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Abstract: This study introduces a novel
method to improve the performance of D-
STATCOM by incorporating Linear Active
Disturbance Rejection Control (LADRC).
This controller forms the foundation of the
proposed approach..The suggested controller
is made to efficiently make up for the error
brought on by the overall disturbance.Upon
conducting a study, it has been determined
that the enhanced Linear Active Disturbance
Rejection Control (LADRC) has superior
anti-interference capabilities when compared
to conventional LADRC. The ANN
(Artificial Neural Network) LADRC is
employed as a substitute for the conventional
D-STATCOM control method in the context
of current inner loop control. This
substitution  yields enhanced control
performance, tracking performance, and anti-
interference performance in comparison to
the proportional integral (PI) controller. The
simulation findings demonstrate that the
enhanced Linear Active Disturbance
Rejection Control (LADRC) demonstrates

enhanced performance over the Proportional

Integral (PI) controller. The results show that
the ANN-LADRC controller surpasses the
traditional PI controller in tracking accuracy
and disturbance rejection capabilities.

Index terms: Static synchronous compensator
in distribution, anti-disturbance, ANN
control, and Linear Active Disturbance
Rejection Control.

1.Introduction:

The implementation of D-STATCOM in
power distribution networks offers a viable
solution for mitigating voltage quality issues,
including voltage fluctuation and flicker,
voltage sags, and voltage unbalance [1-5]
This technology exhibits a wide range of
potential applications in power distribution
networks, as well as in future networks
incorporating micro-grids. The extent to
which D-STATCOM can mitigate the issues
is primarily contingent upon the efficacy of
the controller for STATCOM. To improve
the D-STATCOM's performance

controller, researchers from both domestic
and international backgrounds have made

continuous endeavors in develping control
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methods for the D-STATCOM. As a result, a
range of control strategies have been
provided by the researchers [6-12].These
control systems can be broadly categorized
into three distinct groups. There are three
main approaches to control systems. The first
approach is the conventional Proportional-
Integral-Derivative (PID) control. The
second approach utilizes current control
methods based on state space representation,
including optimal tracking control and
variable structure control.

The third approach is intelligent control,
which encompasses methods like Aritifical
neural network control. Nevertheless, the
conventional  Proportional-Integral  (PI)
control method is primarily applicable to
linear control systems. In the case of the D-
STATCOM system,which exhibits nonlinear
characteristics and the performance of the PI
controller is unsatisfactory. Furthermore, The
controller faces increased challenges in
meeting its performance objectives when
there are changes in the system's equivalent
parameters or when uncertain external
disturbances occur.The modern control
theory, which relies on state equations,
necessitates a precise mathematical model for
optimal performance. However, achieving

satisfactory control outcomes for complex

systems like the D STATCOM, which lack
accurate mathematical models, is a challenge
for modern control theory. When it comes to
intelligent control, meeting the real-time
control requirement poses a significant
challenge. Furthermore, it is worth noting
that voltage imbalance is not included in most
of the control schemes stated above. Voltage
imbalances are common in low-voltage
distribution networks, making it crucial to
choose an effective control strategy for D-
STATCOM to maintain voltage magnitude
and balance in line with established standards
during uneven voltage conditions. The
Active Disturbance Rejection Controller
(ADRC) has proven effective in various
power electronic applications, including
PWM rectifiers, active power filters, and
matrix  converters,[13-15]).Due to its
excellent dynamic performance, adaptability,
and robustness. This paper examines the D-
STATCOM system's characteristics and
explores the limitations of PI control, modern
control, and intelligent control. To overcome
these shortcomings, this paper suggests using
Active Disturbance Rejection Control
(ADRC) for the D-STATCOM  voltage
controller. Furthermore, it employs a
controller design that integrates positive-
negative sequence voltage control loops. This

method guarantees that both the magnitude
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and the degree of imbalance of the Point of
Common Coupling (PCC) voltage meet the
standards for power supply voltage.
2.Design of D-STATCOM:

