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Abstract

Static compensators (or DSTATCOMs) are commonly used in the integration
of renewable energy sources (RES) into the grid to provide a variety of
functions such as reactive power compensation, harmonic elimination, zero
voltage regulation (ZVR), power factor correction (PFC), grid current balanc-
ing, etc. Considering the recent trends on integration of the RES to the grid,
an enhanced control structure is needed. In this paper, a hyperbolic tangent
function based adaptive filter (HTFAF) is applied for effective operation of
the static compensator. This adaptive filter’s (HTFAF) update rule is based on
a cosine function and follows the stochastic gradient descent principle. The
HTFAF is used to estimate the peak values of the active and reactive segments
of load current. These peak values are used to precisely determine reference
grid currents. The control structure for the DSTATCOM is designed to
provide harmonics-free, sinusoidal, balanced grid currents under both linear
and non-linear, as well as balanced and unbalanced loads. Furthermore, the
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system has the ability of operate in either PFC or ZVR modes. The proposed
control structure is also compared with existing control structure LMF and
LMS and found to be superior. The MATLAB/Simulink environment is used
for the design of a grid-connected DSTATCOM and its control logic. The
performance of the system is also validated using the OPAL-RT real-time
simulator.

Keywords: Power quality, DSTATCOM, distribution network, utility grid,
power factor, non-linear load.

Nomenclature

RES Renewable energy sources

ZVR Zero voltage regulation

PFC Power factor correction

LMF Least mean fourth

LMS Least mean square

EPLL Enhanced phase-locked loop

NN Neural Network

DNLMS Decorrelation Normalized LMS
PCC Point of Common Coupling

Vie DC-link voltage

Vab, Upa Line and phase voltage of the distribution network
my Modulation index

Claec DC-link capacitance

Clae DC-link voltage

L; Interfacing inductance

Ty Fundamental time

Ry Resistance of the ripple filter

Cy Capacitance of the ripple filter

PF Power factor

Vp Point of common coupling voltage

Active unit templates in phase a, b and c respectively
Reactive-unit templates in phase a, b and ¢ respectively
Active weight component of the phase-a load current,
¥ Step size of the filter

0 Scaling filter

& Norm penalty factor

¢ Sparse penalty factor

Upga, Upgh, Upgc
Uqga, Uqggb, Uqgce
OpLa
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€pLa Error between the phase-a load current and the
fundamental load current

iLa Current flowing through phase-a load

OpL Average active weight of load currents

Oqla Reactive weight component of phase ‘a’ load current

O4L Average reactive weight of load currents

Ode Loss component

Xps Xi Proportional and integral gains of the PI controller

Vi Reference DC-link voltages

Oug Reactive loss component

Tpn Net active weight of active segment

Oqn Net active weight of reactive segment

i g Active and Reactive segments of 3-phase reference grid
currents

igas i*g‘b, iyc Reference 3-phase grid currents in phase-a, -b and -c

lgas Lgh> tgc  Sensed 3-phase grid current in phase-a, -b and -¢
P, Grid power
Va, 1g Grid voltage and current respectively

1 Introduction

The unfavorable effects on the environment due to the carbon emissions,
resulting from extreme use of traditional energy sources, such as oil, natural
gas, coal, has pushed the energy sector to shift towards more clean and
sustainable energy means [1]. Moreover, the concept of zero carbon emis-
sions is gaining interest, which is most likely to capture the forthcoming
energy market. Renewable sources like solar, wind, hydro and biomass are
the best options in terms of availability and cleanliness. Power converters
are the key structures, which are used to interface and integrate these RES
to the utility grid [2]. The power converters in the distribution network used
for grid integration are generally known as distribution static compensators
(DSTATCOM), also known as active power filters. Therefore, proper control
of DSTATCOM is necessary to achieve the required objectives [3]. Power
quality issues are dominant in the distribution network, which must be
addressed effectively [4]. The DSTATCOMs are configured to mitigate mul-
tiple power quality issues at a time. Moreover, DSTATCOMs are also used
for integrating the electric vehicles and establishing power transfer between
the vehicle and grid, broadly known as vehicle-to-grid and grid-to-vehicle
application.
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Numerous control schemes have been suggested in the literature, demand-
ing their efficiency in meeting various objectives [5]. Broadly, the control
techniques are divided into either frequency-based or time-based. Some
of the frequency-based algorithms include Fourier Series [6], Discrete
Fourier Transform [7], Fast Fourier Transform, Recursive Discrete Fourier
Transform, Kalman Filter-based algorithms [8], etc. Likewise, some of
the time-based control techniques are power balance theory, single-phase
PQ theory [9], single-phase DQ theory, least mean square (LMS) [10],
least mean fourth (LMF) [11], enhanced phase-locked loop (EPLL) based
algorithm [12], etc. Owing to the simple structure, time-based algorithms
are usually utilized for power quality enhancement. On the other hand,
frequency-based algorithms exhibit more complex structures which result
in sluggish performance. Additionally, the burden on the processor is com-
paratively lesser in the case of time-based algorithms than frequency-based
ones.

