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Comparative performance analysis of backstepping and sliding mode control for static
synchronous compensators based on flying capacitor multicell converters

Introduction. The integration of a static synchronous compensator (STATCOM) based on a flying capacitor multicell converter (FCMC)
provides an effective solution for dynamic reactive power compensation and voltage quality improvement. The adoption of nonlinear control
strategies, such as sliding mode control (SMC) and backstepping (BSC), enhances system robustness and ensures precise tracking of variables
despite network nonlinearities and disturbances. Problem. Reactive, inductive or capacitive loads cause network imbalances leading to
voltage sags, swells and fluctuations at the point of common coupling (PCC). These disturbances degrade power quality, reduce the power
factor and place excessive stress on equipment. Moreover, high reactive power flow increases losses and decreases the overall system
efficiency. Goal. This study compares the performance of SMC and BSC controllers applied to a STATCOM for PCC voltage regulation
aiming to improve the power factor, effectively control reactive power and overcome the limitations of conventional controllers under network
nonlinearities and voltage disturbances caused by reactive loads. Methodology. The SMC uses a sliding surface based on current errors to
achieve fast and precise tracking even in the presence of disturbances. The BSC control employs Lyapunov functions to decompose the
nonlinear system into controllable subsystems, ensuring overall stability. Both strategies are simulated on a 5-level flying capacitor multicell
STATCOM using MATLAB/Simulink. Simulation results confirm the effectiveness of both controllers in maintaining the PCC voltage at its
reference value with a very short response time (1 ms), even under reactive load variations. Precise reactive power control enables rapid
compensation of fluctuations, improves the power factor and reduces harmonic distortion. The scientific novelty of this work lies in the
comparative performance analysis of the nonlinear SMC and BSC controllers applied to a STATCOM based on a FCMC converter,
considering network disturbances caused by reactive loads. Practical value. These nonlinear control strategies significantly enhance the
stability, voltage quality, and power factor of low-voltage networks equipped with STATCOMSs. References 36, tables 4, figures 18.
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Bemyn. Inmeepayis cmamuynozo cunxponnozo xkomnencamopa (STATCOM) ma ocnogi 6azamoenemenmno2o nepemeoposaya 3
npimarouum koHoencamopom (FCMC) 3abe3neuye egpexmushe piwiena 0aa OUHAMIYHOI KOMNEHCayii peakmuroi nomysicHoCmi ma
nokpawjenHs Axocmi Hanpyeu. Bnposaooicenms menimiiinux cmpameziii Kepysannsa, maxux sk xoesne kepysanns (SMC) ma
38opomuuii kpox (BSC), niosuwye cmitikicmo cucmemu ma 3a6es3neuyc moune 8i0CmenHceHHsa SMIHHUX, He36aAXHCAI0YYU HA HEeNIHIlIHICb
ma 30ypennss mepeoci. Ilpoonema. Peaxmueni, iHOyKmueHi abo €MHICHI HABAHMANCEHH GUKIUKAIOMb OUCOANAHC Mepedici, uo
npu3eoouUms 00 3HUJCEeHb, 301IblUeHb Mma KOAUusans Hanpyeu 6 mouyi cnintehoeo nioxkawouenns (PCC). Li 30ypenna nociputyroms
SKICMb eneKmpoenepeii, 3HUICYIomy KoepiyicHm nomydjicHOCmi ma Cmeopioloms HAOMIpHe Hasanmadicenuss na obraonants. Kpin
Mo2o, BUCOKUIL NOMIK PeaKmMUGHOI NOMYIHCHOCMI 30iNbULYE BMPaAMU MA 3HUICYE 3a2anbHy eghekmusHicms cucmemu. Mema. Y yvomy
docriddcenni nopisnioemocs npooykmugnicms kowmpoaepie SMC ma BSC, wo 3acmocosyiomucsi 00 STATCOM onsa pezyniosannus
nanpyeu PCC, 3 memolo nokpawenms Koe@iyichma nomysicHoCmi, epeKmusHo20 KepyBamHs DeakmusHO0 NOMY*CHICMIO ma
nooonanHs obmedicenb mpaouyitinux KOHmMpoiepie 3a ymMoe HeriniliHocmi mepedici ma 30ypens Hanpyeu, CHPUYUHEHUX PeaKmueHUMU
nasanmasicennamu. Memoouka. SMC suxopucmogye Ko83Hy NOGePXHIO HA OCHOBI NOXUOOK CIPYMY 05l O0CACHEeHHS WBUOKO20 md
MOYHO20 GI0CmediceHHs. Hasimb 3a HaseHocmi 30ypensv. Kepysanns BSC euxopucmosye @ynkyii Jlanynoea 0as po3xkiadanHs
HeNiHiliHOT cucmemu Ha Keposawi niocucmemu, 3abesneyyiouu 3a2anvHy cmabiteHicms. O0uosi cmpamezii Mooenoomsca Ha
n’amupienesomy bacamoenremenmuomy STATCOM 3 nimatouum xondencamopom 3a 0onomozoio MATLAB/Simulink. Pe3ynemamu
MOOeN08anHs NIOMEePINCYIOMb epekmusHicmb 060X kKonmponepie y niompumyi nanpyeu PCC na it onopnomy 3nauenni 3 oysice
Kopomxum yacom 8iozyky (1 mc), nagime 3a xKonusans peaxmusno2o nasanmaoicenns. Toune Kepy8anus peakmusHoIO NOMYICHICIIO
00380J1€ WIBUOKO KOMNEHCYB8AMU KOTUBAHHS, NOKPAWYE KOepiyicHm NomylcHoCmi ma 3meHulye capmonitini cnomeopenns. Haykosa
HOBU3HA POOOMU NOJSI2AE 6 NOPIGHANLHOMY AHANI3I NPOOYKmusHocmi Heainitinux xonmponepie SMC ma BSC, 3acmocosanux 0o
STATCOM Hna ocnosi nepemeoprosava FCMC, 3 ypaxysanusam mepedicegux 30ypeHsb, CHPUHUHEHUX PeaKMUSHUMU HABAHMANCEHHAMIUL.
Ilpakmuuna 3nauumicme. Lfi neninitini cmpamezii Kepy8anHs 3HA4HO NOKPAWYIOMb CMAbINbHICMY, AKICMb Hanpyeu ma Koegiyicum
NOMYAHCHOCMI HU3bK08OIbMHUX Mepedic, ocHawenux STATCOM. Bibn. 36, Tabn. 4, puc. 18.

