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 The most critical disturbance faced in the electrical distribution systems is 

power service interruptions due to voltage sag or swell which results in 

economic losses on the user’s side. To compensate voltage sag or swell, 

advanced custom power devices are used and one of such devices is the 

static synchronous compensation (STATCOM). This paper presents the 

implementation of 5-level voltage source converter (VSC) STATCOM using 

a neural network (NN) and a simplified space vector pulse width modulation 

(SVPWM) circuit. The primary objective of the NN controller and SVPWM 

circuit is to enhance the performance and response time of the STATCOM 

system, specifically in terms of improving voltage and power factor (PF) 

when faced with voltage sag or swell. The performance of STATCOM was 

examined within the context of the IEEE 3-bus system. The investigation 

focused on two scenarios: a single-line-to-ground fault resulting in voltage 

sag, and the sudden connection of a capacitive load leading to voltage swell. 

The findings unequivocally demonstrated the efficacy of the STATCOM 

with a NN controller in comparison to a conventional controller. The 

utilization of the NN controller resulted in notable improvements in voltage 

and PF within a remarkably short time frame of 0.02 seconds. 
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1. INTRODUCTION 

The electrical grid is vulnerable to serious power quality issues as a result of system faults and the 

proliferation of different types of loads [1], [2]. The main issues in the distribution system are voltage sag and 

swell. Voltage fluctuations in the distribution system can cause electrical equipment to overheat and cause 

sensitive equipment to malfunction. Because of the rapid development of the power electronics industry, 

there is now an opportunity to improve power networks by using a flexible ac transmission system (FACTS) 

controller. One of the distribution level FACTS devices, the static synchronous compensator or STATCOM, 

has been used to correct voltage and power factor (PF) in distribution networks [3], [4]. STATCOM 
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performance is determined by how well and quickly error signals are compensated. As a result, the control 

strategy unit is the most important component of a STATCOM device. Several authors have presented 

STATCOM control algorithms based on traditional controllers, such as proportional integral (PI) control with 

sinusoidal pulse width modulation (SPWM) during voltage sag and swell. For example, Biabani et al. [5] 

presented a PI and SPWM-based control algorithm to mitigate voltage sag and harmonics, whereas [6] 

presented reactive power current control using STATCOM modelling based on a PI controller for voltage sag 

and swell compensation. Kasari et al. [7] describes a PI controller design for voltage stability in a distribution 

system using STATCOM. For the PI controller, accurate linear mathematical models are required; however, 

these models are tedious to obtain and usually present below-par performance when faced with parameter 

variations and nonlinear load fluctuations [8], [9]. 

Researchers have recently focused on the replacement of the conventional control systems with 

novel unconventional systems (such as neural network (NN) controllers). Such systems are believed to 

provide the best performance on several complex problems owing to their rapid dynamic response, accuracy, 

precision, and better steady-state and transient stability [8].Although some studies have corrected voltage 

using STATCOM based on NN controllers [9], [10], there is a lack in these works in terms of training NN on 

tackling voltage magnitude and power factor amplitude simultaneously, resulting in unreliable STATCOM, 

particularly during voltage variation. Furthermore, the currently used SVPWM necessitates the calculation of 

switching time and sector identification, resulting in a complex circuit; however, it produces a modulation 

index 15% higher than SPWM, which reduces total harmonic distortion (THD) and yields a high PF [11]. As 

a result, this paper presented a NN-controlled cascaded 5-level voltage source converter (VSC) STATCOM 

with a simple SVPWM circuit for improving STATCOM performance and response time in terms of voltage 

and power factor improvement during voltage sag and swell. 

 

 

2. CONFIGURATION OF IEEE 3-BUS SYSTEM WITH PROPOSED STATCOM 

“The STATCOM is presented in this paper in the 3-ph IEEE 3-bus test system. As shown in Figure 

1, the test system includes two AC voltage supplies (G1, G2), two types of loads, and the STATCOM device 

circuit. The STATCOM circuit is made up of a cascaded 5-level VSC that is linked to the system via 

inductance (Lf), an SVPWM scheme, and a control circuit. 

