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Abstract—This paper presents the control of distribution static synchronous compensator
(DSTATCOM) for reactive power, harmonics and unbalanced load current compensation of a diesel
generator set for an isolated system. The control of DSTATCOM is achieved using least mean square-
based adaptive linear element (Adaline). An Adaline is used to extract balanced positive- sequence real
fundamental frequency component of the load current and a proportional- integral (PI) controller is
used to maintain a constant voltage at the dc-bus of a voltage-source converter (VSC) working as a
DSTATCOM. Switching of VSC is achieved by controlling source currents to follow reference currents
using hysteresis- based PWM control. This scheme is simulated under MATLAB environment using
Simulink and PSB block-set toolboxes for feeding linear and nonlinear loads. The modeling is
performed for a three-phase, three-wire star- connected synchronous generator coupled to a diesel
engine, along with the three-leg VSC working as a DSTATCOM. Results are presented to verify the
effectiveness of the control of DSTATCOM for the load compensation and an optimal operation of the
DG set.

Index Terms—Adaline, diesel generator set, distribution static synchronous compensator
(DSTATCOM), harmonic elimination, load compensation.

I.INTRODUCTION
INSTALLATION OF the diesel engine-based electricity generation unit (DG set) is a widely used
practice to feed the power to some crucial equipment in remote areas [1], [2]. DG sets used for these
purposes are loaded with unbalanced, reactive and nonlinear loads such as power supplies in some
telecommunication equipment and medical equipment. The source impedance of the DG set is quite
high, and the un- balanced and distorted currents lead to the unbalanced and distorted three-phase
voltages at point of common coupling (PCC). Harmonics and unbalanced currents flowing through the
generator result into torque ripples at the generator shaft. All of these factors lead to the increased fuel
consumption and reduced lifeof the DG sets. These forces the DG sets to be operated with derating,
which results into an increased cost of the system. Nowadays, small generator units are available with
full conversion (inverter-converter) units to meet stringent power quality norms [3]. Instead of using
these, a DSTATCOM [2] can be used with a three-phase DG set to feed unbalanced loads without
derating the DG set and to have the same cost involved. For example, a 24-kW lagging power factor
load 0f0.8 pf will consume 18 kVAR which is 60% of total kVA rating of a 30 kVA generator. The
market price of an inverter is $50—70 per kVA which can be easily be configured to work as a DSTAT
COM. However, the capital cost of the diesel generator is approximately 8500 per kVA rating.
Moreover, the DSATCOM can provide compensation for harmonics which facilitates to load the DG set
up to its full kVA rating. The performance of DSTATCOM is very much dependent on the method of
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deriving reference compensating signals. Instantaneous reactive power theory, modified p-q theory,
synchronous reference frame theory, instantaneous id — iq theory, and method for estimation of
reference currents by maintaining the voltage of dc link are generally reported in the literature for an
estimation of reference currents for the DSTATCOM through the extraction of positive-sequence real
fundamental current component from the load current [4]-[7]. These techniques are based on complex
calculations and generally incorporate a set of low-pass filter which results in a delay in the computation
of reference currents and therefore leads to slow dynamic response of the DSTATCOM. In this paper, a
fast and simple neural network-based control scheme is used to estimate reference source currents for
the control of the DSTATCOM. This paper presents a DSTATCOM for the load compensation of a
diesel generator set to enhance its performance. The control of DSTATCOM with capabilities of
reactive power, harmonics and unbalanced load compensation is achieved by Least Mean Square (LMS)
algorithm [8], [9] based adaptive linear element (Adaline). The Adaline is used to extract positive-
sequence fundamental frequency real component of the load current. The dc-bus voltage of voltage
source converter (VSC) is supported by aproportionalintegral (PI) controller which computes current
component to compensate losses in DSTATCOM. The extraction of reference currents using Ada- line
involves an estimation of weights. These weights are measure of peak of fundamental frequency real
current component of the load current. The life of a DG set is enhanced in the absence of unbalanced and
harmonic currents. The modeling of the DG set is performed using a synchronous generator, a speed
governor, and the excitation control system. This proposed sys- team is simulated under MATLAB
environment using Simulink  and PSBB lock-settool boxes. Theresultsfora30-
kVADGsetwiththelinearloadat0.8lagging pf and a nonlinear load with different load dynamics and
unbalance load conditions are presented to demonstrate the effectiveness of DSTATCOM-DG set
system.
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Fig. 1. Basic configuration of the DG set with DSTATCOM

Fig. 2. (a), (b). Control block diagram of the
reference current extraction scheme.

