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Accepted: 26 November 2023 systems by combining (Instantaneous Reactive Power) IPR theory with
Available online: 15 April 2024 (Sliding Mode Control) SMC. The distribution system has numerous

power quality issues. This paper concentrated primarily on source-side
current harmonics. The primary goal of this paper is to reduce source-

Keywords side current harmonics while also balancing DC-link capacitor voltage.
Power quality, IPR theory, SMC, The SMC is used to control the d- and g-axis reference currents. The IPR
harmonics theory is used in distribution to calculate active and reactive power.

The SMC based on IPR theory reduced source current harmonics while
maintaining constant DC-link capacitor voltage. The results of
MATLAB/Simulation are compared to those of PI and SMC. SMC
findings exhibit superior performance than the PI controller.

1. Introduction

Failure of the capacitor bank, increased losses in the electrical equipment and distribution system, noise,
vibrations, over-voltage, excessive current owing to resonance, and negative sequence currents in the generator
and motor, particularly the rotor, are the main causes of power quality problems. Hearing loss, dielectric
breakdown, communication system interference, false metering, and interference with motor controllers and
digital controllers are all possibilities. The primary sources of reactive power burden in the distribution system
are phase-controlled rectifiers, motors, transformers, and choke inductors. Harmonics in the distribution system
cause heating of electrical equipment, damage to equipment, and light flickering. Custom power devices are now
used to compensate for harmonics. Filters were once used in distribution to compensate for harmonics. A single-
tuned filter was used to eliminate 5th-order harmonics, while a double-tuned filter was used to eliminate 5th and
7th-order harmonics. A second-order higher-damped filter is used to eliminate harmonics of greater than the 11th
order. Fractional-order SMC (FO-SMC) compensated for reactive power and eliminated grid harmonics. Positive
and negative sequence harmonics were reduced in the wind farm using the FO-SMC single and dual loop control
strategies. The super capacitor in this paper was used for DC-link voltage [1]. [2] Used super twisting SMC to
compensate for voltage-related power quality issues. The controller responded quickly and was resistant to
voltage fluctuations. The controller's response had been verified in various load conditions such as voltage sag,
swell, static and dynamic load. The controller works well in a variety of load conditions. D-STATCOM used the
input-output feedback linearization method in conjunction with integral SMC.

The reactive power of this paper compensated for no disturbance and internal disturbance conduction. In
both no disturbance and internal disturbance conditions, the negative sequence current is compensated [3]. The
authors of [4] presented D-STACOM based on FO-SMC. The performance of the proposed controller was evaluated
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under various conditions such as voltage sag, swell, and load imbalanced and balanced situations. The FO-SMC
had a very fast response time, high accuracy, robustness, and a low THD value. The authors of [5] proposed a
nonlinear controller based on SMC for closed-loop operation of the three-phase MLI with a reduced switch count.
The simulation results in this paper are validated under active and reactive power step-change conditions. The
proposed controller successfully changed the grid frequency and load change time. SMC based on space vector
modulation (SVM) was implemented for a grid-connected 3L-NPC inverter [6]. The source-side current harmonics
were reduced by the proposed controller. The results meet the IEEE-519 international standard. Low THD grid
currents, less switching loss, a high-power factor, and dependable operation are just a few benefits of the SVM-
based SMC. The FO-SMC implemented for controlling D-STATCOM is referenced in [7]. During a fault condition,
the proposed controller had a fast response, high robustness, and high accuracy. Reduced switch count grid
connected MLI was implemented in [8]. SMC was in charge of the proposed topology. Results from the PI controller
and the SMC were contrasted. Improved power quality distribution was achieved by installing the SMC of the static
shunt compensator [9]. The authors of [10] compared a range of voltage balancing super capacitor circuits.

