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Abstract: This paper introduces an innovative design for the super-twisting sliding mode
control (ST-SMC) strategy, which is applied for the first time to a three-phase shunt active
power filter (SAPF) utilizing a flying capacitor multicellular inverter (FCMI). The objective
of the proposed ST-SMC is to enhance control over filter currents, flying capacitor voltages
and the DC bus voltage. Simulation results, under balanced and unbalanced nonlinear load
conditions, demonstrated exceptional capabilities in harmonic reduction while maintaining
robust dynamic response characteristics. Additionally, it showed remarkable performance
in tracking both filter currents, DC voltage, and flying capacitor voltages.
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1. Introduction

The increasing use of non-linear loads based on the power electronic elements introduced
serious perturbation problems, such as harmonic pollution, current unbalance, and high
consumption of reactive power [1]. To address these problems, the filters active and passive are
connected to loads [2], one is the shunt active power filter (SAPF) [3], it efficiently eliminates
load harmonics, ensuring that only the fundamental active current persists in the supply current,
typically positioned at the point of common coupling (PCC).

The first design was based on a two-level voltage source inverter (VSI) [4]. Multilevel
inverters have been proposed to fulfill the demand for high-quality power [5]. Currently, three
distinct multilevel inverter topologies are being explored: the diode-clamped multilevel inverter
(DCMLLI), the cascaded h-bridge inverter (CHBI), and the flying capacitor multilevel inverter
(FCMLI).


mailto:mo.mahmoudi@g.enp.edu.dz
mailto:k.hemici@univ-chlef.dz
mailto:a.yahdou@gmail.com
https://orcid.org/0000-0001-5263-1726
https://orcid.org/0009-0005-1483-1504
https://orcid.org/0000-0002-1047-3843

This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153913

Numerous papers in the literature compare these multilevel inverter topologies [6, 7]. The
FCMLI exhibits several advantages [8], as it eliminates the need for stabilizing diodes, avoids
issues related to DC link voltage imbalance, and allows for direct stabilization of the voltage
across the switches. To improve the performance of the three-phase shunt active power filter
(SAPF) based on the flying capacitor multicellular inverter (FCMI), various control algorithms
have been explored in the literature [9-15].

The SAPF-FCMI is classified as a nonlinear multi-input multi-output (MIMO) system.
Among the methods employed in the literature, the sliding mode control (SMC), is as a robust
approach for nonlinear systems [16], characterized by its straightforward structure, ease of
implementation, and robustness against disturbances. However, a notable drawback is the
chattering phenomenon; various strategies for reducing chattering have been documented in the
literature [17-20].

One method is high-order SMC, this control includes various control techniques. The super-
twisting sliding mode control (ST-SMC) technique is the most prevalent. The super-twisting
sliding mode control (ST-SMC) demonstrates superior performance compared to other control
strategies across robustness, chattering reduction, and tracking precision. It is the most prevalent.
Its main advantages include guaranteed stability and robustness.

The ST-SMC outperforms proportional-integral (Pl) controllers in rejecting input
disturbances. It reduces position-tracking error under noise, while Pl shows error fluctuations.
[21]. By comparison with conventional sliding mode control (SMC), the ST-SMC eliminates
high-frequency oscillations (chattering) inherent in traditional SMC by using a continuous
control law. This is critical for real-world applications like ball and beam balancers, where the
ST-SMC reduces mechanical wear and energy consumption. The ST-SMC maintains robustness
against uncertainties and disturbances while achieving smoother control inputs. For example,
simulations on under actuated systems show that the ST-SMC reduces settling time by 30%
compared to conventional SMC [22].

This study presents the development of super-twisting control applied to a shunt active power
filter utilizing a flying capacitor multicellular inverter. The proposed control strategy ST-SMC
aims to increase the stability of the SAPF-FCMI to handle load variations, which improves under
conditions where efficiency and dynamic characteristics are maintained or even enhanced
compared to conventional linear control methods based on a PI controller.

The paper is structured as follows: After an introduction to the subject, section 2 presents a
description of the system and the mathematical model of the three-phase SAPF-FCMI,
discussing the components represented in the system diagram. Section 3 introduces a control
strategy for the SAPF-FCMI, emphasizing the application of the super-twisting sliding mode
control (ST-SMC). Section 4 presents simulations that demonstrate the effectiveness of the
proposed control strategy, evaluating the dynamic performance of the ST-SMC under
unbalanced nonlinear load. Finally, Section5 concludes with a summary of the main
contributions of this work.
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2. Description and principle of operation

2.1. Mathematical model

This section presents the topology of the three-phase SAPF-FCMI and its mathematical
model inabc and dq phase coordinates. It also discusses the control strategies for the flying
capacitor voltages and describes the algorithm used to generate the reference current.