I. SYSTEM CONFIGURATION

Fig. 1 shows the configuration of the system for a three-phase, three-wire DG set feeding a variety of
loads. A 30 kVA system is chosen to demonstrate the performance of the system with the
DSTATCOM. The DSTATCOM consists of an insulated-gate bipolar transistor (IGBT) based three-
phase, three-leg VSC system.

The load current is tracked using an Adaline-based reference current generator, which, in conjunction
with the hysteresis-based PWM current controller, provides switching signals for the VSC-based
DSTATCOM. This controller forces the source currents to follow a set of three-phase reference
currents.

The parameters of the salient-pole synchronous generator are:
415V, 30 kVA, 4-pole, 1500 rpm, 50 Hz,

Xd =1.56 pu, X'd=0.15 pu, X"d = 0.11 pu,

Xq=0.78 pu, X'q=0.17 pu, X"q=0.6 pu,

Hs = 0.08.

The other critical parameters are given in Table I.

[I. CONTROL ALGORITHM

The operation of this system requires the DG set to supply the real power demanded by the load along
with the losses in the DSTATCOM (switching losses of VSC devices, reactor losses, and dielectric
losses of the dc capacitor). Therefore, the reference source current used to command the switching of
the DSTATCOM consists of two components:

1. The real positive-sequence fundamental frequency component of the load current, extracted
using Adaline.
2. The component corresponding to the DSTATCOM losses, estimated using a Pl controller based
on the dc-bus voltage of the DSTATCOM.
Fig. 2(a) shows the control scheme for the compensation of reactive, unbalanced, and harmonic
currents. The output of the PI controller is added to the weight calculated by the Adaline to maintain
the dc-bus voltage of the DSTATCOM.

A. Extraction of Real Positive-Sequence Fundamental Frequency Current from Load Current

(Your heading is already correct; you can continue your explanation under this section.)
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The basic theory of the proposed decomposer is based on LMS algorithm [9] and its training through
Adaline, which tracks a unit voltage vector templates to maintain minimum error. The basic concept of
theory used here can be under- stood by considering the analysis in single-phase system which is given.
For an ac system, the supply voltage may be expressed as

Vs =V sinmt

where vs is the instantaneous ac terminal voltage, V is an amplitude and o is the angular frequency of
the voltage.The control algorithm is based on the extraction of the current component in phase with
unit voltage template. To estimate the fundamental frequency positive-sequence real component of
load current, the unit voltage template should be in phasewith the system voltage and should have unit
amplitude. The unit voltage template (up) derived from the system phase voltage can be represented
as:

up =vs/V.

For proper estimation of the current components of the load current, the unit voltage templates must be
undistorted. In case of the voltage being distorted, the zero crossing of phase voltage is detected to
generate sinusoid (sinmt) vector template, synchronized with system terminal voltage. This signal is
generated from the look-up table by adjustment of the delay to track the change in the frequency of the
system.
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Fig. 3. MATLAB based simulation Model.
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An initial estimate of the active part of load current for single-phase

can be chosen as ip= Wpup

where weight (Wp) is estimated using an Adaline. This weight is variable and changes as per the load
current. The scheme for estimating weights corresponding to fundamental frequency real component
of load current (for three-phase system), based on LMS algorithm-tuned Adaline tracks the unit vector
templates to maintain minimum error. The estimation of the weight is given as per the following
iterations:

Wp(k+1) = Wp(k) +n iL(k) ~Wp(k)up(k) up(k)

The subscripts k and k + 1 represent the sampling instants, and n is the convergence
coefficient. The value of this coefficient determines both the rate of convergence and the accuracy of
the estimation. In practical applications, the convergence coefficient lies in the range 0.1 to 1.0. Using
this, the three-phase reference currents corresponding to the positive-sequence real component of the
load current are obtained.

