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Abstract— This article introduces a novel approach to enhance the performance of LCL based active power
filters (APFs) in four-wire distribution systems by employing a nonlinear current control strategy. The strategy
combines backstepping control (BSC) and a nonlinear disturbance observer (NDOB) to effectively manage
harmonic and interharmonic grid currents. By situating the shunt active power filter (SAPF) at the point of
common coupling (PCC) via the LCL filter, the technique ensures that grid connected currents remain balanced
and purely sinusoidal. The integration of NDOB with BSC aims to fortify the resilience of BSC against
disturbances. Consequently, any disturbances occurring within the system are precisely estimated by the NDOB
and subsequently mitigated through the BSC mechanism. Notably, this approach showcases robust adaptability
across diverse scenarios, encompassing external disturbances, variations in filter parameters, nonlinear loads
laden with harmonics and interharmonics, load imbalances, and non-ideal grid voltages. Its performance
remains robust and stable even when disturbances are present. Comparative analysis with linear-based
methodologies underscores the advantages of this approach, revealing quicker and smoother transient
responses. The efficacy of the proposed technique is demonstrated through comprehensive simulation studies,
substantiating its potential for significantly advancing power quality in complex distribution systems.

Keywords— Harmonic and interharmonic grid currents; Backstepping control; Nonlinear disturbance observer;
Active power filter; Four-wire distribution system; Power quality.

Nomenclature

BSC Backstepping Control THD Total Harmonic Distortion
BS-DPC  Backstepping direct power control GM Gain margin

DFIG Dual fed induction generator Cact, Cac2 DC link capacitor

DG Distributed generation fs Sampling frequency

GM Gain margin fow Switching Frequency
NDOB Nonlinear Disturbance Observer Hi, Hp, Hs  BS parameters

PCC Point of common coupling krn Resonant gain

PI Proportional-integral ki, k NDOB parameters

PM Phase margin ky, ki PI controller gain

PPF Passive power filters PM phase margin

PR Proportional-resonant R/L Nonlinear load

PV Photovoltaic Rr Linear load

RC Repetitive Controller Ri/ L Inverter side impedance
SAPF Shunt Active Power Filter R¢/ L Grid side impedance
SMC sliding mode control Ve DC link reference voltage
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1. INTRODUCTION

The nonlinear loads stand out as the primary culprits behind the emergence of both
harmonics and interharmonics within the grid infrastructure. The escalating utilization of such
nonlinear loads has significantly eroded the overall power quality landscape. The repercussions
of these harmonics are notably detrimental, leading to issues like signal interference, device
breakdowns, overheating, equipment malfunctions, and overvoltage occurrences [1].

Interharmonics, on the other hand, stems from loads that do not oscillate synchronously
with the fundamental frequency of the power system. A prominent origin of interharmonics
arises from power electronic components that bridge two AC systems operating at disparate
frequencies through a DC link, thereby generating these unwanted frequency components [1].
Instances include loads encompassing cycloconverters, speed regulated drives for both
synchronous and induction motors, as well as arc furnaces. The presence of interharmonics
within the power network engenders a suite of challenges, extending beyond those posed by
harmonics alone. Consequences encompass phenomena such as flickering, interference with
control systems, disruption of protection signals, current transformer saturation, voltage
fluctuations, and incorrect system operations [2]. Hence, the critical imperative of devising
effective compensation techniques to ameliorate these adverse impacts and elevate power
quality standards.

Passive power filters (PPF) find utility in mitigating harmonics originating from
nonlinear loads within the grid current [3]. Characterized by a straightforward design approach
and economical construction, passive filters exhibit notable cost-effectiveness. However, their
susceptibility to inducing resonances with grid impedance [4] underscores the preference for
active power filters (APFs) as a more judicious solution. The realm of active power filter control
methods encompasses a diverse array, and the selection of an appropriate approach
significantly influences the filter's efficacy in compensation These methods can be broadly
categorized into two groups. The first group involves strategies that entail designing distinct
controllers for individual harmonic orders, often relying on proportional-integral (PI) or
proportional-resonant (PR) controllers [5, 6]. In contrast, the second group embraces techniques
that obviate the need for dedicated controller design. Notable examples comprise sliding mode
control (SMCQC) [7, 8], predictive control [9, 10], repetitive control [11, 12], deadbeat control
[13, 14], fuzzy control [15, 16], and neural network control [17, 18]. This second category boasts
a computational advantage over the first, characterized by lower computational loads.

