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Abstract: The DTSTACOM is a power quality compensator that can be used in the distribution grid to compensate the demand of reactive power,
which can be produced by different linear and non-linear loads. In this process, the control method of DSTATCOM is one of the key
factors influencing the performance of DSTATCOM. This study aims to analyse the effect of two modulation schemes, Pulse Width
Modulation (PWM) and Hysteresis Current Control (HCC), under several conditions. The proposed modelling approach and Synchronous
Reference Frame (SRF) theory are used to verify reactive power compensation and total harmonic distortion (THD). Further, PWM and
Hysteresis Current Control (HCC) with proportional-integral (PI) controller simulated in MATLAB for different cases, and percentage
THD was calculated to prove the effectiveness of the proposed method for the control of reactive power and THD with grid-connected
DSTATCOM. The results presented here justify that the HCC controller can be better than the PWM method to generate the PWM pulses
for reduction of harmonics under various conditions of DTSTACOM to compensate the reactive power. Additionally, the simulation was
performed to check the efficacy of the projected method to reduce THD by varying the current control band of HCC.
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1. Introduction

Power quality issues are more prevalent in today’s power systems. Many factors, including rising demand for
electric energy, deregulation and economic and environmental constraints on expanding power networks, have
forced power systems to operate at or near their stability limits. Flexible AC Transmission Devices (FACTS) have
shown superiority in the last few decades in managing the demand for lower power losses and quicker response to
system performance under transient conditions with higher stability (Pasrba, 2004). FACTS has become the choice
to manage voltage control, and reactive power under steady state and dynamic conditions in the power system,
based on successful research in power electronics switching devices (Bollen, 1999; Hingorani and Gyugyl 1999).
The DSTATCOM is a piece of shunt-connected power equipment used to inject current at the point of common
coupling (PCC) in the distribution power system (Edris, 2000). A combination of different loads is connected to
the PCC, which draws harmonics and reactive current from the generating sources in the grid and reduces the
power quality (Kamel and Fenghua, 2020; Pal et al., 2011). A comparative study has been discussed with different
operating modes of the STATCOM in weak AC networks and proven satisfactory results (Khatir et al., 2012). A
robust design for current controller STATCOM and healthy voltage controller-based STATCOM was demonstrated
using a simple loop method (Singh et al., 2015). The genetic algorithm and optimisation technique proposed to
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analyse overshoot, settling time and different operating modes of the STATCOM (Safari et al., 2013). Furthermore,
proportional-integral (PI) controllers, which provide stabilised controls, have always been an important component
of control systems (Li et al., 2013; Rahim and Kandlawala, 2004). The different techniques (Chebabhi, 2016)
were developed to improve the overall efficiency of the distribution grid with stable voltage. One of the modulation
techniques used in DSTATCOM, an adaptive PID controller-based technique, produces better results, particularly
in noisy systems (Chothani et al., 2021). Non-linear load compensation was performed using the Pl controller’s
inner and outer loops to identify power quality issues and harmonics. Simulation for optimum symmetric criteria
has been revealed by the authors (Tripathi, 2018). The topology of SVC with hybrid DSTATCOM was simulated
with HCC under different unbalanced loading conditions to minimise the harmonic distortions (Mangaraj and Sabat,
2023). Constant-frequency HCC for three-phase VSI has been discussed in digital signal controllers and proved
experimentally to reduce harmonic distortion as per the IEEE 519 standard (Kalyanraj and Lenin Prakash, 2014).
Several methods, such as hysteresis control, predictive-based control, self-tuning filter theory and cross-correlation
theory, have been proposed for STATCOM control to improve the performance of compensation in reactive power
with STATCOM (Amoozegar, 2016). The method based on the current error space vector (CESP) for the hysteresis
current controller is applied, and it is figured out that the controller provided a fast dynamic response (Raju et al.,
2020). The hysteresis band (HB) control method is applied to STATCOM to maintain the voltage profile in the
network. It has been proven that the STATCOM voltage profile effectively improved in a transmission line (Ngasop
and David, 2020). The study was carried out for the analysis and performance estimation of a STATCOM with
fast dynamic reaction for large abrupt deviations in load and grid DC bus voltage with a Pl controller (Marei et al.,
2004). To reduce switching frequency and current error, an algorithm is proposed to apply a zero-voltage vector in
a synchronous rotating frame, and it has been proved that modified current controllers work more effectively than
conventional ones in various cases (Eun and Sang, 2004). A HB current controller is used for a five-level NPC-type
G converter. It has been proven through the simulation that by increasing the HB, the switching frequency reduces
and consequently switching losses, hence the harmonic distortion (Daniel and Ramin, 2018). A novel current control
strategy using fuzzy logic controllers for hysteresis current control was proposed and analysis was carried out and
concluded that APF performance under a typical serious non-linear load condition worked smoothly (Liu et al.,
2012). A detailed investigation was carried out by comparing two modulation schemes, Pulse Width Modulation
(PWM) and HCC. The performance analysis was carried out during steady-state and transient conditions in PSCAD
simulation (Deng, 2007). Additionally, in this study, further research is focused on unbalanced and non-linear load
conditions and total harmonic distortion (THD). A detailed comparative analysis was carried out to prove the control
algorithm.

