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As more and more non-linear loads are used in industrial applications, power
quality problems become more serious. To address this challenge, a robust
nonlinear control strategy is introduced using an active power filter (APF) to
enhance the power quality of the three-phase neutral voltage. The system
employs a control algorithm tailored for a three-phase split-capacitor

inverter, which eliminates high-order harmonics through a voltage source

inverter (VSI) equipped with an LCL filter. The grid-side components of the
Keywords: LCL filter are incorporated into a sliding mode control framework to
minimize oscillations while maintaining performance. Additionally, the d-q-
0 transformation within the synchronous reference frame is applied to
effectively manage the second harmonic component. In addition, the linear

Active power filter
Adaptive control

quer quality feedback input-output sliding mode facilitates the control system. This
Sliding mode system can help decrease total harmonic distortion (THD) to meet IEEE-519
Slip control standards. This method demonstrates its effectiveness through simulation

results, reducing THD to less than 5% and defeating previous methods
despite still using simple algorithms.
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1. INTRODUCTION

In today’s industrial landscape, the increasing use of nonlinear loads has a significant impact on
power quality. These systems are required to comply with standards such as IEEE 519-2014, IEC 61000-3-2,
and TEC 61000-3-4 [1]. With advancements in microelectronic technology, such loads produce non-
sinusoidal currents that introduce harmonics into the power system, making high-quality power supplies
essential.

Active power filters (APFs) not only improve power quality but also serve as an effective solution
for mitigating harmonics and other disturbances. As a result, APF controllers have rapidly become a widely
adopted tool for optimizing power quality. For instance, a dedicated three-phase inverter with a current
controller has been developed to enhance power quality for unbalanced nonlinear loads, eliminating the need
for an additional switching branch to regulate neutral current [2].

Leveraging voltage source inverters (VSIs), APFs enhance power quality by reshaping input
harmonic reference signals [3], [4]. Complex nonlinear load applications—such as electric transportation
systems and solar power installations—often demand highly stable and clean power supplies [5]-[9]. These
loads may result in either balanced or unbalanced three-phase conditions that fail to meet standard
requirements, leading to the emergence of zero-sequence and reverse-sequence currents. These negative-
sequence components can cause motor overheating, transformer saturation, power outages, and compromise
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the safety of neutral lines. To address these challenges, a decoupling-capacitor-neutral-point VSI
configuration suitable for APF integration is employed, offering a reliable approach to maintaining system
stability and power quality.

The flexibility and performance of conventional APF control methods often suffer from problems
under different load conditions. To deal with this problem, an advanced APF control method using
linearization feedback input-output sliding mode (LF-IOSM) is proposed. This system improves the
flexibility and efficiency of APF, efficiently decreases total harmonic distortion (THD), and complies with
power quality standards.

Voltage source inverters (VSIs) are commonly employed in three-phase grid systems integrated with
active power filters (APFs). These systems can be connected to loads using a four-wire VSI configuration
with neutral grounding. One method for establishing a neutral point involves using a A/Y transformer, where
the A side connects to the VSI and the Y side to the load [8]-[11]. However, this approach requires a bulky,
heavy, and costly transformer.

An alternative technique utilizes three-phase split-capacitor VSIs and four-pin VSIs, comprising a
total of 16 switches. In [12], [13], the four-pin inverter design includes two additional switches, which are
essential for implementing complex 3D space vector modulation. A three-phase, four-wire system can also be
derived from a conventional three-phase, three-wire VSI by incorporating a DC voltage divider. In this
configuration, the neutral point serves as the fourth wire, enabling space vector modulation. This setup allows
for output voltage regulation and facilitates the flow of zero-sequence current through the neutral conductor.

Recent research has focused on maintaining stable output from three-phase inverters under
unbalanced load conditions. For example, Chen et al. [14] employed deadbeat control with current and
voltage feedback to compensate for coil losses, though this method does not address harmonic distortion.
Geng et al. [15] introduced repetitive control to suppress periodic disturbances in nonlinear systems, but its
slow response and limited applicability pose challenges.