The D-STATCOM's  operating
mechanism is dependent on the control
scheme that manages the energy transfer
between the converter and the distribution
grid. This control scheme is also impacted by
the converter's secondary output voltage.
This is how the basic operating concept might
be summed up: If the D-STATCOM output
voltage amplitude is greater than the network
voltage, the D-STATCOM will inject
reactive power when the current passes
through the reactance and into the network.
When the output voltage range of the
converter is lower than that of the network,
the D-STATCOM absorbs reactive power
from the network, particularly when current
flows towards the network. In contrast, when
the converter's output voltage range matches
that of the network, there's no exchange of
reactive power, indicating a balanced state
for the D-STATCOM. Equations (1) and (2)
define the active and reactive powers injected

by the D-STATCOM, respectively.

__ VpccVstsind

Py = receTe (1)

XsT

Vpcc(Vpcc—VsTcosd)
Qsr = T T T~ (2)
ST

The reactance of the coupling transformer is

denoted as Xst, and & represents the phase
shift angle between the voltages Vpcc and
Vst. When the D-STATCOM  operates
continuously, it generates a voltage V2 that is
synchronized with Vpcc (with 6=0), resulting
in only reactive power flow (Pst=0). Reactive

power is described by equation 2 as follows:

— VPCC(VPCC - VST) .
ST XST

)

During continuous operation, the voltage
VST is shifted laterally to stabilize the
voltage Vpcc at the constant bus and to
compensate for losses in the coupling
transformer and the D-STATCOM switches,
as shown in Figure 1. In this setup, the
resistance symbolizes the active losses in the
switches and transformer, which are

counteracted by the series inductance

Yodia Network
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i Lsi

Coupling |
Transformer |
H

Figl:Simpilifed Equivalent Digram Of D-
STATCOM
The performance of the grid-connected

inverter significantly affects the power
quality delivered by the D-STATCOM.
There are two types of D-STATCOM

systems: voltage source and current source,
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differentiated by their input setups. The
current source configuration necessitates a
substantial series inductor on the DC side to
ensure the stability of the DC current.

which can result in slower response times for
the system. Consequently, grid-connected

voltage source inverters are commonly

preferred in industrial applications.

3. D-STATCOM Using LADRC:

The D-STATCOM control system is
designed to regulate voltage and current
within power systems through a double
closed-loop  structure.  This  structure
comprises two feedback loops that
collaboratively = manage the system's
performance. In this configuration, the outer
voltage loop is responsible for generating the
reference voltage, whereas the inner current
loop creates the reference currents required
by the system. Specifically, the outer loop
generates reference currents for the d-axis
and g-axis, known as id-ref and iq-ref,
respectively. These reference currents are
then fed into the inner loop’s feedback
controller. The controller compares these
reference currents with the actual currents
and adjusts the system to ensure optimal
operation.  This structure

significantly enhances the D-STATCOM

dual-loop

system’s ability to maintain precise control

over voltage and current levels.Linear Active
Disturbance Rejection Control (LADRC) is
an advanced method utilized to counteract
disturbances and stabilize system dynamics.
It is particularly effective in controlling D-
STATCOM systems.
In this setup, the g-axis current reference, iq-
ref, is usually obtained from the AC system
bus voltage or through a reactive power
control mechanism in the outer loop. On the
other hand, the d-axis current reference, id-
ref, is determined by the difference between

the target capacitor voltage and the actual

voltage observed.

F23

L
T

Fig 2. Control structure of D-STATCOM
with LADRC

The mathematical representation of the D-

STATCOM within a stationary three-phase

coordinate system is described as follows:

. lca] [Usa
L; icb =|Usp |-R
icc Usc

lea
lep
lee
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The DC side model is given as

dudc _ . . . udC
C? = Sqlca + Spicp + Scice — R_dc ..(5)

Among them the variability of the three-
phase current over time complicates the
design of the controller. Consequently, the
mathematical model in the three-phase static
coordinate system is converted into a two-
phase synchronous rotating coordinate

system by coordinate

applying a
transformation technique.. The

transformation involves the following

matrix:
2m 2m
[ cos6@ cos(6 — ?) cos(8 + ?) l
P = 2| —sin6 —sin(0 — 23—7T) —sin(6 + 2?7[) R
3
X V2 X
2 2 2
-(6)

The D-STATCOM is represented in the dq0
framework. The mathematical model is set

within a rotating coordinate system [16].

dig . .

