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ABSTRACT 

With the increasing penetration of microgrids in distribution systems, the possibility for voltage variations 

increases. This paper proposes the use of a static synchronous compensator (STATCOM) fed by a DC 

microgrid to control the voltage of a 3-phase AC distribution grid and provide bidirectional active power 

transfer from the AC grid to the DC microgrid and vice versa. A simplified control is applied to this system 

to manage the magnitude and angle of the system voltage at the point of common coupling. With the use of 
a PI controller and pulse width modulation, the proposed control was able to modify the active and 

reactive power compensation. The control approach is characterized by its simplicity and rapid response to 

system changes, such as fault occurrences or load variations. The proposed control system is applied after 

converting the 3-phase system into a dq system to simplify the voltage regulation process. The PSCAD 

package is used to perform the simulation. Results demonstrate that it is possible to control STATCOM to 

offset reactive power and regulate grid voltage. The results validated the ability of active power transfer 
through the line by injecting negative and positive active power. The transfer of active and reactive power 

from the AC grid to the DC microgrid, and vice versa, is examined in this study following the STATCOM 
rating and the energy management demands. 

Keywords-static synchronous compensator (STATCOM); PI controller; FACTS; DC microgrid 

I. INTRODUCTION  

Renewable energy is playing an important role in shaping 
the future of energy as a clean and sustainable source [1, 2]. 
Recently, the development of renewable energy generation has 
seen significant progress. The prevailing energy trend is 

shifting towards renewable sources due to the advantages they 
offer, such as economic viability in various applications, 
ensured availability and sustainability, and environmental 
safety. Notable examples of renewable energy sources include 
photovoltaic (PV), wind, hydropower, tidal power, geothermal 
power, biomass power, and other systems [3]. 



Engineering, Technology & Applied Science Research Vol. 14, No. 1, 2024, 12966-12974 12967  
 

www.etasr.com Khater et al.: Voltage Control of a Three-Phase Distribution Grid using a DC Microgrid-Fed STATCOM 

 

In order to ensure the security of the energy supply, 
microgrids have emerged as a viable solution. A microgrid 
refers to a small-scale network that can independently supply 
power to loads, with or without assistance from the main grid 
[4]. A typical microgrid comprises batteries, loads, and 
interconnected renewable energy sources, all connected to the 
same bus. There are three main types of microgrids: DC, AC, 
and hybrid. Among these, the DC microgrid offers several 
advantages, including enhanced system stability, compact size, 
absence of synchronization, and reduced costs while using DC-
based renewables and energy storage systems [5-7]. The AC 
distribution grid faces various power quality issues, such as 
voltage disturbances, harmonic distortion, unbalance among 
phases and low power factor. These problems not only disturb 
the normal operation of the system but also impact the 
performance of connected loads. Consequently, extensive 
studies have been carried out to address these issues and 
enhance the power quality of the grid through the utilization of 
power electronics-based devices, such as the Flexible AC 
Transmission Systems (FACTS). The major types of FACTS 
devices are the static synchronous compensator (STATCOM) 
and the Static VAR Compensator (SVC). The response time of 
STATCOM is faster than SVC [8, 9]. In order to keep the grid 
voltage at the Point of Common Coupling (PCC) within a 
particular range, reactive power is compensated with 
STATCOM [10]. 

STATCOM is considered a very important device widely 
used in power systems for various applications. For 
compensating reactive power, the STATCOM is proposed in 
[11] using a model of half bridge and modular multilevel 
converter. In [12], D-STATCOM is proposed to be used to 
mitigate unbalanced voltage characteristics resulting from the 
connection of a three-phase transformer bank in a distribution 
system. In [13], three various strategies were proposed to 
control STATCOM by controlling the voltage and reactive 
power. In [14], a STATCOM is designed to improve the low-
voltage ride-through capability of grid-connected induction 
machines following grid faults by controlling the reference 
voltage, thereby limiting the maximum torque of the induction 
motor. A comparison between SVC and STATCOM was 
carried out in [15], while the applications of STATCOM for 
power quality improvement of grid-connected wind farms were 
described in [16, 17]. In [18], a PID controller with an adaptive 
switched filter capacitor and a modified D-STATCOM were 

proposed. The PID controller gains were optimally tuned using 
the grasshopper's optimization algorithm. A new mechanism is 
added in [19] as a secondary control to regulate the voltage of 
the DC-link. This mechanism is based on the magnitude of the 
modulation index and aims to keep the current total harmonic 
distortion within the standard range. 