Among these methods, the repetitive control (RC) approach is specifically designed to
accurately track periodic reference signals and eliminate periodic disturbances [19]. Reference
[20] proposed an algorithm that utilizes repetitive control for adaptive correction of virtual
impedance. The objective of this algorithm is to suppress grid voltage harmonics. In [21], a
deadbeat control scheme that incorporates repetitive control is proposed to enhance the
dynamic performance of the control system. Moreover, the RC method can be combined with
other controller topologies to create highly efficient and high-performance control structures,
as demonstrated in references [22] and [23]. The RC method operates by rejecting harmonics
that are integer multiples of the main frequency. Therefore, if there is a deviation in the main
frequency, RC will not be able to eliminate the harmonics. To solve this problem, the variable
sampling rate approach has been proposed [24]. Another similar method is the fractional delay
approach, which uses a finite impulse response (FIR) filter based on Lagrange interpolation to
model the fractional part [25]. However, variable sampling rate methods lead to large changes
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in system dynamics and impose a fractional delay in many mathematical calculations [26]. The
predictive and deadbeat control methods have the characteristics such as high accuracy, small
steady-state error, relatively simple control, unlimited bandwidth, and fast dynamic response
[27]. However, parameter uncertainty and delay in the digital implementation of the control
system can limit the performance improvement of these control techniques, as mentioned in
reference [28]. In [29], an improved deadbeat current controller is used for the LC hybrid shunt
active power filter to reduce harmonics and reactive power in the system. Another method is
the sliding mode method. Unlike repetitive and predictive methods, this method does not
depend on an accurate model, so it is suitable for controlling systems with parameter
uncertainties [30]. However, the SMC method suffers from a chattering phenomenon due to
high-frequency switching in the control signal. To solve this problem, an adaptive SMC
(ASMC) is proposed in [31] and a complementary sliding mode control (CSMC) method is
proposed in [32]. However, the sliding mode controller must continuously increase the
switching power to maintain stability in the presence of disturbances. This reduces the
effectiveness of the umbrella attenuation method. [33]. In [34], a new intelligent SMC is
proposed to increase the accuracy and reduce the effect of disturbances in the system. The
disadvantage of this method is its complexity.

Hence, the adoption of backstepping control (BSC) has garnered significant attention for
managing nonlinear systems, attributed to its manifold benefits. The backstepping approach,
akin to sliding mode control, employs a Lyapunov based recursive design methodology,
seamlessly transforming the task of designing high order systems into a series of challenges
pertaining to lower order systems [35]. This methodology finds widespread application across
diverse domains. For instance, in [36], a backstepping direct power control (BS-DPC) strategy
is introduced to oversee a dual-fed induction generator (DFIG) across balanced and unbalanced
network scenarios. Another study, outlined in [37], proposes a sensorless DC-link voltage
controller utilizing the backstepping framework for a single-phase shunt active power filter
(SAPEF). This application employs backstepping to estimate the DC link voltage, subsequently
regulated using a PI controller. Meanwhile, in [38], backstepping control is harnessed to
manage the DC link voltage within a SAPF, yielding superior response speed in comparison to
a PI controller. In the realm of photovoltaic (PV) systems, [39] delves into the design of a BSC
method, although its resilience in the face of parameter uncertainties remains unverified.
Reference [40] proposes a robust control based on integrated back-end control (IBC) to improve
the power quality of a microgrid-connected photovoltaic (PV) system with battery energy
storage systems. Similarly, [41] presents a BS-DPC strategy for governing an AC/DC converter
connected to the grid, showcasing commendable dynamic performance in the context of
unbalanced grid conditions. However, the assessment of the control system's performance in
the presence of parameter uncertainties and system disturbances remains unexplored.

While the conventional BSC methodology offers advantages through its simplicity and
adaptable design, it inherently lacks robustness when faced with system uncertainties and
external disruptions. An effective approach addressing this concern is the application of
adaptive backstepping control, which represents a refined variation of traditional backstepping
control, incorporating the estimation of elusive system parameters. For instance, in [42], an
adapted version of BSC is proposed to govern grid connected photovoltaic (PV) systems,
overseeing both DC link voltage and AC-side currents. Leveraging an adaptive law rooted in
Lyapunov stability theory, this approach strives to estimate uncertain parameters within the
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grid connected inverter. Nonetheless, the scheme's resilience against external disturbances
remains unverified. In a separate context, [43] explores the fusion of backstepping methodology
with sliding mode control to regulate grid connected distributed generation (DG) systems,
specifically for compensating interharmonic loads. Here, disturbances within the system are
estimated through SMC and subsequently counteracted via the backstepping method.
However, the adoption of the SMC technique introduces an issue of chattering, detracting from
the method's effectiveness. Additionally, it's noteworthy that the interharmonic load presented
in [43] is treated as a current source, which might not capture all potential scenarios accurately.