LE = wliz — Rig —usq —uLg ....(7)
di . .

L= = —wLig — Rig — usy — uLg-—---(8)
duge _ |3 . . .

C —d‘ti =3 (cosbig+ sindiy----- 9)

Equations (8) and (9) explain that after the
coordinate transformation, the grid side

values on the d- and g-axes are denoted by

variables usd and usq, respectively. The
voltage components of the D-STATCOM
output voltage are represented by Uig and Ujq.
By analyzing the difference (§) between the
grid voltage and the D-STATCOM's output
voltage, one can ascertain if the system is
absorbing or generating reactive power. The
D-STATCOM's voltage is synchronized with
the external voltage, and the d-q components
of both voltage and current are obtained from
the output of the Phase Locked Loop (PLL).
The icq current component is responsible for
regulating reactive power, while the icd
current component handles the regulation of
active power. Based on these dynamics, this
study develops a double closed-loop
controller for the D-STATCOM system
utilizing the Linearized Adaptive Dynamic
Range Controller (LADRC). Within this
framework, a LADRC-based controller
operates the current inner loop, and a PI-
based controller manages the voltage outer
loop. The complete d-q vector control for the
D-STATCOM system is depicted in Fig. 2.
and Total Disturbance Compensation
[17,18]. Figd depicts the control block
diagram. When it comes down to it, anti-
disturbance and stability are at the heart of the
control system's main issue. Traditional
control is provided using frequency domain

analysis in reference [19]. The uncertainty of
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the model parameter and the control input

gain are both

I Total disturbance
compensation link

=i  control

— — —
g
v

|
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Fig 3: LADRC control block diagram.

taken into account in this LADRC study. The
current tracking control link, employing a
stability analysis technique, governs the
three-phase, four-wire shunt active power
filter (SAPF) of  the converter.
The PI controller manages both tracking and
disturbance rejection within the evaluation
system, whereas LADRC successfully
resolves the conflict between tracking
performance and disturbance rejection.

4.Aritifical Neural Network (ANN):

In this part we’ll go structure and
education of Aritifical Neural Network
(ANN). Is a generalization of all The
supervised learning-capable neural network
paradigms . When artificial neural network
(ANN) with knowledge dispersed over
connection strengths, Studies and
implementations of the ANN strategy have

demonstrated the usefulness of combining

the strengths of neural network systems,
particularly in areas like the direct adaptation
of knowledge articulated as a set of ANN
and the generalizability of existing
algorithms.

network's overall input-output behavior is
dictated by the values of a collection of
movable parameters connected through its
nodes. In this iteration, the gradient descent
algorithm makes changes to the premise
parameters in the direction of the past. The
neural network's learning or training phase
entails finding appropriate parameter values
to ensure a good match with the training data.
The error rate of ANN training can be
decreased by employing different algorithms.
For a more efficient search for the best
parameters, we combine the gradient descent
approach with a least squares algorithm.
Since the search space dimensions of the
backpropagation method employed in neural
networks are decreased, the convergence of
such a hybrid approach is significantly
accelerated. To aid in the learning and
adjusting processes, ANN employ the model
embedded in an adaptive system architecture.
4.1 Architecture of ANN: The architecture
of an ANN refers to its overall structure,
including the arrangement of neurons, layers,
and connections between themThree layers