Other control strategies, such as sliding mode control, have demonstrated improved APF
performance under uncertain grid conditions [3], [11], [16]-[20]. Discrete sliding mode control offers
excellent dynamic response, reduced sensitivity to load variations, and robust stability. To manage
asymmetric three-phase signals, the symmetric constant-distribution method is used in conjunction with a
proportional-integral (PI) controller to balance inverter output voltage [21]. However, PI controllers increase
computational complexity, making them more suitable for nonlinear and unbalanced load scenarios [22].

This paper presents a detailed investigation into the development and implementation of the
linearization feedback input-output sliding mode (LF-IOSM) control method for APFs. Extensive simulation
results validate the effectiveness of the proposed approach across diverse operating conditions. Recent
studies [3]-[7] provide a solid foundation for this work. Figure 1 illustrates the schematic of the active power
filter system.
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Figure 1. Sliding mode control for three-phase active power filter systems
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Assuming the three-phase generator is unbalanced, Kirchhoff’s first law can be applied to the
system. Using this law, the single-phase current can be calculated as shown in (1).

iga = g — lpg (D

Let i, represent the current in phase a, i, the load current in phase a, and ir, the current injected by the
active power filter (APF) into the grid in phase a. The APF generates currents ir,, irp, and ir. that satisfy
Kirchhoff’s first law, as described in (1)-(3). These APF-generated currents effectively eliminate most of the
high-order harmonics produced by nonlinear loads. Applying the same principle to phases b and c, the
corresponding currents for these phases are also determined using (2) and (3).

igp = iy — Lpp (2)
igc = e — lpc (3)

In a four-wire system with unbalanced loads, the three-phase power source becomes distorted by
harmonics, leading to reduced power quality and potential damage to electrical and electronic devices. These
harmonics can be represented by (4), where n denotes the harmonic order [23].

igan (t) = V2o, Sin(@nt + Pon) + V2L sin(wpt + i) + V21 sin(wut + P_y)

igon (£) = V2lon SN Wnt + o) + VZlon SN Wnt + Pin — =) + 2y sin(wpt + Py +2)
igen () = V2lon Sin(@nt + Pon) + V2loy Sin(nt + Py + ) +

V2I_, sin(wut + P_p, — Z?E) (4)

The primary objective of the active power filter (APF) system is to reduce total harmonic distortion
(THD). Non-linear loads generate high-frequency components that contribute to THD, which is called
THDsy,,. According to IEEE Std. 519, the THD,, of the source current should be kept below 5%. THDgy
quantifies the harmonic distortion by calculating the ratio of the sum of all harmonic currents (12, I3, Iy, ..., Ix)
to the fundamental current (/;), expressed as a percentage, as illustrated in (4).

2 2 2 2
THD,, = /W 100% )

This paper introduces an advanced nonlinear control strategy for a three-phase voltage source
inverter (VSI), utilizing input-slip feedback to achieve output linearization under both balanced and
unbalanced nonlinear load conditions. To streamline computation and reduce hardware complexity, sliding
mode control theory is employed. The proposed method effectively suppresses high-order harmonics and
lowers total harmonic distortion (THD) in nonlinear loads, as validated by simulation results. The structure of
the paper is as follows: section 2 presents the mathematical modeling, section 3 details the input—output
linearization feedback system model, section 4 showcases the simulation outcomes, and section 5 provides
discussion and conclusions.

2. MODEL-BASED SYSTEM ANALYSIS

Figure 2 illustrates the three-phase active power filter (APF) configured with a split-capacitor
neutral point voltage source inverter (VSI) topology. In the d-¢g-0 coordinate system [24], [25], according to
the unbalanced loads, the zero-sequence components are given by (6) and (7).