Based on the synchronous reference frame theory, the PLL-based algo-
rithm is commonly utilized for DSTATCOM operation, which performs
satisfactorily under ideal grid conditions. However, under abnormal grid
conditions such as voltage distortion, sags, and swells, the performance
deteriorates. Therefore, PLL-less control structures with advanced system
performance are attracting control engineers. Typically, the loads on the dis-
tribution network are highly nonlinear and unpredictable, which necessitates
estimating load requirements. Therefore, fast and precise evaluation of the
peak of load currents is becoming inevitable. The Neural Network (NN)
based structures are considered as most efficient structures, the weights of
which are updated during each sampling period. Consequently, the peaks
of load currents are estimated with the help of NN-based structures with
various weight update rules. With fixed step size, leaky LMS [13], LMS [14],
and Decorrelation Normalized LMS (DNLMS) [15] have been reported in
the literature. A small step size helps achieve the result with a reduced
steady-state error. However, it results in sluggish system performance. On the
contrary, a significant step size enhances the speed of estimation and, at the
same time, increases the steady-state error. A variable step-size leaky LMS
control has been presented in [16]. Various NN-based control algorithms
have been reported with a similar concept in the literature. In some cases,
for achieving balanced sinusoidal grid currents, the fundamental positive
sequence components from the load currents and grid voltages are estimated
using adaptive filters [17]. An NN-based adaptive linear element-LMS logic
is implemented on the distribution static compensator used for integration
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of wind energy conversion system [18]. In [19], a mixed step size normal-
ized least LMF scheme is used for DSTATCOM integrated electric vehicle
station. For achieving fast convergence rate, a modified proportionate affine
projection algorithm is proposed for DSTATCOM [20]. A widely linear
reduced complexity quaternion LMS adaptive control logic is suggested for
PV-DSTATCOM [21]. Another adaptive technique known as Wiener variable
step size, is proposed for PV-DSTATCOM in [22].

Broadly, generalized integrator (GI) based adaptive filters such as second-
order generalized integrator (SOGI) [23], third-order generalized integra-
tor [24], modified SOGI [25] have been used for this purpose. A Kalman
filter-based control structure has been suggested in [25]. Likewise, a com-
plex coefficient filter is utilized for power quality enhancement in grid-
connected inverters [26]. Recently, a model predictive control technique
has been introduced for grid integration. The NN-based control algorithms
are the simplest and have the best dynamic performance from the previ-
ously discussed control scheme. Although the control techniques have been
provided satisfactory performance, these control techniques need improve-
ment to provide better performance in terms of accuracy and performance
speed. Moreover, the control technique must be robust in terms of handling
disturbances.

Considering the design of robust control logic for DSTATCOM, con-
trol structure including hyperbolic tangent function-based adaptive filter
(HTFAF) structure is presented in this article. The design characteristics of
the adaptive filter are as follows.

* The filter structure’s update rule originated from a logarithmic-
hyperbolic cosine function-based cost function by implementing a
stochastic gradient descent concept [27].

* The derivation is based on minimizing the cost function, which is based
on the error signal.

* The HTFAF is used for estimating the peak of the load currents, which
determines the load requirement by the system.

The control structure is designed by focusing on the following objec-
tives:

1. Fast and accurate calculation of load current components (active and
reactive).

2. Rejection of harmonics from grid currents to achieve total harmonics
distortion of the grid current below the limit specified in IEEE 519
standard [24].



34 J. Kumar et al.

3. For achieving balanced grid currents even when the unbalanced load is
applied to the system.

4. Regulating the DC-link voltage to ensure that the system performs at a
desirable level.

5. For operating the DSTATCOM in PFC mode.

6. For operating the DSTATCOM in ZVR mode.

The control structure is designed for 3-phase grid interfaced DSTAT-
COM. For software simulation, MATLAB/Simulink environment is pre-
ferred. The control structure is designed to operate the system separately
under PFC mode or ZVR mode. Linear and nonlinear loads are connected to
the system for verifying the performance of the control scheme. Comparative
performance of HTFAF is presented with LMS and LMF under unbalanced
nonlinear load. Simulated results of the system are observed under balanced
and unbalanced linear as well as nonlinear loads and voltage sag.

