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Abstract—This paper presents an immune feedback control
algorithm for a three phase Distribution Static Compensator
(DSTATCOM) to mitigate several power quality problems such
as harmonics, reactive power and load unbalancing at
distribution level. A configuration chosen for DSTATCOM is
based on a three-phase voltage source converter (VSC), which is
suitably controlled as a shunt compensator for performing these
functions. The underlying principle of an immune feedback is
based on adaptive control and the designed control estimates
fundamental reference grid currents from nonlinear load
currents. This control algorithm proposed for DSTATCOM, is
validated for maintaining power factor to unity, load balancing
and harmonics reduction of supply currents. An improved
performance of immune feedback control is presented along with
its comparison with conventional control algorithms such as d-q
frame, normalized least mean square (NLMS) and other recently
developed control algorithms such as leaky LMS, LLMF and
synchronous extraction. Experimental results are obtained with
the proposed control, which is tested on a prototype developed in
the laboratory using a VSC. It is observed from simulation and
experimental results that the proposed control algorithm of
DSTATCOM is able to achieve mitigation of most of the power
quality problems at the distribution level.

Keywords—Power quality; power factor correction; PI
controller; immune feedback principle, DSTATCOM

1. INTRODUCTION

Power engineers are concerned about the rapid increase in
power quality (PQ) problems and solutions in the distribution
level. Consumers even in developing nations are realizing the
importance of good PQ and willing to spend extra cost.
Several reasons account for PQ problems in distribution
systems viz. an unprecedented increase in power electronics
loads, which include converters, switch mode power supplies
(SMPS), variable frequency drives, electric arc furnaces,
computers etc. Common power quality problems include load
unbalancing, voltage regulation, harmonics injection into the
grid supply and poor power factor [1]. Guidelines for limiting
harmonics and other power quality related problems are
specified in IEEE-519 standard [2]. An improvement in
quality of power is achieved using different custom power
devices and one such recent shunt compensating device is a
DSTATCOM (Distribution Static Compensator) [3]. It is used
for mitigating power quality problems related to currents, such
as reduction of harmonics in grid currents, reactive power
compensation, balancing of unbalanced load at distribution
level and it can be controlled in different operating modes.

An exhaustive literature review has shown a number of
control techniques for the control of shunt compensator [4-19],
which are used to estimate the fundamental component of grid
reference currents and switching pulses for DSTATCOM. In

past few decades, various conventional time domain control
methods have been reported for example instantaneous
reactive power theory (IRPT) [4], dq frame theory [5],
symmetrical components-based modified technique [6], vector
resonant controller [7], one-cycle control for three phase shunt
compensator with unbalance source and load [8], model
predictive control [9]. Several new and promising techniques
are also popular viz. unified adaptive linear neuron based
control [10], adaptive synchronous extraction [11], normalized
least mean square (NLMS) [12-14], recursive least square
[15], dual-tree complex wavelet transform [16], predictive
current control [17], neural network control [18], and adaptive
neuro-fuzzy inference based control [19]. These techniques
differ on the basis of complexity, tracking performance,
stability and ease of implementation.

Kawafuku et. al. [20] have reported a control algorithm based
on biological immune system. The structure of immune
feedback system consists of various cells and these have to
function in a manner that neutralizes the attack of antigens or
foreign invaders. The immune system is a highly evolved
system just as the brain. Although neural networks based on
working of brain are relatively common. The full potential of
biological immune systems is not realized. Its working is
based on activities of B-cell, helper and suppressor T-cells and
how they work rapidly to respond to foreign particles while
quickly stabilizing itself. Its properties of fast control,
stabilization, learning and elimination, make it an ideal
technique for adaptive control system. These features are
helpful in optimization problems, abnormality detection and
pattern recognition. However, due to complexity of immune
system, such controls have received less attention. Still, some
of these controls are successfully used in varied engineering
applications [21]. Some of recent applications of immune
feedback algorithm include the control of a single phase
inverter [22] and a three phase inverter [23], where dead time
elimination and space vector PWM control have been used.
Simulation studies are reported on the application of immune
based feedback principle for a single STATCOM for voltage
control [24] as well as multiple STATCOM [25]. However,
design, application and experimental implementation of an
immune control for solving power quality problems are not
reported in the literature.