 

 

 
 

Figure 1. IEEE 3-Bus system with proposed STATCOM circuit 

 

 

2.1. Cascaded 5-level VSC 

“Among multilevel VSC topologies, the cascaded multilevel VSC is the most popular because it uses 

the fewest components and has the most flexibility in circuit layout. The cascaded VSC topology consists of 

H-bridges serially connected to various DC voltage sources. The VSC structure is made up of several output 

voltage levels that can be easily manipulated by adding or removing H-bridges [12], [13]. Figure 2 depicts a 

5-level H-bridge VSC-based STATCOM with two serially connected H-bridges (H.B1 and H.B2). In this 

configuration, the generated output voltage waveform is obtained by adding the individual H-bridge outputs.  

The STATCOM's basic operation principle is based on two AC sources voltage (system and 

STATCOM) with the same frequency via coupling inductance [14]. The modulation of the amplitude of VSC 
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output voltage (Vc) regulates the exchange of reactive power between STATCOM and the system [15], [16]. 

If the VSC output voltage amplitude surpasses the system voltage (Vs), STATCOM produces capacitive 

reactive power; conversely, if it is lower than Vs, STATCOM absorbs inductive reactive power. When Vc 

equals Vs, the reactive power exchange between STATCOM and the system becomes zero. The reactive 

power (Q) generated/absorbed by STATCOM is described as in (1), whereas the active power (P) extracted 

from the system to prevent capacitor discharge is defined as in (2). 
 

𝑄 =
𝑉𝑠

𝑋𝐿𝑓
(𝑉𝑠 − 𝑉 𝑐 ∗ cos(α)) (1) 

 

𝑃 =
𝑉𝑠∗𝑉𝑐

𝑋𝐿𝑓
sin 𝛼 (2) 

 

Where, α: Phase angle between the voltage of the VSC output and the system. The Lf that represented the L 

filter is determined as in (3): 
 

𝐿𝑓 =
1

8
×

𝑉𝑑𝑐

𝑓𝑠𝑤×∆𝐼𝐿𝑚𝑎𝑥
 (3) 

 

Here 𝑓𝑠𝑤represents the switching frequency, and∆𝐼𝐿𝑚𝑎𝑥denotes the peak ripple of the maximum rated load 

current, equivalent to 5-20% of the rated supply current of the power system. 
 

 

 
 

Figure 2. Cascaded H-bridge 5-level VSC 
 

 

2.2. Simple scheme of SVPWM circuit 

“The utilization of the SVPWM technique in generating VSC output voltage has become prevalent in 

the last decade, owing to its effectiveness in reducing harmonic content and achieving higher amplitude 

modulation indexes compared to the SPWM technique [17]-[19]. Generally, the conventional SVPWM 

implementation involves several steps: identifying the sector containing the instantaneous reference space 

vector, mapping the identified sector to a suitable sector in the inner hexagon through coordinate 

transformations, determining inverter vector switching times, and utilizing switching sequence tables to 

select the appropriate individual vectors [11]. This section presents a straightforward and cost-effective 

implementation of the SVPWM technique, where the PWM switching times of the inverter legs are computed 

using the sampled amplitudes of the reference phase voltages. Figure 3 illustrates the SVPWM circuit, where 

the generation of proper pulses for each IGBT in each phase is based on the comparison of the output of the 

space vector circuit with the PWM signal in each H-bridge. The output signal of the SVPWM circuit by 

adding reference phase voltages (Vref) to the common-mode voltage (Vset) can be obtained as (4) [20]. 
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𝑉 𝑂𝑢𝑡𝑝𝑢𝑡 𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑓 𝑆𝑉 = 2/√3 (𝑉𝑟𝑒𝑓 −
𝑉𝑚𝑎𝑥+ 𝑉 𝑚𝑖𝑛

2
) (4) 

 

Where Vmax and Vmin = maximum and minimum magnitude of the three sampled reference phase voltages, 

respectively. 

 

 

 
 

Figure 3. SVPWM scheme for cascaded 5-level VSC STATCOM 

 

 

2.3. STATCOM control circuit model 

Based on its ability to inject/absorb reactive power to/from the power system, the STATCOM 

control circuit is primarily used to avoid the effects of voltage sag and swell. The proposed STSTCOM 

controller employs a direct control strategy, which allows the SVPWM (the converters' internal voltage 

control mechanism) to directly control the reactive output current while keeping the internal DC voltage 

constant [21]-[23]. The STATCOM is programmed in such a way that it should be able to change its output 

voltages (Vca, Vcb, and Vcc) to deliver capacitive or inductive currents to the power system [24]. Figure 4 

depicts the direct control scheme used in this study for cascaded five-level VSC STATCOM. 