Figure 1 illustrates the overall diagram of the three-level SAPF-FCMI, designed to mitigate
harmonic currents and reactive power from the nonlinear load, represented in this study by a
three-phase diode rectifier.

The flying capacitor multicellular inverter (FCMI) utilizes two DC-bus capacitors to stabilize
effectively the voltage. The SAPF-FCMI is connected to PCC distribution system via a coupling
filter (Ls, Ry). The differential equations describing the dynamic model of the three-phase
SAPF-FCMI are defined in abc-axes, as given in Eq. (1) [23].

di .
Lf % = _Rflfa + Ufa - vsa
difp i
Ly d_); = —Rylpp + vy — Vp O
di . '
Lff = _Rflfc + Ufc — VUs¢
dVge _ 1 .« . Py

dt  Cac %7 CacVac
The dynamical model of the system in dq reference frame results in Eq. (2) [24]:

difg _ Vra Ry Vsd .
ar L e, @l
Ly f

difq:vﬂ_Rf-

O]

v, .
irqg — 2+ wigq
dt Lf Lf Lf

According to Eq. (2), the mathematical model of the proposed topology, three-phase
SAPF-FCMI can expressed as:

X =Ax+Bu+G. 3)
Equation (3) presents the general state-space form, with:
x = [ifq, irq]" State vector,

T
x* = [ifq,if,] Reference vector,

Rf 1
~I - )
- f - —
A= | B=|1| u= [vfa, vq| Input vector,
w K L
Lf Lf
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T
G = l— ”Ls—fd - f—qu External perturbations to the system.

The model presented in (2) describes the interaction between the active filter connected to
the PCC and the ac power system in (dq) coordinates, this mathematical model aids in
identifying the control inputs, as well as the state and input variables. The model has two inverter
currents (ir4, ir4), the control inputs (Ve4, V) are related to the control signal (s;,) and the input
voltages at the PCC (Vsq4, V;,) are treated as external perturbations to the system.

From system (2), the control inputs (Vy4, V) are:

, di .
de = Rflfd + Lf% + Vsd + Lf(l.)lfq (4)

di . .
Vrq = Lf% + Rflfq + Vsq - walfd
As shown in the equations of system (2), the filter currents (ir4, i4) are coupled. To facilitate
the regulation of these two components, it is necessary to decouple them. By introducing new
terms into the first and second equations of the system, we can express them as follows:
difq

dt
- L difq R.i ! (5)
Uq = L7 =+ Rylgg

Ug = Rf"fd + Lf

where

Vi, =ug + Vg + Lrwi
fa d sd fLq
{ (6)

Vig = Ug + Voq — Lywipq”

Equation (6) presents the control laws of the current loops.

As shown in Fig. 1, the blocks included in the three-phase SAPF-FCMI system are as
follows:

— DC Link Voltage Control Block;

— Reference Current Generator Block;

— Current Injection Controller Block;

— Flying Capacitor Voltage Control Block.

The nonlinear load draws current that contains both harmonic and fundamental components.
The role of the SAPF-FCM I is to produce harmonic currents of the same amplitude but opposite
phase to counterbalance those absorbed by the load. This process aims to make the absorbed
current sinusoidal within the network. Accurate detection of these harmonic currents is crucial.
The SRF method is employed to generate reference signals for harmonic currents in the dgq
reference frame [26].

The mathematical representation of a given system is important when using the super-
twisting algorithm (STA) because the relative degree of the model can be determined
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analytically, the STA is particularly suitable for implementation in systems of relative degree
one [27].
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Fig. 1. Three-phase SAPF-FCMI system

2.2. Flying capacitor voltage control



This paper has been accepted for publication in the AEE journal. This is the version, which has not been
fully edited and content may change prior to final publication.
Citation information: DOI 10.24425/aee.2025.153913

In this study, we propose voltage-balancing dynamic in the FCMI using phase shifted-pulse
width modulation (PS-PWM). We specialize in the three-cell inverter (p = 3) which represents
a four-level FCMI, the control law balances the flying capacitor voltages to the defined values

* _Vdc * _2Vdc
Vle_ 3’ VCjZ_ 3

and identifies the phase.

This makes the output voltage have four levels {0, % % Vdc}.

The function of the switch is defined as ( sj).

Referring to Fig. 1, the voltage across the capacitor terminals is associated with the filter
current and is influenced by the control of the switches. The current through the capacitor can be
represented by Eq. (7).