Kniouoei cnosa: GaratoejieMeHTHHI NepeTBOPIOBAY 3 JITAIOYHM KOHIEHCATOPOM, CTATHYHHI CHHXPOHHHI KOMIeHcaTop,
KepyBaHHs KOB3HUM pe:kumom, I1I-peryasrop.

Introduction. Flexible AC transmission systems
(FACTS) have been widely adopted in modern power
networks to enable efficient control of power flow,
enhance the maximum transferable power, regulate
voltage profiles, improve power factor, and strengthen
overall system stability. In addition, certain FACTS
devices contribute to network frequency management,
thereby supporting reliable and flexible operation of the
electrical grid [1, 2]. Within the wide range of FACTS
devices, the  static = synchronous  compensator
(STATCOM) has received considerable attention due to
its robustness and capability to provide dynamic reactive
power with rapid response [3]. It is widely regarded as
one of the most effective FACTS devices. When
connected in parallel with the power grid, the STATCOM
operates via voltage source converters integrated into the
transmission network. Its operating principle relies on
controlling the reactive power exchanged between the
converter and the grid, analogous to the behavior of a
rotating synchronous machine [4, 5]. This exchange is

accomplished through 3-phase voltages of adjustable
amplitude and frequency, which are synchronized with
the grid and generated from a DC voltage source
maintained by charged capacitors [6].

The implementation of a STATCOM can be
achieved using a conventional 2-level voltage source
converter, as reported in earlier studies [5]. Such
converters offer several advantages, including a reduced
component count, the use of at most two DC voltage
sources, and relatively straightforward control strategies.
However, they exhibit significant limitations, such as
poor output voltage quality, high harmonic distortion, and
applicability restricted to low-voltage and low-to
medium-power systems. In recent years, 2-level
converter-based STATCOMs have increasingly been
supplanted by multilevel converter technologies.
Multilevel converters provide numerous benefits,
including an increased number of output voltage levels,
superior harmonic performance, higher efficiency,
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improved power quality, reduced total converter losses,
and lower electromagnetic interference due to decreased
dv/dt stresses in the system [7-9]. Accordingly,
considerable research efforts are currently directed toward
the design, optimization and control of STATCOM
topologies based on multilevel converters.