An immune feedback based control, devised on the
working of biological immune system of the human body
resembles and works as an adaptive and self-corrective system
[26]. In this work, the basic immune technique is utilized for
designing a control to mitigate power quality problems. The
attack of antigens can be viewed as analogous to the variations
in the operating conditions in the system. The control
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algorithm is designed to work in two different modes i.e.
improvement of power factor for grid currents to unity and
regulating AC terminal voltage and to provide load
compensation, appropriately. Simulation and test results with
the proposed algorithm, demonstrate the unique features of
learning, memory and anomaly recognition associated with
this algorithm. Performance of proposed control is compared
with already reported control algorithms for DSTATCOM
such as normalized least mean square (NLMS), dq frame,
leaky LMS [27], leaky least mean fourth (LLMF) [28], and
adaptive synchronous extraction. The application of this
algorithm for shunt compensation is innovative and has not
been reported in the literature till date. This also opens a new
opportunity to use biologically inspired algorithms on real
systems.

II. SYSTEM CONFIGURATION

A block diagram of a three phase DSTATCOM is shown
in Fig. 1. A three-phase AC mains with grid impedance,
shown using series R,-L; branch, feeds a three phase load. The
DSTATCOM is designed using a three-phase VSC with a DC
bus capacitor at DC side. Passive filters comprising series
connected capacitive (Cy) and resistive (Ry) elements at the
PCC, are used to suppress switching noise produced by IGBTs
(Insulated Gate Bipolar Transistors). This noise contains high
frequency components. A nonlinear load is represented in
form of a three-phase diode bridge rectifier. A scaled down
prototype is implemented in the laboratory and the immune
feedback based control is verified under a variety of load
changes. Design specifications for simulation and hardware
implementation are given in Appendix-A and B.

III. MATHEMATICAL FORMULATION OF CONTROL
ALGORITHM

Fig. 2 shows a block diagram of the immune feedback
based control algorithm, which is based on the functions of
biological immune system of human body and works as an
adaptive and self-corrective system. The mathematical
expressions related to the immune feedback based control
algorithm are given in this section and categorized further in
into three sub-sections. The purpose of using the immune
feedback principle is to extract the weighted values of the load
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Fig. 1 Configuration of three-phase DSTATCOM

currents, which correspond to fundamental positive sequence
value. The estimation of reference currents is discussed next
section followed by the use of PWM (Pulse Width
Modulation) current controller for generation of gating pulses.

A. Mathematical Approach for Estimation of Weighted
Values Using Immune Feedback Algorithm
The peak of PCC (Point of Common Coupling) voltages, is
calculated by using 3-phase voltages (vVy,, Vp, Vi) s,

Ve = 2w +vZ, +v2)/3 (1)

This magnitude (V) is used to compute unit inphase and
quadrature vectors, which are used to estimate active and
reactive components of reference supply currents. In-phase
unit vectors of PCC voltages, u,,, u,, and u,. are calculated as
follows,
upa = vsa/Vt; upb = Usb/Vt and upc = vsc/Vt (2)

These unit inphase vectors are also utilized in the computation
of updated active weighted value of reference currents.

