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Present investigation focuses design & simulation study of a three phase three wire DSTATCOM deploying
a conjugate gradient back propagation (CGBP) based icos/ neural network technique. It is used for var-
ious tasks such as source current harmonic reduction, load balancing and power factor correction under
various loading which further reduces the DC link voltage of the inverter. The proposed technique is
implemented by mathematical analysis with suitable learning rate and updating weight using
MATLAB/Simulink. It predicts the computation of fundamental weighting factor of active and reactive
component of the load current for the generation of reference source current smoothly. It’s design capa-
bility is reflected under to prove the effectiveness of the DSTATCOM. The simulation waveforms are pre-
sented and verified using both MATLAB & real-time digital simulator (RTDS). It shows the better
performance and maintains the power quality norm as per IEEE-519 by keeping THD of source current
well below 5%.
� 2016 Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, various loads such as industrial, commercial and
domestic industrial loads are the integral part of the modern elec-
trical distribution system. These are like personal computers, unin-
terruptible power supplies (UPS), inverters, fax machines, printers,
fluorescents lighting, variable speed drives, induction heating and
electric tractions etc. Basically, these loads are the main reason
in reducing the power quality performances. So that whole system
suffers from the various problems like reactive power burden, har-
monics contents, poor voltage regulation and load unbalancing and
so on which raises more loss in the feeder, transformers, genera-
tors and shrinks active power flow. Also it reduces the efficiency
and life span of the equipment [1]. The other reason is that less cost
of custom power devices (CPDS) to sustain the market demands. In
view of these two reasons, most of the research is being heartened
by manufacturing industries. There are several types of CPDs are
used in the distribution system for specific purpose. DSTATCOM
is one of CPDs. This is used for various purposes like reactive power
compensation, harmonic reduction, power factor correction and
load balancing etc. [2]. The extent of accuracy of DSTATCOM is
much dependent on the design and modelling of control mecha-
nism for computation of reference current [3–13]. To serve this
purpose, many algorithms like synchronous reference frame
(SRF) theory [3–5], Lyapunov-function based control theory [6],
instantaneous reactive power (IRP) theory [7,8], synchronous
detection (SD) theory [9], fryze power theory [10], icos/ control
technique [11,12] are adopted.

Besides these, generation of switching signal and reference cur-
rent estimation of voltage source converter (VSC), many soft com-
puting training based algorithms have been adopted like neural
network (NN) and adaptive neuro-fuzzy inference system (ANFIS)
[13–17]. Among these, NN is more popular in the distribution sys-
tem due to the following advantages such as dynamic operation,
self-organization and fault reduction through adaptive learning.
Apart from them, many other control algorithms such as the recur-
rent Neural Network [18,19], Zhang NN [20], bi-Projection NN [21]
can also be used for the control of d-FACTS devices.

Apart from them, there are other various types of neural net-
work such as gradient descent back propagation (GDBP), GDBP
with momentum (GDBPM), variable learning rate GDBPM
(VLGDBPM), CGBP and quasi Newton back propagation (QNBP).
The advantage of CGBP algorithm relies on adjustment of the
weights along conjugate directions rather than steepest descent
direction which reduces the step size and performance function
as well [22]. In view of certain modification of control technique,
CGBP is combined with conventional icos/ control technique in
ng. Ain
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this paper. This attempt is taken for the following purposes such as
source current harmonic reduction, load balancing and power fac-
tor correction etc. and also reduced rating of DSTATCOM is
obtained. So CGBP algorithm is also feasible solution to show the
better performance in driving DSTATCOM under various loading
operating conditions.

2. DSTATCOM with power distribution system

The schematic diagram of DSTATCOM with power distribution
system is depicted in the Fig. 1. Here, the DSTATCOM is configured
for three phase three wire (3P3W) system as 3P3W balanced
source supplied to 3P3W nonlinear load. The detail CGBP based
icos/ control mechanism is depicted in Fig. 2 and CGBP based
icos/ control architecture is shown in Fig. 3. The systematic proce-
dure for the estimation of switching signal generation is described
as follows.

2.1. Calculation of weighted value of fundamental active and reactive
components

The weighted values of the active components of the load cur-
rents (ilap, ilbp & ilcp) are expressed as

ilap
ilbp
ilcp

2
64

3
75 ¼ w0 þ ila cos/la ilb cos/lb ilc cos/lc½ �

uap

ubp

ucp

2
64

3
75 ð1Þ

where w0 is the initial weight, and ila, ilb and ilc are the three phase
load currents, uap, ubp and ucp are the in-phase unit voltages.