This paper presents a novel and robust approach that integrates nonlinear backstepping
control with a nonlinear disturbance observer (NDOB) to effectively regulate shunt active
power filters. The primary objective is to achieve compensation for both harmonic and, notably,
interharmonic disturbances in the presence of uncertainties and external perturbations. The
study focuses on a four-wire distribution system, where the mitigation of imbalances is also
addressed. The proposed methodology is designed to assimilate the impact of disturbances into
a coherent framework, treating them as an integrated entity. The NDOB is then employed to
accurately estimate these disturbances, subsequently rectified through the implementation of
the backstepping control (BSC) technique. Ensuring system stability, the proposed control
scheme's asymptotic stability is scrutinized following the tenets of the Lyapunov stability
criterion, thereby ensuring the system's convergence and stability. It is anticipated that the
application of the proposed method to shunt active filters will yield substantial robustness
against unknown parameters and external disturbances. This heightened robustness enhances
compensation accuracy, effectively counteracting filter parameter uncertainties and external
disruptions. Furthermore, the inclusion of this estimation mechanism eliminates the necessity
for additional sensors and telecommunication links, resulting in increased compensation
precision and reduced measurement errors, ultimately leading to cost savings. Of significance
is the exploration of interharmonic load compensation, an area that has garnered limited
research attention. The study delves into an interharmonic load scenario, specifically focusing
on an induction motor speed control drive. The proposed approach is benchmarked against the
well-established proportional-resonant (PR) control technique. Comprehensive testing
encompasses diverse scenarios, including the presence of nonlinear loads generating harmonic
and interharmonic currents, load imbalances, weak grid conditions, external disturbances, and
variations in filter parameters. The comparative analysis extends beyond steady state
responses, encompassing transient behaviors of both controllers. Simulation results conducted
using MATLAB/Simulink provide compelling validation for the superiority of the
backstepping method. The proposed approach demonstrates its potential to markedly enhance
control performance in the realm of shunt active power filters.

The subsequent sections of this article unfold as follows: Section 2 expounds upon the
system's structural framework. Section 3 outlines the presentation of the proposed control
system. In Section 4, an extensive account of the simulation outcomes is provided, showcasing
the preeminence of the BSC methodology and a comparative analysis is conducted against the
PR controller. Ultimately, the conclusive insights are presented in Section 5.

2. SYSTEM STRUCTURE

Fig. 1(a) illustrates the configuration of the employed three-phase four-wire system
within this research endeavor. At the point of common coupling (PCC), nonlinear loads are
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interconnected. Facilitating the mitigation of both current imbalances and harmonics, the
active power filter incorporates a quadruple-wire design. To counteract the harmonics, present
in the inverter's output signal stemming from switching frequencies and their multiples a
necessary inclusion is a filter positioned at the inverter's output. Specifically, the chosen filter
variant is the LCL filter due to its favorable characteristics. Compared to L or LC counterparts,
LCL filters exhibit superior harmonic suppression capabilities. Moreover, they offer
heightened dynamic responsiveness, adaptability to low switching frequencies, reduced
voltage droop, and enhanced damping. Furthermore, the adoption of LCL filters often incurs
lower costs, attributed to the utilization of more compact inductors compared to L filters.

Depicted in Fig. 1(b) is the circuit diagram of a three-phase 4-wire system. The entities
shown in this figure include L, L;, and C;, corresponding to the inverter side inductor, grid
side inductor, and filter capacitor, respectively.
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Fig. 1. a) Topology of the studied system; b) circuit diagram of a three-phase four-wire SAPF.

Also, R, and R, represent the associated parasitic resistances. Additionally, L; and R
represent the inductance and resistance of the grid impedance, respectively. Employing a
synchronous reference frame, the reference current is derived, encompassing components
related to harmonics, interharmonics, and load current imbalances.
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3. THE PROPOSED CONTROL SYSTEM

The majority of techniques put forth for addressing harmonic distortions, including
widely recognized methods like the PI and PR approaches, exhibit limitations in effectively
countering interharmonics. In contrast, the backstepping method not only enables the
mitigation of harmonic and interharmonic constituents in nonlinear systems but also extends
its capability to address negative and zero sequence components. In the subsequent sections,
we delve into the presentation of the backstepping method alongside the nonlinear NDOB
method. Notably, these methods offer substantially heightened efficiency, as substantiated by
forthcoming discussions.

3.1. Backstepping Controller

The backstepping control method remains a recursive design approach for nonlinear
systems, serving the aims of stabilization and reference tracking. The central idea of the BS
method entails considering certain state variables as "virtual controls." Control laws are then
shaped using Lyapunov functions to ensure system stability. Within this section, a
backstepping controller is crafted for an APF, ensuring accurate tracking of reference current.
The stability of the closed loop system is established through Lyapunov analysis. The
subsequent content delineates the sequential design procedure of the backstepping controller.