The incremental weight based on immune feedback
principle at (n+1 )lh sampling moment is expressed as,
Bw(n +1) = n[1 - y{dw(n) — dw(n - D] 20+
ahw(n) (3)

where o is multiplication factor of the foreign materials,
parameter # (learning rate) controls the response speed,
parameter y (stabilization factor) controls the stabilization
effect and J(m) is the cost function to be minimized and
expressed as,

J() = e(n)? @)

Here in (4), e(n) is the error between the sensed value of load
current (i;) and estimated value of current (), is given as,

en) =i, —i, (5)

The estimated current is computed using weight vector
wT=[wp, w,...] and input vector x(n)=[u,, u,...], where weight
w, corresponds to the fundamental active component and w,,
is the fundamental reactive weight value extracted from the
load current. The parameter u,, is unit in-phase template and
u, is unit quadrature template of PCC voltages. The estimated
load current is product of weight vector (w) and input vector
(x(n)) given as,

ip = wx" (n) ©)

This weight update rule for immune feedback at (n+1)"
sampling moment is stated as,

wn+1) =wh) +Awn +1) (7)

Rewriting (7) by replacing value of Aw(n+1) from (3) and
stated at (n+7)™ sampling moment as [20],

w(n +1) = wn) +7[1 - y{aw(n) — Aw(n - DI 25 +

alAw(n) (3)

. 5] (n)
The partial S
differentiation using chain rule. According to this partial
8]y _ §j(m) |, Se(n)
Swn) Se(n)  Sw(n)

differentiation is simplified by the

differentiation can be written as,
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8j(m) Se(n)
se(m) ¢ Sw(n)
and input vector (x(n)) respectively. Therefore,

o/n )) is written in terms of product of estimated

Differentiation of give estimated error (e(n))

partial

differentiation ™

error (e(n)) and input vector (x(n)). Apart from it, weight
update equatlon shows negative learning action if 1>y {Aw(n)-
Aw(n 1)}*>0 and posmve learning action if 1<y{Aw(n)-Aw(n-
1)}* and the system is kept stable by choosing appropriate
value of learning rate.

The weight updation given in (8), is modified for weighted
values corresponding to active power components (Wi, Wi
and wy,.) of load currents and are given as follows,

Wipg = Wpg + 1 [1 — y{Awpa — Awpa'}z] eqllyg +

alw,, ©
2
Wlpb = pr + n [1 — Y{Apr - Apr } ]ebupb +
alwp,, (10)
N2
Wipe = Wpe + 7 [1 — y{Apr — Awy, } ]ecupc +
abw, (11)

The unit quadrature vectors ugq, Uqp and Uy are computed
from in-phase templates as follows [1],

Uga = — upb/\/§ + upc/\/§ (12)
Ugp = \/§upa/2 + (upb - upc)/z\/§ (13)
Uge = —V3Upa/2 + (Upy — Upc) /2V3 (14)

These unit quadrature vectors are utilized in computations
of reactive weighted values of load currents. The weight
update given in (8), is modified for weighted values
corresponding to reactive power components (W, Wi, and
Wy, of load currents and are given as,

Wiga = Wgq + 1 [1 —y{awg, — Aan,}z] eqligq +

alwy, (15)

lja

—Lp)
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—
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>
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Wipe Wige lqe
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e

Wigh = Wgp + 1) [1 - y{Awqb - Awqb'}z] eplgp +

alwgy, (16)
N2
Wige = Wge +1 [1 - y{Aqu — Awy, } ]ecuqc +
alw,, 17)
The average active (wy,) and reactive (w;,) weights are as,
Wlp — Wlpa+W13pb+Wlpc (18)
qu — qua+wlsqb+wlqc (19)

The average weight values are used to estimate reference
active and reactive weighted values, which is discussed in the
next sub section.

B.  Estimation of Reference Grid Currents

The DC voltage error (v,) is generated by comparing the
sensed voltage at DC bus (V,.) with the reference value (V).
The voltage at DC bus (V) is regulated to its reference
magnitude by passing error value (vg4) to the proportional
integral (PI) controller. This control provides an output value
which is estimated to be component, w,q. This component is
given at n g sampling instant as,

Wpdc (n) - Wpdc(n 1) + kpd (vde (Tl) — Vge (Tl - 1)) +
kig (Ude (n)) (20)