These in-phase unit voltages at point of common coupling (PCC)
are obtained from the following equations
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Figure 1. Schematic diagram of DSTATCO
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uap

ubp

ucp

2
64

3
75 ¼ 1

v t

vsa

v sb

vsc

2
64

3
75 ð2Þ

where vsa, vsb and vsc are phase voltage correspond to a, b and c-
phase respectively and the sensed PCC voltages (vt) is calculated as

v t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðv2

sa þ v2
sb þ v2

scÞ
3

s
ð3Þ

The above extracted three phase currents of ilap, ilbp and ilcp are
passed through the continuous sigmoid function. The output sig-
nals Zap, Zbp and Zcp can be obtained by the following equations

Zap

Zbp

Zcp

2
64

3
75 ¼

f ðilapÞ
f ðilbpÞ
f ðilcpÞ

2
64

3
75 ¼ 1�

1þ e�ilap

1þ e�ilbp

1þ e�ilcp

2
64

3
75 ð4Þ

The Zap, Zbp and Zcp act as input signal which are processed
through the hidden layer. These fundamental components are
the output of this layer iap1, ibp1 and icp1 before processed through
the sigmoid function are expressed as

iap1
ibp1
icp1

2
64

3
75 ¼ w01 þ wap wbp wcp½ �

Zap

Zbp

Zcp

2
64

3
75 ð5Þ

where w01 is the initial weight of the hidden layer, wap, wbp and wcp

are three updated weighted values of active component of load
currents.

The updated weight ‘wap1’of active component of a-phase load
current can be expressed as
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Figure 2. Block diagram for switching signals generation of VSC using CGBP based icos/ control mechanism.

∑ 

∑ 

∑ 

f

f

f

w0

w0

w0

∑ 

∑ 

∑ 

w01

w01

w01

f

f

f

ila cosϕla

ilb cosϕlb

ilc cosϕlc

ilap

ilbp

ilcp

zlap

zlbp

zlcp

wap

wbp

wcp

wap1

wbp1

wcp1

iap1

ibp1

icp1

Hidden layer Output layerInput layer

ilb sinϕlb

ila  sinϕla

ilc sinϕlc

ilaq

ilbq

ilcq

zlaq

zlbq

zlcq

waq

wbq

wcq

iaq1

ibq1

icq1

waq1

wbq1

wcq1

Figure 3. CGBP based icos/ control architecture.
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wap

wbp

wcp

2
64

3
75¼wp þlpþ1 wp �wap1 wp �wbp1 wp �wcp1½ �

Kap

Kbp

Kcp

2
64

3
75

f 0ðiap1Þ
f 0ðibp1Þ
f 0ðicp1Þ

2
64

3
75

ð6Þ

where Kap ¼ �f 0ðiap1Þ þ BapZapðn�1Þ.

Bap ¼ Df 0ðiap1ÞTn�1f
0ðiap1Þn

f 0ðiap1ÞTn�1f
0ðiap1Þn�1

;

Df 0ðiap1ÞTn�1 ¼ f 0ðiap1ÞTn � f 0ðiap1ÞTn�1

where wap1 is the a-phase fundamental weighted value of the active
component of the load current, superscript ‘T’ is used for transpose,
wp is the average weighted value of the active component of load
currents, l is the rate of learning, f 0ðiap1Þ is the first derivative of
iap1 component and Zap is the output of the feedforward section of
the hidden layer, etc.
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The fundamental values iap1, ibp1 and icp1 are extracted using
Fourier principle which processed through the sigmoid function
act as an activation function can be calculated in terms of wap1,
wbp1 & wcp1 as
wap1

wbp1

wcp1

2
64

3
75 ¼

f ðiap1Þ
f ðibp1Þ
f ðicp1Þ

2
64

3
75 ¼ 1�

1þ e�iap1

1þ e�ibp1

1þ e�icp1

2
64

3
75 ð7Þ

The average weighted value of active component of load current
can be calculated as
wp ¼ wap1 þwbp1 þwcp1

