analysis section.

X Working of the VSI Current Controller:

The main motive of the VSI current controller is to control the inverter current by
adequately regulating the grid current (Igα and Igβ) by properly sensing I+lα and I+lβ from
the voltage controller. In the proposed voltage controller, after developing the necessary
harmonic free components (I+lα and I+lβ), I+lα and I+lβ are passed to the current controller for
appropriate inverter pulse generation by regulating the modulation index. The related
parameters of the designed system were determined using an open-loop VSI current control
model as presented in Equations (6) and (7). In this condition, a PI regulator is also used to
linearize the error. Similar to the voltage controller, to linearize the grid currents (Ipα and
Ipβ), the actual grid currents (Igα and Igβ) are passed through the notch filter. To reduce the
high-order harmonics and facilitate faster operation, the grid’s active and reactive voltages
are passed through both noise and notch filters. Noise filters are used to limit the undesired
harmonics. The details are illustrated in Appendixs A and B. The linearized voltages Vpα

and Vqβ are obtained from the filter components. Detailed explanations related to filter
design are given in Appendix A. The obtained Ipα and Ipβ are further compared with the
noise-free components (I+lα and I+lβ) obtained from the voltage controller to generate the
error current signal. The error signal is passed through the PI regulator to linearize the
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current signals Uiα and Uiβ. By combining all the linearized signals, the modulation indexes
(m+

α and m+
β ) are generated. By using this controlling method, the modulation index of

the converter controller can be controlled. The desired current signals can be generated
by controlling the modulation index as illustrated in Figure 2. An additional filter is also
used to obtain the linearized voltage from the controller. This voltage signal can be used to
generate the switching pulses for the inverter controller.

The overall NCVC controller is illustrated in Figure 2 for 3ϕ3W− SAF operation. Any
one of the above controllers can be used to generate the switching pulses for the inverter.
However, the proposed NCVC approach is not applicable for 3ϕ4W-SAF systems due to
the ignorance of the zero-sequence component. In 3ϕ4W-SAF applications, the proper
regulation of neutral current (In) plays an important role. Due to the dynamic ability of
the controller, the voltage controller output current (I+lα and I+lβ) generated from the NCVC
controller is used to design the NHCT control architecture for 3ϕ4W-SAF applications. The
detailed mathematical operation with proper design is presented in the next section.

3.2. NHCT Control Architecture for a 3ϕ4W System

Due to the excess non-linear/unbalanced load and 3ϕ4W-SAF applications, the pro-
posed NCVC controller is restructured and named a novel harmonic cancellation technique
(NHCT). The proposed NHCT control architecture is illustrated in Figure 3. The main aim
of designing the proposed NHCT controller is to reduce the circulating current present in
the system and improve the PQ significantly. The obtained I+lα and I+lβ from the NCVC
approach are considered in designing the proposed NHCT architecture. Therefore, by
using the voltage (Vgα, Vgβ, and Vg0) and current (I+lα , I+lβ, and Il0) components, the instan-
taneous active power (Pl), reactive power (Ql), and extra power (P0) are computed and
represented as Pl

Ql
P0

 =

√
2
3

 Vgα Vgβ 0
−Vgβ Vgα 0

0 0 Vg0

I+lα
I+lβ
Il0

 (11)

The active and reactive power components contain both average (Pl and Ql) and
oscillating components (P̃l and Q̃l) as stated in Equations (12) and (13). Both of the equations
also show that P̃l and Q̃l contain both harmonic (Ph and Qh) and negative sequence (Pn and
Qn) components [12,13].