This equation is an expression of PI controller, which is used
to regulate voltage at DC bus. Here in (20), parameter wq,
denotes the output of PI controller, k,, is proportional and k;;is
integral gains. The reference active power weight is calculated
by adding wy, and w,,. and is given as,

Wy = Wy, + Wpge (21)

Reference active grid currents (i, , i, and i)

representing three phase components are calculated using
inphase unit templates (u,,, u,, and u,.) and reference weight
(wp) as,

Upa Upp Upc

» —> S

Reference |. « PWM > S,

current | S
current > S

generation controller | 5 :

I 55

. > —>» S

A A Upa Upb Upc
Uga | Ugp | Uge * * * Vsa
Unit inphase and €
quadrature vector
generation

Vsb

—

Vse

Fig. 2 Block diagram of immune feedback based control algorithm for shunt compensator
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o — o
lpa = Wplpasipy = Wpllpp and i = Wyl (22)

These reference active grid currents given in (22) are used to
estimate total grid currents.

The PCC voltage magnitude (V) is calculated by using (1)
and compared with reference PCC voltage (¥,"), thus the error
generated (V) is passed through a second PI controller to set
PCC voltage magnitude at reference value. The output of PCC
voltage at n sampling instant is given as,
we(n) =w(n—1) + kpq(Vte(n) = Vie(n — 1)) +

kiq (Vte (n)) (23)

This equation is an expression for a second PI controller used
in control algorithm, which is used to regulate voltage at PCC.
Here in (23), parameters wy, k,, and k;, denote PI controller
output, its proportional gain and integral gain.

The reference reactive weight (w,) corresponding to load
current, is computed using the average reactive weight (wy,)
and the output of second PI controller on AC bus, which gives
an estimated output (w,). This weight w,, is calculated as
follows,

Wq = Wy —Wyq 24)

The reactive reference currents (iqa*, iqb* and iqc*) are
computed from the unit quadrature templates (144, 1z and u,.),
given in (12), (13) and (14), and reference reactive power
weight (w,) as,

-k -k

—_— —_— 7 * —_—
lga = Wqlgas lgp = Wqllgp and ige = Walg, 25)

Currents computed using (22) and (25) are used to estimate
total reference grid currents, which is explained in the next sub
section.

C. Generation of Switching Pulses

The estimated reference active and reference reactive
components of currents given in (22) and (25) are added to
estimate reference grid currents. The addition of these current
components is given as,

lsa = lpg tiga (26)
Isc = Ipc + igc (28)

The sensed grid currents (i, iy, and i) are sensed by the
currents sensors and compared with estimated reference
currents (im*, iy and isc*).Thus, the current errors (igge, isp and
is) are generated. After the generation of these error signals;
these are processed through PWM current controller to
produce six switching pulses for six IGBTs switches of VSC.

IV. SIMULATION RESULTS

The simulation model of the proposed system is developed
in MATLAB using the Simulink and Sim Power System (SPS)
tool boxes. The behavior of DSTATCOM with the immune
feedback principle based control method is verified for power
factor correction (PFC) and voltage regulation modes under
dynamic load conditions.

A. Steady State and Dynamic Behavior of DSTATCOM in
PFC Mode

The behavior of a shunt compensator in PFC mode is
presented in Figs. 3(a) and (b). These results depict waveforms
of PCC voltages (v,), grid currents (i;), load currents (i),
DSTATCOM currents (ic) and DC bus voltage (V). It is
noticed from Figs. 3(a) and (b) that the system operates in
steady state (before t=0.3s) and the value at DC bus voltage is
maintained at reference voltage of 700V by the PI controller.

One phase (phase ‘c’) of the load is now turned off (t=0.3s
to t=0.4s) and it is noticed that the load currents become
unequal and unbalanced. However, the grid currents still
remain balanced due to the DSTATCOM action. It is observed
from simulated results that under unbalanced load condition,
the maximum overshoot, which occurs in DC bus voltage is
around 25V. However, it is controlled to 700V (reference
value) with a PI controller action within a couple of cycles.
The in-phase relationship between the voltages at PCC and the
corresponding grid currents is observed and thus power factor
correction capability of DSTATCOM is achieved.