By employing Kirchhoff's rules to the arrangement depicted in Fig. 1(b), the equations
governing the filter within the abc frame are derived as follows:

Ly 56 (8) + Rty (8) = u(t) — v (t)
Cove(t) = i;(8) = ig(t) 1)
Ly o= 15(t) + Ryig(t) = ve(t) = Vpec(t)
where i, is the three-phase current of the inverter side filter, i, is the three-phase current of the
grid side filter, v, is the voltages of the three-phase LCL filter capacitor referred to as point N,

and u is the output voltage of the inverter.
State variables and control signals are defined as:

[xq x5 x3u] = [ig Ve i u] (2)
Therefore, we have
1 R, Upce
Xy L—xz - L_xl -7
09 |9 g
Xy =xy — =
=l —lx, ©
Ny = —u——~x, — Xy
371, PR

Since vy, is neither a state variable nor a control input, it is considered as a disturbance:
v
d=-2 4)

Lg
So, Eq. (3) could be rewritten as:
1 R

J'c1=—L xz——Lgx1+d
Y !

Xy ==-X3— =

2 = X3 —-X ()
1 1 Ry

X3 =—U——X; ——X3
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3.2. Design of Nonlinear Disturbance Observer

To diminish the influence of disturbances and errors resulting from measurements, the
NDOB approach is recommended for disturbance estimation. Take into account a nonlinear
system defined as follows:

{5( =f(x)+g@)u+ h(x)d 6
y = k(o) ©)
If the disturbance d is bounded and has slow change with time:
ld| < u
. 7
R 7)

The technique employed for estimating the disturbance relies upon the fundamental
NDOB method as outlined in reference [44]. However, in scenarios involving a periodic
disturbance, it is advisable to employ the adapted NDOB method introduced in [45]. According
to this approach, when the disturbance stems from a linear exogenous system:

=A
{fi = cg 8)
where § € R™and d €R.
z= (A= 1)hx)C)z + Ap(x) — () (h(x)Cp(x) + f(x) + g()u)
§=z+pX) )
d=Cé
where z € R™is the internal state variables of the NDOB and p(x) € R™ is a nonlinear function
to be designed and usually is chosen as:

p(x) = kL]rc_lh(x) (10)
where Lrdenotes Lie derivatives [46] and k = [k; ... k,,]" are gains to be determined that k> 0.

The observer gain function I(x) is determined by:

I(x) = & (11)

Now, by implementing the modified NDOB method, disturbance in Eq. (5) can be

estimated. Since the disturbance, d = — vf“ , 1s a sinusoidal variable, it can be considered as
g
follows:
d=Esin(a)t+q0),E=—M (12)

Lg
According to Eq. (8), we can choose ¢ as:

& = E sin(wt + ¢)
{le = E cos(wt + @) (13)

By derivation of Eq. (13), the following equation is derived.

&, = Ew cos(wt + @) (14)
&, = —Ewsin(wt + ¢)

So

{ f1.= Wi (15)
$2 = —wéy

By comparing Eq. (15) with Eq. (8), the following equation could be derived.

A= [ 0 w

-0 0
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C=[1 0] (16)
Following the design procedure, the nonlinear variable p(x) can be chosen as:
p(x) = kLgh(x) = kx, (17)

where k = [1;1] and must be chosen, and it is selected based on [45].
2

1 =[] 1s)

Finally, by substituting these variables in Eq. (9) estimated disturbance is obtained with:

R
( Z —k, o112, wkyxy — kq(kxy + ixz - ixl)
1= +
[z ] [—w —k 0] [Zz] 1 Rg
2 2 —wkyxq — ky(kx; + —x, ——=x4)
Lg Lg
] & _ [zl] N kl] . (19)
& %2 ka] ™t
d=[1 0] Fl]
$2

3.3. Backstepping Control with NDOB Design

Through the use of BS, the higher order system is reconfigured into multiple first order
subsystems via the incorporation of virtual controls. Within this arrangement, the objective
revolves around attaining the desired filter current (x*) value. Consequently, the emphasis lies
in minimizing the disparity between the actual and intended values. Adhering to the design
tenets of BS, the following relationship emerges:

3.3.1. First Stage

The tracking error for the first variable is defined as:
e1 =x,— x* (20)

By derivation of Eq. (20), and subsequently substituting Eq. (5), the resultant expression
is derived as follows:

e'1=x'1—5c*=ix2—R—gx1+d—5C* (21)
Lg Lg

The Lyapunov function is defined as:

Vi = %312 (22)

and its derivative is:

. . 1 R o %
V]_ :elel :el(ng_ixl‘l‘d_ X ) (23)

In this regard, x, is the virtual control, and its ideal value is defined as Q,, to ensure the
stability of the system by the Lyapunov method, V;<0. so @, is chosen as:

