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ARTICLE INFO ABSTRACT

Power quality is important for distribution system as it may have negative impact for
both the utility company and consumer if it has a power quality issues such as harmonic
current distortion. This issue may result in a breakdown of equipment of both the
consumer and the utility company. Thus, it is important to solve the power quality issue.
Therefore, this research was conducted in order to overcome the power quality issues
that is faced by the distribution system by adding DSTATCOM to the system as it can
compensate harmonic current distortion at the point of common coupling (PCC).
Conjugate gradient back-propagation neural network (GCBPNN) based PQ theory is
chosen as the controller for this research as the effectiveness of DSTATCOM
performance is depending on its controller. GCBPNN would reduce the time taken to
compensate the harmonic. All the simulations for this research have achieved THD

Keywords:
DSTATCOM; PQ Theory; harmonic current; below 8% after adding DSTATCOM where the simulation that added GCBPNN achieved
conjugate gradient the lowest THD at 5.35%. These simulations are performed by using MATLAB/Simulink.

1. Introduction

Power quality holds significant importance in the electrical power industry due to its potential
negative impact on both power system equipment and the load. When power quality is poor, it will
directly affect both the electrical system and the connected loads. The most common type of power
quality issues are overvoltage, undervoltage, voltage sags, voltage swells (surges), harmonics
distortion, noise, and voltage flicker. The sources of power quality issues in GCPV usually from the
usage of non-linear load [1-5] and the photovoltaic penetration level of GCPV [6,7] which effect the
waveform of the source current.
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The distortion of the waveform is the major problem cause by harmonic current to the mains
feeding industrial and commercial buildings. The combined effect of all voltage drops leads to a high
total harmonic distortion factor (THD Voltage), which significantly degrades power quality. This, in
turn, adversely affects the operational efficiency of devices connected to the same point of common
coupling (PCC) for various customers sharing the utility power supply. It is important to note that the
propagation of harmonic currents through the finite system impedance at the PCC is responsible for
this phenomenon [8].

The presence of current harmonics results in an increase in the root mean square (rms) current
within the circuit, leading to higher power losses. These current harmonics affect the entire
distribution system, impacting it all the way down to the connected loads [9]. This can cause various
issues such as increased eddy current and hysteresis losses in motors and transformers, resulting in
overheating, overloading of the neutral conductor, nuisance tripping of circuit breakers, and
numerous other complications [10]. Hence, the installation of distribution static synchronous
compensator (DSTATCOM) with appropriate control algorithm can help improving the power quality
at the distribution system which will act as an active filter to mitigate the harmonic current distortion
[11-13].

This project focuses on the design of a single-phase of grid-connected solar PV system-based
distribution static synchronous compensator (GCPV based DSTATCOM). Single-phase PQ theory is
used as DSTATCOM control algorithm as the effectiveness of DSTATCOM is depending on its control
algorithm. Single-phase PQ theory will then be trained by CGBPNN. This training process aims to
minimize the time required for mitigating power quality concerns associated with GCPV systems at
the PCC.

The GCPV system was simulated using MATLAB/SIMULINK in three different configurations which
are before DSTATCOM compensation, after DSTATCOM compensation and after been trained by
CGBPNN to evaluate the performance and total harmonic distortion of GCPV based DSTACOM so that
its performance can be analysed. Following the successful execution of the simulation, the project
was integrated into a hardware-in-the-loop (HIL) configuration. For this purpose, the Texas
instruments real-time control C2000 microcontroller was chosen due to its suitability for real-time
closed-loop control applications, specifically for grid-connected solar PV systems. The microcontroller
was selected as it offers the necessary capabilities and features required for effective control and
operation in such systems.

2. Methodology

In order to design DSTATCOM, there are system parameters need to be calculated, which is DC
bus voltage, DC bus capacitor and AC inductors [14].