As demonstrated in several studies [7—12], 3 main
multilevel converter structures are commonly identified:

1) cascaded H-bridge converters;

2) neutral-point clamped converters;

3) flying capacitor multicell converters (FCMCs).

The FCMC offers several compelling advantages for
medium voltage applications. Notably, it can operate
without a transformer, requires no clamping diodes, and
inherently maintains its floating-capacitor voltages at their
nominal values. This natural self-balancing property
enables the design of converters with a large number of
voltage levels [13, 14].

However, one of the main control challenges in
FCMCs lies in maintaining stable and balanced voltages
across all floating capacitors. In the absence of an effective
balancing mechanism, the voltages of these capacitors can
drift from their nominal values, thereby increasing the
electrical stress on the power switches. To ensure reliable
voltage balancing, these structures generally rely on
advanced modulation techniques, notably phase-shifted
pulse width modulation (PS-PWM) [15, 16].

The interleaved carrier modulation technique,
widely known as PS-PWM, is the conventional control
strategy employed in flying-capacitor converters. This
method is particularly effective because the phase-shifted
switching patterns naturally distribute the charge among
the floating capacitors, thereby maintaining their voltage
balance without requiring additional control loops. By
preserving the inherent self-balancing property of the
capacitor voltages, PS-PWM ensures reliable operation of
the switching devices and enhances the overall stability of
the converter [17, 18].

Recent research efforts have been directed towards
enhancing the performance of multilevel STATCOM
systems through PWM-based control approaches. In [19],
the authors studied a 5-level half-bridge modular multilevel
converter (MMC) for D-STATCOM applications,
employing phase disposition modulation and a PI controller
to effectively balance the capacitor voltages. The authors in
[20] proposed a flexible modeling approach for a delta-
connected MMC STATCOM with embedded energy
storage, aiming to optimize reactive power compensation
and system interface control. Finally, the authors of [21]
developed a variable DC voltage control strategy for
MMC-STATCOMs, which improves the reactive power
response and stabilizes capacitor voltages under various
operating conditions.

The goal of the work. This study compares the
performance of sliding mode control (SMC) and
backstepping (BSC) controllers applied to a STATCOM
for point of common coupling (PCC) voltage regulation
aiming to improve the power factor, effectively control
reactive power and overcome the limitations of
conventional controllers under network nonlinearities and
voltage disturbances caused by reactive loads. The BSC
provides stable and precise regulation of voltage and
reactive current, while the SMC offers high robustness and
a fast dynamic response, with a minor chattering effect.
Both methods outperform linear controllers such as PID

and linear quadratic regulator in STATCOM applications
by effectively handling nonlinearitiecs and network
disturbances, while enabling precise balancing of floating
capacitors and optimization of reactive power flow, thereby
ensuring improved overall stability and performance.

System under study. The studied system (Fig. 1)
consists of a 3-phase voltage source and 2 types of
balanced 3 phase loads: a fixed active load and 2 dynamic
reactive loads. The setup also includes a multilevel
STATCOM comprising a DC energy source typically
provided by high-capacity capacitors coupled with a 5-level
FCMC. The compensator is connected to the PCC through
a 3-phase filter inductor, enabling effective voltage
regulation and mitigation of network disturbances. The
control subsystem, which includes the reference signal
generator and the controller, ensures dynamic voltage
regulation while maintaining the desired power factor. The
exchange of reactive power between the grid and the
STATCOM is controlled by adjusting the compensator’s
output voltage V..

When the STATCOM voltage exceeds the grid
voltage at the point of PCC, reactive power is injected
into the grid. Conversely, if the grid voltage is higher than
the STATCOM voltage, reactive power flows from the
grid to the compensator. When the two voltages are equal,
there is no exchange of reactive power [22, 23].
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Fig. 1. Equivalent circuit of STATCOM

Mathematical modeling of the STATCOM. The
circuit of a distribution system controlled by a STATCOM
is shown in Fig. 1. In this system, V. denote the 3-phase
grid voltages at the PCC, V. represent the 3-phase output
voltages of the converter, and /., are the corresponding
STATCOM output currents. Moreover, L denotes the
coupling filter inductance per phase, while R represents the
series resistance, which accounts for both the winding
resistance of the coupling filter and the conduction losses
of the converter.