Pl = Pl + P̃l = Pl + Ph + Pn (12)

Ql = Ql + Q̃l = Ql + Qh + Qn (13)

The total instantaneous oscillating active power (P̃T) is computed by adding active
power (P̃l), zero-sequence power (P̃0), and extra power extracted (Pextra) from dc-link
voltage, which can be represented as

P̃T = P̃l + P̃0 + Pextra (14)

For non-linear currents, reactive power mitigation, and linearizing the unbalanced
load current, it is essential to eliminate all the associated oscillating reactive and current
active components. Therefore, by considering all of the above factors, the mitigating αβ
current components (I∗αm and I∗βm) are computed as[

I∗αm
I∗βm

]
=

1
V2

gα + V2
gβ

[
Vgα −Vgβ

Vgβ Vgα

][
−P̃l + P∆
−Q̃l

]
(15)

In addition to that, the zero-sequence current (Il0) is also essential to compensate
for reducing the circulating current and its effects. Therefore, the reference mitigating
zero-sequence current (I∗m0) is computed as
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I∗m0 = −Il0 (16)

The additional active power component (P̃∆) is computed as the sum of VSI extra
power (Pextra) and Pextra. P̃∆ is used to balance the energy loss that occurs in the system and
presents as

P̃∆ = P̃0 + Pextra (17)

Pextra is an active power component obtained from the voltage compensator. The
dc-link voltage compensator is modeled to provide both better harmonic mitigation and
outstanding transient response. The operating dc-link capacitor voltage (Vdc) is compared
with the reference dc-link voltage (Vdc, ref), and the error between the two components (Vdc,e)
is passed through a P/PI regulator to obtain the Pextra component. In the proposed approach,
to offer a stable and harmonic-free response, a suitable selection of the proportional and
integral parameters (Kp and Ki) is highly essential. Moreover, this voltage compensator is
highly needed during renewable energy integration to fulfill the grid power demand. The
output of the PI regulator in time domain analysis is presented as

Iα(t) = KpVdc,e(t) + Ki

∫
Vdc,e(t) (18)

where Iα(t) is denoted as the active power component of the grid. As illustrated in Figure 4,
the obtained transfer function of the PI regulator ‘GPI(s)’ is presented as

GPI(s) = Kp +
Ki
s

(19)
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The overall open-loop and closed-loop transfer function of the dc-link voltage com-
pensator (GVdc(s) and HVdc(s)) are computed as

GVdc(s) = (Kp +
Ki
s
)(

1
Cdcs

) (20)

HVdc(s) = (
1

Cdc
)× (

Kps + Ki

s2 +
Kp
Cdc

s + Ki
Cdc

) (21)

Equation (21) indicates that HVdc(s) is a second-order transfer function. From the above
closed-loop transfer function, the damping ratio (ξ) and bandwidth (ωc) are computed
as follows.

2ξωc =
Kp

Cdc
⇒ Kp = 2ξCdcωc (22)

ω2
c =

Ki
Cdc
⇒ Ki = Cdcω2

c (23)

To ensure a linear relationship between the dynamic and static responses, the range
of ‘ξ’ is chosen between 0.5 and 0.8. The Bode response of GVdc(s) at different ωc is shown
in Figure 5a. For different ωc values, the phase margin of the system varies in between
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45o and 65o. As shown in Figure 5a, at 284 rad/s bandwidth and 65o phase margin, the
system achieves a stable and linear response condition. By putting the ωc, ξ, and phase
margin values in Equations (22) and (23), the Kp and Ki values are computed as 0.8 and
180, respectively. By using the computed Kp and Ki values, the Bode response of HVdc(s) is
demonstrated in Figure 5b. Figure 5b clearly shows that, by using the Kp and Ki values, the
system responses become stable, and this also provide a faster response.
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After computing the compensating current components (I∗αm, I∗βm, and I∗m0, I∗m0), it
is necessary to transform the αβ0 current component to the ABC current component for
generating the pulses for the inverter. The αβ0 − abc conversion (I∗am, I∗bm, and I∗cm) is
presented as I∗am

I∗bm
I∗cm

 =

√
2
3


1 0 1√

2

− 1
2

√
3

2
1√
2

− 1
2 −

√
3

2
1√
2


I∗αm

I∗βm
I∗0m

 (24)

I∗cn = I∗am + I∗bm + I∗cm (25)

After computing the mitigating current component in the abc frame, the generated
current components I∗am, I∗bm, I∗cm, and I∗cn are compared with the grid current components
(Iga, Igb,Igc, and Ign), to generate the reference current components (I∗a , I∗b , I∗c , and I∗n) for
inverter-switching pulse generation. After generating the reference current, it is passed
through the hysteresis band within the range ±1 to limit the additional nonlinear compo-
nents. Due to this band, the inverter can operate at the desired switching frequency and
control the THD percentage.