A. PI Controller for Maintaining Constant DC-Bus Voltage of DSTATCOM

To compute the second component of the reference active power current, the reference dc-bus voltage is
compared with the sensed dc-bus voltage of the DSTATCOM. The comparison between the sensed dc-bus
voltage (vdc) and the reference dc-bus voltage (*v***) of the VVSC results in a voltage error (vdc:), which at the
nth sampling instant is expressed as:

vdcl(n)=v—vdc(n)v_{dcl}(n) = v * - v_{dc}(n)vdcl(n)=v+—vdc(n)

This error signal is processed through a PI controller. The controller output, Ip(n)l_p(n)lp(n), at the nth
sampling instant is given by:

Ip(n)=Ip(n—1)+Kpdc {vdcl(n)—-vdcl(n—1)}+Kidc vdc1(n)l p(n) = I p(n-1) + K {pdcp\\{ v_{dci}(n) -
v_{dc1}(n-1) \} + K _{idc}\, v_{dc1}(n)Ip(n)=Ip(n—1)+Kpdc{vdcl(n)—vdcl(n—1)}+Kidcvdcl(n)

where:

o KpdcK_{pdc}Kpdc = proportional gain of the PI controller
e KidcK {idc}Kidc = integral gain of the PI controller

Fig. 4. Dynamic performance of the DSTATCOM-DG isolated system with linear
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The output of the PI controller accounts for the losses in DSTATCOM and it is considered as the loss
component of The current calculated to compensate the losses is added to the weight estimated by the Adaline

o
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corresponding to the fundamental-frequency positive-sequence reference active current component.
Therefore, the total real reference current consists of two components: one corresponding to the load
demand and the other corresponding to the losses in the DSTATCOM.
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These three-phase currents are considered as the reference source currents irefi_{\text{ref}}iref, and,
along with the sensed source currents iacti_{\text{act}}iact, they are used for the control of the
DSTATCOM. (isa, isb and isc), these are fed to the hysteresis- based PWM current controller to control
the source currents to follow these reference currents. The switching signals generated by the PWM
current controller force actual source currents to acquire shape close to the reference source currents.
This indirect current control results in the control of the slow varying source current (as compared to
DSTATCOM currents) and therefore requires less computational efforts. Switching signals are
generated on the following logic:
if (iact) < (iref — hb/2) upper switch of the leg is ON and lower
switch is OFF if (iact) > (iref + hb/2) upper switch of the leg is
OFF and lower switch is ON
wherehb is hysteresis band around the reference current iref.
The weights are computed online by LMS algorithm. The up- date equation of weights based on LMS
algorithm is described in (5) for each phase. The structure of such Adaline is depicted in Fig. 2(b).
Weights are averaged not only for averaging at fundamental frequency but to cancel out sinusoidal
oscillating components in weights present due to harmonics in thesource current. The averaging of
weights in different phases is shown in Fig. 2(a). Thus Adaline is trained at
fundamentalfrequencyofaparticularsequencein-
phasewithvoltage.Fig.2(a)and(b)showthedetailedschemeimplementedfor control of DSTATCOM.
Dueto the unbalance in the load currents, a second harmonic ripple is produced in the dc-bus voltage.
Similarly, harmonics in the load currents also produce ripple at dc-bus voltage. However, this ripple is at
higher frequency as compared to the second harmonic ripple. These ripples have to be filtered out before
feeding the signal of the PI controller; otherwise this may introduce the harmonics component in source
currents (predominantly because of harmonic ripple at dc bus). For this purpose the dc-bus voltage is filtered
using a low-pass filter (LPF). Since major amount of reference current (load real current component) is
computed using Adaline-based extractor, effect of the delay caused by the LPF is negligible impractical
cases.
Il. MATLABSIMULATION