2. D-STATCOM Model Circuit

The primary goals of D-STACOM are reactive power compensation and harmonic elimination; it will maintain
voltage regulation and balance unbalanced load currents. The primary goals of this paper are to reduce source-
side current harmonics while maintaining constant DC-link voltage. Figure 1 depicts a D-STACOM circuit with
three voltage source inverters. The supply-side voltages are Vsa, Vsb, and Vsc. The source side currents are Isa,
Isb, and Isc. The three-phase load currents are ILa, ILb, and ILc. As a D-STATCOM circuit, a three-phase two-leg
inverter is used. This paper used a D-STACOM circuit controlled by an IPR-based SMC controller. Only a reactive
power ideal case is drawn by the D-STACOM. In practice, there is some switching loss in the D-STACOM circuit;
these losses are typically real power losses. There is no need to connect the D-STATCOM circuit to a DC source; a
small energy-storing capacitor suffices. If the removed load in the circuit, it looks like an active rectifier circuit in
fig.1. In this case, the capacitor voltage must equal the source voltage's peak. The capacitor voltage in the D-
STATCOM circuit must be at a peak of 1.6 to 2 times. Compensation is not possible if the capacitor voltage is less
than 1.6 times.

AC-DC Converter

Three phase
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Fig. 1 D-STATCOM model circuit

2.1 DCVoltage Regulation

The capacitor voltages should be consistent if there is no loss in the D-STACOM circuit. However, in a real-world
scenario, the PWM functioning of the D-semiconductor STATCOM's switches results in some switching losses.
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Energy is delivered to the capacitor on the DC-link. [11]- [13] A little amount of average actual power must be
consumed to keep the dc-link voltage steady. By incorporating dc voltage regulation into the control technique,
this may be demonstrated.

Mathematical analysis of a P-Q theory:
Pg,- = Vag,Lig, + Vyg,lgg, a0 0= Vagtag, ~ Vg, g, (1)
Equation (1) represents active and reactive powers.

% Q,'+VdPr \% Pr _VdQ :
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Equation (2) represents direct axis and quadrature axis currents, which are represented by Idref and Igref.
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Equation (5) represents the second-order differential equation, g(x) means the non-linear function, and u means
control input.
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lag and [ g are the DQ-reference frame currents. V ¢g and Vdg are the DQ-reference frame voltages. [ aref and
Iqref are the reference D and Q-axis currents. [ 4g and Iqg are the actual currents. The comparator compared
reference current and actual current, comparator output connected to the PI controller. PI controller converts DQ-
axis currents to DQ-axis voltages. Inverse Clarke transformation it converts Varef and Vgref t0 Varef, Vbref and Veref.
Inverse Clarke transformation is used for converting two-phase to three-phase.
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Fig. 2 IPR theory with PI controller

3. Sliding Mode Control

The D-STACOM circuit is classified into mainly two types, one is CSI-fed D-STATCOM and the other is VSI-fed D-
STACOM. The CSI-fed D-STATCOM has some disadvantages, these are more weight, more cost and it occupies more
space. The VSI-fed D-STATCOM occupies less space and stores energy easily in an electrolyte capacitor. Fig.3
shows the VSI-fed D-STATCOM schematic diagram in this circuit, the load current block is used for measuring load
side current. The source voltage block is used for measuring source side voltages. The D-STATCOM block is used
for measuring compensating currents. The DC link voltage of the capacitor block is used for measuring the DC -
link voltage. The pulse generator block converts Reference signals to PWM pulses. Three-phase VSl is used for D-
STACOM.

vm LS Lac
_(r\,> — Y Y\ Y Y\ Three-
L s Lm phase
@ V.s-b Y Y\ Y Y\ three-wire
L I Non-linear
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Fig. 3 D-STATCOM schematic diagram