The harmonic spectra of grid current (iy,) after
compensation and load current (i) in PFC mode are depicted
in Fig. 4. The values of THDs of grid current and load current
are observed 2.15%, and 27.10%, respectively. It may be
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Fig. 3 Shunt compensator behavior using immune feedback in PFC
mode
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Fig. 4 Harmonic spectra of phase ‘a’ of (a) grid current, iy, (b) load
current, i, in PFC mode

inferred from these results that the harmonic distortion of i,
is less than a limit (<5%) imposed by international standard
such as IEEE-519.

B. DSTATCOM Performance in Voltage Regulation Mode
Under Varying Loads

The behavior of DSTATCOM is tested at nonlinear load to
observe if the voltage is regulated at PCC using proposed
control algorithm. The waveforms shown in Figs. 5(a) and (b)
represent three-phase voltages at PCC (v,), 3-phase grid
currents (i;), three-phase load currents (i), compensator
currents (ic), self-sustained DC bus voltage (V) voltage at the
VSC and PCC voltage magnitude (V;). The system reaches the
steady state condition and the voltage at DC bus, V. of the
VSC and PCC voltage magnitude, V; are regulated at 700V
and 338.89 V, which is desired from the control algorithm.
The load is changed at t=0.3s, when unbalancing is created in
the load and phase ‘c’ of load is instantly thrown off from the
system from t=0.3s till t=0.4s; thereby creating a dynamic load
change in the system. However, the grid currents are still
observed to be perfectly sinusoidal, having the same peak
magnitude and 120 phase displaced from each other due to
DSTATCOM operation. The action of the two PI controllers
at the PCC voltage and DC bus voltage, regulates both of
these voltages to 338.89V and 700V, respectively. Thus, the
control algorithm based on an immune feedback adaptively
extracts weights under different loading conditions including
unbalanced load condition. The voltage regulation is achieved
by the action of PI controller within a couple of cycles.

Fig. 6 shows the harmonic spectra of grid current (i) after
compensation and load current (i) in voltage regulation
mode. Harmonic distortion in phase ‘a’ of grid current is
observed to be 2.97% when the distortion in load current is
27.18%. Fig. 6 clearly highlights that phase ‘a’ of the grid
current, after compensation is maintained sinusoidal and the
distortion limits of iy, from harmonics point of view, follow a
limit of less than 5% specified by an IEEE-519 standard [2].

C. Comparative Performance of Immune Feedback Control
with NLMS and SRF Control Algorithms

The critical evaluation of a developed immune feedback
control algorithm is made and its performance is compared
with NLMS and dq frame control algorithms. The basic
mathematical weight update equation for the NLMS control is
shown in Appendix-C. Fig. 7 shows a comparative
performance of immune feedback and NLMS based control
[12-14] developed for control of DSTATCOM.
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Fig. 5 Shunt compensator behavior with immune feedback based control
algorithm in voltage regulation mode

A comparison is also presented in terms of speed of weight
convergence, error between sensed and estimated load current,
harmonics compensation in grid currents and computational
time required for processing both the algorithms. Fig. 7(a)
shows convergence of weight corresponding to phase ‘a’ of
load current with immune feedback and NLMS control
algorithms. These results present fast weight convergence with
immune feedback control algorithm (steady state is obtained at
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e(n)

t=0.10s), whereas large sustained oscillations about the
average value of weight, are observed with NLMS based
control algorithm. Fig. 7(b) shows the error e(n) in estimation
obtained with both the control algorithms. These results show
low error, good tracking speed and fast response with the
developed control. Figs. 8(a) and (b) present the harmonic
spectrum of grid current (ig), obtained with NLMS and dq
frame control algorithms. These control algorithms are able to
achieve 3.33% and 2.75% THDs in grid current, whereas
2.15% THD is achieved with immune feedback based control
algorithm (shown in Fig. 4). The control algorithm developed
based on immune feedback technique, achieves improved
harmonics compensation, fast weight convergence, offers
reduced complexity and improved performance in terms of
low error and small sampling time required for execution.
Another advantage is that this algorithm is PLL-less as
compared to dq frame control. The comparative performances
of these three control algorithms are summarized in Table-I,
which definitely indicates a superiority of proposed control.