In this paper, a systematic procedure for a three-phase VSC-based DSTATCOM, embracing the sizing of
components and tuning of inner and outer loop Pl controllers, respectively. The problem definition and proposed
methodology are discussed in Section 2. The sizing of various system components and tuning of the Pl controller’s
inner and outer loops are elaborated in Section 3. Section 4 presents the Hysteresis Current Controller (HCC)
methodology, and Section 5 discusses simulation verification of the proposed DSTATCOM control method. In
Section 6, some conclusions are drawn and it is proved that the HCC controller is superior to the PWM method in
reducing THD. The effectiveness of the proposed method simulated in MATLAB with various cases was compared
and demonstrated by the performance of DSTATCOM to compensate for the reactive power in the grid.

2. Proposed Methodology for DSTATCOM Control

In the power system network, reactive power compensation is required as the load demand may vary to preserve
the power quality. So a reactor and switchable capacitor are required in the system to absorb and feed reactive
power into the system. The authors have considered different load levels over here. To release the stress of the
network, DSTATCOM compensates the reactive power demand as and when it is required.

As shown in figure 1, the three-phase source, VSC-based DSTATCOM and Loads are connected at the PCC.
The inner and outer loops are current and voltage control loops respectively controlled by Pl controller. The outer
voltage Pl controller generates direct axis source current reference value as follows:

(1 + Tos)* (Vdc* - Vdc)

Tos

I =K (1)

pr
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Figure 1. Schematic of the proposed DSTATCOM control Method in Distribution Network. PCC, point of common coupling.

In contrast to direct control methodology, the proposed control method is an indirect current control strategy,
where the control is based on source current regulation with the quadrature current component forced to be zero.
Thus, only the active current is drawn from the source, and the reactive power of the load is compensated by
DSTATCOM. In comparison to the direct control method, the proposed method has the advantage of requiring fewer
current sensors. If V is the peak value of the voltage at PCC, then the three-phase AC voltage as follows:

V, = Vcos(ot) 2
V, = Vcos(ot—(2n/3)) ©))
V, = Veos(ot +(2n/3)) @)

Thus, the voltage relationship between the PCC and DSTATCOM is expressed as

V, =RI, +L(dI, /dt)+E, ®)
V, =RI, +L(dI, /dt)+E, (©6)
V, =RI +L(dI, /dt)+E, 0

Transform the above equation into d—q reference frame, and then it can be expressed as
L(dI, /dt)=-RI, + oLl +V, - E, ®)
L(dlq/dt)=-oLI, —~RI +V, —E, ©9)

The voltage equations of each axis are cross-coupled; to decouple them, the inner current control loop and
reference current of the DSTATCOM voltage can be expressed as follows:

E*=V, -oLl —AV, (10
E *=V, - oLl —AV, (1D

where E* and Eq* are the reference values of the direct axis and quadrature axis of the DSTATCOM voltages.
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To generate PWM signals, the reference DSTATCOM voltages are transformed back into a-b—c reference frame
with the help of a phase-locked loop (PLL). A PLL system quickly and accurately finds out the phase angle and
frequency of grid voltages. The following control diagram for PLL is used in the proposed methodology as shown
in figure 2(a).