3
ð8Þ

The necessity of first order low-pass filters (LPF) is to extract the
lower order components and then reduced by a scaled factor ‘k1’ to
get the actual value wlp in the control mechanism which is shown
in Fig. 2.
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In similar way, the weighted values of the reactive components
of the load currents (ilaq, ilbq & ilcq) are expressed as

ilaq
ilbq
ilcq

2
64

3
75 ¼ w0 þ ila sin/la ilb sin/lb ilc sin/lc½ �

uaq

ubq

ucq

2
64

3
75 ð9Þ

where uaq, ubq & ucq are the quadrature unit voltages correspond to
a, b and c-phase respectively and can be expressed as

uaq

ubq

ucq

2
64

3
75 ¼ 1p

3

0 ubp ucp

3uap ubp �ucp

�3uap 3ubp �ucp

2
64

3
75 ð10Þ
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Figure 4. (i) DSTATCOM under constant loading, (ii) Harmonics spectrum of source cur
source current waveform.
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The above weighted values of ilaq, ilbq & ilcq are passed through
the sigmoid function for the estimation of three weighted values
of reactive component of load currents (Zaq, Zbq & Zcq) which can
be expressed by the following equations

Zaq

Zbq

Zcq

2
64

3
75 ¼

f ðilaqÞ
f ðilbqÞ
f ðilcqÞ

2
64

3
75 ¼ 1�

1þ e�ilaq

1þ e�ilbq

1þ e�ilcq

2
64

3
75 ð11Þ

The estimated values of Zaq, Zbq & Zcq act as input signals are pro-
cessed through the hidden layer. The three phase fundamental out-
put components of this layer iaq1, ibq1 & icq1 before processed
through the sigmoid function are calculated as
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iaq1

ibq1

icq1

2
664

3
775 ¼ w01 þ waq wbq wcq½ �

Zaq

Zbq

Zcq

2
664

3
775 ð12Þ

Here waq, wbq and wcq are three updated weighted values of
reactive component of currents.

The updated weight ‘waq1’of reactive component of a-phase load
current can be expressed as
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Figure 5. (i) DSTATCOM under variable loading, (ii) Harmonics spectrum of source cur
source current waveform.
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2
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where Kaq ¼ �f 0ðiaq1Þ þ BaqZaqðn�1Þ.

Baq ¼ Df 0ðiaq1ÞTn�1f
0ðiaq1Þn

f 0ðiaq1ÞTn�1f
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Df 0ðiaq1ÞTn�1 ¼ f 0ðiaq1ÞTn � f 0ðiaq1ÞTn�1

where waq1 is the a-phase fundamental weighted value of the reac-
tive component of load current, wq is the average weighted value of
the reactive load current component, f 0ðiaq1Þ is the first derivative of
iaq1 component and Zaq is the output of the feedforward section of
hidden layer, etc.

The fundamental values iaq1, ibq1 & icq1 are extracted using Four-
ier principle which processed through the sigmoid function act as
an activation function can be expressed in terms of waq1, wbq1 and
wcq1 as
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Figure 6. (i) DSTATCOM under constant loading, (ii) Harmonics spectrum of source cur
source current waveform.
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The average weighted value of the reactive component of load
current can be calculated as

wq ¼ waq1 þwbq1 þwcq1

3
ð15Þ

The necessity of first order LPF is to extract the lower order
components and then reduced by a scaled factor ‘k2’ to get the
actual value wlq in the control mechanism which is shown in Fig. 2.

2.2. Computation of active component of reference source currents

The difference between reference dc voltage ‘vdc(ref)’ and sensed
dc voltage ‘vdc’ is the error in dc voltage (vde) can be expressed as

vde ¼ vdcðref Þ � vdc ð16Þ
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This difference is processed through the Proportional-Integral
(PI) controller to manage the constant dc bus voltage. The output
of PI controller can be expressed as

wdp ¼ kpdpvde þ kidp

Z
vdedt ð17Þ

The sum of output of PI controller and the average magnitude of
active component of load currents is the total active components of
the reference source current can be expressed as
(i)
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Figure 7. (i) DSTATCOM under variable loading, (ii) Harmonics spectrum of source cur
source current waveform.
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wspt ¼ wdp þwlp ð18Þ
2.3. Computation of reactive component of reference source currents