The instantaneous phase voltages at the PCC are:

Vea =V cosat ; 1)
Vap =V cos(ot —27/3) 2
Ve =Vpcos(wt —4m/3) . 3)

According to Kirchhoff’s law of wvoltages, the
relationship between the voltage at the PCC, the converter
output voltage and the currents is as follows [24-26]:

Veabe =Veabe + RI

ga cabc

+ L—dl(cif;”‘f . 4)
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Using the Park transformation (abc-dq), the equation
(4) can be rewritten as follows:

Vy=V.;+RI, +L%—La)1q; 5)
dr
d1,
VqZch-i-RIq-FL?-FLCOId, (6)

where 1, I, are the d and g axis currents corresponding to
L, I, 1I..;; @ is the synchronized angular velocity of
rotation of the voltage vector; V4, V,, are the d and q axis
voltages corresponding to Ve, Vep, Vee-

According to the theory of instantaneous power, the
active and reactive power exchanged between the network
and the STATCOM can be calculated in the dg frame as:

3
P:E(led-i-Vq]q); (7)

0= %(Vqld V). ®)

In the synchronized rotary reference frame V, = V;
and V, = 0, the instantaneous active and reactive powers
can be written as follows:

P:EVdId; (9)
2
3

0=-Valy. (10)

FCMC model. FCMC is based on the series
connection of multiple switching cells, which allows the
generation of high voltages with low harmonic distortion.
Each phase of the converter consists of a set of p cells,
interleaved with (p—1) floating capacitors. Each cell
comprises 2 bidirectional switches (IGBTs), operated
complementarily to prevent short circuits between voltage
sources [16, 27, 28]. The binary state S;; of switching cell
(i=1,2,3,..., p)in phase (k= a, b, c¢) corresponds to the
state of the upper switch of the cell: S;; = 1 when the
switch is closed, and Sj; = 0 when it is open.

The converter output voltage Vo can then be
expressed as a function of the switching states Sy
according to the following relationship:

v (&
el Su—pl2|
P =

In a state of equilibrium, the voltages of the cells are
equal:

(11)

Vio =

Veceiiki = Ve ! P - (12)
Under these conditions, the voltages of the
capacitors are given by:
iV
Vo =— (13)

For a converter with p cells, the number of levels
that the converter is capable of generating at the output is

ptl. The characteristic values per phase of the
combination of p switching cells are defined in Table 1.
Table 1
Definition of the per phase characteristic parameters of FCMC
Number of cells p
Number of active switches 2p
Number of flying capacitors p-1
Number of combinations 27
Number of generated output voltage levels| p+1
Main supply voltage value Vie
Voltage source of each cell i i-Valp

In the specific case where the converter consists of
4 cells, it is referred to as a 5-level series multicell
converter. Figure 2 illustrates the structure of one arm of
this converter, which is composed of 8 switches forming
4 switching cells connected in series, along with 3 floating
capacitors. The DC bus, in turn, consists of 2 capacitors,
denoted C1 and C2.
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Fig. 2. Per-leg circuit configurations of the 5-level FCMC

The output voltages of the converter, measured with
respect to the negative terminal O of the DC bus, are
expressed as follows [29]:

Vio =S4 —0.5) - Ve +(Sp3 = Sia) - Vers (14)
+(Sk2 = Si3) Voo + (S = Sk2) - V.
The switches states of 4-cell 5-leve1 FCM converter

are demonstrated in Table 2.
Table 2
States of switches in the 4-cell-5-level FCMC

Output voltage level|States of (Si1, Sz, Sis, Sie)[Number of state

Vad2 (1,1, 1, 1) 1
1,1,1,0)(1, 1,1, 1)

Vaclt (L10.1)(0. 1.1 1) !

0 (1,1,0,0)(1,0,0, 1) s
0,0,1,1)(0,1, 1,0
_ 0,0,0,1)(0,0,1,0)

Vald (0.1,0,0)(1.0.0.0) 4

V32 (0,0,0,0) 1

For a balanced 3-phase system, the sum of the
3 phase voltages is zero:
Van + Vbn cn =0. (15)
The relationship between the converter output
voltages Vy, (k= a, b, ¢) and the Voltage V.o is:
Vi =Viio = Vao
where V,,O = (VaO + VbO + Vco) /3.
Starting from (16), we express V,,, V;, and V,, in
terms of Vo, V3o and V.o:

(16)

an:(2/3)’Va0_(1/3)'Vb0_(1/3)’ (17)
0 =—(1/3) V0 +(213) Vo —(1/3)-V, (18)
——(1/3)-Va0—(1/3)~Vb0+(2/3)~V00, (19)

where Vao, Vo, V.0 are determined by (11).

