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Abstract- In this paper an ANN based DSTATCOM is
proposed for reactive power compensation, harmonics
elimination, zero voltage regulation, power factor
correction, neutral current compensation and unbalance
caused by various loads in the distribution system.
Various configurations and topologies of DSTATCOM
are used for reduction of distortions with acceptable
level of performance according to the IEEE-519
standard with an optimal use of dc bus of a voltage
source converter (VSC) used as DSTATCOM and in
cost-effective  manner. This paper presents the
effectiveness of adaptive theory based Improved Linear
Sinusoidal Tracer control algorithm (ILST). This
algorithm is used for extraction of load fundamental
active and reactive power components of currents which
are used for estimation of reference source currents. The
effectiveness of the proposed system designed and
simulated under the MATLAB / SIMULINK
environment. Simulation results of this system represent
the performance of the Improved Linear Sinusoidal
Tracer control algorithm (ILST).

Keywordss DSTATCOM, ANN, voltage source converter
(VSC), adaptive theory based Improved Linear Sinusoidal
Tracer (ILST).

l. INTRODUCTION

In the present scenario of AC transmission network, the
mitigation of power quality problems is the mgjor challenge
due to increase of power electronic devices [1]. Static power
converters such as rectifiers, large number of low-power
electronic-based appliances, induction heating, switch mode
power supplies, adjustable speed drives, electric traction,
cyclo-converters etc. are nonlinear loads that generate
considerable distortions in the ac mains current and causing
power quality problems [2, 3]. A control algorithm should
have good detection accuracy, wide range of adjustment of
internal parameters, stability performance, and fast dynamic
response. The performance of DSTATCOM depends largely
on the right and accurate real-time detection of harmonics
and reactive currents etc.. Sawant and Chandorkar have
described multifunction active filter using instantaneous p-
g-r theory. One of the new applications of active filter is
described by Crosier and Wang [7] where it is applied for
grid connected electric vehicle charging station. Buenoet al.
[8] have described application of active filter for railway
supply system. DSTATCOM  (Distribution  Static
Compensator) is also used for power quality improvement in
pico-hydro based power generation [9], isolated wind power
generation system etc. Singh has described different

configurations of DSTATCOM such as three leg, four leg
and characteristics of nonlinear loads. Active filters needs to
detect the total distortion current outside the fundamental
active source component of currents. A widely used method
is the detection algorithm based on the theory of
instantaneous reactive power.

Effective use of DSTATCOM is directly related to the
design of power circuit components such as dc-bus
capacitor, interfacing inductors, and VSC, control algorithm
used for the estimation of reference source currents with
increased speed and less calculation, switching scheme for
gating pulses, and stability issues of a designed control
algorithm [18]-[27]. An area of adaptive control provides an
automatic adjustment of the controller gains and parameters
in real time, in order to achieve a desired level of
performance. It provides an automatic tuning procedure in a
closed loop for the controller parameters. Characteristics of
these control algorithms are the ability to extract necessary
information from rea online data in order to tune the
controller, and also used for grid synchronization [28], [29].

In synchronized filtered-x algorithm-based adaptive
control [30], a proportional regulator is used to improve the
dynamic performance of the system because it needs high
gain at only fundamental and harmonic frequencies of the
load currents. Thus, it is suitable only for filtering harmonics
currents from one or more specified harmonic-producing
loads. An agorithm based on adaptive interference
canceling theory [31] requires a continuously updating
closed-loop system, and its operating characteristics are
amost independent of the parameter variations of the
elements due to temperature or oldness of system. It requires
a band-pass filter and an integrator where the performance
of a filter depends upon selected cutoff frequencies. An
iterative algorithm for adaptive harmonic detection [32]
proposed by Zeng and Li is based on coherent average
estimation (CAE). CAE is used to detect a weak periodic
signal. The method is used in periodic signal to filter out
undesirable components and extract the useful signas. It
requires knowledge and count of cycles. If this information
is correctly known, then a single cycle of some signals can
be taken for process.