{icn = (Sj2 = sj)iy; -
b, = (Sj3 = Sj2)iyj’
The currents in flying capacitor (Cj, = C) can be expressed by Eq. (8) [5]:
i _1dvgjp
Cir = ¢ dr
A\ ldVCjZ. (8)
tjz T ¢ ar
From Egs. (7) and (8), we can extract:
dVC i1 1 3
d_t] = E (sz - Sjl)lfj (9)
dVCjZ '

I = (553 = )i

(sjx) switch states as binary variables (s;; € {0,1}), meaning "1" and "0" indicate the switch
is on and off, respectively. The switch pairs in each phase function in a complementary manner
(Sj1 Sj1s Sj2: Sj2 » Sj3» Sj3-

The line-to-ground voltage (V,;) and the currents through the flying capacitors (icjy, icj2)
can be written using Kirchhoff's laws as:

14 14
Vij = (51 = $i2)Vejn + (812 = 5j3)Veja + 553 e - (10)

From the preceding equations, we deduce that the current flowing through a capacitor is
governed by the control signals linked to two consecutive switches within a switching period.
The local-average representation of the capacitor current in Eq. (8) can be expressed as:

{ch1 = (djz — dj))iy;j (11)
lcja = (djz — dj2) i)’
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where (i¢j1,T¢j2) are the locally-averaged currents of the capacitor (d;s, d;,, dj;), and are the
duty cycles of the switch (s;4, s;,, sj1) and, respectively, in general, duty cycles are defined as
(djx € [0,1]).

In the special case filter current (ir; > 0) and according to Eq. (%) the increase in the duty
cycle dj, results in an increased local-average current through the capacitor, while the latter
decreases if dj is increased [28].

If the voltage (chk) across the Flying Capacitors exceeds its reference value, a negative
current should be supplied to this capacitor. Consequently, d;; should be increased while (d; 1)
should be decreased. Conversely, if the filter current is negative (if; < 0) the duty cycles should
be adjusted in the opposite direction, to assist in balancing the voltage across the Flying
Capacitors.

The balancing dynamic of flying capacitors voltage (Vc;,, Vc,,) is based on the following set

of sequential equations:

ch1 =C Lep
dr (12)

lrin = dVCjZ
Cj2 dt
chjl_ 1

dt \ Elcjl 13
chjz_ 1_ ' ( )

a  c ez

From (11) and (13), we can obtain:
avei 1 _
T]l = (dj2 — djn)iy

dejz 1 —
—=2(ds —dp)y;

; (14)

where
djz = dmj + Adjz (15)
Here, (d,,,;) represents the initial duty cycle of the switches, ranging within the interval [0, 1].
It is proportionate to the reference signal of the flying capacitors voltage (V5;) and can be
expressed as follows:

dmj = V. (16)
Using (15) in (14), we get the following:

AVcj . :
= = Zsign(iy) (Adj; — Adjp)ky (17)
AVcj . : .
_dijz = %Slgl’l(lfj)(Ade - Ad]3)kp
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k,, is the proportional control gain.
(sign(ifj)) is the sign of the filter current, which is equal to 1 and —1 when (i) is positive
and negative, respectively.
We express the duty cycles by the proportional controller, as Eq. (18):
Adj; = sign(if;)(ejo — ej1)k,
Adjz = Slgn(lf])(ejl — (':']'Z)kp7 (18)
Ad]3 = Slgn(lf])(ejz — e]-3)kp
where ejq, ej1, ej, and e;; are the errors in the flying capacitors' voltages.
ej'k = AVCjk = Vg]k - VCjk B k= {1,2}
We find
Adjy = sign(i;)(—ej)k,
Adj, = sign(if;)(ej1 —€j2)ky. (19)
Adjs = sign(ir;)(ej2)kp
Replacement Egs. (19) and (16) in (15),
djl = Vf*j + Slgn(lfj)ejlkp

Replacement e;o, e;1, €j, in Egs. (20),

dj, =V, + sign(iy)) (—(Vg,.1 - chl)) k,
djp = V§; + sign(ie)) (Ve — Vejn) — (Vja = Vej2)kp- (21)
djs = Vf; + sign(ie;) (Vi = Vej2)kp

Equation (21) defines the balancing dynamic of the proposed voltage control and can be used
to tune the controller gain parameter (k,) to achieve a satisfactory converter performance.

Replacement Egs. (19) in (17),

A\_/C‘ 19—
2=l e — ek
e (22)
AVejp 1

= 2|5l (2e2 — ek,

Equation (22) gives the proposed balancing dynamic of the flying capacitor voltage control
and which is used to adjust the gain parameter of the controller (k,) in order to achieve

satisfactory performance for the FCMI.
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In order to reduce in a specific time (At), we express this time with the relation (At = K/f),
where (K) denotes an integer multiple of fundamental periods, and (f) stands for the fundamental
frequency. From Eq. (19), we extract:

_JIe

p = ZK[ffj] ' (23)
The average value of (|z‘fj|), computed over a fundamental period, is given by:
- 2\/51)‘ jrm
|lf] |avg = %7 (24)

where (I¢jrms) is the RMS value of the filter current. We can replace |Tfj| in (23), with (|rf1' |avg).
Eqg. (23) becomes:
7'L'ijk

> = (25)

Equation (22) provides an approximation of the parameter (K) necessary for achieving
balance in Flying Capacitor voltages. The determination of the number of periods can be made
arbitrarily, and in practical applications, it is not strictly confined to whole numbers. It's
important to observe that a lower value for (K) enhances the dynamics of voltage balancing.
Typically, the parameter (K) is ideally set to one [28].