The necessity of a PLL is to get active (P) and reactive (Q) components. Through a closed-loop control, a
reactive component is calculated. Here, abc to a—3 and to d—q transformations are used to give input to the PI
controller, and hence, P and Q are calculated through closed-loop controllers. Here, Vqref is taken as zero because
direct axis voltage V, is aligned with grid voltage Vgrid'

(1+ Tis)*(1d" - 1d)

AV, =K (12)
d P Tis
1+Tis)*(1q" — I
AV, =K, (1+Tis) ( q q) (13)
Tis

where T, = K /K and K = Proportional gain and K; = Integral gain.

3. Component Sizing and Tuning of Inner Current and Outer DC Voltage
Pl Controller

A. Component Sizing (Tripathi, 2018):

From the figure 2(b) the transfer function for the LCL filter circuit can be calculated as

__ 1 14
Vi sL(1+s2CLp)' (14)
Va : : g ™y Vu s \vd
abc
Vb _
4@—> to (:
a-p 0
Ve d-q v ot ACTIVE
‘( : )_. i PI » s » sin | —
Ve
h y p. y
* Integrator
o g > Cosine —»
vgref =0 REACTIVE
(a)
SL1 sL2
N -

Vi — 1/SC

(b)

Figure 2. (a) PLL. PI, proportional integral; PLL, phase locked loop. (b) LCL Filter Sizing and Calculation (Deng, 2007).
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Depending on the requirement of reactive power as a thumb rule, the reactive power absorbed by the
capacitor is 5% of the rated power which is chosen. Ig is the grid current and V, is the inverter side voltage,
L=LL/L+L,

VZ

- —5%ofS.
Q= Wzmpirere) (s)

The value of Capacitance can be formulated as

_0.05%S
VERkpiEf (16)

where S is the rated power = 1,000 kVA, V = Vgrid =230V per phase, f = 50 Hz taken for the calculation, and hence,
the calculated value of the capacitance of a capacitor is selected as 100.28 uF. However, 100 uF is used in the
simulation.

The value of inductance can be calculated from Eq. 14 by replacing term CLp in terms of resonance frequency
(w,,) and solving in terms of L

1
i 2\Y
o) *( g(sw) % 1— Oy (17)
™ \/i(sw) 0)resz

The switching frequency is selected as 10 kHz and resonance frequency is taken as 1 kHz. According to the
thumb rule, Ig(sw) is taken 0.3% of the grid current (Ig) andV, ow) is taken 0.9 times the grid voltage (Vg). The voltage

drops across both inductors always limited to 20% of grid voltage is chosen. So, considering L, = L,, the value of
Inductance can be given as

L...) 02*Vgrid
L=L,= = - . (18)
2 2*pi*50*I

L=

Here, the Inductance of Inductor is selected as 500 pF.