4. Results

The non-linear/unbalanced load-based grid integrated 3ϕ4W SAF model is designed
using various sim power system components available in MATLAB/Simulink software.
A 3ϕ4W SAF model is not readily found in the Simulink library. Therefore, in the proposed
approach, eight IGBT-based power electronic switches are considered for designing a four-
leg voltage source inverter (VSI). For the 3ϕ4W VSI to behave as a SAF, the VSI is parallelly
connected to the load. To operate the IGBT-based switches, individual driver circuits for
each IGBT are also designed in MATLAB software. The inverter switches are regulated in
such a manner to obtain the three-phase linear grid current despite a highly unbalancing
non-linear load at the point of common coupling (PCC). To show the proposed approach’s
effectiveness, the proposed system is tested by varying the load conditions. A 3ϕ4W
unbalanced/non-linear load is simulated by using a 1ϕ/3ϕ load with rectifier, resistive,
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and inductive load profiles. To justify the proposed NHCT-based controller, the proposed
test-system-simulated results are compared with the conventional control-based test system
results. For better presentation, a quantitative comparative study is also presented. To show
the effectiveness of the control approach during a 3ϕ4W VSI application, the proposed
system is simulated for 1.5 s by changing the load conditions.

4.1. Internal Controller Performance Study

To study the performance of filters such as a notch, noise, and capacitive filters, the
related component performance is studied. The related components are obtained from the
internal controller design section. These outcomes are obtained from the internal controller
design and guaranteed the significance of the required design in practical application.
The performance of the proposed approach is studied by changing the non-linear load
condition. As stated in Figures 2 and 3, the outputs of the proposed approach are illustrated
in Figure 6a–e. Figure 2 is only proposed for 3ϕ3W operations, and Figure 3 is proposed
for 3ϕ4W operations. In the proposed approach, during 0–0.6 s, a 3ϕ balanced load is
connected to the system. During 0.6–0.8 s, the load is suddenly increased to 70% of its initial
loading. During 0.8–1 s, the load current returns to its original position. During 1–1.1 s,
to make the load unbalanced, an RL load is connected to phase a of the non-linear load.
During this condition, only the controller action is studied at each step. As illustrated in
Figure 6a,b, the three-phase non-linear load current (Il,abc) is transformed to the αβ current
component. Figure 6a,b shows that the αβ load current components (Il,αβ) are non-linear.
The non-linear load current affects system performance. For eliminating the non-linearity,
Il,αβ is passed through a notch filter to extract the active and reactive linear load current
(Ip,α and Iq,β) components as stated in Figure 6c,d. As shown in Figure 2, by taking all
the grid and load data, the linear current components (I+l,α and I+l,β) are computed. The

results of I+l,α are illustrated in Figure 6e. In this proposed approach, for 3ϕ4W application,
the regulation of neutral current magnitude is also important. Therefore, the computed
reduced neutral current magnitude result is illustrated in Figure 6f. Due to the lesser
neutral current, the harmonic current and circulating current of the system are reduced.
The related studies are discussed in the following case scenarios.
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4.2. System Performance Study during Both Steady and Dynamic States