are typically seen in an ANN. The input layer
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is the uppermost layer, where input neurons
are found. These neurons send data to the
hidden layer beneath. After the hidden layer
processes this data, it forwards the results to
the output layer. This system includes
elements such as a cost function, weights, and
an activation function.The numerical values
that represent the weight of the connection
between neurons. The learning ability of a
neural network is defined by the weights
connecting its neurons. These connections
are known as neuron weights.Each link in an
artificial neural network determines its
strength and is assigned a weight during the
learning process. Each neuron normally has
an associated bias, and these weights are
modified during the training phase to
maximize the network's performancewhich,
as a constant term, enables the neuron to
modify its output without regard to inputs. To
provide non-linearity, each neuron in the
network wusually applies an activation
function to the weighted sum of its inputs. In
order to reduce the error between the
expected and actual outputs, the
backpropagation technique is employed
during training to modify the weights of the
connections in the network.
In this process, the gradients of the loss
function relative to the weights are

calculated, and then optimization algorithms

like gradient descent are employed to
appropriately adjust the weights.

Training process consists of inputting data
into the network, comparing the network's
predicted output to the actual output, and
adjusting the weights within the network to

reduce the error.

|npyt Laver Hidden Layer Output Layer

Fig 4 : Architecture of ANN
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Fig 5 : Training process for ANN

controller
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5.ANN-LADRC:

In this study, the parameter adaptive
controller utilizing ANN-LADRC adjusts the
parameters of the LADRC controller based
on the error (e), the rate of change of the error
(Pe), and the ANN-determined relationships
between parameters. This method offers
effective  control and simplifies the
adjustment of parameters. Known as ANN
control, this application of ANN theory in
control engineering emulates human learning
and adaptability to environments. The ANN
control system consists of three layers: the
Input Layer, the Hidden Layer, and the
Output Layer.

ANN control is useful for addressing a wide
range of ambiguous issues since its not
require a precise mathematical.description of
the controlled item. However, the system's
control performance and dynamic quality are
both diminished by the ANN processing of
system input. Additionally, the ANM
control's resistance to disturbance breaks

down under heavy disturbance.

- ANN

Fig6: ANN-LADRC block diagram

Fig 7 : Simulation digram of ANN-
LADRC.
As seen in fig. 7, ANN is used in the

simulation's design. In order to monitor
source voltage and current, the three-phase,
380 V input voltage is coupled to the thphase
series RLC branch between linked voltage
and current measuring blocks. The IGBT
inverter receives pulses from an ANN
controller. The inverter and AC system are
connected in parallel via a filter as the
fundamental idea behind D-STATCOMBY
correctly changing the switches of the power
electronic devices in the inverter, reactive
power compensation can be achieved by
varying the amplitude and phase of the D-
STATCOM input grid current.
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TABLE: System parameters.

Symbol | Quantity unit
Value

Qb Rated Kyar 20
capacity

Ve Base v 380
Voltage

f Base Hz 50
frequency

Udc Dc-side v 800
bus
voltage

C Dc-side u
bus 3000
capacitor

L Filter mH 1
output
inductance

R Filter Q
output 0.5
impedance

6.Results:
o ot

Fig 8: Comparison b&;een Current of PI
& LADRC & ANN implemented
Controllers Under low voltage ride
through.

Figure 8 illustrates that the current output
from the D-STATCOM  undergoes
considerable fluctuations, leading to an
extended period before reaching a stable
state.This indicates that the PI controller is
more susceptible to disturbances from grid-

side faults.Unlike the PI controller, the

LADRC shows reduced sensitivity to grid-
side disturbances. Its performance is less
affected by voltage faults, leading to more
stable current output with quicker response
times. Implementing an ANN controller
further improves performance by minimizing
fluctuations and enhancing resilience against
grid voltage faults. Its superior anti-
interference  capabilities contribute  to
smoother operation and faster stabilization
compared to both the PI and LADRC

controllers.

Comparinsan bbasen Acbrs ey of PY & ANTIR & LADRG impheomestenl 4ty

Fig 9: Comparison between active power
of PI & LADRC & ANN implemented
Controllers Under low voltage ride
through.