2.1 DSTATCOM System Configuration
2.1.1 DC bus voltage

The value of the PCC voltage has a direct impact on the DC bus voltage (V4c) in order to achieve
successful pulse width modulation (PWM) control of the Voltage Source Converter (Vsc) in a
DSTATCOM. Specifically, the DC bus voltage needs to be greater than the amplitude of the AC mains
voltage. Eq. (1) defines the DC bus voltage for a single-phase Voltage Source Converter (Vsc).
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Vac = —— (1)

Where m is the modulation index and is considered as 1, while V is the AC line output voltage of
DSTATCOM which is 230V. The value of Vg is obtained as 339V using Eq. (1) and was picked as 360V.

2.1.2 DC bus capacitor

The value of DC bus capacitor is dependent on the instantaneous energy available to DSTATCOM
and on second harmonic or ripple voltage in the DC bus voltage. For a single-phase Vs, the DC bus
capacitor is defined as Eq. (2).

Io

Coe =—7—
dc 2wAVdcyip

(2)

Where I, is the capacitor current, w is the angular frequency and V. is the ripple in capacitor
voltage. Considering I, is 138.88A, w is 100m and V. is 18V, using Eq. (2), the value obtained for
Cac is 12279uF. Hence, the chosen capacitor value is 13000 pF.

2.1.3 AC inductors

The value of the AC inductance depends on the ripple current, Icpp and switching frequency, fs.
AC inductor will remove the current ripple produced. The value of AC inductor, Lsis defined as Eq.

(3).

_ mVgc
f— AxaxfexXlerpp (3)
Where m is the modulation index and is considered as 1, switching frequency, fs is 1.8kHz, DC
bus voltage, Va4 is 360V, overload factor, a is equal to 1.2 and I is 20.83A. Using Eq. (3), the value
obtained for AC inductor, L is 2mH.

2.2 Design of GCPV

In order to design a solar PV panel, we need to calculate its series and parallel array using Eq. (4)
and (5) respectively. The values of the parameters of PV module are listed in Table 1. The series and
parallel PV array used after the calculations have been done is 13 series and 2 parallel panels with
rated power 10784.83W.
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Table 1
The value of the parameter of PV
module type Q. Peak Duo-G5 315-335

Parameter Value
IMPP 5.69 A
VMPP 729V
VOC 85.3V
ISC 6.09 A
Max. Power 414.801 W

2.3 Single-Phase PQ Theory-Based Control Algorithm of DSTATCOM

PQtheory, also known as the Instantaneous Reactive Power Theory, is a mathematical framework
used to analyze and control the power quality issues in electrical systems. It focuses on maintaining
the desired power factor (P) and regulating the voltage magnitude (Q) in the system [15]. This method
involves the estimation of reference signals, which are subsequently utilized to generate pulses for
switching purposes. To process the 3-phase signals effectively, the Clarke transform is employed,
enabling the conversion of these signals into 2-phase components. The resulting 2-phase current and
voltage components are then utilized for estimating the active power (P) and reactive power (Q)
components. Subsequently, the inverse Clarke transform is applied to obtain the reference signal
[16]. This process allows for accurate estimation and control of power components using the
transformed signals. As part of the feedback control system, various parameters are sensed to
monitor and regulate the Vsc of the DSTATCOM. These parameters include the load currents
(iLa,ipp,irc), PCC voltages (Vsa, Vsp Vsc), supply currents, and DC bus voltage (Voc). These sensed
signals provide crucial feedback information to ensure accurate control and operation of the
DSTATCOM.

2.4 Conjugate Gradient Back-Propagation Neural Network

Conjugate gradient has a better performance than the other two optimization techniques of back-
propagation algorithm, Levenberg—Marquardt and the resilient back-propagation algorithm as it
training time is faster and requires less memory [17]. Training will automatically conclude when
generalization ceases to improve, which is indicated by an increase in the mean square error of the
validation samples. This mechanism ensures that the training process stops once further iterations
no longer contribute to enhancing the model's ability to generalize and make accurate predictions.
Mean squared error is known as the average squared discrepancy between outputs and targets. The
lower the value, the better if the value is zero, it means there is no error. Number of neurons can be
changed if the network does not perform well after training. Conjugate gradient Back-propagation
can improved the training time taken for a system and has ability to deal with complex nonlinear
problems [17]. It can have as many inputs, however, there will only be one output from it.

