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Abstract: In this paper a three phase modelling of
DSTATCOM has been carried out for unbalanced
radial distribution systems. Further the modelled
DSTATCOM has been incorporated in the load flow
algorithm and placed at each bus of distribution
systems one at a time except the source bus. The
placement of the DSTATCOM clearly indicates that
system power loss decreases and the voltage profile
improvement takes place with respect to base case. A
25 bus system and a 19-bus unbalanced radial
distribution systems are considered as the test
systems.
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1. Introduction

The distribution system is considered to be a lossy
system due to high R/X ratio of the distribution lines,
and the low operating voltage. Moreover, the
distribution systems suffer various power quality
issues such overvoltage, undervoltage, harmonic
distortion, etc. This in turn reduces the operational
efficiency, the service quality, and the reliability of
distribution systems. In recent times, the custom
power devices such as distribution static synchronous
compensator (DSTATCOM) [1] are considered as the
best tool to alleviate all the power quality problems.
In all of the works, the DSTATCOM s allocated in
balanced radial distribution systems and its impact on
the system performance is studied [2-14]. The
particle swarm based optimization was employed to
obtain the optimal location and size of distributed
generations and DSTATCOM for minimizing the
system power loss [2]. Jazebi et. al. [3] implemented
differential evolution algorithm considering network

reconfiguration so as to minimize the power loss
distribution networks. The authors in [4] utilized

bacterial foraging algorithm in order to reduce the
power loss, the total operational cost, and the voltage
profile index of distribution systems. Salman et. al
[5] proposed binary gravitation search algorithm to
minimize the voltage sag in a distribution system. In
[6], an analytic method was applied in minimizing
the total system power loss and minimum voltage
magnitude. Farhoodnea et. al [7] employed firefly
algorithm for optimizing the average voltage total
harmonic distortion, average voltage deviation, and
total investment cost. Tolabi et. al [8] proposed fuzzy
ant colony optimization for minimizing the system
loss, increasing load balancing index, and voltage
profile of a system by simultaneous reconfiguration,
optimal allocation of DSTATCOM and photovoltaic
array. The impact of distributed generator on the
allocation and size of DSTATCOM was investigated
in [9]. Here, the total cost of DSTATCOM was
considered the objective function to be minimized.
Jain et. al. [10] applied voltage stability index method
in order to obtain the optimal location of
DSTATCOM. The minimization of real power loss
was chosen as the objective function. In [11], a fuzzy
shuffled frog-leaping algorithm was developed so as
to reduce the total power loss, equal load balancing
index, and voltage deviation by reconfiguring the
network in presence of capacitors, and DSTATCOM.
Taher and Afsari implemented [12] an optimization
algorithm called the immune algorithm in order to
minimize the power loss and size of the
DSTATCOM. Xiaoguang et. al. [13] have used
genetic algorithm for obtaining the optimal network
configuration for minimizing the total cost of the
system with the help of DSTATCOM and dynamic
voltage restorer. In [14], a meta-heuristic algorithm
called bat algorithm was applied to minimize the
system power loss. However, no works have been
reported for the optimal placement and sizing of



DSTATCOM in unbalanced radial distribution
systems. Moreover three-phase modelling of the
DSTATCOM is not carried out by any researchers.

In this work, a three-phase modelling of
DSTATCOM is developed. The proposed
DSTATCOM is allocated in unbalanced radial
distribution systems for power loss minimization.
The simulation results obtained with a 25-bus and 19-
bus systems show that significant amount of power
loss reduction is obtained by suitably placing the
DSTATCOM in the system.

The paper is organized as follows: In Section 2, a
three-phase DSTATCOM model is described. The
incorporation of DSTATCOM in the three phase-
unbalanced load flow is presented in Section 3. The
simulation results are discussed in Section 4. Section
5 concludes the paper.

2. Three-phase modelling of DSTATCOM

A three phase three wire line section model
including a DSTATCOM between bus i and bus j is
shown in Fig. 1. The parameters of the line can be
obtained by Carson and Lewis [15] technique. The
impedance matrix consisting of both self and mutual
impedances are derived from [15].
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Fig. 1. Dstatcom installation in bus j in a three-phase three wire line section model

Where, 282, 2",

phase a, phase b, and phase c respectively; 28", 2i¢,

and zdenotes self impedance of

and z{* denotes mutual impedance between phases.

Applying Kirchhoff’s voltage law (KVL) equation in
between  bus i and bus j when DSTATCOM is
connected at bus j in Fig.1. We obtain the equation as
follows:
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Where ID§ ID? , and ID] are the current injected by

DSTATCOM at phase a, b, and c respectively.
Simplifying the equation (1) as follows:
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Simplifying eq. (2) for phase a, we obtain:
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Let,
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Let,b=V/ bl=V{ andb2=V} (5)
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Adding equation (5) and (6)
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Simplifying equation (7)

b(cosay +sinoy) =al+ a2+[|Dja(cos oy (K1+k3) +sino, (k2 —k4)) +
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Again simplifying eq. (8)
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Similarly for phase b
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Similarly for phase c
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Solving eq. (8)-eq. (10) simultaneously for different
values ofa;,0,, o3 We can obtain the values of

DSTATCOM  current  magnitudes D¢, 108,

and 10§ respectively.