This paper proposes a new system aiming to provide 
voltage support for 3-phase AC grids through incorporating a 
STATCOM fed by a DC microgrid. The utilization of 
STATCOM facilitates the integration of the microgrid and the 
main grid and allows for precise control of the grid voltage. 
Also, the STATCOM regulates the active and reactive power 
flow between the main power grid and the microgrid. The main 
contributions of this article can be summarized as follows: 

 A new structure for voltage support in 3-phase distribution 
grids using a DC microgrid interfaced via STATCOM is 
introduced. 

 A decoupling control method for active and reactive power 
exchange between the grid and the microgrid is developed, 
in contradiction to previous studies which focused only on 
reactive power control. 

 The proposed structure and control are validated in a real-
time platform.  

II. SYSTEM DESCRIPTION 

The system consists of the AC grid, the STATCOM and a 
DC microgrid. Figure 1 illustrates the connection between the 
grid and the microgrid through STATCOM. A 3-phase star-
earthed transformer is utilized to establish the connection 
between STATCOM and the AC grid. A 3-phase load is 
applied to the AC grid, with the load becoming operational 
after 5 s. An inductance is added between the PCC and the 
output of the transformer. In general, STATCOM consists of an 
inverter and a capacitor located in the DC link. The inverter 
consists of 6 Insulated-Gate Bipolar Transistors (IGBTs) 
designed to turn on and off rapidly. In this work, the microgrid 
is located on the DC link instead of the conventional capacitor. 
The microgrid, as depicted in Figure 2 [20], encompasses a PV 
system, a wind turbine system, two batteries, and loads. The 3-
phase transformer is installed to connect between the two 
various voltage levels of the AC grid and the inverter's AC 
side. 

 

 

Fig. 1. Schematic diagram of the proposed system. 
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Fig. 2. Schematic diagram of the studied microgrid. 

III. PRINCIPLE OF OPERATION OF STATCOM 

In the family of FACTS electronic components, STATCOM 
is a key component that is shunt connected with the system. A 
power network's stability is boosted by STATCOM's capacity 
to control the flow of reactive power through the system. The 
term "synchronous" in STATCOM refers to the ability to 
generate or absorb reactive power in time with the need to 
maintain the power network's voltage. The 3-phase AC power 
grid system was studied in this work. The type of power 
electronic switches of the inverter is IGBT. The advantages of 
IGBT over others are that the IGBT has high power density, 
small size, high reliability, and low cost [21]. 

Figure 3 shows the characteristic curve of an STATCOM. 
STATCOM is regarded as an inductive or capacitive current 
source. According to the power system parameters and the 
slope of the STATCOM parameters, the injected current can 
modify the voltage of the PCC. The maximum capacitive or 
inductive current limits can be determined using STATCOM 
component ratings. Due to the brief duration of transient 
events, the transient ratings are slightly higher than the nominal 
ratings. An example of how the STATCOM can adjust the 
PCC voltage by reactive power compensation is illustrated in 
Figure 4. Reactive power compensation needs a certain value 
of capacitor current to adjust the grid voltage at the reference 
value. If the value of system voltage Vs is reduced to 0.7 pu, 
the line characteristics of the system intersect with the 
characteristics of STATCOM at point X which refers to X1, 
corresponding to capacitor current Ix. The value of X1 (about 
0.95 pu) closes to the reference voltage of 1 pu. This 
improvement of voltage is due to the capacitor current Ix and 
reactive power compensator [22, 23]. Figure 5 shows the 
schematic diagram of the STATCOM device, where the 
STATCOM is represented by the inverter and the capacitor. It 
is connected to the power grid through an impedance consisting 
of both resistance and inductance [23]. The equivalent circuit 
of the STATCOM, as depicted in Figure 6, comprises two 
voltage sources. The AC voltage source represents the grid, 
while the controlled voltage source Edc represents the 
STATCOM. The impedance between these two voltage sources 
includes both resistance and inductance. Assuming negligible 
internal losses in the link between the voltage sources Vs and 
Edc, the resistance R can be considered as being equal to 0. The 

active and reactive power flowing through the line are 
determined by: 

P =  �� ��� 	
� �
      (1) 

Q =  ���  ��� ��	 �� ����
     (2) 

where VS is the AC voltage source of the grid, Edc is the DC 
voltage source on the capacitor, and δ is the load angle between 
Vs and Edc. 