. Ydq Vidqg . . . (vo—v10)

lgg=———"—jwigy,ig=— 6
dg =7 T, TPt T i )
. _ (iag=ilaq) . . _ (ig—igp)

Vigqg = —cf — J]WViaq, V1o = —cf @)

Here, L, denotes the grid-side inductor in inductor—capacitor—inductor (L—C-L) filter configuration; L,
represents the neutral wire filter; Cris the filter capacitor; v4, and vy are the output voltage components of the
VSI in the d—g—0 reference frame; i4, iy, and iy are the transformed switching current components derived
from ir; (where j=a,b,c) into the d—g—0 coordinate system; i, ijg, and ijy are the load current components; and
w is the angular frequency of the power source. Based on (6) and (7), the system’s state-space model can be
formulated as (8).
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% = Ax + Bv — Cl—lf (8)
In which: x = [ig, ig, 5, Ljg, i i1n]T is the state vector, v = [vd,vq,vn]T is the input from the source, and
i;=10,0,0,i14, i1, i;n]T is the load current. A and B are the coefficient matrices extracted from the original
expression: A = wA, + Lg*A, + (Lg + 3L,) 'A, + C7'A¢ and B = diag(Lg", Ly", (Lg + 3L,) 7, 0,0),
where A4, contains elements related to w, 4; contains elements related to L;1, 4, element contains a single
element related to (Lg + 3L,)"%, and 4c contains elements related to Cf_l.
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Figure 2. Layout of three-phase APF using sliding mode

3. FEEDBACK REGULATION WITHIN THE SLIDING MODE FRAMEWORK
3.1. Control of input and output using feedback linearization

The linear multi-input multi-output (MIMO) access controller was proposed to eliminate nonlinear
behavior in the simulation model [26], [27]. The following equations represent the corresponding MIMO
control framework:

Xsm = [ (Xsm) + Gsm- Usm 9

Ysm =h(Xsm) (10)
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where x,, denotes the state vector, ug, represents the control input, ys. is the system output, f and g are
smooth matrix functions, and / is a smooth scalar function. The dynamic behavior of the VSI, as defined in
(10), is formulated through (9) to (12) [27].

... T T T
Xsm = [ld lgloVigVigq vln] y Usm = [vdqun] y Ysm = [vldvlqvln]
__1 ; Lg
Ism = PRt diag <1,1, Lg+3Ln) (11)

f(xsm) = [szl_ﬁfk(xsm)]’r, inwhich:

_ . Vid _ . Vid _ Vin
fi(xsm) = wlg — Eﬂfz(xsm) = —wWl, _E'f3(xsm) = (Lg+3Ln)
ig , ig—ig in—i
fa(Xsm) = o, g + W, fs(Xsm) = qC 1 WV, fo(Xsm) = nC - (12)
f f f

To create a direct mapping between the outputs ys, ; for i=/, 2, 3 and the inputs u, ; for i=1, 2, 3, each
output is systematically varied until a corresponding control input is triggered.

Vem_1 Usm_1
Vsm 2| = A(xem) + E (Xgm) [usm_z] (13)
j}sm_3 Usm 3
The control strategy is defined as:
(L 2C : .
20i,—y, 7/4—( . TO /')vld_lld_a)llq
1 . _ : . 14
A(xsm):C—. =200, -7, | |7, :(Lg 1+a)2Cf)v,q—zld+cozld (14)
L v i, =—(L +3L)"
n T ]| y=—(L, +3L,)
E ' (xgn) = L,Cr.diag (1,1, (1 + 3L,.L,~" (15)
g-f g
where:
et[E(xsm)] = +
det[E (xgm)] - 0 (16)

(Lg+3Lp) LG C}

To satisfy the requirements of dynamic systems, the expected values of dynamic responses are
required. These values can be determined using (17).

Va| = [Vsm_zrer — M21€1 — N22€1 (17)

171] ysm_lref — 11161 — 1261
V3 Ysm_3ref — 13161 — 13261

In this context, e; = Ygm1 — Ysm1> €2 = Ysmz2 — VYsmz»> and €3 = Yoz — Vomz, Where Yem1, Yomz, and Yens
represent the reference values corresponding to Vems, Ysm2, and ygms, respectively. The error dynamics are
described in (13) through (19).

élref + 1161 + 1260 =0
Earer T M21€1 + 1261 =0 (18)
E3rer + 13161 + 73261 =0

The error dynamics are ensured when the gain coefficients #,:, 712, 721, 722, 131, and 53> are all
positive. The controller input in (13) reflects the concept of integrated control as (19).