2.4 Circuit Design

Circuit was designed in 3 topologies, which are single-phase system without DSTATCOM, single-
phase system based DSTATCOM using PQ theory control algorithm and single-phase system based
DSTATCOM using PQ theory control algorithm with CGBPNN.
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2.4.1 Single-phase system without DSTATCOM compensation
Figure 1 illustrate the basic block diagram of the single-phase system under non-linear load
without DSTATCOM compensation. It only consists of voltage source and non-linear load. The source

current will follow the waveform of load current as there is no compensation added to the PCC.

Non-Linear Load

AC [,
Voltae

Voltage Source

Fig. 1. Basic block diagram of the single-phase system under non-linear
load without DSTATCOM compensation

2.4.2 Single-phase system with DSTATCOM compensation using PQ theory control algorithm
Figure 2 shows the basic block diagram of single-phase system with DSTATCOM compensation

using PQ theory control algorithm. DSTATCOM is added at the PCC in order to compensate the
harmonic current.

Load

Output

Fig. 2. Basic block diagram of the system with DSTATCOM and PQ theory control algorithm

Figure 3 shows the inverter diagram. The inverter in a DSTATCOM is typically based on power
electronic devices such as insulated gate bipolar transistors (IGBTs). It generates compensating
currents or voltages to mitigate power quality issues and provide reactive power support to the
distribution system. Figure 4 shows the hysteresis band current controller diagram. It is utilized to
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control the voltage source converter (VSC) in the system. The reference voltage signal for the VSC is
derived using the principles of PQ theory [18]. Figure 5 shows power losses diagram. The calculation
of power losses involves analysing the power flow and evaluating the active power (P) and reactive
power (Q) components. Power losses can be determined by considering both the resistive losses and
the losses due to reactive power flow. Figure 6 shows the compensating currents diagram. It is
generated based on the analysis of voltage and current waveforms using the principles of PQ theory.

<,
c1
k=
o

1
T
1 =)
T

,
o ol iy
o

Ploss

:

Iref
Th—O——@ -
G Pl
Controller
Fig. 4. Hysteresis band current controller block diagram Fig. 5. Power losses block diagram
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2.4.3 Single-phase system with conjugate gradient back-propagation neural network-based PQ
theory.

The basic block diagram of single-phase system with conjugate gradient back-propagation neural
network-based PQ theory is the same as in Figure 2. It only differs at compensating current diagram.
Neural network is only added at the compensating current diagram as it involves complex
mathematical calculation. By incorporating neural network, the time required to generate the
reference current is significantly reduced. Figure 7 illustrates the compensating current diagram,
enhanced with the integration of a neural network.
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Fig. 7. Compensating currents diagram with neural network
2.5 Hardware-in-the-loop (HIL) Simulation

Hardware-in-the-loop (HIL) is a process that involves connecting actual controller signals to a test
system designed to replicate real-world conditions. This setup creates an environment where the
controller operates as if it were integrated into the final product. By simulating real-world
interactions, the HIL process provides a comprehensive testing platform for evaluating the
controller's performance and functionality in a realistic context. Iterative testing and design occur as
if the real-world system is being used. By using HIL for testing, it can reduce testing infrastructure
requirements, testing time, and there is no chance of equipment damage while running the test. It
will also provide the versatility to execute a range of systems such as single-phase and three-phase,
various rated power, and advanced grid support capabilities [19]. The analog-to-digital converter
(ADC) plays a crucial role in converting the signals received from the analog input/output into digital
signals. These digital input signals, represented as v and i, are then used to generate an appropriate
C-code using MATLAB/Simulink's code generation capabilities and the Code Composer Studio (CCS)
software. The resulting code output corresponds to the duty cycle, which serves as the input for the
enhanced pulse width modulator (PWM) module [20]. This process ensures accurate conversion and
utilization of the analog signals for efficient PWM control.
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3. Discussion

This section discusses the performance of single-phase system with DSTATCOM compensation
using PQ theory control algorithm.

