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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 STATCOMs. References 36, tables 4, figures 18. 
Key words: flying capacitor multicell converter, static synchronous compensator, sliding mode control, PI controller. 
 

Вступ. Інтеграція статичного синхронного компенсатора (STATCOM) на основі багатоелементного перетворювача з 
літаючим конденсатором (FCMC) забезпечує ефективне рішення для динамічної компенсації реактивної потужності та 
покращення якості напруги. Впровадження нелінійних стратегій керування, таких як ковзне керування (SMC) та 
зворотний крок (BSC), підвищує стійкість системи та забезпечує точне відстеження змінних, незважаючи на нелінійність 
та збурення мережі. Проблема. Реактивні, індуктивні або ємнісні навантаження викликають дисбаланс мережі, що 
призводить до знижень, збільшень та коливань напруги в точці спільного підключення (PCC). Ці збурення погіршують 
якість електроенергії, знижують коефіцієнт потужності та створюють надмірне навантаження на обладнання. Крім 
того, високий потік реактивної потужності збільшує втрати та знижує загальну ефективність системи. Мета. У цьому 
дослідженні порівнюється продуктивність контролерів SMC та BSC, що застосовуються до STATCOM для регулювання 
напруги PCC, з метою покращення коефіцієнта потужності, ефективного керування реактивною потужністю та 
подолання обмежень традиційних контролерів за умов нелінійності мережі та збурень напруги, спричинених реактивними 
навантаженнями. Методика. SMC використовує ковзну поверхню на основі похибок струму для досягнення швидкого та 
точного відстеження навіть за наявності збурень. Керування BSC використовує функції Ляпунова для розкладання 
нелінійної системи на керовані підсистеми, забезпечуючи загальну стабільність. Обидві стратегії моделюються на 
п’ятирівневому багатоелементному STATCOM з літаючим конденсатором за допомогою MATLAB/Simulink. Результати 
моделювання підтверджують ефективність обох контролерів у підтримці напруги PCC на її опорному значенні з дуже 
коротким часом відгуку (1 мс), навіть за коливань реактивного навантаження. Точне керування реактивною потужністю 
дозволяє швидко компенсувати коливання, покращує коефіцієнт потужності та зменшує гармонійні спотворення. Наукова 
новизна роботи полягає в порівняльному аналізі продуктивності нелінійних контролерів SMC та BSC, застосованих до 
STATCOM на основі перетворювача FCMC, з урахуванням мережевих збурень, спричинених реактивними навантаженнями. 
Практична значимість. Ці нелінійні стратегії керування значно покращують стабільність, якість напруги та коефіцієнт 
потужності низьковольтних мереж, оснащених STATCOM. Бібл. 36, табл. 4, рис. 18. 
Ключові слова: багатоелементний перетворювач з літаючим конденсатором, статичний синхронний компенсатор, 
керування ковзним режимом, ПІ-регулятор. 
 

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 nonlinearities 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 Vc. 

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]. 

 

 

 
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, Vgabc denote the 3-phase 
grid voltages at the PCC, Vcabc represent the 3-phase output 
voltages of the converter, and Icabc 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: 
 tVV mga cos ; (1) 

 )3/2cos(   tVV mgb ; (2) 

 )3/4cos(   tVV msc . (3) 
According to Kirchhoff’s law of voltages, the 

relationship between the voltage at the PCC, the converter 
output voltage and the currents is as follows [24–26]: 

 
t

I
LRIVV cabc

cabccabcgabc d

d
 . (4) 
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Using the Park transformation (abc-dq), the equation 
(4) can be rewritten as follows: 

 q
d

dcdd IL
t

I
LRIVV 

d

d
; (5) 

 d
q

qcqq IL
t

I
LRIVV 

d

d
, (6) 

where Id, Iq are the d and q axis currents corresponding to 
Ica, Icb, Icc;   is the synchronized angular velocity of 
rotation of the voltage vector; Vcd, Vcq are the d and q axis 
voltages corresponding to Vca, Vcb, Vcc. 

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

 )(
2

3
qqdd IVIVP  ; (7) 

 )(
2

3
qddq IVIVQ  . (8) 

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

 dd IVP
2

3
 ; (9) 

 qd IVQ
2

3
 . (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 Ski 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: Ski = 1 when the 
switch is closed, and Ski = 0 when it is open. 