[usm,i] = Lng- (]

Usm_1 H1
[usmj] = [usmzl,and (] = [/Jz] (19)
H3

Usm_3

Improving the adaptability of an active power filter using linearization ... (Leminh Thien Huynh)



884 a ISSN: 2252-8792

In which:

w=v,—20i, C, "+ ((Lng )" +’ )v,d +i,.C

. —1
;o @€,

M, =V, + 2l'da).Cf'1 +(<Lng)71 +a)2)v,q +l:1q .Cf'I —l'Ia,a).Cf'1

w=(1+3L,L," )(v3 [, +30)¢, 1" v +i, .C,fl)

Although the voltages vis, vig, and vi, are linearized, implementing a digital processor capable of handling
complex operations like derivatives and differentials remains challenging. As a result, the derivatives of the
electrical currents iy, i1, and i, continue to emerge within the circuit. To address this issue, a controller based
on sliding mode theory is proposed. This approach enables the design of a linearized feedback input-output
control system using consistent communication and weighting parameters, simplifying implementation [13],
[28], [29].

3.2. Sliding mode controller based on linearized input-output feedback

As a result of faults in the indirect voltage device, the sliding mode controller surfaces are affected.
These surfaces are determined using (20).

Sy = é; +N11e1 + 112 f e, dt

Sy =€y +My1e5 + 15, f e, dt
S3 = €3+ 3183 + 73, f es dt (20)

If the system states operate along a specific surface, then s; = s, = s3 = 0 and (20) can be reformulated in
the following matrix form: $; = $, = $3 = 0.

€1 = —M1161 — 11261
€2 = —MNz1€2 — 12263
€3 = —N31€3 — 13263 (2D

The (21) ensures that the system states vi, vig, and vy, will converge to their reference power values
when constrained to the zero sliding surface [30]. On this surface, where s = § = 0, the equivalent control
acts as a conventional controller that facilitates trajectory tracking. The equivalent control law is defined
as (22).

~?1 = '?:1 + 77119'.1 +N12€1
$2 =€ + M21€2 + 12263
S3 = €3 T N31€3 + N3z€3 (22)

Where v,, v2, and v; correspond to the newly defined inputs of the system, as illustrated in (23).

v = V*cdref + 1161 + N12€q
Vy = V' eqrer +M21€2 + 12262
V3 = V' cores T M3163 + N32€3 (23)

Ultimately, the equivalent control phase is realized by enforcing the condition $; = $, = §3 = 0.
The corresponding control expression is given by (24).

Uy, 10y = L,C, [vl —Zwiq.C_/" +((LgC, )71 +a)2)v,[, +1,.C,”" +i,qa).C_/":|
(24)
Uy, 2y =L,C, |:v2 12,00, +((L,C,) 0y, +i,C,” —i,da).C/"}

sm_2eq

y, v = (L, +3L,)C, |:v3 [, +30)¢, T, +il".c,-1}
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It is important to ensure that the values obtained for the equivalent control align with (19). To regulate the
state variables on the sliding surface, the conditions s; = s, =s3 =0 and y; > 0, y2 > 0, y3 > 0 must be satisfied.
If sy, s2, 83 # 0, the control strategy is defined as (25).

Usm_ 1 = Usm_1eq + y1sign(s;)
Usm 2 = Usm_2eq + y2sign(s;)
usm_3 = usm_Beq + ygsign(s3) (25)

Substituting (23) into (20) yields the following set of (26).

?1 = _V15i'gn(51)
$2 = —¥,Sign(s,)
S3 = —y3sign(s;) (26)

To address the complexity of the controller arising from the use of discontinuous functions, -,
each sliding surface only needs to regulate the speed to reach the average switching level through a basic
LCL filter [6]. The system’s stability and robustness can be evaluated using the Lyapunov function, as
proposed by Slotine and Li [27], defined as (27).

wo +
) Stw usm_imaxisi >0
U =—> = 0 27
usm_ieq - st+wg Usm-swi = wo - ( )

—Ugm i $; <0
stawg sm.imaxs Vi

Here, wo = 2xfy rad/s represents the cut-off frequency of the passive filter. To prevent system delays and
oscillations, the cut-off frequency must be carefully chosen—not excessively high or low. Accordingly, fo is
set to 2 kHz to effectively suppress oscillations, even when the values of u un 1max, UFsm tminy UFsm 2max,
U sin_ 2miny U sm_3max, and u” g 3min reach the steady-state control inputs (tgm_sst, Usm 251, Usm 3s)- The steady-state
condition is defined in (28).