3.1. Performance of Single-Phase System without DSTATCOM Compensation
3.1.1 Performance of single-phase system without DSTATCOM compensation under non-linear load
in steady state condition

The performance of single-phase system under non-linear load without DSTATCOM was
evaluated based on its load voltage, load current and source current. Its waveform and THD value
were analysed to see the impact of non-linear load on it. Figure 8 shows the total harmonic distortion
of source current and load current. When electrical equipment converts from AC to DC, current is
drawn in pulses. These pulses produce distorted current waveforms with a lot of harmonics hence
resulting in high THD for source current as in Figure 8(b) where it exceeds the recommended value
of harmonic distortion by IEEE STD 519-2022 for source current at PCC.

Fundamental (50Hz) = 3.911 , THD= 46.58% Fundamental (50Hz) = 3.911 , THD= 46.58%
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Fig. 8. (a) THD of load current, iL under non-linear load in steady state without DSTATCOM compensation
(b) THD of source current iS under non-linear load in steady state without DSTATCOM compensation

Figure 9 shows the distorted waveform of load and source current as a result from the non-linear
load. The distorted waveform of current source will affect the source current. This distorted
waveform occurs because of the high amount of total harmonic present in the circuit from the non-
linear load used by consumer. The source current will follow the waveform of load current as nothing
isinjected at PCC. Figure 9 (a) and (b) show the distorted waveform of source current and load current
respectively.
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Fig. 9. (a) Waveform of source current, js under non-linear load in steady state without DSTATCOM
compensation (b) Waveform of load current, i, under non-linear load in steady state without DSTATCOM
compensation

3.2. Performance of Single-Phase System based DSTATCOM Compensation using PQ Theory Control
Algorithm

This section discusses the performance of single-phase system with DSTATCOM compensation
using PQ theory control algorithm.

3.2.1 Performance of single-phase system with DSTATCOM compensation using PQ theory control
under non-linear load in steady state condition

DSTATCOM is used to mitigate the harmonic current distortion of distribution system. The
performance of DSTATCOM is analysed to see how it compensate the source current and total
harmonic distortion of current source at PCC so that the voltage at PCC will be improved too. The
value of total harmonic distortion is shown in Figure 10 where the harmonic has been reduced from
46.58% to 7.82%. This can be achieved due to DSTATCOM injecting compensating currents into the
system to counterbalance the harmonic currents. By injecting compensating currents that are out of
phase with the harmonic currents and synchronized with the system voltage waveform, DSTATCOM
effectively mitigates harmonic currents at the PCC and improving the overall power quality.

Fundamental (50Hz) = 3.911 , THD= 46.58%
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Fig. 10. (a) THD of load current, i, under non-linear load in steady state with DSTATCOM compensation
using PQ Theory (b) THD of source current, is under non-linear load in steady state with DSTATCOM
compensation using PQ Theory

Figure 11 (a) and (b) shows the output waveform of the single-phase system based DSTATCOM
compensation using PQ theory control algorithm circuit. The DSTATCOM has successfully
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compensated the source current as it achieved the desired sinusoidal waveform. This is because the
THD has been reduced below the limit of harmonic current distortion.

(a)

;

(b)
Fig. 11. (a) Waveform of source current, is under non-linear load in steady state with DSTATCOM
compensation using PQ Theory (b) Waveform of load current, i, under non-linear load in steady state
with DSTATCOM compensation using PQ Theory

3.3. Performance of Single-Phase System with Conjugate Gradient Back-propagation Neural
Network Based PQ Theory

This section discusses performance of single-phase system with conjugate gradient back-
propagation neural network-based PQ theory.

3.3.1. Performance of single-phase system with conjugate gradient back-propagation neural
network-based PQ theory under non-linear load in steady state condition

Conjugate Gradient Back-propagation Neural Network based PQ theory is added to the single-
phase system to improve the training process of DSTATCOM. By adding Conjugate Gradient Back-
propagation Neural Network, it will help to reduce the total harmonic distortion even more as it
trains the DSTATCOM to get the desired output. Figure 12 show the total harmonic distortion of
source current and load current. The THD has been reduced from 46.58% to 5.35%.