A control D-STATCOM's algorithm is shown in Fig. 4. The voltages Vdc1 and Vref are the actual and reference
DC-link voltages. The voltages are given to a PI controller. The output of the PI controller is power loss in switching
devices. [14]- [15] This amount of power loss is occurring in switching devices. This total control scheme deals
with power form, the losses are also calculated with power form. iL,, iLb, and iLcare the load currents, these currents
convert from three-phase to two-phase i-alpha and i-beta use Clark transformation. V-alpha and V-beta are the d-
axis and g-axis voltages. These voltages are converted from three-phase supply voltages to DC quantities.
Instantaneous power calculation block converts from dc voltages and currents to P and Q powers.
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Fig. 4 D-STATCOM control scheme

Fig. 5 shows IPR theory with SMC. The SMC is one of the most popular control systems in nonlinear load
U(t)=U (1) + U 1, = U (1) + p.tanh(o) (11)

The equation represents the comparable control law and switching law that make up the SMC (11). Where the
sliding is surface and is a positive constant.

der(t)
dt

o(t)= + Ker(t) (12)

The sliding surface matrix & with & =4, —ige and o, =i, — i, as elements can be represented as

o= [0'1 62] (13)

The Lyapunov function can be representas G = 50-2 (14)
dG

—=056"'<0 (15)
dt

dl = —pl.tal’lh(o'l) and d'z = —pz.tal’lh(gz) (16)
dl = _pl'tanh(idg - idref) and 62 = _pz- tanh(iqg - iqref) (17)

With the obtained new dynamics using SM(, the state vector can be represented as
A —p-tanh(G s, — i)
ﬂ/l = |: = ¢ ’ (18)

A Py tanh(iqg - iqr@")

laref and Iqrer is attainable from (2). If the device's parameter changes, the matrix for the device will alternate
between the two sides, and the device may then be represented as

X =(A+A)X +B(U (+U.) (19)
X =(4+BU,,+AX ++Bptanh(c) (20)
Bp>AAX or ,0>[B_1AAX} (21)

As aforesaid, p is an appositive constant; however, to cancel out the mistakes on account of parameter
variations, running factor changes, and outside disturbances, p have to be large.
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Fig. 5 IPR theory with SMC

Table 1 Comparison table

Control algorithm

Outcome

FO-SMC [1]

Super twisting
SMC [2]

Integral SMC [3]

FO-SMC [4]

SMC [5]

SVM-based SMC
(6]

Proposed SMC

Power quality had improved in grid and wind farm integrated circuits.

The controller effectively eliminated the oscillations of the active and reactive power.
The DFIG stator current harmonics are reduced.

The control algorithm eliminated voltage-related power quality problems.

The controller responded very fast and provided robustness to voltage disturbance.
The input-output feedback linearization method along with integral SMC had applied
to D-STATCOM.

The reactive power had compensated in no disturbance and internal disturbance
conduction.

The negative sequence current is also compensated in no disturbance and internal
disturbance condition

The proposed controller simulation results are compared with the PI controller.

The FO-SMC had a very high response time, accuracy, and robustness.

The THD value of the FO-SMC controller is 0.52% during voltage sag/swell
conditions.

« In this paper, a nonlinear controller for closed-loop operation of a three-phase MLI
with a reduced switch count is presented.

The simulation results are verified during active and reactive power step-change
conditions.

The proposed controller had a well-operated change in grid frequency and load
change time.

This paper presents the sliding mode current controller implemented.

The controller-maintained grid current international standards IEC6000-1-2-2 and
IEEE 555.

The Proposed SMC has maintained grid currents IEEE 519 Standard.

The grid side current THD is 2.76%

The DC-link capacitor voltage is maintained constant.
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4. Simulation Results

4.1 1PR Theory with PI Controller

Fig.6 shows four waveforms A-phase supply voltage, supply current, compensating current, and load current. The
magnitude of the input supply voltage is 230V. The input current Is low in the first cycle 0 to 0.02 sec. the reaming
cycles maintained a constant current 50A. The field current Irgenerated by the D-STACOM circuit. The current I.
is connected bridge rectifier input. The THD waveform of the grid side A-Phase supply current is shown in Fig. 7.
The A-phase THD value is 5.65%.
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Fig. 6 Simulation results in A-phase with PI controller
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Fig. 7 Harmonic spectrum of A-phase current of the grid supply with PI