2 Configuration of Test System

The block diagram of a 3-phase grid interfaced static compensator is shown
in Figure 1. The loads are attached to a 3-phase source and DSTATCOM.
Depending on the nature of the load, the loads can draw either linear or
nonlinear currents. Most of the domestic loads draw nonlinear currents due to
their electronic nature. The harmonics contents in the load currents have detri-
mental effects on the power system equipment. Harmonics are responsible for
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Figure 1 Block diagram of 3-phase grid consociated DSTATCOM.
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causing electromagnetic interference in nearby communication networks and
heating in the transformers.

The reactive power and harmonics are supplied through a capacitor-
supported 3-phase full-bridge inverter. The inverter operates as DSTATCOM
and offers reactive power compensation. The DSATCOM is attached at the
Point of Common Coupling (PCC) along with filtering elements. For meeting
the purpose of supplying ripple-free currents, interfacing inductors are used.
Ripple filters are employed at the PCC to eliminate voltage sags.

3 Design of Test System

The rating of DSTATCOM is dependent on the reactive power it must supply.
Depending on the reactive power rating, the DC-link voltage, DC-link capac-
itor, ripple filters, and interfacing inductors are designed. Here, the design
parameters are considered for designing a DSTATCOM for compensating a
load of 25 kVA at 0.8 pf.

3.1 DC-link Voltage Calculation

The DC-link voltage is dependent on the voltage of the 3-phase grid, which
is considered as 415 V. The DSTATCOM’s DC-link voltage is set to be
greater than double the peak of phase voltage. Thus, based on the distribution
network’s voltage, the DC-link voltage is computed as,

C2V2u  2V2 x 415
V3my V3 x1

where V. is the DC-link voltage, v, is the line voltage of the distribution
network, and my is the modulation index.

Vie =677.69V =700V (1)

3.2 DC-link Capacitor Calculation

The DC-link capacitor is dependent on the maximum allowable DC link
voltage ripple and switching frequency.

@13 Valt
0.5[(Vae)* = (Viaer)?]

Cac = 2)

Considering x; (variation of energy during dynamics) as 10% = 0.1,
V4o (DC link voltage) as 700 V and ‘V.1” as 680V, ‘a’ (overloading factor)
as 1.2, ‘¢ as 35 ms, ‘I’ as 34.78 A, now after putting this value in (1), the
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DC-link capacitor comes out to be,

0.1 x3x (415//3) x 1.2 x 34.78 x 20 x 1073
B 0.5[(700)2 — (680)2]

= 4347 pF =~ 5000 puF 3)

Cdc

3.3 Calculation of Interfacing Inductor

The inductor used for an interface is decided by the switching frequency and
the maximum current ripple allowed via the inductor. It is calculated as,

L — \/ngdc
Y 12bf AL
Considering ‘m’ as 1, V. as 700V, ‘b’ as 1.2, “ f5* as 5 kHz, and current

ripple as 15% of the phase current. Therefore, the interfacing inductor comes
out to be,

4

V3 x 1 x 700

L = 19 T2 %5000 x 0.5 x 3478 =~ mH ©)

3.4 Calculation of Ripple Filters

The ripple filter is a high pass filter of first-order with a tuning frequency of
half that of the switching frequency. The ripple filters are meant to remove
the noise from the PCC voltages. For effective operation of ripple filters, the
time constant must be significantly less as compared with the fundamental
time (1') as,

R fC < Ty (6)

Tsw
10

It can be considered that R;C'y <

4 Control Structure for Grid Connected DSTATCOM

Static compensators are the grid-connected inverters, which are substantially
utilized for connecting renewable sources into the grid. The significant advan-
tages of these compensators include reduction of harmonics, reactive power
compensation, balancing of grid currents, etc. Depending on the required
mode of operation, they are configured to achieve PFC at the grid side or
ZVR. During the system’s operation in PFC mode, only the active power is
drawn, and the reactive power is zero. The power factor (PF) on the utility
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Figure 2 Control logic for grid interfaced inverter highlighting each part of calculation
involved in generating the switing pulses for inverterWhere R is the resistance, Cy is the
capacitance of the ripple filter, and T, is the period of the switching pulse. Considering the
switching frequency as 5 kHz and Ry as 5 €2, the C7 is obtained as 5 uF.

grid is quite close to unity. On the contrary, in ZVR mode, reactive power
is drawn along with the active power to stabilize the PCC voltage, which is
required for the satisfactory performance of the system. The overall control
structure for both modes is shown in Figure 2. The design procedure follows
the following steps.