An adaptive control algorithm based on an artificial
immune system [33] is developed based on immune
feedback principles for unknown, random, and severe
disturbances. An important characteristic of this adaptive
controller is that the original optimal controller parameters
are restored after clearing the disturbances and return to the
normal condition. But, its performance depends upon the
effect of disturbances and action of its modifier. Mojiri et al.

www.ijseat.com

Page 1270


https://core.ac.uk/display/235196663?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

International Journal of Science Engineering and Advance Technology, | ISSN 2321-6905

I[JSEAT, Vol 3, Issue 12, DECEMBER - 2015

[34] have proposed an adaptive notch filter, which is
suitable for the estimation of a fundamental frequency signal
from distorted signals. It is also capable of changing the
notch frequency according to tracking of frequency
variations of the input signal. It is also used under the
assumption of slow adaptation. But, uncertainty in the
frequency estimation due to the noise makes this division
erroneous and inoperative. In a fuzzy-adaptive hysteresis
controller [35], the performance of the system depends upon
assumption in the design of fuzzy logic controller rules. It is
also applied in a current controller to derive the switching
signals and control of dc-bus voltage of the VSC. The
variable step-size LMS algorithm [36] is based on
autocorrelation time mean estimate of error signal to update
the step size. It is able to suppress the effect of the harmonic
components on the estimation of updated step size. Fast
convergence rate, a small steady-state error, and a good
noise immunity performance are the main advantages of this
algorithm but performance and stability of controller depend
upon the value of the estimated step size. In an adaptive
theory-based linear sinusoidal tracer [37], error detection
accuracy and dynamic response both are related to each
other.

An error in the linear sinusoid tracer agorithm is
affected by the high-order harmonics. Thus, this algorithm is
not able to detect harmonics current accurately. For removal
of this limitation, a low-pass filter (LPF) is used and this
modification is named as an adaptive theory-based improved
linear sinusoid tracer (ILST) where source current and
reference current both are tracing each other without any
change even at unbalance loads. Its structure is simple.
Theoretical study of this algorithm for the estimation of
fundamental signal is reported by Du and Su [37]. However,
it has been limited to the simulation study of extraction of
signals of single-phase loads. In an adaptive theory-based
improved linear sinusoidal tracer control algorithm is
implemented on a DSTATCOM for the extraction of load
currents’ fundamental components in three phase consumer
loads. It is used for power factor correction (PFC) and ZVR
along with load balancing and harmonics elimination.

Good detection accuracy, wide range of adjustment of
internal parameters, stability performance, and fast dynamic
response are the main features of this control algorithm.
Internal parameters of this algorithm have clear physical
understanding and easy adjustable to optimal value, which
show the simplicity of this algorithm. Frequency- and time-
domain characteristics of the ILST are not affected due to
external environment changes.

Detection accuracy and speed of the dynamic response
can be tuned after adjusting algorithm internal parameters.
For the desired frequency and bandwidth, the ILST control
algorithm is able to extract instantaneous value and the
amplitude of a sinusoidal by least-squares error, gradient
descent method, and rotation transform. To achieve an ideal
performance, the value of constant p is equal to the source
frequency wo and the band width ¢ should be an optimal
value. In this algorithm, extracted reference source currents
exactly follow the actual source currents during steady-state
as well as dynamic conditions. For this reason, three-phase
source currents have smooth variation during load
perturbations. This control algorithm is implemented on a

DSTATCOM for compensation of linear and nonlinear
loads.

[I. SYSTEM CONGURATION

A VSC-based DSTATCOM is shown in Fig. 1. It is
connected to a three-phase AC mains feeding three-phase
linear/nonlinear loads with grid source impendence Z,. For
reducing ripple in compensating currents, interfacing
inductors Leare used at an AC side of the VSC.A zig-zag/
three single-phase transformeris used for neutral current
compensation. A three-phase series combination of
capacitor (C,, Cp,, C.) and aresistor (R, , Ry, R.) represent
the passive ripple filter, which is connected at point of
common coupling (PCC) for filtering the high frequency
switching noise of the VSC. Generally, the same value of
series-connected capacitor and resistance as a ripple filter is
used in all the three phases. The DSTATCOM currents
icapc@e injected as required compensating currents to
cancel the reactive power components and harmonics of the
load currents so that loading due to reactive power
component/harmonics is reduced on the distribution system.
The rating of the insulated gate bipolar transistor (IGBT)
switches of the VSC is based on the voltage and current
rating for the required compensation. For a considered load
of 50 kVA (0.8 lagging), the compensator data are given in
Appendix A. The rating of the VSC for the reactive power
compensation/harmonics elimination is found to be 35 kVA
(approximate 15% higher than the reactive power from rated
value). The designed value of different auxiliary
components of DSTATCOM such as interfacing ac
inductors, dc-bus voltage, and value of dc-bus capacitor are
also given in Appendix A.
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F|g 1. Schematic dlagram of VSC-based DSTATCOM