The load variation time duration in case-2 is like case-1. The total operation of the
proposed approach is illustrated in Figure 7. As shown in Figure 7, during 0–0.4 s, the
system is operated with no controller. During 0.4–0.6 s, the system performance is tested by
using both non-linear and proposed NHCT controllers. In 0.6–0.8 s, the system performance
is tested by using a 70% increase in non-linear load and an NHCT controller. During 0.8–1 s,
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the system performance is tested using both non-linear load NHCT controllers. Finally,
during 1–1.1 s, the system performance is studied by unbalancing the load and using an
NHCT controller. Finally, during 1.1–1.5 s, the proposed system is tested by using both
non-linear load and an NHCT controller. The conventional controller may work efficiently
during linear grid voltage and constant balanced load applications. However, in this test
condition, for showing the better performance of the proposed NHCT approach over the
conventional instantaneous power theory approach, the test condition is planned and
tested during distorted grid voltage and a change in non-linear load conditions.
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Due to the non-linear load, Figure 8a shows that the grid voltage becomes non-linear.
A magnified figure is also presented with the original figure for a clear version of Figure 8a.
In addition to that, the designed non-linear and unbalanced load model also produces
non-linear and unstable current results, as illustrated in Figure 8b. As per the set condition,
Figure 8b shows that, during 0–0.6 s, the designed load produces a constant non-linear load
current. From 0.6 to 0.8 s, the non-linear load current result suddenly increases to 70% from
its rated condition, and at 0.8–1 s, the non-linear load current decreases to its rated limit. To
show the transient performance of the proposed controller, the non-linear load is changed
to an unbalanced load for a duration of 1–1.1 s, and after 1.1 s, it is changed to a non-linear
load and maintains its rated limit. The related variations are stated in Figure 8b. The
proposed NHCT tracks the real conditions of the grid voltage and non-linear/unbalanced
load condition and generates the harmonic current from the 3ϕ4W VSI to mitigate the
nonlinearity present in the system. The required filter current for harmonic elimination
is illustrated in Figure 8c. From the obtained results, it is visualized that the proposed
3ϕ4W VSI is well capable of producing the required current during variable non-linear and
unbalanced load conditions.
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Figure 8. (a) Grid voltage results, (b) non-linear load current results, and (c) 3ϕ4W VSI output
current results.

Using the traditional p-q-r control approach, the proposed system grid current result
is presented in Figure 9a at the change in load condition. As shown in Figure 9a, the
grid current results indicate it contains more harmonics than the IEEE/IET standards. The
harmonic percentage of the grid current is computed through a Fast Fourier Transform (FFT)
analysis technique, and the calculated results are illustrated in Figure 9b(i–iv). Figure 9b(i)
shows that, during 0–0.4 s, the grid current contains 30.39% of the harmonics. During
that period, the harmonic contained in the grid is equal to the non-linear load harmonic
included due to the absence of the controller. Figure 9b(ii) shows that, during 0.4–0.6 s,
due to the conventional control approach, the harmonic contained is reduced to 2.95%.
Figure 9b(iii) shows that, during the 70% increase in load demand (0.6–0.8 s), the harmonic
current-controlled is reduced to 4.2% by using the conventional approach. Figure 9b(iv)
shows that, during unbalanced load conditions (1–1.1 s), the harmonic current is reduced
to 3.24% by using the traditional strategy. From the above-discussed results, it can be
concluded that the developed model suffers from PQ problems, as the grid current contains
higher harmonics as per the IEEE/IET standards. Therefore, finding an optimal solution
for the proposed non-linear/unbalanced load model is necessary.
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In the proposed approach, using the NHCT approach, the performance of the non-
linear/unbalanced-based undertaken system is tested. From the study, it is found that the
3ϕ4W VSI injects the required harmonics into the system to mitigate the harmonics. Due to
the application of the NHCT approach, the grid current harmonics of the grid current are
reduced significantly, as illustrated in Figure 10a. Figure 10a shows that the magnitude of
the currents is changed according to the load requirement. For a clear vision of the grid
current results, the magnified figure is also presented.

Similarly, the harmonic containing the grid current using the proposed approach
is tested through the FFT analysis. Figure 10b(i) shows that, during the absence of the
NHCT controller, the grid current harmonic percentage is equal to the non-linear load
current percentage, i.e., 30.39%. Figure 10b(ii) shows that, during the proposed control
approach, the grid current harmonic contained is reduced to 0.8%. Figure 10b(iii) shows
that, during the 70% increase in load demand, the grid current harmonic percentage is
also reduced to 1.39%. In addition to that, the THD result of the grid current is reduced to
1.8% and grid voltage is reduced to 0.02% with the application of non-linear/unbalanced
load as illustrated in Figure 10b(iv) and Figure 10b(v) respectively. In addition to that,
Therefore, the proposed approach results indicate that the grid current harmonic contained
is decreased significantly. From the above analysis, it is proved that, by applying the NHCT
approach, the power quality of the proposed 3ϕ4W system is improved. Therefore, it is
suggested to implement the proposed controller for 3ϕ4W real-time system application.
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4.3. Comparative Study