According to this study, the voltage balancing method is then developed, as presented in
Fig. 2.

gThe command signals (s;) of the cell switches (Sj,) are formed through mathematical
comparison between the reference signals (dj;) and the triangular signals (P;,) defined by
Eq. (26) as follows:

Py = %[asin (sin(erfdt) - Qjx — g)] (26)
The angle (@) is the same for all (P;,) signals and is given by:
o= (k-1 (27)
The control signal (sj,) is determined as follows [29]:

S:

_{ 1 Ifreference signal = P,
jke =

0 Else

As shown in Fig. 2, the three phase-shifted signal carriers (P;) are compared with the duty
cycles of the switch (dj;), in order to generate switching pulses to drive the complementary
switches (Sjx, i)
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Fig. 2. Block diagram of the voltage balancing technique for four-level multicellular inverter using phase-
shifted pulse width modulation (PS-PWM)

3. Proposed control design of SAPF-FCMI

Higher-order sliding mode algorithms have gained interest in reducing chattering effects, the
super-twisting algorithm (STA), and an extension of a high-order sliding mode, has generated
significant interest, and has become one of the most cited control techniques in the last two
decades [30].

The ST-SMC achieves better trajectory tracking accuracy compared to conventional SMC or
SO-SMC methods, it is suitable for diverse systems, including under actuated systems and
nonlinear uncertain models. It is also characterized by simplified implementation without
requiring derivatives, which makes it accessible for real-time applications. Guarantees global
asymptotic stability with faster convergence rates, making it ideal for dynamic systems with
high-performance demands [22-32].

Both the ST-SMC and SO-SMC are effective, their selection depends on the application, the
ST-SMC is preferred for applications requiring smooth control signals and reduced
computational complexity, such as motor drives or under-actuated systems. The SO-SMC excels
in scenarios demanding high precision, robustness, and finite-time convergence, especially in
systems with complex nonlinear dynamics, while the ST-SMC offers simplicity and smoothness
in control actions. The SO-SMC provides superior robustness and precision at the expense of
increased design complexity.

The super-twisting sliding mode control (ST-SMC) is a controller designed to eliminate the
chattering effect, similar to second order sliding mode control (SO-SMC). However, the ST-
SMC offers advantages over the SO-SMC by maintaining the same tracking performance and

10
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robustness [33]. The advantages of the ST-SMC include precision, good stability, simplicity,
invariance, and robustness [19].

The stability criterion of the ST-SMC control is given by the Lyapunov stability approach,
applied to sliding mode control [19, 20].

The super-twisting sliding mode control (ST-SMC) structure primarily consists of two
components: equivalent control, which deals with the dynamics of the system and the sliding
surface, and super-twisting-based switching control regarding the switching control, which is
responsible for keeping the dynamics of the system onto the sliding surface. These components
work synergistically to achieve robust trajectory tracking while mitigating chattering effects
common in traditional sliding mode control.

The stability of the proposed control is ensured by the Lyapunov approach, which is
expressed by the equation:

V@ =570, (28)

To ensure stability and convergence, the derivative of the Lyapunov function must be
negative (V(x) = SS < 0).The variable (x) can be the voltage (V,.) or the filter currents
(ifa, igq)- The control law (u) of super twisting (ST) is constructed in two main parts. The first

part is given by its derivative with respect to the time (u, (t)).The second part is specified by the
function of the sliding variable (u,) [20].
Equation (29) represents the super-twisting algorithm:

{u = u; + A|S|Psign(S)
u, = a.sign(s)

, ©)

where (S) is the surface, and (1) and () are positive values.

In this section, the SAPF-FCMI control based on the ST-SMC strategy with the PS-PWM
technique is developed. It is important to note that the purpose of this control is to ensure that
the DC voltage (V,.), the flying capacitor voltages (Vc;y, Vcj2) and filter currents (if4, ifq) track

their respective references.