 

 
Fig. 3. Characteristic curve of the STATCOM. 

 

Fig. 4. Example of STATCOM operation and adjustment. 

 
Fig. 5. Schematic diagram of the STATCOM device. 
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Fig. 6. Equivalent circuit of the STATCOM device. 

When the load angle δ equals to 0, the transferred active 
power P and reactive power Q can be determined by: 

� =  0     (3) 

� =  ���  ���� ����
�     (4) 

The previous equations explain the relation between the 
reactive power and the magnitude of the voltage and the 
relation between the active power and the angle. STATCOM 
operates on this guiding idea [24]. The formulation of a 
specific magnitude of voltage Edc determines how STATCOM 
controls the reactive power flow via the line. Also, active 
power can be transferred through the system. 

IV. VOLTAGE CONTROL OF STATCOM 
CONNECTED TO THE MICROGRID AT THE DC SIDE 

The goal in this study is to maintain a constant value for the 
3-phase voltage of the AC system at the PCC. Another goal is 
to regulate the active power flow between the grid and the DC 
system based on energy management requirements. The control 
method proposed in this study is presented in Figure 7, which 
consists of three steps. In the first step, the 3-phase voltage of 
the grid is converted into a simplified 2-phase system. This 
conversion is performed to facilitate the control process. The 
second step involves applying the control method to the newly 
obtained 2-phase system. Finally, in the third step, the 2-phase 
system is transformed back into a 3-phase system to enable the 
application of Pulse Width Modulation (PWM). 

In Figure 7, the grid voltage (Vag, Vbg, and Vcg) is converted 
into a dq0 rotating reference frame (Vd, Vq, and V0). This 
transformation to the dq0 frame is crucial because it simplifies 
the control process by decoupling the control of two axes. Vq is 
responsible for adjusting the reactive power and consequently 
the voltage, while Vd is responsible for regulating the active 
power and hence the phase difference (δ). The equations of 
converting abc axes to dq0 axes are: 

V� =  �
  �V!" sin�ωt� + V)" sin *ωt − �,

 - + V�" sin *ωt +
�,
 -�      (5) 

V. =  �
  �V!" cos�ωt� + V)" cos *ωt − �,

 - + V�" cos *ωt +
�,
 -�      (6) 

V1 =  2
  �V!" + V)" + V�"�   (7) 

where Vd, Vq, and V0 represent the output voltage from 
converting abc to dq0 and Vag, Vbg, and Vcg represent the 
voltage of the grid system at the PCC of phases A, B and C. 

The PI controller is used to control Vd and Vq. The PI 
controller coefficients are: integral time constant of 0.005 s and 

proportional gain of 10. The output signals of the controller Vd1 
and Vq1 are converted from dq0 (Vd1 and Vq1) to abc (Vaa, Vab 
and Vac). The conversion from dq0 axes to abc axes is shown in 
(8)-(10). The signals Vaa, Vab and Vac are the inputs to PWM 
used to control the six IGBT signals as given in Figure 8. The 
input signals to the PWM device are the 3-phase outputs from 
the dqo/abc device. The PWM device compares these 3-phase 
signals and triangle functions to obtain the control signals for 
the gates of the IGBT devices that are responsible for 
controlling the grid voltage. Control and PWM are simulated in 
the PSCAD package. For controlling the voltage, Vqref will be 
adjusted to the reference value that controls the reactive power 
transfer in the system and therefore the voltage of the system. 
Vdref will be adjusted to the reference value that controls the 
active power transfer in the system and therefore the angle of 
the system. 

V!! = V�2 sin�ωt� + V.2 cos�ωt� + V1  (8) 

V!) = V�2 sin *ωt − �,
 - + V.2 cos *ωt − �,

 - + V1 (9) 

V!� =  V�2 sin *ωt + �,
 - + V.2 cos *ωt + �,

 - + V1 (10) 

 

 
Fig. 7. Proposed control structure of the STATCOM. 

 

Fig. 8. Pulse generation block for STATCOM IGBTs. 