Q= Lo(—d +-2x, + Hye, + i7) (24)
g

As a result:

V]_ - Hlelz S 0 (25)

By selecting a negative value for Hy, V;>0, , ;<0 and according to Lyapunov's method,
e, converges to zero and as a result, x; converges to x*.
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3.3.2. Second Stage

The error between real and ideal x, is considered:

e =X — Q1 (26)
The Lyapunov function is selected:
VZ :%e12+%e22 (27)

where its derivation is as follows:

; . . 1 R - . : 1
VZ :e1e1+e2e2 = (zx2+d—ix1—x )€1+6’2(x2—Q1) = (E(ez +Q1)+d_

R - 1 1 :
ixl—x )e1+ez (2x3—zx1—Q1) (28)
By substituting Eq. (25) in Eq. (28):
. 1 1 .
V, = Hje,? +€1E€2 +ez(—%x1 + %3 = Q1) (29)

In Eq. (29), x3 is a virtual input and its ideal value is defined by Q,. To ensure the stability
of the system by the Lyapunov method, V,<0, we define Q, as the ideal value of x;:

1 1 :
Q2 :C(;x1+H292 +Ze1+Q1) (30)
As a result:
VZ = H1€12 + Hzezz < 0 (31)

By selecting a negative value for H,, V,>0 and V,<0

3.3.3. Third Stage

The error between real and ideal x5 is considered:

e3 =x3—0Q; (32)
The Lyapunov function is selected:
V3 =+§312+%322+§e32 (33)

where its derivation is as follows:
V3 = élel + ézez + 6'26'2 = H1612+ H2€22 + 62%63 + 63(3&3 - Qz) = H1612+ Hzezz + 62%63 +

€3 (lu_LiIxZ _I:_;x:; _Qz) (34)

Ly

Finally, the control signal u is obtained as:
1 R 1 .
u=L(xz+ %3+ Haes —ce; +07) (35)

By substituting Eq. (35) in Eq. (34):

Vs = Hie;? + Hye,? + Hzes? <0 (36)

Therefore, by choosing a negative value for Hz, V3> 0, and V3 <0, and according to
Lyapunov's theorem, the stability of the system is guaranteed.

As can be seen, the control signal u contains Q,, which is the second derivative of vj.. This
holds significant importance as even a minor measurement inaccuracy could magnify into a
substantial error during differentiation. Hence, there exists a substantial anticipation that
employing the NDOB method for estimating this measure would rectify the error effectively,
consequently augmenting the compensation's overall accuracy.

4. SIMULATION RESULTS

To evaluate the effectiveness of the proposed approach, the MATLAB/Simulink
simulation environment is employed to replicate the system depicted in Fig. 1(b). Essential
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power system and control parameters can be found in Table 1. A comparative analysis is
performed between the BS and PR methods to demonstrate the former's superior performance.
Further insights into the linear method with the PR controller and RC method are provided in
appendix A and appendix B, respectively.

Initially, the NDOB method is utilized to estimate the PCC voltage. The alignment
between the actual and estimated voltages is clearly depicted in Fig. 2(a), showcasing the
precision of the estimation process. This alignment indicates a highly accurate estimation. The
error between the actual and estimated voltages is shown in Fig. 2(b), which is negligible in
the steady state condition. Consequently, the estimated v is adopted for subsequent analysis
in place of the measured v,.. In the following, an exploration of the PR and BS methods is
conducted under diverse conditions. These conditions encompass scenarios involving
harmonic and interharmonic loads, unbalanced load conditions, and instances of a weak grid.

Table 1. Simulation parameters.

Quality Parameter Value
Grid voltage (line-line RMS) 173V
AC power grid Line frequency 50 Hz
Grid impedance Ls/ Rs 1.2mH/01Q
Linear load R. 5Q
Load parameters
Nonlinear load R/ L 10Q /10 mH

Grid side impedance R,/ Lg 02Q/5mH
LCL Filter parameters  Inverter side impedance R;/L; 02Q/5mH

Filter capacitor C 5 uF
DC link reference voltage Vi 300V
DC link voltage DC link capacitor Cc1, Cac2 220 uF
Switching Frequency fw 10 kHz
k 0.2
PI controller k;; 10
NDOB parameters ki, ko 200
H; -5et
BS parameters H, -let
H; -9e5

w r/\k /‘\,“\ﬁ e

) 01 015 0 005 01 0.5
Time[s] Time[s]

(a) (b)

Fig. 2. Performance of the disturbance observer: a) comparison of actual and estimated voltage of PCC;

g

—m‘ua\ 1 Wwr
= = estimated

g

=

Error [v]
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=
8 )
T

g

o
=
9
&

b) estimation error.