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

 












 



p

i
ki

dc
kO pS

p

V
V

1

2 . (11) 

In a state of equilibrium, the voltages of the cells are 
equal: 
 pVV dcCcellki / . (12) 

Under these conditions, the voltages of the 
capacitors are given by: 

 
p

Vi
V dc

Cki


 . (13) 

For a converter with p cells, the number of levels 
that the converter is capable of generating at the output is 
p+1. 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 2p 
Number of generated output voltage levels p+1 
Main supply voltage value Vdc 
Voltage source of each cell i iVdc / p

 

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. 

 
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]: 
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 (14) 

The switches states of 4-cell 5-level FCM converter 
are demonstrated in Table 2. 

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

Output voltage level States of (Sk1, Sk2, Sk3, Sk4) Number of state
Vdc/2 (1, 1, 1, 1) 1 

Vdc/4 
(1, 1, 1, 0) (1, 1, 1, 1) 
(1, 1, 0, 1) (0, 1, 1, 1) 

4 

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

4 

–Vdc/4 
(0, 0, 0, 1) (0, 0, 1, 0) 
(0, 1, 0, 0) (1, 0, 0, 0) 

4 

–Vdc/2 (0, 0, 0, 0) 1 
 

For a balanced 3-phase system, the sum of the 
3 phase voltages is zero: 
 0 cnbnan VVV . (15) 

The relationship between the converter output 
voltages Vkn (k = a, b, c) and the voltage VnO is: 
 nOkOkn VVV  , (16) 

where VnO = (VaO + VbO + VcO) / 3. 
Starting from (16), we express Van, Vbn and Vcn in 

terms of VaO, VbO and VcO: 
 cObOaOan VVVV  )3/1()3/1()3/2( ; (17) 

 cObOaObn VVVV  )3/1()3/2()3/1( ; (18) 

 cObOaOcn VVVV  )3/2()3/1()3/1( , (19) 

where VaO, VbO, VcO 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 Idref, 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 Iqref, 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 Vrms denotes the 
measured value of the AC voltage, calculated from the 
components d and q of the 3-phase voltage vector: 

 22
qdrms VVV  . (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. 

 

 
Fig. 3. STATCOM control block diagram 

 
Sliding mode controller. In the control strategy, 

STATCOM is driven using SMC to regulate the 
STATCOM currents (Id and Iq) [30, 31]. The equations of 
state (5) and (6) are expressed as follows: 

 dqcdd
d V

L
IV

L
I

L

R

t

I 11

d

d
  ; (21) 

 qdcqq
q

V
L

IV
L

I
L

R

t

I 11

d

d
  , (22) 

with: 
 dcreqdd VVV  _ ; (23) 

 qcreqqq VVV  _ . (24) 

The implementation of SMC is initiated by the 
selection of sliding surfaces: 
 ddrefd IIS  ; (25) 

 qqrefq IIS  . (26) 

After derivation, we obtain: 

 ddrefd IIS   ; (27) 

 qqrefq IIS   . (28) 

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

 dcdqddrefddrefd V
L

V
L

II
L

R
IIIS

11
  ; (29) 

 qcqdqqrefqqrefq V
L

V
L

II
L

R
IIIS

11
  . (30) 

And to check Lyapunov stability criterion 

0<ii SS   we must have: 

 )(sign ddd SkS  ; (31) 

)(sign qqq SkS  ,                         (32) 

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

By substituting dS  and qS  with their expressions 

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

 )(sign
11

dddcdqddref SkV
L

V
L

II
L

R
I   , (33) 

 )(sign
11

qqqcqdqqref SkV
L

V
L

II
L

R
I   . (34) 

Consequently, the Vd and Vq control commands can 
be expressed as follows: 

 
;

)(sign

_ dcreqd

ddcdqddrefd

VV

SkLVLIRIILV



 
 (35) 

 
.

)(sign

_ qcreqq

qqcqdqqrefq

VV

SkLVLIRIILV



 
 (36) 

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

 cdqddrefeqd VLIRIILV  
_ ; (37) 

 cqdqqrefeqq VLIRIILV  
_ ; (38) 

 correction terms: 
)(sign dddcr SkLV  ;                         (39) 

)(sign qqqcr SkLV  .                         (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 (Id and Iq), accurately track their respective 
reference values Idref and Iqref. 