For better justification of the proposed control approach in comparison to conventional
P-Q-R strategies, a few comparative results are presented in Figure 11a–e. The magnified
version of Figure 11a,b,d is illustrated on the right side of the given figure. Figure 11a
shows that, by using both conventional and proposed approaches, the frequency of the
operating system is 50 Hz. However, during the load change condition, the notches or
settling time of the frequency are higher than the conventional approach. The magnified
version of Figure 11a indicates that the frequency response is quite distorted during the
traditional procedure compared to the proposed method. Figure 11b shows the neutral
current figures obtained during both the conventional and proposed approaches. Using
the proposed approach, the neutral current is reduced to a significant value, by which
the circulating current and harmonic contained are decreased significantly. Figure 11c
shows the results of both power factor (pf) values during both conventional and proposed
approaches. Figure 11c indicates that by using the traditional method, the pf of the test
system is computed as 0.81. However, Figure 11c suggests that, by using the proposed
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approach, the pf of the test system is calculated as 0.92. Thus, the spikes produced in the pf
results during the sudden load change are more during the conventional approach. In this
proposed approach, the dc-link voltage of the converter is regulated and compared with
the traditional dc-link voltage, as illustrated in Figure 11d. Figure 11d shows that the peak
overshoot and undershoot values of the dc-link voltage are more with the conventional
result than with the proposed approach result. Therefore, to settle the dc-link voltage,
the traditional approach takes more time than the proposed approach. The magnified
version of Figure 11d clearly illustrates that the proposed method provides faster settling
time as compared to traditional method. Figure 11e shows the active and reactive power
results of the proposed and conventional approaches. By using the traditional approach,
Figure 11e shows that the active and reactive power results contain both average and
oscillating components.
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However, by using the proposed NHCT approach, the three-phase four-wire system
generates only the desired average active and reactive power components. By comparing
the traditional and proposed power curves, it is visualized that the traditional controller-
based inverter is incapable of regulating the reactive power flow. Therefore, the harmonic
contained percentage exceeds the acceptable IEEE limit and it is not recommended for
real-time application. By using the proposed NHCT approach, the three-phase four-wire
system generates appropriate reactive power and compensates the harmonic significantly
as per the prescribed limit. Figure 11e illustrates that, at 0–0.6 s, the inverter generates
405 Var with a constant load; at 0.6–0.8, the inverter generates 510 Var with an increase in
load; at 0.8–1 s, the inverter generates again 405 Var with a constant load; at 1–1.1 s, the
inverter increases the reactive power to 600 Var with unbalanced load applications; and at
1.1–1.5 s, the inverter again decreases the reactive power supply to 405 Var with a constant
load application. The above Var result indicates that the proposed system regulates the
reactive power supply and harmonic significantly as compared to the traditional approach.
As per the above comparative results, it is suggested to operate the proposed 3ϕ4W system
by using the proposed NHCT approach.

By analyzing the above case studies, and for a quantitative relative representation,
Table 1 is presented. In Table 1, the analysis is performed by computing the THD% and
settling time of the obtained signal. Table 1 indicates that, due to the proposed approach,
the harmonic percentage is significantly reduced to a standard value. In the presented
Table 1, the harmonic mitigation ratio (HMR) percentage and improvement percentage
(IP) are additionally computed for making a clear vision of the proposed control strategy.
The HMR percentage and improvement percentage are calculated using a mathematical
formula as shown in Equations (26) and (27).

HMR(%) =
THD% by using the (conventional/proposed) approach

THD % without controller
× 100% (26)
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IP(%) =
ConventionalTHD%− ProposedTHD%

ConventionalTHD%
(27)

Table 1. Comparative study.