4.1 Determination of Unit Templates

In the first step, the active and reactive segments of the unit vectors are
determined, which are in-phase and in quadrature, respectively, with the grid
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voltages. The line voltages (vap, Vic) are perceived at the PCC and the phase
voltages (Vpa, Vpb, Vpc) are calculated as highlighted in Block 1 of Figure 2
and the equations are given as per [29],

Upa = (2/3)[vap + 0.50p] (7)
Upb = (2/3)[_0'51]@ + 0-5'ch] 3)
Upe = (2/3)[~0-5v4p — vic] )

The value of PCC voltage (V) is calculated as highlighted in Block 2 of
Figure 2 and the equation is given as,

2
Vo= \/ 3 (Wha + v + V) (10)
The unit templates are determined as highlighted in Block 2 of Figure 2

and equations are given as follows,

Upa Upb Upc

Upga = Upgh = ——, Upge = —— 11
pga VZD » Upgb Vzn y Ypge va (11)
The in-phase or active unit templates (Upga, Upgh, Upgc) are in-phase with
the grid voltages. The reactive or quadrature-unit templates (Uqga, Uggh, Uggc)
are calculated with the help of the in-phase unit templates (upga, Upgh, Upgc)
as highlighted in Block 2 of Figure 2 and equations are given as follows,

Ugga = (—Upga + Ung/\/g) (12)
Uggb = 0'5[\/§upga + (upgp — UpyC)/\/g} (13)
Ugge = 0'5[_\/§“pga + (Upgp — “ng)/\/g] (14)

These unit templates, are employed to calculate the reference active and
reactive segments of grid currents.

4.2 Estimation of Active and Reactive Load Component

The HTFAF is utilized to estimate the active and reactive weight components
of load currents highlighted in Block 3 and Block 5) of Figure 2. The HTFAF
is based on single-layer NN logic, consisting of input and output layers. The
filter’s inputs are the currents flowing through the load. The load components
are the weights of the neurons. The weight update rule of HTFAF [27] is
written as,

Gpra(n +1) = 6pra(n) + I tanh[de,rq(n)] — Etanh[popra(n)]  (15)
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Where, 7,1, is the active weight component of the phase-a load current,
1 is the step size of the filter, J is the scaling filter, £ is the norm penalty
factor and ) is the sparse penalty factor. The norm penalty factor is less than
or equal to the multiplication of step size () and scaling filter (9).

The e, is the error between the phase-a load current and the fundamen-
tal load current or the output, which can be written as,

€pLa <n> =iLa — &pLa(n)upga (16)

where ir, is the current flowing through phase-a load.

The weight is calculated based on the error value. The weight is calculated
considering the error minimization logic. Likewise, the weights of phases ‘b’
and ‘c’ are determined as,

Gprp(n+1) = dprp(n) + Y tanhde,rp(n)] — {tanh [p6,04(n)]  (17)
and
Gpre(n+1) = 6pre(n) + Y tanh [depre(n)] — & tanh [¢po,rc(n)]  (18)

where 7,1, and 7,1, are the active weights of the ‘b’ and ‘c’ phase load
currents, e, and e, are the error values that can be written as,

epry(n) =iy — Tpry(N)Upgs (19)
ech(n) =iLc — OpLe (n)upgc (20)

where i1, and iy, are the load currents of ‘b’ and ‘c’ phases,
Now, the average active weight of load currents is estimated as high-
lighted in Block 4 of Figure 2 and equation is given as,

opr = (1/3)(0pLa + GpLo + GpLc) (21)

Like the determination of the active weight component of the load current,
the reactive weight component of the load current is also calculated high-
lighted in Block 5 of Figure 2. The reactive weight component of phase ‘a’
load current (04,,) is calculated as,

Gqra(n + 1) = 0414(n) + I tanh[deqyr,(n)] — £ tanh[pdra(n)]  (22)
where e, is the error signal in phase-a, which is determined as,