3.1. Control the DC voltage (V4.)
To control the DC voltage (V,.), we apply a second order sliding mode (supper-twisting)
controller. The error vector is expressed as:

ey =Xy — Xy = Ve — Ve (30)
e, is the error in the DC voltage (V) as shown in Eq. (31).
ey, = Vae — Vac- (31)

This error is considered to be the sliding surface of the sliding mode control [5], were V is
the Lyapunov function.
The sliding mode surface (V) is given by:

11
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Sy = S(Vdc) = V(;C — Ve (32)
The Lyapunov function is expressed by Eq. (33):
V=355 (33)
The deriving of the Lyapunov function is given in Eq. (34):
Iiii =5, Sv- (34)
The deriving of sliding surface in the equation:
Sv = Vz;c - Vdc- (35)
By replacing the expression of the derivative of the DC voltage V,. (from Eq. (1)):
. (. 1 .,
Sy =Vac — ?icldc. (36)
Suppose an ideal sliding motion in [25]. This can be expressed as:
S,=0,8,=0. (37)
We can write the first derivative of the sliding surface in the following form:
. 1 .,
S, =G, — o lae = ) (38)
where G, = V..
The second derivative of the sliding surface is given by:
.. LT 1 *-
S‘U = Vdc - rdcldc. (39)
Let’s define the following inequality:
|G,| < ¢,

1 .
0 < Kym < — < Kym
dc

(40)

If the sliding mode control stability criterion is applied [19, 20], the control of the DC voltage
(V4¢) is given by Eq. (41):

{uv = Uy + ylS,,lpsign(S,,) (41)
Uy, = B.sign(S,) ’
where
Cy 2 4Cy Kym(B+Cy)
> Ve 2 =
B Kym K&m Kym(B—Cy)
and

12
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0<p<1

Cy, Kyu, Koy are positive constants

3.2. Control the filter currents (ifq, irq)

To control the filter currents (if4, irq ), We apply second order sliding mode (super-twisting)
controller. The error vector is expressed as Eq. (42):
e = X5 —Xg = lpq — 1
{ d d d fd fd (42)

e e
€q =Xq —Xq = lfqg —lrq

This error is considered to be the sliding surface of the sliding mode control [5], where V is
the Lyapunov function.

The sliding mode surface (Sg, Sq) is given by Eq. (43):
{Sd = S(ifa) = ifa = ita “3)
Sq = S(ifq) = lfq ~ Irq
The stability of proposed control is assured by Lyapunov approach.
The Lyapunov function is expressed by Eq. (44):

1
V,=-52
{ U (44)
— 2
Va=35g
The deriving of the Lyapunov function is given in Eq. (45):
{Vd o (45)
V, =84.5,
The deriving of the sliding surface in Eq. (46):
{Sd e (46)
Sq = lrq ~irq

By replacing the expression of the derivative of the filter currents (if4, ifq) (using Eq. (2)):

i _ e Via | Vs . Ry .
Sa = ifq —Lf + —Lf + wigg + Py ifrq

: I qu Vsq . Rf .0 (47)
Sq = lq —?+?—wlfd +;lfq

Suppose an ideal sliding motion [23]. This can be expressed as Eq. (48):

13
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S4=0,S,=0
¢ L (48)
S;=0, 5,=0
We can write the first derivative of the sliding surface in the following form:
. Rf .
Sd = Gd + L_;lfd
. o (49)
Sq = Gq + ;lfq
where
« _V Vs
Gy = fd—%+L—d+wlfq
f f (50)
G. =i Viq | Vsq
a m—;;+L—ww
The second derivative of the sliding surface is given by Eq. (51):
.. . Rf :
Sd = Gd + L_j:lfd
. ) (51)
Sq = Gq + ;lfq
Let’s define the following inequality:
|Ga| < Cayq
|G| < Caq (52)

R
0 <K, <-L<Ky
Ly

If the sliding mode control stability criterion is applied [19, 20], the control of the currents
filter (irq, irq) is given as shown in Egs. (53):

’

{ud = uyq + ASq|Psign(Sy)
U = a.sign(S,)
.
{uq = uy, + A|S,| sign(s,)
Uyq = . sign(Sq) ’

(53)

where
a >t gz K Ku@tCaq)
Km Kin Km(a—Caq)
and
0<p<1.

(Caq> Ku, Ky are positive constants.
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The control signals (usq, urq), from the ST algorithm are used to generate the switching
signals for the three-phase flying capacitor multicellular inverter (FCMI). This can be achieved

using phase-shifted pulse width modulation (PS-PWM) techniques.
Figure 3 shows the proposed block diagram of the ST-SMC scheme applied in the SAPF-

FCMI.