D. Comparative Performance of Immune Feedback Control
with Leaky LMS, LLMF and SRF Control Algorithms

Performance of immune feedback control is also compared
with other adaptive techniques recently proposed in the
literature [12-14]. These include leaky LMS, LLMF and
synchronous extraction control algorithms. These algorithms
viz. leaky LMS and LLMF contain leaky factor and cubic
error signal in the weight updation equation, which increases

the complexity. A proper selection of leaky factor is a major
issue in leaky LMS and LLMF control, because higher value
of this factor affects the biased problem and lower value
increases Eigen spread [27]. Hence, their complexity is higher
due to an immune feedback based control possess less as
compared with leaky LMS and leaky LMF (LLMF).
Moreover, these results show that the THDs of supply current
obtained with leaky LMS and LLMF controls are obtained to
be 3.6% and 2.5%, whereas a lower THD value of 2.3% is
obtained with an immune feedback control. Another control
algorithm reported is based on adaptive theory such as
synchronous-extraction based control [11]. This algorithm
possesses advantages similar to an immune feedback control.
However, THD of supply current obtained with synchronous-
extraction based control is 4.4%, which is higher than a THD
of supply current obtained (2.3%) with proposed control
algorithm. Table-II presents a comparative performance of
above control algorithms for DSTATCOM.

V. EXPERIMENTAL RESULTS

A prototype of the DSTATCOM has been developed in the
laboratory for testing the control algorithm. It consists of a
three-phase VSC, interfacing inductors, three-phase bridge
diode rectifier based three-phase nonlinear load. The control
algorithm implementation is performed using DSP (Digital
Signal Processor-dSPACE1104) where eight ADC channels
are used. The experimental prototype uses Hall Effect voltage
(LEM LV-25) and current sensors (LEM LA-25). Test results

TABLE I
COMPARATIVE PERFORMANCE OF IMMUNE FEEDBACK WITH
NLMS AND DQ FRAME BASED CONTROL
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Fig. 8 Harmonic spectra of phase ‘a’ of grid current, is, (a) with NLMS
and (b) with dq frame controllers in PFC mode
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Features Immune NLMS dq frame
Feedback
Modeling Few Complex Complex-
mathematical require more | Required Phase
operations are | mathematical | lock loop
required operations (PLL)
Weight Fast (steady Sustained NA
convergence state at t=0.1s) | oscillations
Error, e(n) Small Large NA
o| Grid 30.49A, 30.87A, 30.83A, 2.75%
o .2| current 2.15% 3.33%
£ 3| THD, iy
g “i Load 30.53A, 30.53A, 30.63A,
= E| current | 27.10% 27.10% 27.17%
| THD, ij,
Sampling  Time | 60us 75us 60 us
(T
TABLE I

COMPARATIVE PERFORMANCE OF IMMUNE FEEDBACK
WITH LEAKY LMS, LLMF AND SYNCHRONOUS EXTRACTION

Features Immune Leaky LLMF |Synchronous
Feedback LMS extraction
Type of Adaptive Adaptive | Adaptive Adaptive
Control
Weight Fast Slow Fast Fast
convergence
Static Error Less More Less Less
Computation Less More More More
%Harmonics 2.3% 3.6% 2.5% 4.4%
in grid
current, iy,
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have been obtained under a variety of loading conditions and
are recorded using standard meters available in the laboratory.