€qLa (n) =iLa — a'qLa (n)qua (23)
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The reactive weights of the phase’s ‘b’ and ‘c’ (Gqu and o,r.) are
calculated as,

Gary(n+1) = G4p(n) + Y tanh[deyry(n)] — Etanh[po,ry(n)]  (24)
and
Ggre(n +1) = 6400(n) + 9 tanh [degre(n)] — & tanh[pd,re(n)]  (25)

where e, and e, are the error signals in phase-a and phase-b, respectively,
as defined as,

eqry(n) =iry — Gqrp(n)tggp (26)
eqLc(n) =1L — &qLc(n)quc (27)

Now, the average reactive weight of load currents is estimated as
highlighted in Block 6 of Figure 2 and equation is given as,

oqr = (1/3)(Gqra + OqLb + GqLe) (28)

4.3 Calculation of Loss Component

For the proper operation of the DSTATCOM, the DC-link voltage must be
kept at the required value. In this article, the DC-link voltage is maintained
by using a PI controller. The reference DC-link voltage is set at a nominal
value, 700 V. This voltage is match with the sensed DC-link voltage, and an
error signal is generated. The error is minimized by choosing the controller
gains (proportional and integral). The loss component of the DSTATCOM
is provided by the output of the PI controller as highlighted in Block 7 of
Figure 2. The governing equation of the loss component is presented as,

oac(n) = (o + <) (Vi = Vae) (29)

where, o4, are the loss component, x,, and x; are the proportional and
integral gains of the PI controller. The V; and Vj_ is the reference and sensed
DC-link voltages.

4.4 Calculation of Reactive Loss Component

For the stable function of the system, it is necessary to keep the PCC voltage
at the required value. The calculated PCC magnitude (V) is matched with
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the reference PCC voltage. The error value is sent to a PI controller with
proportional and integral gains (g, and g;) as highlighted in Block 8 of
Figure 2. The output of the PI controller is the reactive loss component (o),
which can be written as,

oug(n) = (g + )V = V3) (30)

The reactive loss component is considered in the control structure under
ZVR mode. It is zero under the system’s PFC mode.

4.5 Calculation of Net Weight of Active Segment

The net active weight signifies the peak of the in-phase or active component
of the reference grid currents. This component is calculated as,

Opn = Ode + OpL 31

4.6 Calculation of Net Weight of Reactive Segment

The net weight of the reactive segment (oqy) is determined as,
Oqn(n) = oug(n) — ogr(n) (32)

The net weight of the reactive segment denotes the peak of the reactive
part of reference grid currents.

4.7 Reference Current Generation

The reference grid currents consist of active and reactive parts, that is mea-
sured by multiplying the net weights of active and reactive segments with
in-phase and quadrature unit templates, respectively as,

G x| qr

lg =1 +1g (33)

where, 4; denotes the 3-phase reference grid currents, iy and ig" are the

active and reactive segments of 3-phase reference grid currents. The active 3-
phase reference currents are calculated as highlighted in Block 9 of Figure 2
and the equations are written as,

Dk Dk Dk
Tga = Opn X Upga, Ty, = Opn X Upgh,  Tge = Opn X Upge (34)

The reactive 3-phase reference currents are calculated as highlighted in
Block 10 of Figure 2 and the equations are written as,

i

_ gk Sk
ga = Oqn X Ugga, Ty = Ogn X Uggh, Tge = Oqn X Ugge 35)
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4.8 Switching Pulse Generation

The reference grid currents (i3, 7, iy.) are matched with the sensed 3-phase

grid currents (ig4q, % gp, gc), and error signals are produced. The error signals
are sent to the hysteresis current controller with a band of 0.01. The current
error signal of one phase is given to the hysteresis band, and the switching
pulses for one leg are generated. Likewise, six switching pulses (S; to S¢) are
generated for the 3-phase inverter as highlighted in Block11 of Figure 2.

5 Simulation Results

The system presented in Figure 1 is simulated using the Simscape block set in
the MATLAB/Simulink. The control structure is designed and implemented
for producing switching pulses for the IGBT switches of the compensator.
Linear and nonlinear loads are examined to present the efficacy of the pro-
posed control structure. Resistive loads are considered to realize the linear
load. The specification used for modeling the system are listed in Appendix.