] . 1
Vie sign(s,) . LPF . i
n I R [% I fd
i — i
Ve l B.sign(s,) vl | 3 | itq
. - 1 a) The reference current .
labc*
] 1 generator (SRF method) 1
. b) ST-SMC scheme of the DC voltage . ) .
I e e e e e i = AV et — = '
(a) ST-SMC scheme of the DC currents (b) The reference current generator (SRF method)

(c) ST-SMC scheme of the filter currents
Fig. 3. Proposed block diagram of ST-SMC schema applied in SAPF-FCMI

4. Simulation and interpretations

The objective of this work is to verify the efficiency of the proposed ST-SMC controller for
the SAPF FCMI in compensating harmonics, reactive power, and improving the quality of
electrical power. The nonlinear load is a three-phase diode rectifier, and the system has been
implemented, validated and realized using the MATLAB/Simulink package.
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The design of the system is based on Fig. 1 and Fig. 2. The SAPF measures the currents of
the nonlinear load in real time. We use the SRF method to identify the reference filter currents
(see Fig. 3(a)). The FCMI inverter is controlled by the phase-shifted pulse width modulation
(PS-PWM) method to generate control signals for power semiconductors (Fig. 2). Using the
ST-SMC, we compare the actual DC bus voltage with the reference voltage in order to achieve
tight regulation of the DC bus voltage (Fig. 3(b)). We also use the ST-SMC to control the filter
currents generated by the FCMI in order to force the actual filter current to track the reference
compensation current as accurately and quickly as possible (Fig. 3(c)).

The system parameters used are based on reference [13] and are given in Table 1. The
effectiveness of the SAPF-FCMI controlled by the ST-SMC, in terms of source currents, DC
bus, and flying capacitor balancing, has been examined under unbalanced nonlinear load
conditions. To demonstrate the good performance of the proposed controller during a transient,
the non-linear load is increased at t = 0.6 s by adding another RL load in parallel to each existing
load, effectively reducing the nonlinear load by 50%. The simulation results were compared to
those obtained with a PI controller.

Table 1. Parameters values of the simulated system [13]

Parameter name Symbol Value Unit
Source voltage Vsj 220 \Y
Source frequency f 50 Hz
Source impedance R, Lg 1,1 mQ, mH
Load impedance R, L; 10, 10 Q, mH
Coupling filter Rf, Lg 1,1 mQ, mH
Capacitor in FCMI Cix 0.1 mF

DC Bus capacitance Cac 3 mF
DC bus voltage Vae 800 \Y
P-S PWM frequency fa 10 kHz
RMS value of the filter current It jrms 495 A
Integer multiple of fundamental periods K 10

The reference voltages Vie Véja Véjr |8000, 266.66, 333.33 \%
ST-SMC gains ag;/p 500'23?260'5'

Figure 4 shows the current waveform of the source (for phase (a)) and its total harmonic
distortion (THD) before filtering with load change at t = 0.6 s. It is a highly non-sinusoidal and

distorted current.
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Fig. 4. Source current (iz,) with THDs before SAPF-FCMI insertion and load change

After the insertion of the SAPF-FCMI and with the ST-SMC in operation, we test the
efficiency and robustness of the ST-SMC control technique in terms of the stability of the DC
voltage Vg, flying capacitor voltages (Vgj1,Vej2), and filter currents (irq,irq). We study the
transient response, steady-state error, undershoot, and ripple voltage under unbalanced nonlinear
load conditions.

To evaluate the performance of the SAPF-FCMI, we relied on several important metrics:
transient response, steady-state error, and ripple voltage. The transient response is the time it
takes for the SAPF-FCMI to react to changes in load conditions or disturbances in the power
system. Steady-state error is the difference between the desired output (Vg, Ve, Vejar ifas ifq)
and the actual output (Vg.Vej1, Vejziras irq) OF the filter once it has settled into a steady state.
Ripple voltage refers to the voltage fluctuations of the DC voltage (V,.), flying capacitor
voltages(V¢j1, Vej2) and d-q filter currents (irq, irq)-

Figures 5, 6 and 7 show the response of (V) and the flying capacitor voltages(V¢ 1, Vejz).
One can clearly observe that the dynamic performance of the ST-SMC is superior compared to
Pl control. The DC bus voltage regulation and the flying capacitor voltage regulation are
achieved with a faster transient response time (0.15 s for ST-SMC, 0.32 s for PI) and a reduced
ripple.

With the ST-SMC controlled the SAPF-FCMI subjected to an unbalanced nonlinear load, the
DC voltage V,. and the flying capacitor voltages (V¢;q, Vcj,) exhibit maximum undershoots of
21V,14 V,and 7 V, respectively, which are estimated to be about 2.6% of their reference values.
After a transient time of 0.15 s, each voltage aligns with its reference value (Vy., V¢, and Vej,),
with a very small ripple estimated at 4 V. The steady-state error in these voltages is also very
small compared to their reference values, as shown in Fig. 8.
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While we find that using PI the DC voltage and the flying capacitor voltages witness higher
undershoots of (94 V, 62 V and 31 V), all estimated to be about 11.5% of the DC voltage and
the flying capacitor voltages respectively, on the other hand, these voltages do not follow their
reference values until after a transient time of 0.32 s.

Table 3 summarizes a comparison between the two control methods, with ST-MC we get a
very small steady-state error compared to the conventional control PI; the transient response time
of DC bus voltage and the flying capacitors voltages are reduced and estimated at 53.13% after
an unbalanced nonlinear load. The recorded results effectively confirm the superiority of the
suggested technique (ST-SMC).