STATCOM control strategy. The block diagram of
the control strategy is shown in Fig. 3. This diagram
consists of a dual-loop control structure: an inner current
control loop and an outer current reference generation loop.
In the outer loop, the DC voltage control loop is designed
to maintain the DC-link voltage at its reference value.

The measured DC voltage is compared with the
reference value, and the resulting error is processed by a
PI controller. This controller generates the active current
reference component /. as shown in Fig. 3. Similarly, in
the AC voltage regulation loop, the RMS value of the AC
voltage measured at PCC is compared with a predefined
reference voltage. The resulting error is processed by
another PI controller, in which the proportional term
provides a fast dynamic response to voltage variations,
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while the integral term eliminates the steady-state error.
The control signal produced by the controller is then
converted into reactive current references /s enabling
the adjustment of the reactive power exchanged by the
STATCOM, thereby ensuring effective voltage regulation
at the PCC and enhancing the overall stability of the
power system [7, 22]. The quantity V,,, denotes the
measured value of the AC voltage, calculated from the
components d and g of the 3-phase voltage vector:

Vims =\\Vid +V3 . (20)

The inner current control loop, implementing either
SMC or the backstepping approach, subsequently
computes the converter reference output voltages required
for the modulation process.

abe
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PLL .
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Vaab q
gabe
‘ %) 1d ! Gate
Ieabe | ape BSC Signals
’ dq Igq Or | PS-PWM |
SMC
Vde _rldref ! Iqref
—:(P—» PI Controller
Vaeref |
Vems PI Controller

Vrmsref

Fig. 3. STATCOM control block diagram

Sliding mode controller. In the control strategy,
STATCOM is driven using SMC to regulate the
STATCOM currents (I, and 1,) [30, 31]. The equations of
state (5) and (6) are expressed as follows:

a, R, 1 1
Sd o Vel +—V; 21
dr I d I cd q I d (21)
ds R 1 1
q
R AL S T g 22
e L4 e TdThe @2)
with:
Vy= Vdﬁeq +Vaer s (23)
Vy=Vy og+Vyer- (24)

The implementation of SMC
selection of sliding surfaces:

is initiated by the

Sq =larer =143 (25)

Sq=1grer —14- (26)
After derivation, we obtain:

Sa=ITgur =14 (27)

Sy =lyer —1,. (28)

Then, by substituting (21) into (27) and (22) into
(28), we obtain:

L . R 1 1
Sa =1grer—14 :[dref"'zld —ol, +chd —ZVd; (29)

Sq :Iqref_[q :Iq,.ef—i-z[q-Fa)[d +chq —ZVq. (30)

S‘d =—ky -sign(Sy); 31

S, =—kg-sign(S,), (32)

where k,, k, are the design parameters chosen according
to the desired performance in closed loop.

By substituting Sd and Sq with their expressions

from (29), (30) into (31), (32), respectively, we obtain:

. R 1 1 .
Laref + 7 la—@lg+ T Vea =7 Va =—kg -sign(Sy) , (33)

. R 1 1 .
Lyrer +zlq +aly +Zch —qu =—k, -sign(S,). (34)

Consequently, the V; and ¥V, control commands can
be expressed as follows:

Vi =L gpr + Rlg = oLI, + Vg + L-ky -sign(Sy) =

(35
= Vd_eq +Viers
Vy=Llyer +RIg+ 0Ll +Voy + Lk, -sign(S,) = (36)
=V, eqtVyer-

The following control and correction terms are obtained:
e equivalent commands terms:

Vi eqg=Llger +Rly =Ll +Vey ; (37
Vy og=Llyer + R, + LI, +V,, ; (3%
e correction terms:
Vier =L kg -sign(Sy) ; (39)
Vaer = L-ky -sign(S,). (40)

In  MATLAB/Simulink  implementation, the
chattering phenomenon was alleviated by replacing the
discontinuous sign(S) function with a Saturation block.
This adjustment results in a smoother control behavior
near the sliding surface while retaining the robustness and
stability of the sliding mode controller.