Scenario Conventional
P-q-r Method

Proposed
Nhct Method HMR (%) Improvement (%)

Current THD Current THD Conv. Prop. Current THD

1
Nonlinear load cond.

(0–0.4 s)

Iga 30.39 Iga 30.39 NA NA Iga NA
Igb 32.25 Igb 32.25 NA NA Igb NA
Igc 29.3 Igc 29.3 NA NA Igc NA
Iga 2.95 Iga 0.8 9.7 2.63 Iga 72.88
Igb 2.73 Igb 0.65 8.69 2.07 Igb 76.192

SAF+ Nonlinear load cond.
(0.4–0.6 s) Igc 2.99 Igc 0.93 10.2 3.2 Igc 68.89

3
SAF+ 70% increase in
nonlinear load cond.

(0.6–0.8 s)

Iga 4.2 Iga 1.39 13.8 4.57 Iga 66.90
Igb 4.131 Igb 1.23 13.16 3.9 Igb 70.2
Igc 4.29 Igc 1.28 14.6 4.37 Igc 73.70
Iga 3.24 Iga 1.8 10.66 5.92 Iga 44.44
Igb 3.19 Igb 1.73 10.16 5.5 Igb 45.764

SAF+ Unbalanced
load cond.
(1–1.1 s) Igc 3.29 Igc 1.69 11.29 5.18 Igc 48.63

5 Neutral Current
In 0.75 In 0 NA NA In 100

Settled 0.85 s Settled 0.7 s NA NA NA NA

6 Power factor
cosΦ 0.81 cosΦ 0.92 NA NA NA NA

High notches Reduced notches NA NA NA NA

7 Dc-link voltage Vdc 150 V Vdc 150 V NA NA NA NA
Settled 0.12 s Settled 0.05 s NA NA NA NA

8 Frequency F 50 Hz F 50 Hz NA NA NA NA
High notches Reduced notches NA NA NA NA

NA: Not Applicable.

Using Equations (26) and (27), the performance of the proposed NHCT approach
is studied, and the computed quantitative values are presented in Table 1. As per the
computation, HMR% is varied in between 2.5% and 5.5%. This indicates that the proposed
controller is efficient enough to control any certain dynamic changes in the system. In
addition to that, the improvement percentage also shows that, by using the proposed NHCT
strategies, the system’s performance is improved significantly. The harmonic contained in
the neutral current is more during the conventional approach application. However, by
using the proposed NHCT approach, the harmonic contained is reduced to zero. Therefore,
the proposed strategy applies to real-time/industrial applications.

5. Conclusions

This manuscript presents a robust 3ϕ4W SAF control technique to increase the perfor-
mances of the 3ϕ4W systems under different conditions such as non-linear load, unbalanced
load, and specifically distorted grid voltage conditions. From the above study, it is found
that the test system can significantly regulate the circulating current in between the system
by using the proposed approach. Due to the above factor, the PQ and computational burden
of the system is improved. The effectiveness of the suggested NCVC and NHCT approach
is verified through MATLAB/Simulink software at different time intervals. The simulated
outcomes prove that the following objectives can be attained during unbalanced/non-linear
load and non-linear grid voltage conditions.

• Harmonic current compensation.
• Providing appropriate reactive power support.
• Reducing the excess neutral current
• Regulating the harmonics of the grid current.
• Better frequency trackability.
• Improving the power factor of the system nearer to unity.
• Better dc-link voltage regulation.
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As per the IEEE Std.1459- 519 and MIL-STD-704E, the proposed NHCT approach
performs well within the specific harmonic limit by considering a 3ϕ4W SAF with zero
sequence components. The above-obtained results show that, by using the proposed ap-
proach, the overall percentage of HMR and improvement percentage of THD are computed
as 4.14% and 66.78%, respectively, at different test conditions. From Table 1, it is found
that the HMR percentage lies well within the prescribed IEEE limit, and the overall THD
percentage is improved significantly compared to the traditional approach. That indicates
the proposed method effectively works during dynamic real-time conditions. However,
the 3ϕ4W-based grid-integrated non-linear test system still requires further hardware
verifications due to measurement mistakes. The possibility of mismatch rises because of
measurement sensors and the system parameters such as the line parameters and trans-
former impedances and switching parameters. To resolve the above issues, good-quality
instruments having maximum precision and improved protection strategies are used. In
this suggested approach, the attained and examined simulated results serve as a basis of a
robust NHCT control approach for the non-linear/unbalanced-load-based 3ϕ4W system
on real-time applications.
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Appendix A Filter Design