The waveform of the current source had greatly improved after adding DSTATCOM, but it takes
quite a few times to stabilize the waveform into sinusoidal waveform. By adding CGBPNN to the
single-phase system, it helped improving the training process of DSTATCOM. It shortened the time
taken by DSTATCOM to stabilize the waveform where it took less than 1 cycle to become stable.
Figure 13 shows the waveform of source current.

10
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Fig. 12. (a) THD of load current, i, under non-linear load in steady state with DSTATCOM compensation
using CGBPNN-based PQ theory (b) THD of source current, is under non-linear load in steady state with
DSTATCOM compensation using CGBPNN-based PQ theory
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Fig. 13. (a) Waveform of source current, is under non-linear load in steady state with DSTATCOM
compensation using CGBPNN-based PQ theory (b) Waveform of load current, j; under non-linear load
in steady state with DSTATCOM compensation using CGBPNN-based PQ theory

Table 2

Percentage of THD for the system for non-linear load under
different topology

Analysis System Study THD (%)

Before DSTATCOM compensation 46.58%

Simulation
After DSTATCOM PQ 7.82%

compensation CGBPNN 5.35%

4. Conclusions

As a conclusion, power quality issues are a serious problem that cannot be ignored as it brings
harm to both utility and user if it is ignored. It is important to identify the root of power quality issues
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so that the problem can be solved with an appropriate way. The utilization of DSTATCOM aims to
address power quality concerns, specifically those associated with current issues. DSTATCOM serves
as an effective solution for mitigating a wide range of problems related to current. Proper control
algorithm of DSTATCOM need to be choose wisely, as performance of DSTATCOM is dependent on
its control algorithm. For non-linear load condition, the system with DSTATCOM and conjugate
gradient backpropagation neural network-based PQ theory proved to be the best system as it takes
lesser time to stabilize the waveform. It also has the lowest amount of THD percentage. Overall,
DSTATCOM excellency is proven for this project as it able to lower the total harmonic distortion to
the permissible limit as stated by IEEE standard 519-2022 and maintain the waveform in sinusoidal
waveform.

Acknowledgement

The author would like to acknowledge the support from the Fundamental Research Grant Scheme
(FRGS) under a grant number of FRGS/1/2020/TKO/UNIMAP/02/113 from the Ministry of Education
Malaysia.

References

[1] A.M. Omar, F.A. Haris, S. Shaari, The effect of distributed grid - connected photovoltaic power systems on low
voltage utility supply, Int. J. Renew. Energy. (2017) 57-61.

[2] D. Danalakshmi, S. Bugata, J. Kohila, A control strategy on power quality improvement in consumer side using

custom  power device, Indones. J. Electr. Eng. Comput. Sci. 15 (2019) 80-87.
https://doi.org/10.11591/ijeecs.v15.i1.pp80-87.

[3] K. Sudhapriya, K. Jeevanantham, DESIGN AND ANALYSIS OF DSTATCOM USING BACK PROPAGATION ALGORITHM
FOR HARMONIC CURRENT REDUCTION, 6th Int. Conf. Recent Trends Eng. Manag. (2017) 223-238.

[4] G. Varshney, D.S. Chauhan, M.P. Dave, Evaluation of power quality issues in grid connected PV systems, Int. J.
Electr. Comput. Eng. 6 (2016) 1412-1420. https://doi.org/10.11591/ijece.v6i4.10167.

[5] J. Pinzén, A. Pedraza, F. Santamaria, Harmonic Impact of Non-Linear Loads in a Power Distribution System,
Confefencia Bras. Sobre Qual. Da Energ. Elétrica (CBQEE). Sdo Paulo. Bras. (2013).

[6] M. Irwanto, W.Z. Leow, B. Ismail, N.H. Baharudin, R. Juliangga, H. Alam, M. Masri, Photovoltaic powered DC-DC
boost converter based on PID controller for battery charging system, J. Phys. Conf. Ser. 1432 (2020).
https://doi.org/10.1088/1742-6596/1432/1/012055.