4.1. Presence of Harmonic Load

Within this section, an in-depth examination of the BS controller's performance is
undertaken in the presence of a harmonic load. The configuration involves a nonlinear load
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comprised of a six-pulse rectifier in tandem with an inductor and resistor, interconnected with
the PCC. The load current waveform is presented in Fig. 3(a).

Notably, the load current exhibits a total harmonic distortion (THD) of 26 %, which passes
through the grid. Fig. 3(b) shows that the grid current experiences distortion until the instant t
= 0.1s. The BS controller is invoked into action at this precise moment, i.e., t = 0.1s. Remarkably,
the harmonic current stemming from the load is adeptly counteracted by the filter, resulting in
a discernible enhancement in the waveform of the grid current. This transition is visually
apparent in the plot. Fig. 3(c) showcases the waveform of the current introduced by the filter,
leading to a substantial decrease in the THD of the grid current from 26.6% to a mere 1.02%.

In order to establish a comprehensive comparison, an examination of the PR method is
also undertaken within the same operational context. The outcomes of this simulation endeavor
are thoughtfully depicted in Fig. 4. Notably, in Fig. 4(a), a discernible shift in the grid current is
observed after the activation of the PR controller at t = 0.1s. This adjustment contributes to a
modest improvement in the grid current waveform, ultimately reducing THD to 4.9%. Fig. 4(b)
showcases the waveform of the current introduced by the filter.
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()
Fig. 3. Performance of the BS controller in the presence of harmonic load: a) load currents; b) grid currents;
¢) filter current.

To highlight the performance of the BS controller, the RC method was also subjected to
investigation within the same conditions. Fig. 5(a) illustrates the changes in the grid current
prior to and post compensation at t=0.1s. The current of the filter is shown in Fig. 5 (b). The RC
method has reduced the THD to 4.5%, showing promising results.
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Fig. 4. Performance of the PR controller in the presence of harmonic load: a) grid currents; b) filter current.
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Fig. 5. Performance of ih)e RC controller in the presence of harmonic load: a) grid( Cerent; b) filter current.

A discernible observation can be drawn from the comparative analysis of Fig. 3(b),
Fig. 4(a) and Fig. 5(a): the transient response achieved through the implementation of the BS
controller notably surpasses that of the alternative. This enhanced smoothness in the transient
response serves as an additional advantageous aspect attributable to the BS controller. This
juxtaposition of results effectively underscores the pronounced superiority of the BS method
over the conventional PR and RC controller in the context of a harmonic load scenario.

4.2. Presence of Interharmonic Load

In this section, we examine the BS controller's performance amidst the presence of a load
containing interharmonics. The experimental setup involves coupling an induction motor
operating under a speed-controlled drive configuration, known for generating
interharmonics, to the PCC [2]. Fig. 6(a) depicts the load current's temporal variation. Notably,
at t=0.1s, the BS controller is initiated, prompting an observable shift in the subsequent grid
current behavior. Fig. 6(b) details the comparative profiles of the grid current pre and post
compensation, accompanied by the concurrent current contribution from the filtering system
as illustrated in Fig. 6(c). The assessment of THD applied to the grid current is presented in
Fig. 6(d), revealing a noteworthy reduction from an initial 33% to a significantly improved
0.7%.

In order to establish a comprehensive comparison, the PR method was also subjected to
investigation within the same conditions. The outcomes of this analysis are presented in
Fig. 7. Upon activation at t=0.1s, the PR controller's impact is visually illustrated in Fig. 7(a),
which showcases the alteration in grid current prior to and post compensation. The
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corresponding THD evaluations of the grid current are depicted in Fig. 7(b), highlighting a
noteworthy decrease from the initial 33% to a diminished 9.21%.

To emphasize the performance of the BS controller, we conducted a comparative
investigation with the RC method under identical conditions. Fig. 8(a) illustrates the alteration
in grid current both before and after compensation at t=0.1s. Corresponding THD evaluations
of the grid current are presented in Fig. 8(b). The RC method achieved a reduction in THD to
7.48%, showcasing promising efforts though falling short of the desired level. The
fundamental operation of the RC method involves rejecting harmonics that are integer
multiples of the main frequency. Consequently, the RC method may struggle to compensate
for interharmonics in the load current.

Through this direct juxtaposition, it becomes evident that the BS method exhibits notably
superior performance in the context of interharmonic compensation. This is substantiated by
the drastic reduction of THD achieved through the BS approach, which effectively
outperforms the PR method, underscoring its capability to significantly mitigate THD levels.
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Fig. 6. Performance of the BS controller in the presence of interharmonic load: a) load currents; b) grid currents;
c) filter current; d) THD analysis of grid current.
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Fig. 7. Performance of the PR controller in the presence of interharmonic load: a) grid currents; b) THD analysis
of the grid current.
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4.3. Performance under Polluted Grid

Within this section, the grid voltage demonstrates a departure from pure sinusoidal
behavior, being imbued with harmonic constituents as depicted in Fig. 9(a). Notably, the fifth
and seventh harmonic components constitute 10% and 7% of the fundamental component,
respectively. Such harmonic presence in the grid voltage results in the distortion of the grid
current, as visualized in Fig. 9(b), consequently yielding a THD value of 12%.