. . _ -1
Usm_1st = (zwlq - Ol)llq)' (Lgl + waz)
. . _ -1
Usm_2st = QRuwig — wiyg). [L.gl + waz]
Usm 35t = 0 (28)

The Values Of u+sm_1max and u+sm_1min are deﬁned as u+sm_imax = usm_ist + Ai and u+sm_imin = usm_ist - Ai,
respectively, where A; is a constant introduced to preserve system stability. Consequently, the extent of
system oscillation is directly influenced by the magnitude of A;. In summary, the input functions in (25) are
modified as (29), in which the coefficients y,, 72, and y; ensure the existence of mode sliding on the surface.

Usm_ 1 = asm_leq + y15ign(s;)
Usm 2 = asm_Zeq + y2sign(s;)
Usm 3 = asm_3eq + y3sign(ss) (29)

Figure 2 presents the structure of the linearized input feedback—sliding mode output control, focusing on the
reference value along the d-axis (v'is). When the voltage source inverter (VSI) delivers a balanced three-
phase output, the remaining reference values are set to zero.

4. SIMULATED PERFORMANCE

Each controller is tested through two simulation runs incorporating an active power filter. The first
scenario employs PI control, while the second utilizes sliding mode (SM) control. To evaluate the
effectiveness of the proposed approach, simulations are conducted using the PSIM software, targeting both
unbalanced and nonlinear load conditions. The input source is a three-phase AC grid (380 V, 50 Hz), and the
inverter operates at a switching frequency of 10 kHz. The LCL filter parameters, detailed in Table 1, are
designed for a cut-off frequency of 450 Hz. Table 2 outlines the load specifications and controller settings,
while Table 3 presents the simulation outcomes for both PI and SM control strategies.

Improving the adaptability of an active power filter using linearization ... (Leminh Thien Huynh)
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Table 1. Configuration details of the VSI and LCL filter

Parameters Value Filter type
Ly 1.083 [mH] LCL
Cr 120 [uF] LCL
L, 3.0 [mH] LCL
Cear 4700 [uF] VSI
Cea 4700 [uF] VSI

Table 2. Controller configuration settings

Gain/load parameters Gain
Non-linear load: Unbalanced non-linear load:
L=0.3 [mH], C=0.47 [mF], L,=L~=L.=0.3 [mH],C,=C,=C.=
Controller type R=0.5[Q] 0.47 [mF], R,=R.=5 [Q], Ry, =25 [Q]
PI control Current controller k,=12.7; ki= 11200 k,=17.7; ki= 13150
Voltage controller kpy=0.31; k;y,= 815 kpv=10.35; k;,= 898
SM control Hi1 =M= N31 =5*103 and Hi2 =H»2=H32= 84*106

Table 3. THDsy, comparison across different loads and controllers

Load type Controller type THD [%)]
THD phase A THD phase B THD phase C
Non-linear load PI 2.15 2.55 2.52
SM 2.12 2.37 2.14
Unbalanced non-linear load PI 1.97 5.02 1.89
SM 1.5 4.09 1.66

The simulation outcomes depicted in Figures 3 through 8 reveal several key observations: first, the
phase load voltage remains consistently balanced under control. Second, system currents adhere to
Kirchhoff’s current laws, as demonstrated by (1)-(3). Third, the proposed control method achieves lower total
harmonic distortion (THD) in the phase load currents compared to PI control, across both nonlinear and
unbalanced nonlinear load conditions.