B. Tuning of Inner Current PI Controllers

In the schematic of figure 1, the inner current control loop is demonstrated in the synchronously rotating d—q axis
source currents. The control configuration is used by a conventional Pl controller to maintain voltage amplitude
at the PCC by controlling the amplitude or changing DSTATCOM output voltage. The generated error signal is
processed by inner Pl current controllers. Thus d—q axis currents follow their reference values only. The open loop
transfer function can be expressed as

I 1 K, *S+K; 1
Go. i(S):—f:—:fz( 2 ) * " . (19)
- LI S (L,*S+Ry,)
Thus, the closed-loop transfer function can be obtained by the following equation:
K, *S+K,
Gai(8)= 1(«1: : 0)
S +| — +K_, |*S+K,
Lsh ?
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The proportional and integral controller gain of current controller loop is intended through pole imposition method
as discussed in Kamel and Fenghua (2020). The identification with the canonical function developed by the Ziegler—
Nicholas tests and thus the coefficient of both gains K and K; will be given as:

K, =2p! ") 1)

pr

K=o’ (22)

C. Tuning of Outer DC Voltage PI Controllers

From figure 1, the DC bus voltage transfer function with an open loop PI controller is expressed as:

_ Ve _ (Kpr_dc*s+ Kii_dc) £ 1 ”
GOL?DC (S) - V;c - S (CS) ( )

Thus, the closed-loop transfer function is obtained by the following equation:

: : (24)
Ger e (S) g2 +(K *S/C)+(Kii7dc /C)

pr_dc

Thus, the coefficient of both the gains are calculated in the same previous way as discussed and can be given
as:

K, . =2pC (25)

K, . =oC (26)

ii_de

4. Hysteresis Current Controller

The classical control technique based on PWM such as PWM, SPWM and SVM requires the precise knowledge
of the load model which is the main factor for the synthesis of Pl controllers to generate voltage pulses for
VSC. In case the load model is not defined, then PWM control techniques have poor performance against
non-linear Hysteresis Current control (HCC) (Ngasop and David, 2020). The main advantage of hysteresis
current controller is that it can be applied even when the load model is not specified. The hysteresis current
controller is one of the simple techniques widely used for grid-connected inverter. A fixed HB width for upper
and lower range is used to control the error of current within its range. The error between both reference and
measure current is controlled in a region containing upper and lower limits of HB. The principle of the method
is described in figure 3(a) and figure 3(b). If the measured current is greater than the reference current of the
upper band (UB) then the top switches are on. If the measured current is less than the lower band (LB) then
the bottom switches are on.
The HB width can be determined as:

B= (Ve Vi) 27
4Vchfs
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Figure 3. (a) Block diagram of Hysteresis Current Controller. (b) Flow chart of Constant frequency Hysteresis Current Controller. HB, hysteresis band;
LB, lower band; PWM, Pulse Width Modulation; UB, Upper band.
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5. Simulation Verification of the Proposed DSTATCOM Control Method

In this simulation part under the MathWorks MATLAB-R2019a /Simulink environment, DSTATCOM control is
discussed with the power distribution grid through inner and outer loop control of Pl controller. The simulation
parameters and cases are stated in Table 1 (Tripathi, 2018) and Table 2 (Daniel and Ramin, 2018).

5.1. Pl with PWM

To confirm the practicability, Pls with PWM are used for DSTATCOM. The various cases are simulated and
discussed with linear, non-linear load and unbalanced conditions using a programmable voltage source. However,
for simplicity, the percentage THD of source current in the R phase is calculated and presented in the output
waveforms.

Case 1: P, = 100 kW and Q, = 75 kVAR

In this case, V,, =800V, P =100 kW and Q=75 kVAR were considered. The V_ _and | ) observed were sinusoidal
from the figure 4(a) and figure 4(b). The inverter current and load current are sinusoidal too. The figure 5(a) and
figure 5(b) shown that grid sends active power of 100 kW, while DSTATCOM meets the load’s reactive power
demand of 75 kVAR. The voltage V, is maintained constant at 800 V. The percentage of THD observed in figure 6

is 0.82 (Tripathi, 2018).

Case 2: Performance Under extra load P = 50 KW, Q = 7.5 kVAR with Load Breaker Closed Unexpectedly

The three-phase RL load relates to the system, and the load breaker is closed at 0.15 s. So, here, the additional load
gets raised. It should be noted that the demand for reactive power was raised and satisfied by DSTATCOM even
after connecting an additional load for a fraction of a seconds.