4.2 1PR Theory with SMC Controller

This section presents DSTATCOM with SMC results. The SMC controller mainly selected for controlling
uncertainties and nonlinearity. The SMC is a combination of equivalent control law and switching law. The
equivalent control law controlling parameters of system and switching it reduces chattering phenomenon of the
system. Before connecting DSTATCOM source current is follows the load current. Fig.8 shows simulation results
in A-phase with SMC. The simulation results are A-phase both PI and SMC nearly the same, but the harmonic
content is different and settling time of sine wave also same. Fig.9 shows three-phase supply voltage, supply
current, compensation current, and load current. The three-phase supply voltage is having 230V magnitude and
1209 phase shift. The three-phase supply current takes 0 to 0.02 sec. time for settling constant current, after 0.02
sec the supply current waveform is maintained constant current 50A. The D-STATCOM current is represented by
compensation current for the supply side. The 3-phase load current is a diode bridge rectifier input current. This
current is not in the sinusoidal waveform. The main functions of SMC are it brings system from trajectory to
equilibrium. Sliding surface is it reduces chattering and it brings zero error in current.

Three alternatives single-phase current waveforms and the voltage across the DC-link capacitor are shown in
Fig. 10. The source current is represented by Is, the magnitude of source current 404, this current undershoots 0
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to 0.02sec after 0.02 sec the waveform maintained constant current. The D-STATCOM current is represented by
If, this current is used for compensation. The load current is represented by IL; this current is maintained constant
magnitude from starting position. The DC-link capacitor voltage is represented by Vdc, this voltage decreased
from 0 to 0.02sec, the voltage increased from 0.02 sec to 0.1 sec, and after 0.1 sec the voltage maintained a constant
magnitude. The relationship between the source current and the DC-link capacitor voltage is kept linear. The DC-
Link capacitor rating is high in DSTATCOM, in case diode bridge rectifier removed the DSTATCOM acts as
converter and DC-link capacitor acts as Load. The converter output voltage is more than AC supply voltage and
current. This reason this paper used as high DC-link capacitor. Fig.11 shows that A-Phase source current
waveforms are PI and SMC, the PI and SMC results are almost the same with a small THD difference. The source
current's THD waveform with the SMC controller is shown in Fig. 12. The source current's THD value is 2.76%.
The comparative study of the DSTATCOM control with PI/SMC is shown in fig.11. The Table .2 shows the
comparative performance of DSTATCOM with PI/SMC. The settling times for both PI as well as SMC same. The
value of total harmonics distortion (THD) of source current with PI controller is 5.65%. After compensation SMC
with DSTATCOM, the THD of source current is reduced to 2.76%. The value of THD recorded immediately after
settling sine waveform.
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Fig. 9 Simulation results in three-phase with SMC controller
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Fig. 10 Shows A-phase supply, D-STATCOM and load current waveforms as well as DC capacitor voltage

5. Conclusion

This study examines how IRP theory and SMC can improve power quality in distribution systems. The main
outcomes of this paper are reducing supply current side harmonics and maintaining constant voltage in the DC-
link capacitor. The three-phase two-level inverter acts as a D-STATCOM circuit in this paper. The IRP theory is
used for calculating Real and Reactive power. The SMC is mainly used for controlling non-linear systems. In this
paper, SMC results are compared with the PI controller. The performance of SMC is very fast response, high
accuracy, and very high robustness, with the lowest THD of 2.76% and steady-state time of 0.03 sec. the overall
performance of SMC is good.
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Fig. 11 The A-phase supply current comparison wave from
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Table 2 Comparative study of DSTATCOM with P1I/SMC

Parameter DSTATCOM with PI DSTATCOM with SMC
Source Current THD 5.65% 2.76 %
Settling Time (Source Current) 1-2 cycles 1-2 cycles
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