 

 

 
 

Figure 4. Proposed STATCOM control circuit strategy 

 

 

In the process of designing the STATCOM control unit, a typical approach involves comparing the 

reference PCC voltage (Vbus3_ref) with the actual PCC voltage (Vbus3). This comparison is followed by 

processing the difference between the two voltages through a PI/NN controller (control unit 1). The output of 

this controller determines the modulation index (MI) value required to maintain the voltage magnitude and 

power factor (PF) of the PCC at the desired level. Additionally, to facilitate a slight active power flow, the 

STATCOM voltage may undergo phase-shifting, achieved by adjusting the PCC voltage by a small angle (α) 

to keep the DC capacitor voltages constant. Another PI/NN controller (control unit 2) computes this angle 

based on the difference between Vdc_ref and Vdc. Subsequently, the sinusoidal control signals are generated 

by inputting both the phase-locked loop (PLL) output and α into the phase shifter block. These control 

signals, along with the modulation index (MI), are then fed into the product block, resulting in the generation 
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of reference signals. These reference signals are directed to the space vector pulse width modulation 

(SVPWM) block, responsible for producing firing pulses for each H-bridge [4]. The output voltage of the 

STATCOM is synchronized with the system using the PLL.” 

 

 

3. NN CONTROLLER 

“Artificial neural networks (ANNs) have become a prominent technological advancement in the 

contemporary landscape, gaining considerable attention and widespread popularity. A neural network (NN) is 

a sophisticated system comprised of interconnected processing elements called neurons, organized in a 

manner inspired by the structure of the human brain [25], [26]. The primary goal of the neural network 

controller is to determine suitable values for the weights and biases, the adjustable parameters within the 

controller's architecture, to achieve the desired output. Input to the neural network includes the error voltage 

at the point of common coupling (PCC) and the error voltage at the direct current (dc) link. The error is 

identified and subsequently backpropagated through the network, as detailed in reference [10]. 

This paper utilizes the Levenberg-Marquardt backpropagation (LMBP) algorithm, known for its 

ability to achieve rapid convergence, for the offline training of neural networks. The algorithm involves 

utilizing the workspace derived from the conventional PI controller to store both input and output data. The 

neural network architecture comprises three main components: an input layer, a hidden layer with 10 

neurons, and an output layer, as illustrated in Figure 5. Regarding control unit 1, the neural network 

controller requires 1000 epochs for training, achieving the most optimal validation performance (VP) of 

1.48e-7 during the sixth epoch. In the second control unit, the designated number of epochs is set to 1000, 

and at epoch 5, the optimal validation performance (VP) is recorded as 1.44e-5.” 

 

 

 
 

Figure 5. Structure of the NN controller 

 

 

4. RESULTS AND DISCUSSION 

The proposed STATCOM circuit was modeled in MATLAB/Simulink software, which is connected 

to bus-3 of the power system (specifically, the IEEE 3-bus system) as depicted in Figure 1. The model 

incorporates the circuit parameters provided. The alternating current (AC) voltage is set at 6.6 kilovolts line-

to-line (RMS), with a frequency of 50 Hertz. The impedance of the system is determined to be 16.48 

millihenries, while the resistance is measured at 0.89 ohms. The impedances between the buses, denoted as 

Z1,2, Z1,3, and Z2,3, are specified to be 0.05+j0.2 ohms, 0.02+j0.1 ohms, and 0.036+j0.12 ohms, 

respectively. Additionally, the filter inductance is determined to be 10.7 millihenries, and the direct current 

(DC) link voltage is set at 6 kilovolts. The load on the system is a combination of inductive and capacitive 

elements, with a power of 1 megawatt and a reactive power of 1 megavolt-ampere reactive (MVAR). The 

switching frequency of the system is set at 2 kilohertz. The proportional and integral gains (Kp/Ki) of control 

unit 1 are determined to be 1 and 35, respectively, while the Kp/Ki of control unit 2 is calculated to be 0.025. 