The results from figure 7 demonstrate that the load demand is completely satisfied, but a time variation of 0.15 s
to 0.20 s is observed in reactive power when the load breaker is closed, and it is changed from 95 kVAR to 90 kVAR.
The percentage THD is 2.79 observed in the source current in figure 8.

Table 1. Simulation parameters.

Parameters Value
Voltage (V,,), Frequency (f) 415V, 50 Hz
Switching frequency (f,) 10 kHz
Inductor (L) 500 uH

DC link capacitor (C), Capacitor (C) 5,000 uF, 100 uF
DC voltage (V) 800 V

Rated power 100 kVA
Fault resistance (R) 10Q
Proportional gain constant (Kpr) (Inner current loop) 25 V/A
Integral gain constant (K,) (Inner current loop) 500 V/A
Proportional gain constant (Kp( ) (Outer voltage loop) 5AN
Integral gain constant (K; ) (Outer voltage loop) 100 AV

HB (Upper and lower range) +0.01A

HB, hysteresis band.

Table 2. Simulation analysis with different loading conditions.

Case Load

1 P.=100kW, Q = 75 kVAR

2 P =100 kW, Q = 75 kVAR, additional P = 50 kW, Q = 7.5 kVAR, Breaker closed

3 P_=100KkW, Q_= 75kVAR, additional P, = 50 kW, Q_= 7.5 kVAR with Non-linear load, breaker closed

4 Voltage violation at source end with P_ = 100 kW, Q_= 75 kVAR, additional P, = 50 kW, Q_= 7.5 KVAR with Non-linear load
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Case 3: Non-Linear Load

Here, a non-linear load is connected in addition to the above load. The minor variation was observed in figure 9
from 0.15 s to 0.18 s. The observation shows that the non-linear load currents are effectively compensated by
DSTATCOM during switching conditions. Moreover, in the presence of a non-linear load, from the figure 10 the
percentage of THD is 4.13, within the marginal limit (Tripathi, 2018).

Case 4: Voltage Violation at source end and Non-Linear Load

In this case, from the figure 11 the programmable voltage source is used and violation is created at the instant of
0.2s,0.3sand 0.4 s. At 0.15 s the load breaker switch is closed and non-linear load is connected with the system
in addition to 150 kW and 82.5 kVAR load. The non-linear load consists of R =20Q, L =0.01 x 10°Hand C =5 x
107" F with a diode bridge connected to the system.
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Figure 8. Source Current (l) and Percentage of THD when breaker closed. THD, total harmonic distortion.

A close observation and keeping in mind that using the programmable voltage source at different instants
of violation demand is completely satisfied. The satisfactory results observed to feed reactive power during
the defilement with the percentage THD in the source current are 4.56 observed from the harmonic spectra of

figure 12.
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5.2. Pl with hysteresis current control (HCC)

To ensure the achievability of the proposed methodology to compensate reactive power and suppress percentage
THD, the PI with hysteresis current control (HCC) is simulated. The results discuss the above-mentioned cases.
Furthermore, the capability of the proposed DSTATCOM to improve power quality is observed through HCC
compared to PWM control (Deng, 2007).

Case 1: P,= 100 kW and Q, = 75 kVAR

To confirm the probability of the proposed methodology compensating reactive power from the figure 13, the HCC
method is applied in this case, where the percentage THD is 0.72 in figure 14. Thus, the proposed system performs
very well to improve power quality compared to other methods.

Case 2: Performance Under extra load P = 50 kW, Q = 7.5 kVAR with Load Breaker Closed Unexpectedly

The load breaker is closed at 0.15 s, and in addition to that, the extra load of 50 kW and 7.5 kVAR relates to the
network. A trivial variation is observed in the reactive power for a limited time as shown in figure 15. Interestingly,
the THD is 0.80 observed in the source current of the R phase from the harmonic spectra in figure 16.