Fig 9 shows the When employing a PI
controller, the D-STATCOM's active power
output exhibits significant fluctuations
during symmetrical grid faults. This leads to
prolonged stabilization time, affecting the
accuracy of power tracking. Implementation

of LADRC shows reduced susceptibility to
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grid-side disturbances compared to the PI
controller. Consequently, the D-STATCOM
achieves quicker stabilization and maintains
better active power tracking accuracy under
symmetrical ~ faults.Utilizing an ANN
controller further mitigates fluctuations in
active power output and enhances resilience
against grid voltage faults. Its superior anti-
interference capabilities ensure smoother
operation and more accurate power tracking,

even in challenging grid conditions.

Comparision between Reactive powars of Pl & ANFIS & LADRC implemented circuits
1 I

L | | I 1

Fig 10:
Reactivepowerof PIKLADRC&ANN_impl

Comparison between
ementedControllersUnder low voltage
ride through.

Fig 10 shows the When employing a PI
controller, the D-STATCOM's reactive
power output exhibits significant fluctuations
during symmetrical grid faults. This leads to
prolonged stabilization time, affecting the
accuracy of power tracking. Implementation
of LADRC shows reduced susceptibility to
grid-side disturbances compared to the PI

controller. Consequently, the D-STATCOM

achieves quicker stabilization and maintains
better reactive power tracking accuracy under
symmetrical faults.Utilizing an ANN
controller further mitigates fluctuations in
active power output and enhances resilience
against grid voltage faults. Its superior anti-
interference capabilities ensure smoother
operation and more accurate power tracking,

even in challenging grid conditions.

»

' Ll “ (1) " L) " »w o "

Fig 11: Comparison between Current of

PI & LADRC implemented Controllers

Under Increasing and decreasing load.
Fig 11 shows the When operated under a PI
controller, the D-STATCOM exhibits relatively
slower adjustment times and longer periods to
reach a steady state. Additionally, the output
current fluctuates greatly, impacting the stability
of the system. Implementing LADRC results
in significantly faster adjustments and
improved tracking performance of the D-
STATCOM. The system demonstrates quick
adaptation to load changes, leading to stable
operation in a shorter time frame. Moreover,

the output current remains more consistent,
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indicating the robust anti-interference

capabilities of LADRC.

Activs ol PIAL
a T

0

Flg 12 Cbmpariéon Betv;'eenl' Current of
PI & LADRC implemented Controllers

Under Increasing and decreasing load.
Fig 12 shows the Under the operation of a PI
controller, the D-STATCOM experiences
relatively prolonged adjustment times and
requires a longer duration to stabilize.
Additionally, the output power fluctuates
significantly,
stability. By employing LADRC, the D-
STATCOM demonstrates fast adjustments

impacting the system's

and excellent tracking performance. It swiftly
adapts to grid load changes, reaching a steady
state in a shorter timeframe. Moreover, the
output power remains stable, indicating the
robust anti-interference capabilities of

LADRC.

Fig 13: Comparison between Reactive
power of PI & LADRC implemented
Controllers Under Increasing and
decreasing load

Fig 13 shows that When controlled by a PI
controller, the D-STATCOM exhibits
relatively slow adjustment times and requires
a longer duration to stabilize. Moreover, the
output reactive power fluctuates
significantly, affecting system stability.
Implementing LADRC results in rapid
adjustments  and  excellent

performance of the D-STATCOM. It swiftly

tracking

responds to grid load changes, reaching a
steady state more quickly. Additionally, the
output reactive power remains stable,
showcasing the robust anti-interference
abilities of LADRC.

To verify the effectiveness of the new
system, its reactive current tracking
performance is tested using a three-phase
symmetrical fault in grid voltage and load
variations as an example.

(I) The voltage at the grid connection point

symmetrically drops to 0.5 p.u. at t =0.3s and
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returns to normal at t = 0.5s. (II) At t=0.3s,
the load is increased by 100%, and then at t it
returns to the initial setting.