The subsequent simulation outcomes demonstrate the efficacy of the cascaded 5-level VSC STSTCOM when 

employing a PI/NN controller to rectify voltage magnitude and power factor. The performance of the 

STATCOM was assessed in two scenarios: voltage sag (specifically, single line to ground (SLG) fault cases, 

as 80% of power system faults are attributed to SLG faults) and voltage swell. 
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4.1.  Compensation of voltage sag (SLG case) 

4.1.1. Voltage magnitude during voltage sag period (SLG fault case) 

The connection of SLG fault at bus-3 decreased the value of the PCC voltage (0.824 pu, 

representing a14.2% decrease of the nominal voltage value (0.966 pu), as seen in Figure 6). The connection 

of the inductive load to the IEEE 3-bus system reduced the nominal voltage to <1 pu. The voltage at the point 

of common coupling (PCC) was successfully restored to 0.949 per unit (pu), representing a 12.5% 

improvement, within a time period of 0.078 seconds. This restoration was achieved through the utilization of 

the Static Synchronous Compensator (STATCOM), which possesses the capability to compensate for 

reactive power using a PI control algorithm. Furthermore, the PCC voltage was further improved to 0.982 pu, 

indicating a 15.8% enhancement, within a shorter time frame of 0.02 seconds. For further details, please refer 

to Figures 7(a) and 7(b). In this scenario, the neural network (NN) controller demonstrated superior 

performance in minimizing the discrepancy between the desired value and the actual value, as compared to 

the PI controller unit. 

 

 

 
 

Figure 6. Voltage magnitude without the STATCOM when there is voltage sag 

 

 

 
(a) 

 
(b) 

 

Figure 7. Voltage magnitude when voltage sag is present and STATCOM utilizes (a) PI and (b) NN 
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4.1.2. Power factor during voltage sag period (SLG fault case) 

The PCC voltage and current become in phase during the SLG fault period as referred to Figure 8, 

due to the receipt of large active power by the inductive load from the source. The PF was stabilized at 0.998 

within 0.095 seconds using the STATCOM based on a PI control algorithm, as shown in Figure 9(a). 

STATCOM was assisted by the NN controller in maintaining a constant PF of 0.02 seconds as shown in 

Figure 9(b). 

 

 

 
 

Figure 8. PF in the presence of voltage sag without the STATCOM 

 

 

 
(a) 

 
(b) 

 

Figure 9. PF in the presence of voltage sag with the STATCOM based on (a) PI and(b) NN 
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4.2.  Compensation of voltage swell 

4.2.1. Voltage magnitude during voltage swell period 

A sudden connection of 4MVAR at PCC yields an increased value of the voltage (1.082 pu, 12% 

increase) compared to 0.966 pu of the reference voltage referred to Figure 10. Figure 11(a) shows that the PI 

controller-based STATCOM took 0.446 seconds to correct the PCC voltage to 1.002 pu. The neural network 

control unit was able to decrease PCC voltage to 1.001 pu within 0.026 seconds as shown in Figure 11(b). 

 

 

 
 

Figure 10. Voltage magnitude in the presence of voltage swell without the STATCOM 

 

 

  
(a) 

 
(b) 

 

Figure 11. Voltage magnitude with STATCOM based on (a) PI and (b) NN in the presence of voltage swell 
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4.2.2. Power factor during voltage swell 

“In this particular case, the current at PCC is leading in relation to the voltage. The power factor (PF) 

measurement, depicted in Figure 12, indicates a value of 0.56 in the absence of STATCOM.STATCOM 

successfully mitigated the surplus reactive power, resulting in a PF of 0.978 in 0.451 seconds when 

employing the PI controller. However, the utilization of NN unit for the STATCOM demonstrated enhanced 

performance, achieving a PF of 0.99 in 0.072 seconds, as depicted in Figures 13(a) and 13(b). The NN 

response time to the PI was 15.96%, indicating a significant reduction of 84.04% in time. 

 

 

 
 

Figure 12. PF in the presence of voltage swell without the proposed STATCOM 

 

 

 
(a) 

 
(b) 

 

Figure 13. PF in the presence of voltage swell with the STATCOM based on (a) PI and (b) NN 
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5. CONCLUSION 

This research paper introduced a novel approach that combines a neural network control unit with a 

simplified space vector pulse width modulation (SVPWM) technique. The objective is to enhance the 

operational efficiency of a cascaded five-level voltage source converter (VSC) static synchronous 

compensator (STATCOM) in terms of voltage magnitude and power factor correction, particularly when 

faced with voltage sag and swell disturbances. The neural network-based static synchronous compensator 

(STATCOM) demonstrated superior performance in terms of rapid and responsive behavior, as well as 

accurate tracking capability, across various operational scenarios when compared to the conventional 

controller unit. The neural network successfully adjusted the voltage and power factor within a time frame of 

1.5 cycles. 
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