Backstepping current controller. The backstepping
approach is a robust nonlinear control strategy based on
Lyapunov’s stability theory, which enables a systematic
linearization of nonlinear systems. The method consists in
progressively constructing the control law by defining
some state variables as virtual control inputs and designing
intermediate control laws for each stage [32, 33]. The
purpose of the BSC applied to the active and reactive
currents is to guarantee that the active and reactive current
components (I; and 1), accurately track their respective
reference values Ly.rand 1.

The tracking errors of these currents are defined by:

21 =g — 14 (41)

2y =lgrer — 1. (42)
Their derivatives are given by:

G =Ly — 14 (43)

2y =Iyer —1,. (44)

Substituting (21) into (43) and (22) into (44), we
obtain:
Vd _Vcd .

. : R
“ o Zl:ldref"'z[d_aﬂq_—L 5 (45)
And to check Lyapunov stability criterion vV o_V
. . ; R q cq
S; x.S; <0 we must have: 9] :Iqref+zlq+aﬂd_T' (46)
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Lyapunov candidate functions are defined by:

| )
Vi=—zt; 47
1554 (47)
szézg. (48)

The derivation of these functions leads to:

; . : R V,=V,
Vl =Zz1Z1 = Zl[ldref +Ild —a)lq —%J, (49)

. ) . R Vi =Veq
V2 =2ZpZp = ZZ[Iqref +Zlq +a)1d —T . (50)

To ensure the stability of the Lyapunov function, its
derivative must always be negative. To achieve this, we

choose:
21 =—kiz; (51)
(52)

Replacing the expression for z; in (45) and the

22 = —k222 .

expression for z, in (46), we obtain:

. R Vi=V.a
Idref-l-zld—wlq— £ :_k121§
. R V., -V

Iqref-l-zlq-f-a)ld—%:—kzZz.

Vg can then be defined by:

(54)

The commands V,; and

Vcd:L( klzl Idref—RId-i-a)I j-i—Vd; (55)

. R
ch :L(—kzzz—lqref—Zlq—a)ldj-i-Vq, (56)
where k; and k, are the positive constants.

The reference voltages in the dg frame, obtained
from the output of the inner current control loop (whether
based on SMC or the backstepping method), are
transformed into the stationary (a, b, c¢) reference frame.
These voltages are then compared with triangular carrier
signals to generate the corresponding switching signals
for the power switches. Several capacitor voltage
balancing techniques have been proposed in the literature.
Among these methods, the PS-PWM technique stands out
for its ease of implementation and its superior
performance in terms of total harmonic distortion (THD)
compared to other techniques. It is based on the use of
multiple triangular carrier signals with identical peak-to-
peak amplitude and frequency, each phase-shifted relative
to the previous one, with the phase shift expressed as
@ =360°p [34, 35].

Figure 4 shows the reference and carrier signals used
in conventional PS-PWM modulation for a 4-cell, 5-level
FCMC. In this topology, the PS-PWM method employs
4 carrier signals of identical amplitude and frequency,
each phase-shifted by 90° relative to the preceding one
(Fig. 5). A sinusoidal reference signal, varying within the
interval [-1, 1] in the linear modulation region, is
compared with all 4 carriers to generate the switching
control signals. Each comparison generates a binary
output: 1 if the reference signal is greater than or equal to
the carrier, and 0 otherwise (Fig. 4).

Carrier 1 Carrier 2 Carrier3 Carrier 4

0
-1 : )
Time (s) Reference signal, Vkref
Sk1 | | I
Sk2 LI | —
Sk3 1 [ 1
Skd 1 =

Fig. 4. PS-PWM technique for the 5-level FCMC
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' —h-
L 4 (;‘arrlerz Sk?
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phase shift -

Csrrier4 . Sk4

Reference Signal Vkref

Carrier1

Carrier 3

NOT Skd
Fig. 5. Schematic diagram of the PS-PWM control

Simulation results and analysis. The complete
electrical system, shown in Fig. 1, along with the proposed
control strategy, illustrated in Fig. 3, was simulated in
MATLAB/Simulink (SimPowerSystems) with a reactive
power compensation capacity of £100 kVAr, under various
reactive load conditions, based on the main parameters
summarized in Table 3. In the simulation scenario, load L1
is applied continuously from 0 to 8 s. At £ = 0.4 s, an
inductive load L2 is added, and at # = 0.6 s, a capacitive
load L3 is applied while L2 is disconnected.