Case 3: Non-Linear Load

In this case, from the figure 17 the performance of the HCC is tested in the presence of a non-linear load. In the
presence of the RL load, in addition to that, at 0.15 s, the non-linear load is connected, and not much variation is
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Figure 16. Source Current (|) and Percentage of THD during breaker closed with HCC method. THD, total harmonic distortion.
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Figure 17. P and Q,  Non-Linear Load.
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Figure 18. Source Current (| ) and Percentage of THD during Non-linear Load with HCC method. THD, total harmonic distortion.

observed in the active and reactive power. However, the THD is reduced to 2.79 and found to be better than the
PWM method from the figure 18 (Raju et al., 2020).

Case 4: Voltage violations at source end with Non-Linear Load

Here, the programmable voltage source is used, and violations in voltage (figure 19) created at different instants
are depicted in an enlarge view of waveforms to observe the performance of the proposed DSTSTCOM hysteresis
current controller as given in figure 20. The voltage source is programmed at 0.2 s, 0.3 s and 0.4 s by the variation;
its value is 6% in the first two cases, and at 0.4 s it is the same as before 0.2 s. The variation in voltage at PCC and
reactive power is observed. The enlarged view of the power waveform signifies that at 0.2 s, 0.3 s and 0.4 s, the
reactive observed 45 kVAR, 57 kVAR and 55 kVAR, respectively. Though there is a non-linear load, the percentage
of THD is 2.65 as presented in figure 21.

The percentage of THD focused in all cases on source current (| ). In the different scenarios observed, however,
the percentage of THD in HCC is less than that of the PWM technique. Table 3 (Deng, 2007) represents the THD
comparisons of both methods. Nevertheless, HCC proved superior to suppressing harmonic distortion in all different
conditions compared to PWM techniques. Table 3 shows the comparisons carried out for THD between PWM, HCC
and the current control band HCC. It is possible to notice that the switching frequency changes when the hysteresis
control band varies. When the band increases, the current will need more time to reach, and hence the overall
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Figure 21. Source Current (| ) and Percentage of THD during Voltage violation with HCC method. THD, total harmonic distortion.
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Table 3. THD analysis with different methods and conditions.

Case 1 2 3 4
PWM (%THD in 1) 0.82 2.79 413 4.56
HCC (%THD in 1) 0.72 0.80 2.79 2.65
(Current control band 1%)

HCC (%THD in 1) 0.87 0.98 3.80 2.65
(Current control band 2.5%)

HCC (%THD in 1) 0.95 1.20 3.80 2.70

(Current control band 5%)

PWM, Pulse Width Modulation; THD, total harmonic distortion.

system performance will change. However, it is observed that by varying the band, there is not much impact on the
generation of reactive power from DSTATCOM, but it is noticeable that in the majority of all the cases discussed
here, the hysteresis controller is superior to the PWM controller in the reduction of harmonics. However, it is also
perceived that by varying the width of the HB, the THD remains under the limit as per the IEEE 519-1992 standard.

6. Conclusions

A detailed dynamic model of DSTATCOM and its control is proposed, developed and implemented in MATLAB,
including an effective start-up technique of PWM and hysteresis current control (HCC) with a PI controller in the
distribution network. The result analysis shows the effectiveness of the proposed scheme to compensate for
the demand for reactive power. It is perceived that the system voltage deviates from its minimum at the time of
disturbance. Different cases were discussed and analysed with various conditions to validate the healthier harmonic
tracking capability of the proposed DSTATCOM control method. The THD of the compensated source currents in all
cases of PWM and HCC control is found to be within the limits of the IEEE-519 standard. However, the harmonic
spectra of the HCC technique show greater effectiveness in reducing harmonics than the PWM technique in each
case. It is also observed that by increasing the HB, in the majority of cases, THD reduction is superior to the
same converter commanded by PWM techniques. Further, experimental analysis will be carried out to study the
relationship between switching frequency, voltage drop, actual output current and percentage THD during different
loading conditions to deduce a more accurate mathematical model for DSTATCOM control.
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