T T
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\ Transit Time=0.32s
S 80—\ e
2 |
E /T /
> 6001 g i /
<) gy |
|
\Z% s00] 8% / ‘
> 750 \/ | Undershoot=04V 535W
700— —= —— :
200 0.6 0.7 0.8 0.9 530,y ¥ %
3 0.92 0.93 0.94
| | |
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time(s)
(a) Using PI controller
7~ Voo ]
1000 Using ST-SMC—— — dc™ " "de-ref —
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8 600 ; ; r / /
i 800 :
>
<, 400 L
S8 780 + Undershoot=21V| 805 1 M
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200 6 07 08 09 ]
092 093 094
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(b) Using ST-SMC
Fig. 5. DC bus voltage voltages ;. under balanced and unbalanced nonlinear load
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Fig. 6. Flying capacitor voltage V., under balanced and unbalanced nonlinear load
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Fig. 7. Flying capacitor voltage V.;; under balanced and unbalanced nonlinear load

Figure 8 shows a comparison of the performance of the two control strategies, Pl and ST-
SMC based on transit time and steady state error value after an unbalanced nonlinear load. By
applying the ST-SMC, we got a short transit time (0.15 s) compared to transient response time
by applying the PI controller (0.32 s). With the ST-SMC we get a very small steady state error
and less transient response time compared to the conventional control Pl, this allows the filter
to compensate for disturbances and harmonics in real-time, resulting in greater efficiency in
compensation of harmonic currents and reactive power; and improved power factor, thereby
enhancing power quality and system stability.

Table 2. Performance comparison between ST-SMC and PI controllers in terms of the DC voltage
and flying capacitor voltages

Controller
Voltage Metric
ST-SMC Pl

undershoot 7 94

Ripple voltage 0.5 8
Vac steady-state error 0.5 5

transient response time 0.15 0.32

undershoot 14 62

Ripple voltage 4 6
Veja

steady-state error 3.8 4

transient response time 0.15 0.32

undershoot 7 31
Ven :

Ripple voltage 1 4
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Fig. 8. Steady-state error for each of DC bus voltage and flying capacitor voltages

We conclude from this comparison that applying the ST-SMC ensures the stability of the DC
voltage V. and the flying capacitor voltages (Vc;y, Vcj,) after a short transient response time.

Therefore, it suffices to study the responses of the filter currents only by applying the ST-SMC.
After the insertion of the SAPF-FCMI, the filter currents (i¢4, if,) follow their references within

a short transient response time (tr), estimated at 0.04 s, with a small steady-state error, as shown
in Fig. 9 and Fig. 10 and summarized in Table 3.
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Fig. 9. Filter current (ir;) and steady state error ( eq) under balanced and unbalanced nonlinear load
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Table 3. The performance characteristics using (ST-SMC) in terms of the filter currents

Metric Symbol t<0.6s | t>0.65
) Transient response time tr(s) 0.1 0.04
v Steady- state error ed—max(V) 3 3
_ Transient response time tr (s) 0.1 0.04
va Steady- state error eq-max(V) 0.5 1

With the ST-SMC, we can ensure that the actual filter current accurately and quickly tracks
the reference compensation current. This enhances the effectiveness of the SAPF-FCMI in
attenuating harmonics and/or reactive power. The results demonstrate that lower ripple and low
overshoot indicate a more stable response, while a short transient response time suggests that the
SAPF-FCMI can quickly return to a steady state. This improves its performance and reduces
disturbances. Furthermore, a short transient response time leads to greater efficiency in
attenuating harmonics and improving the power factor, which reduces energy losses and further
enhances the performance of the SAPF-FCMI.

Based on the previous results, we can analyze the nature of the source current. Figures 11
and 12 demonstrate that after the insertion of the SAPF-FCMI, the ST-SMC achieves
significantly lower THD values both before and after the load change (0.58% and 1.04%,
respectively) compared to the results obtained with the Pl controller (2.57% and 2.39%,
respectively). This confirms that the ST-SMC is the most effective control strategy.
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Fig. 12. Source current with THDs using the (ST-SMC)

Table 4. The characteristics of source current SAPF-FCMI using ST-SMC and P1 controller

t<0.6s t>0.65
Symbol
ST-SMC Pl ST-SMC Pl
Response time tr 0.02 0.06 0.02 0.02
THD% THD 0.58 2.57 1.04 2.39
RMS(A) RMS 146.2 54.8 53.55 150.4
Overshoot Ov 500 900 150 160
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The initial overshoot in the source current (Fig. 11 and Fig. 12) occurs during the transient
phase when the SAPF-FCMI is activated. This is a typical response of dynamic control systems
like the ST-SMC during abrupt load changes or filter engagement. The overshoot arises from the
rapid adjustment of the control algorithm to compensate for harmonic currents and align the
source current with the voltage phase.