5.1 Comparative Analysis of Proposed HTFAF Filter with
Exciting LMF and LMS Filter

A comparison of the estimated average active weight of load current (o,1.)
using HTFAF [27] with LMS [10] and LMF [11] filters is presented in
Figure 3. The condition unbalanced nonlinear is considered for verifying the
dynamic functioning of the filters. Phase-a of three phases balanced nonlinear
load is disconnected to implement the unbalanced load on the system. As

40
30 ¢ | ]
) I ——HTFAF
3_1 20 ! —LMF
b:. : 1 —LMS
10f N e—
disconnection of reconnection of
phase 'a' load phase 'a' load
0 . . . .
0.9 1 1.1 152 1.3 1.4
Time (s)

Figure 3 Comparison of HTFAF with LMS and LMF filters.
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depicted in Figure 3, a balanced non-linear load is employed from 0.9 s to
1's. At 1 s, the unbalanced non-linear load is connected. Phase-a load is again
connected at 1.2 s and a balanced non-linear load is connected. It can be seen
that estimated load component, o1, using LMS shows more chattering than
LMF and HTFAF. Estimated o1, using LMF shows less chattering than LMS.
Estimated opy, using HTFAF shows negligible chattering as compared to
LMS and LMF. Furthermore, when the unbalanced non-linear load is applied,
HTFAF acts faster and more accurately than LMS and LMF. Therefore, the
HTFAF estimates the weights of load current active and reactive segments.

5.2 Case-l (Performance Assessment Under Unbalanced and
Balanced Linear Loads)

In this case, a linear load is applied to the system and the system performance
is scrutinized when it is balanced and unbalanced.

Simulated system results for this condition are presented in Figures 4
and 5. In Figure 4, gate pulses to the converter are not given at the starting,
and load unbalancing is applied at 0.3 s by opening phase-a of the linear load.
Once the phase ‘a’ linear load is opened at 0.3 s, the current flowing through
phase-a becomes zero. As the DSTATCOM is not operated yet, phase ‘a’
grid current is zero and the other two phases are carrying currents, which are
identical to the load currents between 0.3 s to 0.5 s.
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The 3-phase VSC currents are zero up to 0.5 s. At 0.5 s, gate pulses to
the converter are given, and the 3-phase VSC currents start to flow, which
balances the grid current. Therefore, due to the implementation of the control
structure, 3-phase balanced grid currents are achieved even when the applied
linear load is unbalanced, which is observed in Figure 4.

In Figure 5, when a balanced linear load is connected, currents in all three
phases are sinusoidal until 0.3 s, as shown. When the phase-a linear load is
detached to create unbalancing at 0.3 s, the current in that phase becomes
zero. Despite that, the currents in the other two phases remain to flow. From
the grid currents (ig), it can be perceived that the grid currents are balanced
despite the load is unbalanced. The DC voltage follows the reference value
perfectly, even under an unbalanced load.

When the phase-a linear load is detached at 0.3 s, the effective load on the
system decreases, and the grid currents flow with low magnitude, which is
observed from the grid currents and the grid power (Pg). The reactive power
of the grid is nearly zero throughout the period. It verifies that the PF of
the supply side is almost unity. The grid voltage is scaled down (v,) and
compared with the grid current (ig,). It shows no phase delay between the
grid voltage and grid current.
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Figure 6 Reference currents determination under unbalanced and balanced linear loads.

Moreover, there is no variation in the PCC voltage during this variation of
linear unbalance load. Simulation results showing the calculation procedure
of reference grid currents are displayed in Figure 6. The magnitude of the
PCC voltage is maintained. The unit templates are perfectly sinusoidal with
unit values. With the detachment of phase-a linear load, the active average
load weight (opr,) decreases, the DC loss component (o4.) varies to sustain
the DC-link voltage and the net active component also decreases. Perfectly
sinusoidal and balanced reference grid currents are determined. Furthermore,
it can be perceived that the actual grid currents (ig) are following the reference
currents (i;). Estimation of load weights at linear balanced and unbalanced
loads using HTFAF are displayed in Figure 7. It can be perceived that the
phase-a load weight (op,1.) becomes zero when the phase-a linear load is
separated at 0.3 s. However, the phases ‘b’ and ‘c’ (opLp, OpLc) contribute
to the average load weight calculation. Therefore, the average active weight
of load current (op1,) is reduced upon applying an unbalanced load. Thus,
simulated results confirm the satisfactory operation of the system under linear
balanced as well as unbalanced loads.