(i) Design and use of the Notch Filter

Fn(s) =
S2 + ω2

z
S2 + 2δωps + ω2

p
(A1)

In this proposed approach, a standard-type notch filter (ωp = ωz) is considered for
eliminating the higher-order harmonics present in the voltage and current signal. A second-
order filter is considered for designing the control model and eliminating the distortion
factor present in the circuit. The undertaken second-order system parameter is given
below [34,35].

Y(s)
R(s)

=
s2 + ω2

n
s2 + 2ωns + ω2

n
(A2)

For computing the notch frequency, the following points are necessary to follow.

(1) Guess an initial excitation frequency ωo(1).

The input current/voltage signals R(s) can be exhibited as a pure cosine function
described by r(t) = Acosωt. By considering the above function, the steady-state equation
can be computed as

y(t) = B1 cos(ωt) + B2 sin(ωt) (A3)

(2) Compute the amplitudes B1(1) and B2(1) using the system dynamics.
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B1 =
A|ω2

n−ω2|
(ω2

n−ω2)
2
+4(ωωn)

2 (ω
2
n −ω2),

B2 = − A|ω2
n−ω2|

(ω2
n−ω2)

2
+4(ωωn)

2 (2ωωn)
(A4)

From the above Equations (A3) and (A4), the magnitude of the output signal ‘B’ can
be computed as

B =
A
∣∣ω2

n −ω2
∣∣√

(ω2
n −ω2)2 + 4(ωωn)

2
(A5)

For simplicity, Equation (A5) can be further simplified as follows.

B =
A
∣∣ω2

n −ω2
∣∣

ω2
n + ω2 (A6)

From Equation (A6), if we choose an excitation frequency that is smaller than the
notch frequency, then we can ignore the absolute sign and solve for ωn to yield an explicit
solution for ωn as follows.

ωn =

√
A + B
A− B

ω (A7)

If we choose an excitation frequency that is larger than the notch frequency, then we
can replace the absolute sign with a negative sign and solve for ωn to yield an explicit
solution for ωn as follows.

ωn =

√
A− B
A + B

ω (A8)

(3) Compute the new excitation frequency ωo(2) using Equation (A9) when k = 2.

ωo(k) = −Ksgn(B2(k− 1)− B1(k− 1))
B1(k− 1)
A(k− 1)

+ ωo(k− 1) (A9)

(4) Repeat the following until ωo(k)−ωo(k− 1) is small:

(a) Compute the amplitudes B1(k − 1) and B2 (k − 1) using the system dynamics.
(b) Compute the new excitation frequency ωo(k) using Equation (A9).

When getting closer to the notch frequency, the term B1(k−1)
A(k−1) should be decreased to

a small value. That means that, when the excitation frequency gets closer to the notch
frequency, the successive changes in Equation (A9) only vary within two values of the
excitation frequency.

Obtained results:
To ensure the linear relationship between the dynamic and static responses, the range