Brief overshoots are unavoidable during transient periods. Despite the 0.02 s transient time,
the total harmonic distortion (THD) remains low (0.58% before 0.6 s, 1.04% after), indicating
no sustained harmonic distortion or system destabilization. If the overshoot magnitude exceeds
component ratings (e.g., semiconductor devices), it could cause thermal stress. However, the
robustness of the ST-SMC ensures transient overshoots are within safe limits.

Before the SAPF-FCMI operation, the source currents were highly distorted and rich in
harmonics (Fig. 4). It is not in phase with the supply voltage, and this leads to the power factor
being poor with high reactive power absorption.

When we connect the SAPF-FCMI controlled by the ST-SMC to the supply source, a filtering
and composing process occurs, which makes the source currents sinusoidal and in phase with
the supply voltages, as shown in detail in Fig. 13.

While both ST-SMC and PI control methods are capable of achieving sinusoidal source
currents and phase alignment, there are notable differences in their performance characteristics.
The ST-SMC approach offers superior robustness against parameter variations and external
disturbances, making it ideal for dynamic and unpredictable operating conditions. Its ability to
handle high-frequency switching noise also contributes to improved filtering accuracy.

On the other hand, PI control, while simpler to implement, may exhibit slower response times
and reduced effectiveness under rapidly changing load conditions.

Figure 14 illustrates the performance of the system after the operation of the SAPF-FCMI, it
compares between them in terms of the active power, reactive power, and power factor over
time. Before the SAPF-FCMI operation, the active power and reactive power exhibit significant
oscillations, indicating poor power quality. The power factor (PF) fluctuates significantly,
staying below unity, which suggests inefficient deformed power resulting from harmonics.

After the SAPF-FCMI operation, the active power stabilizes after an initial transient
response, showing improved filtering and compensation efficiency. The reactive power is
significantly reduced, indicating effective compensation for reactive components. The power
factor (PF) improves and approaches unity, demonstrating enhanced system performance and
better alignment between voltage and current.
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Fig. 14. Active and reactive power before and after insertion of SAPF-FCMI

The active power (P,;) overshoot effects the sudden injection of compensating currents by the
SAPF-FCMI to cancel load harmonics. This is linked to the transient energy exchange between
the filter’s DC-link capacitor and the grid, reactive power (Q,) overshoot is the reactive power
transient that occurs as the filter rapidly adjusts to achieve a unity power factor. Large overshoots
could temporarily distort grid voltage, but the ST-SMC’s fast settling time (0.02 S) minimizes
this risk. Energy surges during transit time might strain the DC-link capacitor, but the ST-SMC
mitigates this.

The increase in the magnitude of active and reactive power after connecting the filter could
be due to the improved power factor and reduced harmonic distortion, which allows for more
efficient power transfer. The SAPF-FCMI helps in compensating reactive power and harmonics,
potentially increasing the effective active power. This increase can lead to more efficient energy
utilization and reduced strain on the power distribution system.
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However, it also means that the system's capacity to handle increased power demands should
be assessed to avoid overloading. While overshoots can cause transient issues, the overall
benefits of using the SAPF-FCMI for power quality improvement and power factor correction
generally outweighs these concerns, provided the system stabilizes quickly and efficiently. The
SAPF-CMI effectively improves power quality by reducing oscillations in the active power,
minimizing the reactive power, and improving the PF as shown in Fig. 14.

5. Conclusion

In this study, a nonlinear method using the super-twisting sliding mode control (ST-SMC)
with a phase shifted pulse width modulation (PS-PWM) technique is proposed to control a three-
phase shunt active power filter based on a flying capacitor multicellular inverter. To highlight
the performance of the suggested technique, the dynamic performance was tested under
unbalanced nonlinear loads. Simulation results showed excellent performance using the super-
twisting sliding mode control (ST-SMC) compared to the PI controller. This allows for a quicker
retrieval to steady-state with minimal undershoot and ripple in both the DC voltage and flying
capacitor voltages, demonstrating good robustness, low harmonic content, and effective reactive
power compensation. The ST-SMC applied in the SAPF-FCMI offers increased robustness
against unbalanced nonlinear loads. They can force the DC voltage, the flying capacitor voltages,
and filter currents to follow their predefined paths in a finite time.

In conclusion, a comparison between the proposed Pl and ST-SMC controllers highlighted
the superiority of the ST-SMC approach. Moreover, compared to other published works, the ST-
SMC technique gave much lower percentages of the THD value, it can be said that this technique
effectively compensates the absorbed harmonic current, resulting in low reactive power
consumption and unity power factor. Finally, the ST-SMC offers a robust and effective solution
for controlling SAPF-FCMls.
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