[II.  CONTROL ALGORITHM

A. Adaptive ILST Control Algorithm

An area of adaptive control provides an automatic
adjustment of the controller gains and parameters in real
time, in order to achieve a desired level of performance. It
provides an automatic tuning procedure in a closed loop for
the controller parameters. Characteristics of this control
algorithms are the ability to extract necessary information
from real online data in order to tune the controller, and also
used for grid synchronization. In this control approach, error
detection accuracy and dynamic response both are related to
each other. An error in the linear sinusoid tracer algorithm is
affected by the high-order harmonics. Thus, this algorithm is
not able to detect harmonics current accurately. For removal
of this limitation, a low-pass filter (LPF) is used and this
modification is named as an adaptive theory-based improved
linear sinusoid tracer (ILST) where source current and
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reference current both are tracing each other without any
change even at unbalance loads. Three-phase voltages at the
PCC are sensed and their amplitude is calculated using PCC
phase voltages (vg,,vsp and vg)

2(vE+vi +vE)
v = ’ sa 35 sc 1)

Unit template inphase with phase voltages(wy,.wp, and
wy,) are estimated as
— Vsa — Ysb ... _ Vsc
Wpa_V—t’pr_V—t’Wpc_V—t (2)
Similarly, the quadrature unit templates (wg,,wqp and
Wqc) are given as:

. (“WDD*'WIJC),W _ t.'3"'“'pa+"""ph_wpc),

an . V3 b = 243 ’
(=3wap+wpp—wep)
Weq = 23 ®)

Major components in the distorted load currents are
fundamental active power, reactive power, harmonics
components, and dc components. An adaptive theory-based
ILST [54] with selectable frequency and bandwidth is used
to estimate the phase “a” load fundamental current ij¢, as
shown in the block diagram of Fig. 2(b).

In this control algorithm, phase ‘a’ fundamental
load current is subtracted from the load current to estimate
the current error signal. The filtered value of a current error
signal with the combination of band-pass filter () is added
with the output signal, which is muitiplied by the power
frequency signal (—p). After integration of this signal, phase
“a” fundamental load current ijgis estimated. Similar
procedure is adapted for phase ‘b’and phase ‘c’ to extract to
fundamental componeiits of oad cuirents. The amplitudes
of three-phase fundamental load active power current
components (ippa.irpp and iy, ) are exiracted at the zero
crossing of the unit template in-phase of PCC voltages.An
output of zero crossing detector (ZCD,) works as a trigger
pulse of signal and hold logic (SCH_L ) and fundamental
current as an input signal of SCH; . The real component of
the SCH; output is known as the amplitude of fundamental
active power components.

Fig. 2 (a) Generation of reference source currents using an
adaptive theory-based ILST control agorithm (b)
Estimation of the fundamental signal using an adaptive
theory-based ILST control algorithm.

The average amplitude of fundamenta! active
power components (Iy,4) is estimated using amplitude sum
of three-phase load &ctive power components (iypa.ipppand
ipep) divided by three for load balancing. First-order low-
pess filtars are used to separate the low-frequency
components. Mathematically, it is expressed as:

(ina"'inh"'ich)
ILpA = "_—3 T (4)

Similarly, amplitudes of reactive  power
components (i qa.irgpand icq ) of fundamenta load
currents are extracted at the zero crossing of the quadrature
unit template phase of PCC voltages using zero-crossing
detector (ZCD, ) and signal and hold logic (SHC; ). An
output signal of SHC2 is known as the amplitude of
fundamental reactive power components of load current.
The average amplitude of the fundamental reactive power
component | ;q4is estimated using load fundamental
reactive power current Components iy qa.ipqp and ipcq.Alow-
pass filter is used to extract its smooth or ripple-free
component. Mathematical expression of the average
amplitude of the fundamental reactive power current
component Iy 44 1S given as:

(ian“qu"’ich)
ILqﬁ = "_—3 T (5)

Fig. 2(b) shows the subsection of an adaptive
theory-based ILST control algorithm. The transfer function
G(s) of a lowpass filter isas:

(6)
Where T is the time constant of a L.P.F. and it is greater than
zero. The transfer function in Fig. 2(b) in terms of phase ‘a’,
extracted fundamental current i ,and load current i; ;canbe
written as:
iLf G(s)

COTES) = o Y

Where forward path transfer function:

G(s) =2#; and feedback transfer function
52+ (Tp+1)s+p

H(s) = 1.
The characteristics eguation of the transfer function is
written as:

s+ (p+Ds+(p+P)=0 €))