A. Behavior of Immune Feedback Controller for Shunt

Compensator

Fig. 9 shows performance of proposed control algorithm in
PFC mode at nonlinear load. Fig. 9(a) shows waveforms of
phase ‘a’ of PCC voltage (vy,), its filtered value (v,), in-phase
unit template (u,,) and load current (i;). Fig. 9(b) shows
waveforms of sensed DC bus voltage (Vy.), filtered DC bus
voltage (V), error signal (V) between reference DC bus and
sensed DC bus voltage and output of DC bus PI controller
(Wpae). Fig. 9(c) shows waveforms of error signal (e,),
incremental weighted value (4w,,), delayed weighted value
(w,,) and weighted value corresponding to active power
component of phase ‘a’ of load current. Fig. 9(d) shows the
average weighted value (w;,) corresponding to active power
component of load, output of DC bus PI controller (w,,.) and
reference active power weight (w,) along with wy,,. Fig. 9(e)
shows reference supply currents (isa*, iy, and i»s.c*) along with
phase ‘a’ of sensed supply current (iy,). It is observed from
these results that the shunt compensator performs satisfactory
in steady state and unbalanced load condition using immune
feedback control.

V. i
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Fig. 9 Experimental performance of shunt compensator with immune
feedback based control algorithm (a) Vs, Vsat, Upas 1ia (b) Ve, Vs, Ve, Wpde
(C) Ca, Awpa, Wp'd’ Wlpa (d) Wlpa, Wlpa Wpdca Wp (e) Isas Isa 5 Isb » Isc

B. DSTATCOM Behavior Under Nonlinear Load

Test results are presented in Fig. 10, which show the system
behavior when steady state condition has been achieved.
Waveforms of PCC voltage and grid current (v, and i), PCC
voltage and load current (vy, and i,) and PCC voltage and
compensator current (v, and i¢,) are shown in Figs. 10(a)-(c).
Harmonic spectra corresponding to phase ‘a’ of grid current
(isa), load current (i,) and PCC voltage are shown in Figs.
10(d)-(f). The observed percentage of THDs in grid current,
load current and PCC voltage are 2.3%, 22.9% and 3.2%
respectively. It can be observed from the system responses
that the DSTATCOM performs the function of correcting the
power factor of grid current when nonlinear load is connected.
The THD results show a reduction from 22.9% to 2.3%
achieving harmonics reduction to a very large extent.

C. Dynamic Behavior Under Varying Nonlinear Load

Figs. 11(a)-(d) show the test results obtained with the
shunt compensator when a nonlinear load is also varying. Fig.
11(a) shows the PCC voltage (v,) and the three phase grid
currents (i, iy and i) when unbalanced condition is
introduced suddenly. These results point out that the grid
currents have decreased in magnitude, however, are sinusoidal
and balanced. Fig. 11(b) shows the PCC voltage (v,,) of phase
‘a’, and phase ‘a’, ‘b’ and ‘c’ currents drawn by the load (i,
i and i;.) when the load in phase ‘c’ is suddenly disconnected.
Fig. 11(c) shows the PCC voltage (v,,) and the three phase
compensator currents (ic, ic, and ic.) under the same load
dynamics. Moreover, it is simultaneously seen from these

UOLTS 7 AMPS / HERTZ
B 43 u= 16CF

1000

HOLD <

501 4

UOLTS / AMPS 7 HERTZ

B 4E U= 15CF

16CF

B 43 u= 15CF

1000

501 u

e

2cqxr
5910a
a8

L4

“ioi
Hr
50

|
1 5 9 13 17 21 35 29 33 37 41 45 49

RECALL ] [ 5] 2] H
(e ®
Fig. 10 Steady state behavior for power factor correction using
DSTATCOM with nonlinear load (a)-(c) waveforms of grid current, iy,
load current, i;,, and compensator current, ic, along with vy (d)-(f)
harmonic spectra of iy, i, and vy,
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Fig. 11 Experimental results of the system under dynamic load
conditions (a) v, and grid currents (i, isv, isc) (b) Vsa, and load currents
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results that the compensator now injects higher currents. Fig.
11(d) shows the waveforms of DC bus voltage (V,.), load
current (i,.) grid current (i,.) and compensator current (ic.) of
phase ‘c’. These results confirm that closed loop immune
feedback control algorithm is stable and regulates the DC bus
voltage at its 200V (set value) within couple of cycles during
unbalanced load currents.