The simulation results emphasize the behavior of the three-phase grid and load currents. Figures 4
and 7 illustrate the voltage of phase a (v 4v) and line a (vr ) of the VSI under different load conditions.
Table 3 highlights the significant difference in THD between the two controllers when subjected to an
unbalanced linear load. Specifically, the PI controller reduced the a-phase load voltage THD from 2.15% to
1.97%, while the SM controller achieved a greater reduction from 2.12% to 1.5%, as shown in Figures 5 and
8. In comparison, Table 2 shows that under unbalanced nonlinear load conditions—particularly with phase b
imbalance—the THD of ib is notably higher than in other cases. However, with the SM controller, it remains
below 5%, as depicted in Figure 8. This lower THD confirms that the SM control method outperforms the PI
controller in managing both nonlinear and unbalanced nonlinear loads.
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Figure 3. Transient behavior of the proposed SM controller under nonlinear loading: grid current (i g), filter
current (7 r), and load current (i 1))
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Figure 4. Transient response of VSI phase-a voltage under nonlinear load using the proposed SM controller
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Figure 5. Dynamic behavior of current THD under nonlinear load using the proposed SM controller
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Figure 6. Response of grid, filter, and load currents (i 4, i £, i 1;) under unbalanced nonlinear load using the

proposed SM controller
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Figure 7. Voltage response at VSI phase-a under an unbalanced nonlinear load with the proposed sliding
mode controller

Figures 7 and 8 depict the response signals of i g. Initially, high signal levels may adversely impact
device performance; however, this issue can be mitigated using a delay timer switch. According to Lyapunov
stability theory [27] and the 5% standard control criterion, a stable i o, response exceeding 85% is achieved
at approximately 3.06x102 seconds from startup—equivalent to around 1.5 cycles of the fundamental
frequency—as illustrated in Figure 6. The deviation between the reference signal i s » and the actual
response i g is 0.77 A for the SM controller and 5.3 A for the PI controller, indicating superior tracking
performance of the SM method.

In accordance with the IEEE 1992 standards for total harmonic distortion (THD), overshoot and its
corresponding response time are key performance indicators in control systems—especially in active power
filter (APF) applications dealing with unbalanced nonlinear loads. By applying Lyapunov’s function, these
parameters were precisely calculated and are illustrated in Figures 9 and 10. The proposed sliding mode (SM)
control method was evaluated across a load power range of 5 to 48 kW, as shown in Figure 11. The results
demonstrate a significant reduction in THD, from 4.83% to 2.12%, maintaining values below the 5%
threshold and thereby satisfying IEEE compliance. These findings confirm the superior performance and
robustness of the SM control technique under challenging load conditions.

The load range for each control approach is illustrated in Figure 11, demonstrating that the SM
control technique delivers better results than the PI method. Here, PI and SM/NNL represent PI and SM
control methods under nonlinear load conditions, while PI and SM/unb_NNL represent PI and SM control
under unbalanced nonlinear load conditions.
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Figure 8. Dynamic response of proposed SM controller under unbalanced non-linear load: current THD
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5.  CONCLUSION

This paper presents a self-adaptive control strategy for a three-phase, four-wire active power filter
(APF) system, designed to meet the need for a simple yet efficient algorithm. The proposed model employs a
sliding mode input-output feedback linearization method, enabling dynamic load adjustment under both
balanced and unbalanced nonlinear conditions. To address the limitations of conventional linear controllers,
feedback linearization was applied, resulting in an extended load handling range—from 5 kW to 48 kW or
more—while maintaining THD below 5%, in compliance with power quality standards.

Due to the complexity of APF system calculations, the sliding mode approach was adopted to
simplify the controller structure. An LCL filter was also integrated to mitigate load-induced noise, which can
degrade control performance. Although the response time of the proposed control method for three-phase
VSI capacitors remains relatively slow (approximately 1.5 cycles of the fundamental signal to reach steady
state), simulation results confirmed its effectiveness. The SM controller demonstrated superior performance
compared to traditional PI methods, achieving lower THD (maximum THDg, = 4.96%) and better
adaptability to nonlinear and unbalanced load variations. Future work will focus on enhancing the
controller’s self-tuning capabilities by integrating a fuzzy PI controller, aiming to improve performance in
the presence of higher-order harmonics.
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