V. SIMULATION RESULTS 

The PSCAD program was utilized to simulate the proposed 
system. This system consists of an AC grid, a DC microgrid, 
and the STATCOM. The AC 3-phase system parameters are as 
follows: rated line voltage 11 kV, rated frequency 50 Hz, and 
Thevenin equivalent internal reactance 28.27 Ω. For current 
limiting purposes and adjusting the reactive and active power 
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transfer, a reactor with an inductance of 1.1 H is added between 
the PCC and the transformer. The DC microgrid has a voltage 
of 380 V. The microgrid system consists of a PV system with a 
maximum power of 60 kW, 4 wind models connected in 
parallel with a maximum power of 10 kW, 2 batteries with 
maximum power of 40 and 20 kW, and static loads with power 
of 80 kW. The transformation ratio of the transformer is set at 
30 kV/380 V.  

The STATCOM is operated to improve and keep the AC 
grid voltage at a constant value or near to the reference voltage 
and allow the transition of active power from and to the grid. In 
the event of a system disturbance causing a change in grid 
voltage, the STATCOM will be activated to restore and 
stabilize the voltage, bringing it back or close to the reference 
value. Three cases will be studied in which three loads will be 
added on the grid side after 5 s by using a circuit breaker. At 
first, the system operates in stable mode at 11 kV. Then, the 
load will enter the system and change the grid voltage. Finally, 
the STATCOM control will operate and enhance the system 
and bring back the grid voltage to 11 kV. The results will 
compare the grid voltage with the reference voltage. In two of 
the considered cases, the load causes a decrease in the grid 
voltage below 11 kV, while in the third case, the load leads to 
an increase in the grid voltage beyond 11 kV. 

The first case, illustrated in Figure 9, involves the addition 
of an inductive load of 285 kVAR after the grid. Initially, the 
grid voltage starts at a steady state voltage of 11 kV. After 5 s, 
the grid voltage decreases to 10.3 kV. However, the control 
system eventually restores the voltage close to the reference 
value. Figure 10 depicts the second case where an inductive 
load of 135 kVAR is added to the grid at 5 s. Initially, the grid 
voltage starts at a steady state voltage of 11 kV. After 5 s, the 
grid voltage decreased to 10.65 kV. Subsequently, the control 
system restores the voltage back to the reference value. Figure 
11 illustrates the third case where a capacitive load of 135 
kVAR is added to the grid after 5 s. Similar to the previous 
case, the grid voltage begins at the steady state voltage of 11 
kV. After 5 s, the grid voltage increases to 11.3 kV. Once 
again, the control system intervenes to bring the voltage back 
to the reference value. 

 

 

Fig. 9. Grid and reference voltage for inductive load of 285 kVAR. 

 

Fig. 10. Grid and reference voltage for inductive load of 135 kVAR. 

 
Fig. 11. Grid and reference voltage for capacitive load 135 kVAR. 

In the first case, the grid voltage is improved but remains 
slightly below 11 kV due to the substantial difference between 
the grid voltage and the reference voltage. However, in the 
second and third cases, the grid voltage is successfully 
improved to 11 kV. The improvement in the voltage depends 
on reactive power. When the grid voltage reduces, the grid 
absorbs a certain amount of reactive power to compensate for 
the reduction of the voltage. When the grid voltage increases, 
the grid gives a certain amount of reactive power to 
compensate for that increase. The capacity of the microgrid 
determines its capability to provide reactive power support. 
Table I illustrates the value of reactive power compensation for 
the considered cases. It is evident that when the grid voltage is 
less than the reference voltage, the grid absorbs reactive power. 
This results in a negative value of reactive power, as illustrated 
in cases 1 and 2. Conversely, when the grid voltage surpasses 
the reference voltage, the grid supplies reactive power, leading 
to a positive value of reactive power, as seen in case 3. It is 
worth noting the discrepancy in the reactive power values 
between cases 1 and 2. In case 1, where there is a larger 
difference between the grid voltage and the reference voltage, 
the absorption of reactive power is greater than in case 2. 