of δ is selected as 0.8. By putting the obtained notch values in Equation (A1), the notch
filter is designed and applied for non-linearity elimination, as illustrated in Figure 2. After
determining the notch frequency (ωn = 2π ∗ 120 rad/s), the Bode plot of the second-order
filter can be evaluated and illustrated in Figure A1a below. As shown in Figure A1a,
the developed second-order notch filter provides a 20 dB attenuation at a frequency of
10 rad/s. The Bode plot results show that the filter design offers a stable response and
is applicable for real-time applications. Generally, the control system components are
designed in a continuous-time interval. However, looking at real-time applications such
as digital computers and embedded processors, converting them into a discretized form
is necessary. To discretize the continuous-time systems, several discretization algorithms,
Zero-order holds, First-order hold, Impulse invariant, Tustin (bilinear approximation),
Tustin with frequency pre-warping, Matched poles, and zeros, are supported by Control
System Toolbox. Using the above methods, the comparative Bode plot results of the
developed notch filter are studied and illustrated in Figure A1b. As illustrated in Figure A1b,
the system offers the most accurate frequency-domain approximation of the notch filter by
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using the matched poles and zero discretization algorithm. The comparative Bode, as well
as filtered sine wave results, are illustrated in Figure A2. Due to the discretization algorithm,
it is easier to compute a more linearized response as compared to the continuous-time
signals. The Bode results as illustrated in Figures A1b and A2 show that, by using the
selected discretize algorithm, the system offers faster filtering action.

(ii) Use of Inductive and Capacitive Filter

Inductive and capacitive filters are nothing but passive filters. They are used to
eliminate the higher-frequency and low-frequency unwanted components present in the
system. The behavior of the passive filter as an inductive and capacitive filter is decided by
the nature of the frequency. The related conditions are illustrated below. These filters are
not different from each other, but, according to the situation, the inductive and capacitive
operations are decided. For a general representation, and to obtain a clear mathematical
expression, in Figure 2, inductive and capacitive filters are separately presented. According
to the situation, the nature and behavior of the filter are decided.

• At a frequency below the resonant frequency i.e., f < f0, XL >> XC. Hence, the circuit
is inductive.

• At a frequency above the resonant frequency i.e., f > f0, XC >> XL. Hence, the circuit
is capacitive.

• At a resonant frequency i.e., f = f0, XL = XC, the current is at minimum, and impedance
is at maximum. In this state, the circuit can act as a rejector circuit.

• Noise filter

As the system is integrated with both nonlinear and unbalanced loads, then the system
performance is affected due to the presence of additional disturbance signals (noise) in the
circuit. Therefore, looking at the present need and eliminating the disturbances, a noise
filter is used for the controller design. It is capable of handling high-frequency signals in
the MHz range by eliminating them and passing the desired signal.
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Appendix B System Parameters

Table A1. System parameters.

Parameters Synonyms Values

Grid Voltage Vgrid (Phase) 100 V, 50 Hz
Sampling Frequency Fsa 10 kHz
Switching Frequency Fsw 10 kHz

Notch Filter Fn(s) =
s2+ω2

n
s2+2δωns+ω2

n

ωn = 2π ∗ 120 rad/s
δ = 0.8

Noise Filter in current regulator loop Gn(s) 1
0.001s+1

Noise Filter time constant in the active power
droop regulator τF 1 ms

Active power regulator gain GL(s) s+1
s

Frequency regulator gain GF(s) 0.25 ∗
(

s+1
s

)
Active power frequency droop coefficient KP,droop 0.08333 Hz/MW

SAF current regulator PI regulator
Kα(s) and Kβ(s) 0.6 ∗

(
s+3.33

s

)
Point of common controlling voltage regulator PI regulator

Kpα(s) and Kpβ(s) 5.0

Regulator for PLL K(s) 20.0
Shunt active filter

Inductor Filter L f = 300 µH, R f = 0.0005 Ω
Filter capacitor C f = 400 µF

Switch Resistance Ron = 0.5 mΩ
Capacitor dc-link voltage Cdc = 3400 µF, Vdc = 150 V

Non-linear Load Parameter
3ϕ-Thyristor controlled rectifier (abc) Rl1 = 0.1 Ω, Ll1 = 3 mH, Rla = 12 Ω, Lla = 20 mH, Cla = 470 µF, ϕ = 30◦

1 ϕ-diode rectifier (bn) Rl1 = 0.1 Ω, Ll1 = 1 mH, Rlb = 15 Ω, Llb = 1 mH, Clc = 470 µF
1 ϕ-diode rectifier (cn) Rl1 = 0.1 Ω, Ll1 = 1 mH, Rlc = 15 Ω, Llc = 1 mH, Clc = 470 µF
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