Where T = time constant of a low-pass filter, p = power
frequency, ¢ = frequency band of a band-pass filter.
Stability of characteristic equation is analyzed using a
Rough-Hurwitz criterion. Details of this analysis are given
in the Appendix B. Reference dc-bus voltage v;.and sensed
dc-bus voltage v, of a VSC are compared and error in dc-
bus voltage at the kth sampling instant is expressed as:
v (K) = vgc(k) —vge(k) )
This dc-bus voltage error v is fed to a proportional—
integral  (Pl) regulator whose output is required for
maintaining dc-bus voltage of the DSTATCOM. Its output
at the kth sampling instant is given as:-
Idp (k) = ]dp (k - 1) + kpd{v (k) -V (k - 1)}kidvc (k)
(10)
Wherekqand kid are the proportional and integral gain
constants of the dc bus PI controller. v (k)andv (k —1)
are the dc-bus voltage errors at kth and (k — 1)th instants
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andlg, (k)and I4,(k — 1) are the amplitudes of the active
power component of the fundamental reference current at
kth and (k-1)th instants. The amplitude of active power
current components of the reference source current Igpis
calculated by an addition of output of dc-bus Pl controller
Iqp and an average magnitude of the load active power
component of currents Iy, as:

Ispt = ldp + ILpA (11)

A reactive power component of reference source
currents is required for the operation of DSTATCOM in the
ZVR mode. In the ZVR mode, source currents are dlightly
leading from the ac mains voltages because extra leading
reactive power component is required for regulating the
voltage at PCC. It is zero in the operation of DSTATCOM
in the PFC mode. The voltage error between reference PCC
voltage v{ and its sensed value v,is fed to the PCC voltage
Pl controller. The voltage error v, of ac voltage at the kth
sampling instant is given as:

Vie(K) = vi (k) —vi(k) (12

The output of the PCC voltage PI controller 1y, for
maiitaining PCC terminal voltage to a constant value at the
kth sampling instant is given as:

Igq(K) = 1gq(k—1)
+Kpe{Vie (K) = Ve (k — 1)} + ki vee (K) (13)

Wherelgq(k) is a pat of the reactive power
component of source current and it is named as Igq. k¢ and
k;.are the proportional and integral gain constents of the
PCC voltage Pt controller. Gains of Pl controller for dc-bus
voltage: kpq= 2.4, kig= 1.54; gains of the PCC voltage Pl
controtler: kn= 3.1, k= 0.95. The amplitude of reactive
power current components of the reference source current
Isqeis calculated by subtracting average load reactive
currents iy g4 from the output of voltage Pl controller I, as

Isqt = Iqq . ILqA (14)

Three-phese reference source active and reactive
power components of currents are estimated using amplitude
of three phases (a, b, and ) load active and reactive power
current components, PCC voltages in-phase, and quadrature
voltage unit templates as:

lsap = IsptWpa » Tsbp = IspeWpb Lsep = LsptWpe (L5)
i_mq = ‘{;thqa , isbq = "schqb .iscq = fsqt‘“"’:‘,ns (16)

Reference source currents (igq,ispand i;.) are estimated by
the addition of reference active and reactive power
components of currents as:
i;a. = JI:sa;r; + isaq i = isbp + 1ls.bq ' (17)
i_:c s iscp + iscq (18)
The sensed source currents (i, igp and i) and these
reference source currents (is, ,is, and i;.) are compared
for respective phases and each phase current error is
amplified using Pl current regulators and their outputs are
compared with a carrier signal of 10 kHz to generate the
gating signals for IGBT switches of VSC used as
DSTATCOM.
In this paper ANN controller is used instead of PI
controller to improve the results and decrease the %THD.

Comparision table shows the effectiveness o ANN controller
over Pl controller.

B. ANN controller:

An ANN is essentially a cluster of suitably
interconnected nonlinear elements of very simple form that
possess the ability of learning and adaptation. These
networks are characterised by their topology, the way in
which they communicate with their environment, the
manner in which they are trained and their ability to process
information. Their ease of use, inherent reliability and fault
tolerance has made ANNSs a viable medium for control. An
aternative to fuzzy controllers in many cases, neura
controllers share the need to replace hard controllers with
intelligent controllers in order to increase control quality. A
feed forward neural network works as compensation signal
generator. This network is designed with three layers. The
input layer with seven neurons, the hidden layer with 21 and
the output.

The training agorithm used is Levenberg-Marquardt
Backpropagation (LMBP).