The system described here effectively facilitates the transfer 
of active power between the grid and the microgrid during both 
steady-state and transient conditions. The injection or 
absorption of 20 kW active power in the three cases is 
presented in Figures 12 and 13. Figure 12 displays the results 
of the microgrid's DC current for the three cases when active 
power is injected from the grid, resulting in a positive DC 
current. Figure 13 shows the DC current for the three cases 
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when the grid absorbs active power. In this scenario, the DC 
current of the microgrid becomes negative since the grid is 
drawing active power from the microgrid. Notably, the DC 
current value in case 1 is higher than that in case 2. This 
discrepancy is attributed to the varying load conditions in the 
two cases. When the load is larger, the DC current tends to be 
higher, and vice versa. 

 

 
Fig. 12. The microgrid's DC current when active power is injected from the 
grid. 

 
Fig. 13. The microgrid's DC current when the grid absorbs active power. 

TABLE I. GRID VOLTAGE AND REACTIVE POWER 

Cases Load Grid voltage  Reactive power 

1 285 kVAR 10.3 kV -60 kVAR 

2 135 kVAR 10.65 kV -50 kVAR 

3 -135 kVAR 11.3 kV 45 kVAR 

 

VI. REAL-TIME IMPLEMENTATION OF THE 
SYSTEM ON HIL PLATFORM 

Typhoon HIL402 is a Hardware-In-the-Loop (HIL) real-
time emulator that is frequently used for the design, testing, and 
test automation of power electronics control systems. Typhoon 
HIL platform is a valuable tool for validating the operation of 
the system. It contains a schematic editor that allows modeling 
and simulating the proposed system and controller. Typhoon 
HIL SCADA is a straightforward, user-friendly graphical 
environment that enables users to design custom interfaces with 
real-time models. The HIL SCADA program does two main 
tasks: it downloads simulation models to the HIL platform, and 

it manages the parameters, output, and emulation process. 
Many applications are performed on the HIL platform, such as 
the control development stage, automated converter controller 
testing, system integration stage, and interoperability testing. 

Figure 14 shows the proposed system applied in the 
schematic editor of the HIL program. The system contains a 3-
phase grid, a 3-phase transformer, a 3-phase converter, and a 
DC link. The objective of this system is to enhance the grid 
voltage and maintain it at its reference value. The 3-phase grid 
is star-earthed, and its specific details are provided in Table II. 
The 3-phase transformer is also star-earthed on both primary 
and secondary sides and has a transformation ratio of 40 kV/ 
380 V. To manipulate the electrical signals by modifying, 
restructuring, or eliminating undesirable high frequencies, a 3-
phase T-type low-pass filter is connected after the transformer, 
having L2 = 0.009 mH, C1 = 0.01 µF, and L3 = 0.1 mH. The 
STATCOM, which consists of the 3-phase converter and the 
DC link, is also a part of the system. The 3-phase converter is 
controlled by a controller that regulates the voltage value, and 
it is equipped with 6 gates. The DC link is powered by a 380 V 
battery. 

Figure 15 displays a visual representation of the testing 
setup for the proposed system, incorporating the HIL402 kit 
and a breakout board. To model the control circuits, the 
schematic editor within the Typhoon HIL control center is 
employed. 

Figure 16 illustrates the control of the system. The Phase-
Locked Loop (PLL) is used to obtain the value of wt and 
convert the 3-phase voltage into the dq frame. The PLL device 
has the same frequency as the system (50 Hz). The inputs to 
PLL are the instantaneous values of 3-phase voltage at PCC. 
The outputs of PLL are the voltages of the dq frame (Vd, Vq, 
and V0) as shown in (5)-(7), the frequency (F), wt, and sin(wt). 
Frequency and sin(wt) are connected to termination because 
they were not used. In the HIL program, Vd represents the 
reactive power and Vq represents the active power. To improve 
the voltage, reactive power compensation is proposed. So, Vd is 
compared with the reference voltage and the error enters the PI 
controller as input and Vd1 is obtained. Active power did not 
improve the voltage. So, Vq was compared to zero and the error 
entered the PI controller to obtain Vq1. The PI controller was 
adjusted at integral time constant (Ki) of 0.3 s and proportional 
gain (kp) of 11. The outputs of the PI controller entered the 
dq0/abc device to convert the dq frame to abc frame as shown 
in (8)-(10). This device has a wt input with the same value as 
PLL. The waves from this device (Vaa, Vab, and Vac) are used to 
do PWM. 