The difference in between reference ac voltage ‘vt(ref)’ and
sensed ac voltage ‘vt’ is the error in ac voltage (vte) can be expressed
as

v te ¼ v tðref Þ � v t ð19Þ
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This difference is processed through the PI controller to manage
the constant ac bus voltage. The output of PI controller can be
expressed as

wqq ¼ kpqqv te þ kiqq

Z
v tedt ð20Þ

The difference between output of PI controller and the average
magnitude of reactive component of load current is the total reac-
tive components of the reference source current can be expressed
as

wsqt ¼ wqq �wlq ð21Þ
2.4. Computation of switching signal generation

Three phase reference source active component are estimated
by multiplying in phase unit voltage and active power current
component of respective phase and these are obtained as

isap
isbp
iscp

2
64

3
75 ¼ wspt

uap

ubp

ucp

2
64

3
75 ð22Þ

Similarly, three phase reference source reactive component are
estimated by multiplying quadrature unit voltage and reactive cur-
rent component of respective phase and these are obtained as

isaq
isbq
iscq

2
64

3
75 ¼ wsqt

uaq

ubq

ucq

2
64

3
75 ð23Þ

The summation of active and reactive components of current is
called as reference source currents and these are obtained as

i�sa
i�sb
i�sc

2
64

3
75 ¼

isap
isbp
iscp

2
64

3
75þ

isaq
isbq
iscq

2
64

3
75 ð24Þ

The both actual source currents (isa, isb, isc) and the reference
source currents (i�sa; i

�
sb; i

�
sc) of the respective phases are compared

then current error signals are fed to a Hysteresis current controllers
(HCC). Their outputs are used to drive the power devices affianced
in VSC.
3. Simulation results & discussion

To analyse the performance of CGBP based icos/ control tech-
nique and to compare with icos/ control technique of DSTATCOM
is developed in MATLAB/ Power system Simulink toolbox which is
depicted below figures.
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3.1. DSTATCOM using icos/ control technique under balanced loading
condition

The functional behaviour of distribution system including
DSTATCOM using icos/ control technique under balanced loading
condition are shown in the Fig. 4(i)–(iv). Such condition is
achieved, by putting load remains constant. The traces are capaci-
tor voltage (vdc), compensating current (ica, icb, icc), load current (ila,
ilb, ilc), source current (is) and source voltage (vs) organized from
bottom to top in Fig. 4(i). The THD percentage of source and load
current are 5.78 and 21.45 are shown in the Fig. 4(ii)–(iii) respec-
tively. The a-phase source voltage and source current are showing
the Power factor correction in Fig. 4(iv). The observation demon-
strated that this technique performs source elimination, load bal-
ancing and voltage regulation but not so much satisfactory as per
IEEE guidelines.

3.2. DSTATCOM using icos/ control technique under unbalanced
loading condition

The functional behaviour of distribution system including
DSTATCOM using icos/ control technique under unbalanced load-
ing condition are shown in the Fig. 5(i)–(iv). Such condition is
achieved, by releasing the load in a-phase from 0.6 s to 0.7 s. The
traces are capacitor voltage (vdc), compensating current (ica, icb,
icc), load current (ila, ilb, ilc), source current (is) and source voltage
(vs) organized from bottom to top in Fig. 4(i). The THD percentage
of source and load current are 5.85 and 21.89 are shown in Fig. 5
(ii)–(iii) respectively. The a-phase source voltage and source cur-
rent are showing the Power factor correction in Fig. 5(iv). The
observation demonstrated that this technique performs source
elimination, load balancing and voltage regulation but not so much
satisfactory as per IEEE guidelines.

3.3. DSTATCOM using CGBP based icos/ control technique under
balanced loading condition

The functional behaviour of distribution system including
DSTATCOM using CGBP based icos/ control technique under bal-
anced loading condition are shown in Fig. 6(i)–(iv). Such condition
is achieved, by putting load remains constant. The traces are capac-
itor voltage (vdc), compensating current (ica, icb, icc), load current (ila,
ilb, ilc), source current (is) and source voltage (vs) organized frombot-
tom to top in Fig. 6(i). The THDpercentage of source and load current
are 3.13 and 22.25 are shown in Fig. 6(ii)–(iii) respectively. The a-
phase source voltage and source current are showing the Power fac-
tor correction in Fig. 6(iv). The observation demonstrated that this
technique performs source elimination, load balancing and voltage
regulation but not so much satisfactory as per IEEE guidelines.
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Figure 10. RTDS waveform for (i) vs, (ii) is, (iii) vl, (iv) il, (iv) ic & (iv) vdc.

Figure 9. RTDS waveform for (i) vs, (ii) is, (iii) vl, (iv) il, (iv) ic & (iv) vdc.
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Figure 12. RTDS waveform for (i) vs, (ii) is, (iii) vl, (iv) il, (iv) ic & (iv) vdc.