5.3 Case-ll (Performance Assessment Under Balanced
Nonlinear Load)

A nonlinear balanced load (diode bridge rectifier (DBR) with an RL load) is
applied in this case, and simulation outcomes are presented in Figure 8. From
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the results, it can be noticed that the load currents are of quasi square wave
nature, which contains harmonics. Even if the load currents are nonlinear, the
grid currents are sinusoidal, which verifies that the grid currents’ harmonics
contents are negligible compared to the load currents. The load’s harmonics
and reactive power requirement are supplied by the DSTATCOM as observed
from the DSTATCOM currents. DC-link voltage is perfectly tracking the
reference value. The reactive power is nearly zero, proving that the PF is
nearly unity.

5.4 Case-lll (Performance Assessment Under Unbalanced and
Balanced Nonlinear Load)

At first, the system is under a 3-phase balanced nonlinear load (i.e., up to 1
s) without firing the switches of the converter. In the absence of switching
pulses, the phase-a load is disconnected at 1 s, as shown in Figure 9.

In this condition, phase-a load current becomes zero, and currents flow
in the other two phases. Since DSTACOM is not operated yet, the phase-
a grid current is zero, and currents in the other two phases are identical. It
shows that an unbalanced load draws unbalanced currents from the grid (i.e.,
between 1 to 1.2 s). Now, the switching pulses are sent to the converter at
1.2 s. Due to the DSTATCOM operation with the proposed control structure,
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Figure 9 System performance under nonlinear unbalanced load with and without DSTAT-
COM operation.
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Figure 10 Performance of the system under 3-phase nonlinear unbalanced load.

sinusoidal and balanced grid currents flow in the system even though the load
is unbalanced.

In Figure 10, an unbalanced nonlinear load is applied at 1 s and again,
it is made balanced at 1.2 s. The results show that upon detachment of
phase-a non-linear load, the current in phase-a get to be zero whereas the
current is flowing in phase-b between 1 s to 1.2 s. The grid currents are
noticed as balanced and sinusoidal. It is due to the supply of nonlinearity
by the DSATCOM to keep the balanced grid currents. Due to the system’s
reduced loading, the grid power is reduced to meet the load requirement.
Moreover, the unity PF at the supply end is attained, which can be validated
from zero reactive grid power, as observed in Figure 10. Simulated results for
demonstrating the reference currents generation are depicted in Figure 11.

In Figure 11, the average active weight of the load is illustrated, which
reduces with phase-a load disconnection. The DC loss weight is adjusted to
track the reference DC link voltage. The net active weight reduces, which
shows the decrement in the grid current peak. The estimation of active
load weights using HTFAF is presented in Figure 12. In this figure, the
performance of the implemented filter is shown, which verifies the effective
operation of the filter and the system when it is applied.



An Adaptive Filter Algorithm Based on Hyperbolic Tangent Function 49

>E 3t +
33 : : : : : : :
SRS DMACCCLLO VDA CLCL oL OMAAMAARAC L

Y
@)

adc
@A)

g
pL
(A)
[ N S I S R S Lo ¥ S N ]
SO0 OO OO0 —o—SDD

a
pn
(A)

S

1*
g
(A)

N

N

A== ROMANIAN

1
g
(A)
o oo

- 0.95 1 1.05 1.1 1.15 1.2 1.25 1.3 1.35
Time(s)

Figure 11 Reference currents determination under balanced and unbalanced nonlinear
loads.

[
CoocoOoOOoOOO O

O
wn

1 1.05 1.1 1.15 1.2 1.25 1.3 1.35
Time(s)

Figure 12 Estimation of weight using HTFAF for balanced and unbalanced nonlinear loads.



50 J. Kumar et al.

5.5 Case-lIV (Performance Assessment Under Voltage Sag (ZVR
Mode))

A voltage sag command is applied, and the system performance is assessed.
Simulated results, for this event, are depicted in Figure 13, Figures 14, and 15.
In Figure 13, balanced voltage sag is applied at 0.5 s when the system is
loaded by a nonlinear balanced load. ZVR mode of operation is included.
Under the voltage dip in PCC, the DSTATCOM delivered the reactive power
to stabilize the PCC voltage. Therefore, the DSTATCOM provides the active
and reactive components of currents. Adding a reactive segment with the
active segment increases the magnitude of resultant grid currents. The actual
grid currents are tracking the reference currents satisfactorily. Due to the
reactive power supply, a clear phase shift is noticed between the grid phase
voltage and currents.

In this case, the PF is not unity. Even in this condition, the weights of
the load currents are estimated perfectly using HTFAF. Simulated results
of reference currents generation under voltage sag utilizing the suggested
control structure are presented in Figure 14.