Table 3

Parameters of simulated system [36]

Component Parameters Value
Line-to-line RMS voltage 381V
Frequency 50 Hz

AC source Source resistance 7 mQ
Source inductance 0.23 mH
DC-link voltage 750 V

STATCOM L filter inductance 0.7 mH
Fixed load L1 100 kW

Load Dynamic load L2 10 kW / +50 kVAr

load L3 10 kW /=50 kVAr

Figure 6 shows the effective per-phase voltage at the
PCC, with and without STATCOM compensation, during
the connection of reactive loads (inductive and capacitive).
The red curve represents the PCC voltage without
STATCOM operation. As observed, the voltage amplitude
increases relative to the desired value between 0.2 s and
0.4 s due to the connection of capacitive loads, which inject
additional reactive power into the network, causing an
overvoltage. It then decreases between 0.4 s and 0.6 s
relative to the nominal voltage due to the connection of
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inductive loads, which absorb more reactive power,
resulting in voltage sag. Conversely, the green curve
illustrates the PCC voltage with the STATCOM operating
under SMC. It is clearly observed that the voltage is
accurately maintained at its reference value, exhibiting a
very fast response time of approximately 1 ms, even during
the connection of reactive loads. The blue curve shows the
PCC voltage with the STATCOM -controlled using the
backstepping method, demonstrating its effectiveness in
maintaining the voltage at the desired value, with a very fast
response time and fewer fluctuations compared to the
STATCOM under SMC.

240 Vrms: \% ‘ l—\ln: with STATCOM-BSC
—Vga -with STATCOM-SMC

230 k —Vga-without STATCOM
1, s

210 i L i . >

0 01 02 03 04 05 06 07 08
Fig. 6. RMS phase voltage at PCC without and with STATCOM

Figure 7 shows the 3-phase voltages at the PCC
without the STATCOM during the connection of reactive
loads. Overvoltages caused by capacitive loads can be
observed between 0.2 s and 0.4 s, and voltage sags resulting
from inductive loads appear between 0.4 s and 0.6 s.
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Figure 8 illustrates the 3-phase voltages at the PCC
under STATCOM operation. The voltage waveforms clearly
reach the desired values, demonstrating the responsiveness
and effectiveness of the proposed controllers.

Figure 9 presents the dynamic response of the
reactive power exchanged between the compensator and
the AC network for the 2 proposed structures (SMC
STATCOM and BSC STATCOM). It is clearly observed
that both structures respond effectively to voltage
disturbances caused by reactive loads at the PCC through
the injection and absorption of reactive power. This figure
confirms that the network remains in a steady state during
the periods from 0 s to 0.2 s and from 0.6 s to 0.8 s,
during which no reactive power is exchanged between the
STATCOM and the network. In the interval 0.2 s to 0.4 s,
the network experiences a voltage increase due to the
connection of the capacitive load, and the STATCOM
intervenes by absorbing the necessary reactive power to
compensate for the excess, meaning that the STATCOM
operates in inductive mode. In the interval from 0.4 s to
0.6 s, the network experiences voltage sag due to the
connection of the inductive load, and the STATCOM
intervenes by injecting the necessary reactive power to
compensate for the loss, meaning that the STATCOM
operates in capacitive mode.
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Fig. 9. Reactive power exchanged by the STATCOM

In Fig. 10, the phase voltage at the PCC and the
phase current of the STATCOM compensator are shown.
As observed, during the intervals from 0 to 0.2 s and from
0.6 s to 0.8 s, no disturbances affect the source, and no
reactive power is supplied or absorbed by the
compensator, resulting in zero current. Conversely, during
the interval from 0.2 s to 0.3 s, the compensator operates
in inductive mode: the STATCOM current lags the
voltage by 90°. Finally, during the interval from 0.3 s to
0.4 s, the compensator operates in capacitive mode: the
STATCOM current leads the Voltage by 90°.
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Fig. 10. Grid voltage Vg and current I, waveform

of STATCOM output

Figure 11 shows the evolution of the STATCOM DC
bus voltage. This voltage stabilizes around 750 V, with
minor fluctuations not exceeding 4 % for both structures
(SMC STATCOM and BSC STATCOM) during the voltage
sag and overvoltage intervals caused by reactive loads. It is
also observed that the fluctuations are slightly smaller for the
SMC STATCOM compared to the BSC STATCOM.
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Figure 12 shows the network phase voltage (V,,) and
the corresponding phase current (/,) at the PCC in the
absence of the STATCOM. It can be observed that the
current leads the source voltage (capacitive behavior)
during the interval 0.2 s to 0.4 s, and lags behind it
(inductive behavior) during the interval 0.4 s to 0.6 s. These
phase shifts between the network voltage and current,
caused by the presence of capacitive and inductive loads,
disturb the stability of reactive power and deteriorate the
power quality within the electrical system.
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Fig. 12. Grid voltage V,, and current I, without STATCOM