[7] A.H. Faranadia, A.M. Omar, S.Z.M. Noor, Power Quality Assessment of Grid Connected Photovoltaic System on
Power Factor, 2018 110th AEIT Int. Annu. Conf. AEIT 2018. (2018). https://doi.org/10.23919/AEIT.2018.8577408.

[8] IEEE, IEEE Standard 519-2014, leee. (2014) 1-50. https://www.schneider-
electric.com.tw/documents/Event/2016_electrical_engineering_seminar/IEEE_STD_519 1992vs2014.pdf.
[9] K. Ananda-Rao, R. Ali, S. Taniselass, N.H. Baharudin, Microcontroller based battery controller for peak shaving

integrated with solar photovoltaic, IET Conf. Publ. 2016 (2016) 1-6. https://doi.org/10.1049/cp.2016.1262.

[10] L&T Switchgear, Understanding Current & Voltage Harmonics, L&T Electr. Autom. (2021) 31-34.
https://corpwebstorage.blob.core.windows.net/media/36814/understanding-current-voltage-harmonics.pdf.

[11] G.C. Keerthana, B. Vidyasagar, Adaptive Back Propagation Control Algorithm for PQ Improvement Using
STATCOM, J. Curr. Trends Electr. Eng. 4 (2019) 12-26.

[12] N.H. Baharudin, M.A.H. Ridzwan, T.M.N.T. Mansur, R. Ali, K. Ananda-Rao, E. Che Mid, S.M. Suboh, A.M. Abdullah,
Design and Performance Analysis of Grid Connected Photovoltaic (GCPV) based DSTATCOM for Power Quality
Improvements, J. Phys. Conf. Ser. 1878 (2021). https://doi.org/10.1088/1742-6596/1878/1/012032.

[13]  A. Saravanan, G. Selvakumar, A. Maheswari, P. Muthulakshmi, M.H.K. H, D-STATCOM for Power Quality
Improvement Trained by ANN, Int. J. Sci. Eng. Res. 5 (2017) 37-42.

[14] M.P. Kazmierkowski, Power Quality: Problems and Mitigation Techniques [Book News], 2015.
https://doi.org/10.1109/MIE.2015.2430111.

[15]  D.R.Kishore, PQ Theory Based Power Quality Improvement in Distribution Level with D- PQ Theory Based Power
Quality Improvement in Distribution Level with D-STATCOM, (2021). https://doi.org/10.46501/IJMTST0705034.

[16] R. Gadhawe, P. Kasulkar, Performance control of DSTATCOM by P-Q theory with Power factor correction of

12



International Journal of Advanced Research in Computational Thinking and Data Science
Volume 6, Issue 1 (2025) 1-13

(17]

(18]

(19]

(20]

Polluted Grid, (2021) 1749-1756.

C.B. Khadse, M.A. Chaudhari, V.B. Borghate, Conjugate gradient back-propagation based artificial neural network
for real time power quality assessment, Int. J. Electr. Power Energy Syst. 82 (2016) 197-206.
https://doi.org/10.1016/].ijepes.2016.03.020.

A.A. Abdelsalam, S.S.M. Ghoneim, A.A. Salem, An efficient compensation of modified DSTATCOM for improving
microgrid operation, Alexandria Eng. J. 61 (2022) 5501-5516. https://doi.org/10.1016/j.aej.2021.10.061.

H. Magnago, H. Figueira, O. Gagrica, D. Majstorovic, HIL-based certification for converter controllers: Advantages,
challenges and outlooks (Invited Paper), Proc. 2021 21st Int. Symp. Power Electron. Ee 2021. (2021).
https://doi.org/10.1109/Ee53374.2021.9628196.

M.A. Hassan, Y. He, Constant Power Load Stabilization in DC Microgrid Systems Using Passivity-Based Control
with Nonlinear Disturbance Observer, IEEE Access. 8 (2020) 92393-92406.
https://doi.org/10.1109/ACCESS.2020.2992780.

13