Training is given asfollows:-
net=newff(minmax(P),[7,21,3],
{,tansig"”, “tansig™, “purelin“},“trainlm");
net.trainParam.show =50;
net.trainParam.Ir = .05;
net.trainParam.mc = 0.95;
net.trainParam.Ir_inc = 1.9;
net.trainParam.Ir_dec = 0.15;
net.trainParam.epochs = 1000;
net.trainParam.goal = 1e-6;
[net,tr]=train(net,P,T);

a=sim(net,P);

gensim(net,-1);

IV. SIMULATIONRESULTS

In the ZVR mode, the amplitude of PCC voltage is
regulated to the reference amplitude by injecting the leading
reactive power components. Fig. 3 shows the dynamic
performance of the DSTATCOM used for reactive power
compensation to achieve ZVR and load balancing under
linear loads (at t = 1.35-1.45 ). The performance indices
are as PCC phase voltages (vs ), balanced source currents (is
), load currents (iLa, iLb, and iLc, compensator currents
(iCa, iCb, and iCc), amplitude of voltages at PCC (vt ), and
dc-bus voltage (vdc) under time-varying linear loads. The
performance of DSTATCOM is aso studied under
uncontrolled rectifier-based nonlinear loads. The dynamic
performance of DSTATCOM in terms of waveforms and
harmonics spectra of phase “a” voltage at PCC vsa , source
current isa , and load current iLa are shown in Figs. 4 and
5(a)-(c), respectively.

THDs of the phase “a” at PCC voltage, source current,
and load current are observed 3.14%, 3.27%, and 26.15%,
respectively. Three-phase PCC voltages are regulated up to
rated value. The amplitude of three-phase voltage is
regulated from 330.36 to 338.70 V and 335.5 to 338.8 V at
linear and nonlinear loads, respectively. It may be seen that
the THD of the source current and PCC voltage are within
IEEE519-1992 standard limit of 5%. PCC voltage is also
regulated even at unbalanced loads. Table | shows the
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summarized results demonstrating the performance of
DSTATCOM. These results show satisfactory performance
of DSTATCOM for reactive power compensation, harmonic
elimination, and load balancing of linear and nonlinear
loads.

Flg 3 Dynarn|c performance of DST ATCOM under varyl ng
linear loads in the ZVR mode with ANN controller
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Fig. 5 Waveforms and harmonic spectra of (a) PCC voltage
of phase “a,” (b) source current of phase “a,” and (c) load
current of phase “a” in the ZVR mode.

TABLE-I
COMPARISION BETWEEN PI & ANN
Qpetat ng e Lincar load Nonlincar load
Mode parameters
PCC voltage (V), : e S 5
%THD 239.2V 2.22% | 240.3V, 3.15%
Pl Suppy current (A}, 5 o
VR mode W% THD 57.36A 1.28% | 30.454, 3.88%
Load current (A}, ,
%THD 6+.41A, 0.12% |29.51A, 29.12%
PCC voltage (V),
39 8V, 1.250% . .330;
%THD 2398V, 1 % | 240.1V, 1.33%
Suppy current (A), - ,
37.3A, D.73% 30.41A, 1.38%
ANN %TIID et o
ZVR mode  Load current (A},
: 64 414.0.14% | 29.5A, 29.16%
%THD B ’ :
DC bus vcltage (V) 70OV 700V

V.CONCLUSION

A three-phase DSTATCOM has been implemented
with ANN controller for compensation of linear and
nonlinear loads using an ILST control algorithm. The ILST
control algorithm has been used for the extraction of
reference source currents to generate the switching pulses of
DSTATCOM. Various functions of DSTATCOM such as
reactive power compensation, harmonic elimination, and
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load balancing have been demonstrated in ZVR mode. From
these results, it is concluded that DSTATCOM and its
control algorithm with ANN controller have been found
suitable for time-varying loads. PCC and DC bus voltages of
the DSTATCOM have also been regulated to reference
values under unbalanced loads.
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APPENDIX A

AC supply source: three-Phase, 415 V (L-L), 50 Hz; source
impedance: Rs = 0.07 Q, Ls = 2 mH; Load: 1) Linear: 50
kVA, 0.8 p.f. lagging; 2) Nonlinear: three-phase full-bridge
uncontrolled rectifier with R=15 Q and L = 100 mH; ripple
filter: Rf = 5 Q, Cf = 7 uF; dc-bus capacitance: 12000 uF;
reference dc-bus voltage: 700 V; interfacing inductor Lf =
2.5 mH; gains of PI controller for dc-bus voltage: kpd = 2.4,
kid = 1.54; gains of the PCC voltage PI controller: kpt = 3.1,
kit = 0.95.
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