Figure 13 shows the voltage and current waveforms
of phase A at the point of PCC during STATCOM
operation. It can be observed that the current and voltage
are nearly in phase, with the STATCOM effectively
compensating the reactive power supplied by the capacitive
loads between 0.2 s and 0.4 s, and the reactive power
absorbed by the inductive loads between 0.4 s and 0.6 s,
thereby achieving a unity power factor. These results
confirm the STATCOM’s capability to maintain a
sinusoidal current aligned with the grid voltage at the PCC,
irrespective of load variations.

Figures 14, 15 show the voltage between phase
A and the neutral point O (Vo) at the converter output
for both STATCOM-BSC and STATCOM-SMC
structures. It is clearly observed that this voltage exhibits
5 distinct and symmetrical levels: £V,./2, £V,./4 and 0.
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Fig. 15. Output phase voltage V., of the STATCOM-SMC converter

Figures 16, 17 illustrate the line-to-line voltage
(V) between phases A and B at the converter output for the
same structures, in which the voltage displays 9 levels: —V;
=3Vdd; Va2 —Vald; 0; Vidd; Vad2; 3Vyl4; Vg thereby
confirming the proper operation of the multilevel converter
and the accuracy of the applied modulation.

28

Electrical Engineering & Electromechanics, 2026, no. 2



900
750
600
450

200
SU0

150

-150
-300
-450
-600
-750

ann
-900U

900
600
300
0
-300
—600

—-300
—600

0 575 02 025 057 0.62 0.67
Fig. 16. Line-to-line output voltage V., of the STATCOM-BSC
converter

900 T T T
750 Him LY o - ™ T8 1 -\-\L.Yff.tlj
L

-300
—600

-300
-600

900 45 025 90057 062 067
Fig. 17. Line-to- llne output voltage V,,;, of the STATCOM-SMC
converter

Figure 18 illustrates the evolution of the internal
flying capacitor voltages of the converter for phase of the
STATCOM during the connection of reactive loads. A
natural balancing of the flying capacitor voltages is also
observed, achieved through the PS-PWM control
technique. The voltage variations of the capacitors
become more pronounced during the time interval
between 0.2 s and 0.6 s, due to the reactive power

supplied to or absorbed by the reactive loads
800 ;

600

400

Table 4
Comparison of performance of SMC and BSC
THD of V, Fundamental V,
at PCC, % at PCC, V
STATCOM SMC 3.13 310.1
STATCOM BSC 4.44 310

Conclusions. This paper presented a comparative
analysis of the performance of two nonlinear control
strategies, namely backstepping and sliding mode, applied
to a STATCOM based on a 5-level series multicell flying-
capacitor converter, for dynamic reactive power
compensation, voltage regulation, and power factor
improvement in a low-voltage network. The control
strategies were implemented to ensure accurate tracking
of active and reactive currents as well as stable voltage
regulation. The study showed that the connection or
disconnection of inductive and capacitive loads, causing
voltage sags or swells, can be effectively compensated by
the STATCOM.

The STATCOM model and the two control
strategies were implemented in MATLAB/Simulink. The
simulation results demonstrated that both controllers can
maintain a stable voltage at the PCC with a fast dynamic
response of approximately 1 ms, due to the almost
instantaneous injection or absorption of reactive power,
even under network disturbances such as load variations,
voltage sags, and swells. In addition, the THD of the PCC
voltage remains well below the 5 % limit specified by the
IEEE-519 standard, with values of 3.13 % for BSC and
4.44 % for SMC, showing that the BSC strategy achieves
superior harmonic performance.

Future works should focus on experimental
validation of these control strategies under real operating
conditions, as well as on further optimization of dynamic
performance and capacitor-voltage balancing.
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