Fig. 3 shows the MATLAB model of the DSTATCOM-DG set isolated system. The modeling of the DG
set is carried out using a star connected synchronous generator of 30 kVA, controlled by a speed
governor and an excitation system. The linear load applied to the generator is at 0.8 lagging pf which is
modeled as a delta connection of the series combination of resistance and inductance (R-L) models. The
nonlinear load is modeled using discrete diodes connected in a bridge with a ca- postfilter and a resistive
load on the dc bus. The unbalanced was realized by disconnecting phase-a from the diode bridge.
The simulation is carried out in continuous mode at1+10-6stepsizewithode15s(stiff/NDF) solver.

I1l. RESULTSAND DISCUSSION
The simulation of the DSTATCOM-DG isolated system is carried out with different types of loads i.e.,
a linear R-L load, a nonlinear load i.e., a diode bridge converter load. The load compensation is
demonstrated for these types of loads using DSTATCOM system for an isolated DG set. The following
observations are made on the basis of obtained simulation results under different system conditions.
A. DG Set System Operation Under Linear Load
Fig. 4 shows the dynamic performance of the DG set with DSTATCOM system. Fromt=2.10st0 2.12
s, a three-phase 18.75- kVA load at 0.8 pf is being connected. At t = 2.12 s, the load is increased upt o
37.5 kVA at 0.8 pf. The real power supplied by the DG set is 30 kW and reactive power is supplied by
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the DSTATCOM. At t = 2.18 s, an unbalanced is introduced in the loadby taking off load from phase a.
It can be easily observed that even if load currents (iL) are unbalanced, the source currents (is) are still

balanced.
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Fig. 6. Harmonic spectra of phase-a (a) voltage at PCC (b) load current and (C)source

current at peak nonlinear load condition.

Att =224 s, the load is taken out from phase b also, even in this condition the DSTATCOM system is
able to balance DG set currents. For timet = 2.3 s to t = 2.48 s these dynamics are shown in the reverse

sequence

of events. The

dc-bus voltage

of VSCiswellmaintainedat800Vduringthecompleterangeofoperationandthesmallsagandswellinthevoltagea
tthe load change are compensated by the PI controller action.
B. DG Set System Operation under Non-Linear Load

Fig. 5 shows the performance of the DG set with DSTAT- COM under nonlinear loading conditions.
The load on the system is kept15.0kWinitiallyfortimet=2.1st02.12s.The load compensation in terms of
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harmonic mitigation is also being provided by the DSTATCOM during this condition. The load is
increased to 30 kW at t = 2.12 s. At t = 2.18 s, an un- balanced is introduced in load and therefore the
load is reduced to 16.4 kW. At t = 2.36 s, phase-a load is reconnected again to the diode bridge and the
load is reduced to its initial value(15.6 kW) and at t = 2.42 s, to demonstrate the dynamics in reverse
sequence of events. The harmonic spectra of the phase- a voltage, load and source currents are shown
in Fig. 6(a)—(c) forpeak load condition. The high value of the % total harmonic distortion (THD) of
voltage at PCC, load currents and
sourcecurrentsaregiveninTablellforlightloadandpeakloadconditions. Ahighvalueofthe% THDofthevoltag
eatPCCisdue to the high source impedance of the generator. The improvement in the voltage waveform
is achieved using of a ripple filter employed at the DG set terminals comprising of a capacitance and
resistive constituting a high-pass filter. The DG set currents and voltages are observed to be almost
sinusoidal and balanced and operating at unity power factor.

IV.CONCLUSION

The proposed control algorithm of the DSTATCOM has been found to improve the performance of the
isolated DG system. The DSTATCOM has compensated the variety of loads on the DG set, resulting in
sinusoidal voltages at the PCC and currents that are compensated and equivalent to linear, balanced,
unity power factor loads. The cost of installing the DSTATCOM system along with the DG set can be
justified, as it reduces both the initial and running costs of the DG set by enabling its ideal operation
while feeding a wide range of loads.
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