VI. CONCLUSIONS
A control algorithm based on immune feedback principle
has been developed for the control of DSTATCOM. It has
been designed and implemented for improving several power
quality problems at distribution level. Extensive test results
backed with simulation results have been presented for
proposed control algorithm. The control algorithm has been
developed and implemented for generating switching pulses
for VSC. Superior performance of an immune feedback
control algorithm has been observed in terms of convergence
speed, harmonics compensation, error minimization and
computational complexity then it has been compared with
NLMS and dq frame based control algorithms for
DSTATCOM. Further comparisons with other adaptive
controls viz. leaky LMS, LLMF and synchronous extraction
are tabulated in Table -II. These results show that the proposed
immune control algorithm works well at closed loop
conditions and also responds well under extreme load
variations. Test results validating the simulation results have
recorded 2.3% THD in the grid current obtained after
compensation, thereby meeting the standard IEEE-519 limits
for harmonics. The obtained value of THD of supply currents
is among the lowest of all the considered algorithms. This

work highlights the following outcomes.
¢ Biological immune feedback control algorithm has suitably
been designed and implemented to improve power quality

problems.

e The immune control algorithm has been found to have an
inherent capability to adapt, recognize patterns, identify, self
organize and learn. The proposed control algorithm mimics
this behavior quite well.

o Experimental results highlight the feasibility of depicting a
complex biological phenomenon in a simplified manner.

e A good match between experimental results and simulated
results points to feasibility of such control algorithm.

e The performance of developed control has been compared
to a number of conventional as well as recently proposed
control algorithms and it gives improved performance.
Although all the control algorithms have been successful in
reducing harmonics substantially (<5%) in the supply
current, however, the best performance has been achieved
with the proposed control algorithms under similar test
conditions.

e The concept and working of biological algorithms can be
used a tool to design controllers for real time systems.

This work highlights in detail the design, working and

application of the proposed control algorithm in solving power

quality problems and used for load compensation.

APPENDIX-A

AC Supply: 415V, 3-ph and 50Hz; grid impedance:
R=0.01Q, L=1mH; reference DC bus voltage V,=700V; DC
bus capacitor C,=1640pF; interfacing inductor L~3mH;
ripple Filter R=5Q, C~5uF, DC bus Pl proportional and
integral gains: k,;~0.5, k;,;=0.02; learning rate factor
(n)=0.045, stabilization factor (y)=0.32, load: diode rectifier
with R=15Q, L=100mH.

APPENDIX-B
AC Supply: 110V, 3-ph and 50Hz; grid impedance:
R=0.3Q, L=1mH; reference DC bus voltage V,=200V; DC
bus capacitor C;~1640uF; interfacing inductor L~=3mH; DC
bus PI proportional and integral gains: k,,~0.3, k;;~0.05; load:
diode rectifier with R=15Q, L=100mH.

APPENDIX-C
Mathematical formulation for NLMS controller as [12-14],
A posteriori estimation error at the n'" instant is given as,

£) = e@[1 - p(a" (Wx(n)] (29)

If step size u(n) = e then ¢(n) becomes zero. Under

this condition, the recursive weight equation is formulated as,
_ e(n)x(n)
wn+1) =wh)+ T (30)
Another variation of this NLMS algorithm is shown in (31)
where o’ is the new normalized adaptation constant and 4 is a
small positive number.
_ a’e(n)x (n)
wn+1) =w() + T (x() 31)
The need of A arises to ensure the welght updation does not
become excessively large even if x'(n)x(n) becomes small
temporarily.
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