Under PI control, the D-STATCOM's
reactive current output swings considerably
and takes a while to stabilize when the three-
phase voltage falls to 50%. It demonstrates
how the grid side voltage drop has a
significant impact on the PI controller and
how poor its anti-interference capability is.
The outcomes demonstrate the superiority of
the ANN-LADRC controller over the
conventional PI controller in terms of
tracking and anti-disturbance skills. The PI
controller's tracking and anti-disturbance
capabilities are inversely correlated with the
evaluation system's anti-disturbance
capabilities, and LADRC effectively resolves
this contradiction. The findings demonstrate
that the ANN-LADRC controller
outperforms the conventional PI controller in
terms of disturbance rejection and tracking.
The ANN-LADRC can successfully estimate
and correct for large-scale system
disturbances, resolving the conflict between
"tracking" and "disturbance resistance" that
plagues typical PI controllers.

7.THD(Total Harmonic Distortion):In
non-linear loads, Total Harmonic Distortion

(THD) refers to the distortion in the current

waveform caused by the non-linear behavior

of the load. Non-linear loads are those that
draw a non-sinusoidal current waveform
from the power supply, such as electronic
devices with rectifiers or switching power
supplies. These loads introduce harmonics
into the electrical system, resulting in
increased THD levels. High THD in non-
linear loads can lead to wvarious issues
including overheating of transformers,
increased losses in electrical equipment, and
interference  with  sensitive  electronic
equipment. Managing THD in nonlinear
loads is essential for maintaining power
quality and ensuring the reliable operation of
electrical systems. The Total Harmonic
Distortion (THD) of the Artifical Neural
Network (ANN) Linear Active Disturbance
Rejection Control(LADRC) of a D-
STATCOM (Distribution Static
Synchronous  Compensator) on Total
Disturbance Error Compensation refers to the
amount of harmonic distortion present in the
compensation signal generated by this
control system to mitigate disturbances in a
power system. In simpler terms, this means
evaluating how effectively the ANN-
LADRC control algorithm implemented in a
D-STATCOM  can  compensate  for
disturbances in a power system while
minimizing the distortion it introduces to the

system's waveform. THD analysis in this
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context helps assess the performance and
efficiency of the control strategy in terms of
both disturbance rejection and harmonic

mitigation

Fig13: THD with PI controller of current
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current is1.38.

comparing Total Harmonic Distortion (THD)
of current for different types of controllers.
THD values indicate the level of distortion in
the current waveform. In your comparison:
PI controller has a THD of 3.38.

LADRC controller has a THD of 2.60.

ANN controller has a THD of 1.38.

Lower THD values generally indicate better
performance in terms of current waveform
quality, as they represent less distortion.
Therefore, the ANN controller seems to
provide the cleanest current waveform
9.Conclusion:

This research introduces an Disturbance
Rejection Control (LADRC) method for the
internal current loop of the D-STATCOM
system, considering its nonlinear,

multivariable, and  strongly  coupled
characteristics.

This study presents a novel contribution in
the form of a Linear Active Disturbance
Rejection Controller, which aims to enhance
the control performance of the overall control
system by effectively compensating for the
total disturbance error. The user's text is too
brief to be rewritten academically. The
findings indicate that the ANN-LADRC
controller exhibits superior disturbance
rejection and tracking performance compared
to the conventional PI controller. The ANN-

LADRC demonstrates effective estimation

Page No: 232



Journal of Systems Engineering and Electronics (ISSN NO: 1671-1793) Volume 34 ISSUE 4 2024

and compensation of  disturbances,
particularly in scenarios where significant
disruptions occur inside the system. This
capability addresses the inherent conflict
between  "tracking" and "disturbance
resistance” encountered with conventional PI
controllers Based on the comparison, it
appears that using the ANN controller leads
to significantly lower Total Harmonic

Distortion (THD) compared to PI and

LADRC controller Therefore, in the

context of minimizing distortion and

improving the quality of the output

waveform, the ANN controller demonstrates
superior performance.
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