Figure 11. RTDS waveform for (i) vs, (ii) is, (iii) vl, (iv) il, (iv) ic & (iv) vdc.
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3.4. DSTATCOM using CGBP based icos/ control technique under
unbalanced loading condition

The functional behaviour of distribution system including
DSTATCOM using CGBP based icos/ control technique under
unbalanced loading condition are shown in Fig. 7(i)–(iv). Such con-
dition is achieved, by releasing the load in a-phase from 0.6 s to
0.7 s. The traces are capacitor voltage (vdc), compensating current
(ica, icb, icc), load current (ila, ilb, ilc), source current (is) and source
voltage (vs) organized from bottom to top in Fig. 7(i). The THD per-
centage of source and load current are 3.26 and 22.38 are shown in
Fig. 7(ii)–(iii) respectively. The a-phase source voltage and source
current are showing the Power factor correction in Fig. 7(iv). The
observation demonstrated that this technique performs source
elimination, load balancing and voltage regulation but not so much
satisfactory as per IEEE guidelines. Current (iv) a-phase source
voltage and source current waveform.

The more prominent comparison regarding the vdc performance
which is supporting to the voltage regulation of DSTATCOM are
described below. Fig. 8(i) shows the performance of vdc using both
these algorithms under constant loading. In this figure, the value of
vdc is regulated at 661V by DSTATCOM using icos/ algorithmwhile
535 V by DSTATCOM using CGBP based icos/ control technique.
Similarly, Fig. 8(ii) shows the performance of vdc using both these
algorithms under variable loading. In this figure, the value of vdc
is regulated at 720–754 V by DSTATCOM using icos/ algorithm
while 566–594 V by DSTATCOM using CGBP based icos/ control
technique in the interval of 0.6–0.7 s.

The following performance parameters are enumerated in table.
All the above discussion is in favour of CGBP based icos/ control

algorithm than other. So that, DSTATCOM using suggested algo-
rithm will facilitate the better response in power quality issues
for all possible of varying conditions.
4. RT-Lab simulation results

The performances between icos/ control technique based
DSTATCOM and CGBP controlled icos/ technique based DSTAT-
COM are carried out. These analyses are obtained in a PC inbuilt
with Opal RT-Lab software in real time [23,24]. The Opal RT-Lab
simulation waveforms are obtained using digital storage oscillo-
scope (DSO) and these are presented in Figs. 9–12. The source cur-
rent (is), load current (il), current (ica, icb, ica) and dc-link voltage
(vdc) for icos/ control technique based DSTATCOM under various
loading are depicted in Figs. 9(i–iv) and 10(i–iv) respectively. Sim-
ilarly the above performance parameter for CGBP controlled icos/
technique based DSTATCOM under various loading are depicted in
Figs. 11(i–iv) and 12(i–iv) respectively. The scale 100A/div for is, il,
ic and 500 V/div for vdc are used. The real time digital simulation
results are in line with the simulation results and so confirm the
superior performance of the CGBP controlled icos/ technique
based DSTATCOM. The various block parameters utilized for the
purpose of simulation studies are shown illustrated in Appendix A.
5. Conclusion

A DSTATCOM using CGBP control technique is carried out in
MATLAB/Simulink environment. The performance of this DSTAT-
COM is capable of achieving source current reduction, load balanc-
ing power factor correction and voltage regulation as per norms &
regulation followed by IEEE-519 standard and more desirable in
reducing the size of DSTATCOM and hence, it can be provide better
economical solution for power quality problems with effectively
and efficiently. One can be concluded in nominating the particular
topology with such control algorithm for DSTATCOM. It can be
Please cite this article in press as: Mangaraj M, Panda AK. DSTATCOM deployin
Shams Eng J (2016), http://dx.doi.org/10.1016/j.asej.2016.11.009
hoped that this research work will significant impact on user,
designer, manufacturer, researcher & power engineer for further
correction of power quality.
Appendix A

Three phase supply voltage 230 V (L � L), 50 Hz, Source resistor:
Rs = 0.04X, Source inductor: Ls = 0.04 mH, 3P3W full bridge
uncontrolled rectifier with R = 13 O, L = 200 mH, vdc(ref) = 700 V,
vt(ref) = 325 V, Lf = 1.5 mH, Rs = 0.04X, w0 = 0.4, w01 = 0.2, l = 0.6,
k1 = 0.4, k2 = 0.1, cut of frequency of LPF in the dc bus
controller = 10 Hz, cut of frequency of LPF in the ac bus con-
troller = 10 Hz, PI controller gain in the dc side kpdp = 2, kidp = 3.5
and dc link capacitor = 2000 lF, etc.
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