The result exhibits that once the voltage sag is applied at 0.5 s, the
magnitude of PCC voltage is reduced. The net reactive weight increased,
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Figure 13 Performance of the system under voltage sag (ZVR Mode).
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which shows the increase in the grid current peak. The reference grid currents,
and sensed grid currents are presented that show their expected behavior
under voltage sag. Simulated results of the weights using HTFAF are shown
in Figure 15 under voltage sag conditions. In Figure 15, the performance of
the implemented filter is shown, which verifies the effective operation of the
filter and the system when voltage sag is applied.

6 Real-Time Results

The test system shown in Figure 1 along with the control structure presented
in Figure 2 is conducted in a real-time simulator (OP4510) and results are
obtained in order to validate the result in actual electrical conditions. The
prototype shown in Figure 16 consists of OPAL-RT (OP4510) for the test
system real-time simulation, host PC to interface RT-LAB software (loaded
in host PC) and DAC (Digital to Analog Card) for communication with the
real time environment and DSO for capturing the real-time results. The RT-
LAB is used to compile the model to executable code which is run on OPAL-
RT simulator. Then, central processing unit of OPAL-RT run this executable
code and produces real time result. The real time results obtained from the
OPAL-RT are taken in the DSO as depicted in the Figure 16.

The system performance is obtained for both nonlinear and linear loads
with unbalanced and balanced events. Figures 17 and 18 show the system
performance under linear balanced and unbalanced loads before and after
applying switching pulses to the converter. It is seen that when gate pulses
are not given to the converter, the grid currents are identical to the load.

OPAL-RT 1front vuc“)

Modeling of test system e ——— == LD ae'gg
in MATLAB/Simulink |55 = 5

Loading and control of the

; - model via I:lheme( OP-\L—R (back

Capturing reaktime
result using DSO

Figure 16 Prototype of the system.
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Figure 17 Real-time results showing the phase-a load current and 3-phase grid currents
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Figure 18 Real-time results showing the phase-a load current and 3-phase VSC currents
under linear balanced and unbalanced loads.

Hence, an unbalanced load draws unbalanced currents from the grid and the
compensating currents or DSTATCOM currents from the VSC are zero. On
the other hand, when the gate pulses are given to the VSC, the compensating
currents start to flow, and balanced grid currents are achieved under an
unbalanced linear load.

Similarly, Figures 19 and 20 show the system performance under nonlin-
ear balanced and unbalanced load before and after applying switching pulses
to the converter. It is seen that before the application of gate pulses to the
converter, the nonlinear unbalanced load draws nonlinear unbalanced cur-
rents from the grid. However, when the DSTATCOM is operated, nonlinear
unbalanced load draws balanced and sinusoidal currents from the grid and
the DSTATCOM provides the compensating currents.
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Figure 19 Real-time results showing the phase-a load current and 3-phase grid currents
under nonlinear balanced and unbalanced loads.
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Figure 20 Real-time results showing the phase-a load current and 3-phase VSC currents
under nonlinear balanced and unbalanced loads.

7 Conclusion

A hyperbolic tangent function-based adaptive filter (HTFAF) has been used
for fast and accurate operation of static compensator. Extensive simulation
results have been presented under two operating conditions as PFC and ZVR.
The performance of the proposed control structure under PFC mode has
been verified by applying linear/nonlinear balance/unbalance loads. The ZVR
mode of operation has been demonstrated for the proposed control struc-
ture at balanced voltage sag and filter performance. Moreover, the control
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structure is also compared with exiting control structure LMF and LMS. The
simulation results have been found satisfied in all the tested conditions. The
grid connected static compensator and control structure has been designed
using MATLAB/Simulink environment. The performance of the system is
also validated using the OPAL-RT real-time simulator. From the results, it
has been observed that the compensation currents have been supplied by the
DSTATCOM to satisfy the nonlinearity of load and balance the grid currents.

Appendix
Parameter Value
Grid voltage 415V
Supply frequency 50 Hz
Interfacing Inductor 3 mH
Ripple filter 5Q, 10 uF
DC link Capacitor 2500 uF
DC link Voltage 700 V
Linear Load (R load) 10 ©Q, 17 kW
Nonlinear Load (DBR with an RL load) 20 2, 100 mH, 14.75 kW
Xps Xi 1.5, 0.02
gps & 2.8,0.01
9,0,&, ¢ 0.009, 1.2, 0.005, 0.01
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