As seen in Fig. 9(b), upon the engagement of the BS controller at t=0.05s, a notable
transformation transpires. The THD, initially measured at 12%, is observed to undergo a
substantial reduction, culminating in an attenuated value of 0.5%. This outcome reinforces the
efficacy of the BS intervention in rectifying grid current distortions induced by harmonic laden
grid voltage conditions.

Figs. 9(c) and 9(d) depict the grid current after applying the PR and RC methods,
respectively. While these methods are capable of compensating for harmonics, it is observed
that they exhibit a slower transient response compared to the BS method.

Grid Voltage [v]
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L L
0 0.05 0.1 0.15 0.2 0.25 03
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Grid Current [A]
Grid Current [A]
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Time [s] Time [s]

() (d)
Fig. 9. Controller performance with the presence of harmonics in the grid voltage: a) grid voltage; b) grid
current with BS; c) grid current with PR; d) grid current with RC.

4.4. Presence of Unbalanced Load

In this section, an unbalanced load (R1=8Q, R2=12Q, R3=14Q),) is connected to the PCC.
Fig. 10(a) illustrates the load current profile, while the activation of the BS controller at t=0.1s
is denoted. The response of the grid current before and after compensation is displayed in
Fig. 10(b), effectively showcasing the influence of the compensation process with BS.
Furthermore, Fig. 10(c) reveals the behavior of the neutral current, which notably converges
to zero following the initiation of the BS.

To facilitate a comprehensive comparison, the PR and RC methods were also
investigated. Upon activation at t=0.1s, the impact of the PR and RC controllers is visually
illustrated in Fig. 10(d) and Fig. 10(e) respectively.

Despite promising efforts, it is evident that both PR and RC methods are unable to
compensate for the unbalanced load current. This limitation arises from their ability to
compensate only a limited number of harmonics, whereas the BS method proves capable of
addressing all unwanted components.
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This pattern emphasizes the successful control action of the BS controller in minimizing
the neutral current contribution.

Based on this comprehensive analysis, a decisive conclusion can be drawn: the
utilization of the BS method yields the potential to achieve a balanced and sinusoidal current
on the grid side. Conversely, the PR method lacks this inherent capability. The distinctive
configuration of the PR controller entails the necessity of individual controllers tailored to
mitigate each harmonic component.

This design intricacy substantially amplifies the computational load. Additionally, the
PR method falls short in effectively handling interharmonic constituents within the system.
This drawback fundamentally distinguishes the PR controller-based approach from the BS
method.
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Fig. 10. Controllers” performance when the unbalanced load is connected to the PCC: a) load current; b) grid
current with BSC; c) neutral current with BSC; d) grid current with PR; e) grid current with RC.

A salient feature of the BS method is its proficiency in compensating for a substantial
number of harmonics. In stark contrast, the PR method selectively addresses only a limited set
of harmonics. Furthermore, the BS method circumvents the need for crafting discrete
controllers for each harmonic, thereby considerably alleviating the computational burden
compared to the PR controller approach.

In contrast to the RC method, the BS approach eliminates the need for designing separate
controllers. However, its performance relies on accurately compensating the main frequency
component, resulting in challenges when effectively addressing inter-harmonic components
in the system. Additionally, the RC method exhibits a slow response and is incapable of
compensating for unbalanced current. These limitations are regarded as weaknesses when
compared to the BS method. These advantageous characteristics distinctly positions the BS
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method as a more efficient alternative to achieve harmonically cleaner grid currents. The

summary of simulation results is given in Table 2.

Table 2. Comparison of the different techniques.

Grid current com]?sifr?gjtion EI;\EI;DV\SEI PR RC
Interharmonic load 33 0.7 9.21 7.48
harmonic load 26 0.68 49 4.5
THD% Unbalanced load - v — —
Polluted grid - v v v
The response time [s] 0 0.05 0.2

5.

CONCLUSIONS
The present article introduces a control approach in managing the LCL filter-based SAPF

within a four-wire system. This methodology incorporates a recursive backstepping strategy

coupled with a nonlinear disturbance observer, aimed at ensuring a balanced grid current with

minimal harmonic content. The proposed technique effectively addresses not only harmonics,

but also interharmonics originating from nonlinear loads and a vulnerable grid. Notably, the

method demonstrates competence in rectifying imbalances arising from single-phase or

unbalanced three-phase loads. An integral feature of this approach is the integration of the

NDOB, which enhances the robustness of the backstepping controller against system

parameter uncertainties and external disruptions. Simulation outcomes notably underscore

the superior attributes of the BS method in contrast to alternative techniques:

Minimal parameter design is requisite, as the method obviates the need for discrete
controllers catering to distinct harmonic components.