The tracking errors of these currents are defined by: 
 ddref IIz 1 ; (41) 

 qqref IIz 2 . (42) 

Their derivatives are given by: 

 ddref IIz  1 ; (43) 

 qqref IIz  2 . (44) 

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

 
L
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

 1 ; (45) 
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Iz cqq
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Lyapunov candidate functions are defined by: 

 2
11 2

1
zV  ; (47) 

 2
22 2

1
zV  . (48) 

The derivation of these functions leads to: 

 
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IzzzV cdd
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1111 ; (49)  

 




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 


L

VV
II

L

R
IzzzV
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dqqref 

2222 . (50) 

To ensure the stability of the Lyapunov function, its 
derivative must always be negative. To achieve this, we 
choose:  
 111 zkz  ; (51) 

 222 zkz  . (52) 

Replacing the expression for 1z  in (45) and the 

expression for 2z  in (46), we obtain: 

 11zk
L

VV
II

L

R
I cdd

qddref 


  ; (53) 

 22zk
L
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II

L

R
I cqq

dqqref 


  . (54) 

The commands Vcd and Vcq can then be defined by: 

 dqddrefcd VII
L

R
IzkLV 






  

11 ; (55) 

 qdqqrefcq VII
L

R
IzkLV 






  

22 , (56) 

where k1 and k2 are the positive constants. 
The reference voltages in the dq 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). 

 
Fig. 4. PS-PWM technique for the 5-level FCMC 

 

 
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 t = 0.4 s, an 
inductive load L2 is added, and at t = 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 381 V 
Frequency 50 Hz 
Source resistance 7 m 

AC source 

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 
load L3 

10 kW / +50 kVAr 
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. 

 

 

t, s

Vrms, V 

 
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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Fig. 7. 3-phase voltage (abc) at PCC without STATCOM 

 

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. 

 

t, s

V, V 

 
Fig. 8. 3-phase voltage (abc) at PCC with STATCOM 
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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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Zoom 1 
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Fig. 10. Grid voltage Vga and current Ica 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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t, s

V, V 

 
Fig. 11. STATCOM DC voltage response 

 

Figure 12 shows the network phase voltage (Vga) and 
the corresponding phase current (Iga) 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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V, V;   I, A 

Zoom 1 

Zoom 2 

t, s  
Fig. 12. Grid voltage Vga and current Iga 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 (VcaO) 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: Vdc/2, Vdc/4 and 0. 
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Fig. 13. Grid voltage Vga and current Iga with STATCOM 
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Fig. 14. Output phase voltage VcaO of the STATCOM-BSC converter 
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Fig. 15. Output phase voltage VcaO of the STATCOM-SMC converter 
 

Figures 16, 17 illustrate the line-to-line voltage 
(Vcab) between phases A and B at the converter output for the 
same structures, in which the voltage displays 9 levels: –Vdc; 
–3Vdc/4; –Vdc/2; –Vdc/4; 0; Vdc/4; Vdc/2; 3Vdc/4; Vdc thereby 
confirming the proper operation of the multilevel converter 
and the accuracy of the applied modulation. 
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Fig. 16. Line-to-line output voltage Vcab of the STATCOM-BSC 

converter 
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Fig. 17. Line-to-line output voltage Vcab 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. 
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Fig. 18. Voltages of the flying capacitors in the FCMC 

 

A harmonic analysis of the phase voltage Vsa at the 
PCC was performed using the FFT (fast Fourier 
transform) block in MATLAB for the two STATCOM 
structures, controlled respectively by SMC and BSC, 
under voltage sags and swells caused by reactive loads. 
As shown in Table 4, both structures exhibit almost 
identical fundamental voltage values. However, the 
backstepping mode-controlled STATCOM demonstrates 
better performance in terms of THD. Nevertheless, the 
THD values for both structures remain within the limits of 
the IEEE Std. 519-1992. 

Table 4 
Comparison of performance of SMC and BSC 

 
THD of Vsa  
at PCC, % 

Fundamental Vsa  
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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