PWM is an effective technique used to divide an electrical 
signal into discrete portions, thereby reducing the average 
power delivered. This is achieved by rapidly switching the 
supply and load on and off, allowing for precise control over 
the average voltage and current delivered to the load. The 
simplest method for generating a PWM signal is the 
intersective approach, which involves using a triangle 
waveform (easily generated with a triangle generator) and a 
comparator device. Figure 17 illustrates this process, with the 
triangle generator producing a signal value of 8000 Hz. 
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Fig. 14. The proposed system on Typhoon HIL 402. 

 
Fig. 15. Picture of the system implementation configuration based on 
Typhoon HIL 402. 

 
Fig. 16. Control structure of STATCOM. 

TABLE II. GRID DETAILS 

 Phase A Phase B Phase C 

Line to line voltage 11 kV 11 kV 11 kV 

Frequency 50 Hz 50 Hz 50 Hz 

Phase angle 0 deg -120 deg 120 deg 

Internal inductance L1 0.09 H 0.09 H 0.09 H 

 
The system's results involve a comparison between the line 

voltage of the grid and the reference line voltage of 11 kV. 
These measurements were conducted under three different load 
conditions: an inductive load of 285 kVAR, an inductive load 
of 135 kVAR, and a capacitive load of 135 kVAR. The 
corresponding data are depicted in Figures 18-20. The results 
indicate that initially, the line voltage of the grid varies, but the 
control mechanism adjusts it to match the reference voltage. 

The findings of this study highlight the significant 
advantages offered by the proposed system compared to 
previous research in the field. To provide a comprehensive 

overview and facilitate easy comparison, Table III summarizes 
the main features and characteristics of all relevant methods, 
including our system. This table highlights the strengths of the 
proposed system over the existing techniques. 

 

 

Fig. 17. PWM in Typhoon HIL device. 

 
Fig. 18. Grid and reference voltage for inductive load of 285 kVAR. 
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Fig. 19. Grid and reference voltage for inductive load of 135 kVAR. 

 
Fig. 20. Grid and reference voltage for capacitive load of 135 

kVAR. 

TABLE III. COMPARATIVE STUDY BETWEEN THE 
PROPOSED SYSTEM AND THE EXISTING LITERATURE 

Ref. 

Multiple 

energy 

sources 

Reactive 

power 

control  

Active 

power 

control 

Control method 

/ complexity 

Real-time 

validation 

[8] X √ √ 
PI controller / 

Meduim 
X 

[25] √ √ √ 
Fuzzy-based / 

High 
X 

[26] X √ X 
PI controller / 

Low 
√ 

[27] √ √ X 
Neuro-Fuzzy / 

High 
X 

[28] √ √ X 
PI controller / 

Low 
√ 

[29] √ √ X 

Genetic and 
Bacteria 
Foraging 

Algorithms / 
High 

X 

[30] X √ √ 
PI controller / 

Low 
X 

[31] X √ √ 
PI controller / 

Meduim 
X 

Proposed √ √ √ 
PI controller / 

Low 
√ 

 

VII. CONCLUSIONS 

This paper proposes the use of STATCOM to connect an 
AC grid with a line voltage of 11 kV and a 380 V DC 
microgrid. The aim of this paper is to control the grid voltage at 
various conditions. To control the 3-phase system, at first the 3-

phase system is converted to a dq system, then the control is 
applied on the dq system. STATCOM controls the reactive 
power compensation in order to control the grid voltage. The 
amount of injection of negative or positive reactive power 
depends on the difference between the grid voltage and the 
reference voltage. The system was simulated in the PSCAD 
package. The results of voltage are taken at three various cases 
of load at the common coupling point. In the first two cases, 
inductive load was added, decreasing the grid voltage below 
the reference voltage. In the third case, capacitive load was 
added, increasing the grid voltage higher than the reference 
voltage. The STATCOM control improved the grid voltage to 
its reference value. The proposed system also allows the 
transfer of the active power from and to the AC grid. The 
transition of active power is shown by studying the value of 
DC current at 0, 20, and -20 kW of active power transfer. At 
zero active power, the average DC current is approximately 
equal to zero. At the transition of 20 kW of active power, the 
average DC current is positive value. At -20 kW transition of 
active power, the average DC current is negative value. DC 
current is approximately equal to 500 A. At -50 kW transition 
of active power, the average DC current is approximately equal 
to -500 A. Finally, a real-time experiment was conducted and 
the results proved the effectiveness of the proposed control 
system. 
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