Remarkably, the BS method excels not only in harmonic compensation, but also the
eradication of interharmonic components —an accomplishment unattainable by prior
methodologies.

The rapid transient response further bolsters the appeal of the BS approach.

The method's resilience to external disturbances and adeptness in handling parameter
uncertainty is a testament to its robustness.

A distinguishing asset of the BS method is its proficiency in effectively mitigating
negative and zero sequence currents prompted by load imbalances, further enhancing
its utility in real world scenarios.

The scope of future work could involve finding solutions for the following;:

In this research, the grid frequency is assumed to be constant. For future work, the effect
of grid frequency deviation can be also considered.

The cases conducted in this research can be replicated in a laboratory environment to
validate the accuracy of this method through experimental results.

APPENDIX A: THE PR CONTROLLER

In inverter applications, designing controllers for sinusoidal signals is complex due to

the need for precise gain adjustments to manage fundamental frequencies and harmonics. The

PR controller has gained popularity as it addresses two key issues of conventional PI
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controllers: achieving zero steady state error with sinusoidal references and effectively
injecting disturbances. The transfer function of the proportional-resonance controller is
presented as follows:

2KRhWcS
G. =k - A-1
s p t Xh=1571113 1 2kppwes+(haoy)? (A-1)

where k,, is the proportional gain, kg, is the resonant gain and w, is the cut-off frequency.
The parameters that need to be tuned are k,, w. and kg, (h = 1,5,7,11,13). The system
stability has been ensured through analysis of its loop gain bode diagram (depicted in
Fig. Al). By calculating the phase margin (PM) and gain margin (GM), parameters conducive
to system stability have been determined, as outlined in Table A1. Fig. A1 substantiates this
by demonstrating PM exceeding 30 degrees, GM being greater than zero, and a crossover
frequency of 1540Hz. Hence, the system stability is affirmed.

Table A-1. PR controller parameters.

Parameter Value
ky 6.2
W, 8rad/s
kg (h=1) 600
kg (h=5) 340
kgn (h=7) 540
kgn (11,13) 800
Bode Diagram
Gm =2.81 dB (at 4.59 kHz) , Pm = 42.7 deg (at 1.54 kHz)
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Fig. A-1. Open-loop frequency response for the control loop with PR controller.

APPENDIX B: THE RC METHOD

The performance of the RC method is based on IMP. In this way, RC can track harmonics
with high accuracy by creating high gains in the harmonic frequencies of the input signal. This
feature is very efficient for current harmonic compensation by APF. Fig. B1 shows the plug-in
RC closed loop control system.

where R(z) is the reference input, G,(z) is the basic plant, G.(z) is the conventional feedback
controller (PI controller). k, is the gain of RC and is a positive constant 0 < k,. < 1 [47]. G¢(2),
is a phase lead compensation filter to stabilize the overall closed-loop system. Q(z) is a low
pass filter to increase the robustness of the system.
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The transfer function of the plug-in repetitive controller is presented as follows:

_ U@ _ z7 VN Q(2)
GT(Z) - E(Z) - kT 1—z—N Q(Z) Gf(Z) (B—l)

where N = f;/f that f is the fundamental frequency of the reference signal and f; is the
sampling frequency. It is clear that if Q(z) =1, G,.(z) at the harmonic’s frequency reaches
infinity and the tracking error becomes zero. Q(z) has been implemented as a low-pass
binomial FIR filter with no phase delay. (Q(z) = 0.1z + 0.8 +0.1z"! and G; (z) = z? is employed
[47]).

E(2) k> Gila) | Q) -y G2 TlUF(Z)

Fig. B-1. Plug-in repetitive control system.

The parameters that need to be tuned are k,, k;,k, . The system stability has been
ensured through analysis of its loop gain bode diagram (depicted in Fig. B2). By calculating
the phase margin (PM) and gain margin (GM), parameters conducive to system stability have
been determined, as outlined in Table B1. Fig. B2 substantiates this by demonstrating PM
exceeding 25 degrees, GM being greater than zero, and a crossover frequency of 803Hz. Hence,
the system stability is affirmed.

Table B-1. PR controller parameters.

Parameter Value
k, 0.8
ky 22
k; 10
N 200
fs 10 kHz
Bode Diagram
Gm =5.13 dB (at 5.25 kHz) , Pm = 26.9 deg (at 0.803 kHz)
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Fig. B-2. Open-loop frequency response for the control loop with repetitive controller.
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