The range of u;, ay, a3 are assumed as:
O<e <1 (12)
0<a, <1 (13)
0<a <1 (14)

The reactive power that must be injected by the
DSTATCOM at phase a, b, and ¢ is expressed below:

jQBstar = (V' Ze).(ID§ L(og + 7 2)) (15)
jQBSTAT = (ijlaz)-(m?l(az +l 2))* (16)
iQbstar = (V[ £03).(ID] Lo + 7 2)) (17)

It can be observed that DSTATCOM is injecting
current in quadrature with the bus voltage where it is
connected so as to compensate the reactive power
only. This is explained in a phasor diagram as shown
in Fig. 2.
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Fig. 2. Phasor diagram of dstatcom currents with respect to voltages at phase a, b, and c, respectively

3. Incorporation of DSTATCOM in Load Flow

The load flow [16] algorithm is used to find the
total real power loss, and the voltage at buses of
unbalanced radial distribution systems. This load
flow algorithm basically consists of two steps. In the
first step, backward sweep is executed to find out the
branch currents. Then, the forward sweep is executed
to obtain the bus voltages.

The modelling of the three-phase DSTATCOM for
the unbalanced distribution systems have three
unknown parameters namely, o ,ay,03. Where, o is

defined as the angular displacement of voltage at
phase a at the location where a DSTATCOM is
connected. Similarly, o, and 3 can be defined. Here,
three different values of a1 , 0y, and o3 are considered

for obtaining the current injected by DSATCOM at
phase a, phase b, and phase ¢ for 25-bus and 19-bus

system respectively. However the values ofoq,ay,
and o3 may be different for 25-bus and 19-bus

systems. This may be due different reactive power
requirements of both the systems. Fig. 3. shows the
flow chart of the load flow algorithm in which the
DSTATCOM model is included.

Initialize bus voltages as 1 p.u and angles as 0 ,-120, 120
degrees for phase a, b, and c repsectively

Iteration 1T=1

X
Compute load currents and branch currents incorporating Egs (15)- (17) at the
locations of DSTATCOM

| Compute voltage magnitudes at buses during forward sweep step | —

Solution converged ?

Calculate real power loss, print voltages, angles and branch currents

Fig . 3. Flow chart of forward backward sweep load flow algorithm including
the DSTATCOM model




4. Simulation results and Discussion

The computer simulation is performed in order to
demonstrate the effect of DSTATCOM allocation on
two test systems, i.e, an 25-bus and a 19-bus
unbalanced radial distribution systems.

4.1, Effect of DSTATCOM allocation on the system
power loss and voltage profile for 25-bus system. The
network diagram of 25-bus URDS is depicted in Fig.
4. The base kV and base MVA for 25-bus system is
taken as 4.16 kV and base MVA is considered as 30
MVA. The results for 25-bus system for different
case studies is shown in Table 1. The load and
conductor data are provide in Table Al and A2 in the
appendix respectively. The base case power loss of
this system is 150.12 kW.
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Fig.4. A 25-bus URDS, (a) 1,2,3...,25 denotes bus number ; (b) (1), (2),(3)....,(24)
denotes branch numbers (c) All the branches are considered three phase lines

Table 1: Results obtained with DSTATCOM for 25-bus
system for different cases

Power
loss
reduction
in (%)

o (Degree)

LocationCaselPhaselPhaselPhase] Phase [Phase
a b c Phase a b c

KVA Rating Real

power

loss(kW)

A |-0.1] 0.8 | 0.8 |173.90334.213/61.807|136.5427
15 B | 0.1]0.5] 0.3 [261.08937.454/34.487|135.7396|
C 101]0.2|0.5 [270.70335.287/42.169135.2793

9.04
9.58
9.89

The DSATCOM is placed at each bus except the
source one at a time, and the power loss for the
different cases is shown in Fig. 5. A significant
reduction in power loss is observed when

Bus volatge (p.u.) for Phase a

DSTATCOM is connected at bus 11 and bus 15.
However, highest power loss reduction is observed at
bus 15. The power loss versus DSTATOCM Location
graph for all the case studies follow a similar pattern.
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Fig. 5. Real power loss after DSTATCOM allocation in URDS
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Fig. 6. Voltage magnitude for phase a corresponding to different cases
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The voltage profile of the 25-bus system
corresponding to different cases for the phase a is
shown in Fig. 6. The voltage magnitude for Case C is
found to be higher than other cases. This may be due
to the reason that reactive power injection for the
Case C is higher than Case B, Case A.
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Fig.7. Voltage magnitude for phase b corresponding to different cases
with DSTATCOM at Bus 15



From Fig. 7 and 8 a slight improvement in voltage
magnitudes for Case C, Case B, and Case A is
observed in comparison to base case as the reactive
power injected at phase b, and phase c is found to be
much lower than injected at phase a.
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Fig. 8. Voltage magnitude for phase ¢ corresponding to different
cases with DSTATCOM at Bus 15

4.2, Effect of DSTATCOM allocation on the system
power loss and voltage profile for 19-bus system

Fig. 9 shows the network diagram of a 19-bus
system. The base case values for 19-bus system are
considered to be 11kV and base MVA as 1. The base
case power loss of 19-bus system is 13.47 kW. The
results for 19-bus system for different case studies is
shown in Table 2. The load and conductor data are
provide in Table A3 and A4 in the appendix
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Fig. 9. A 19-bus URDS, (a) 1,2,3...,19 denotes bus number (b) (1), (2),(3)....,(18) denotes branch numbers (c) All
the branches are considered three phase lines

The DSATCOM is placed at each bus except the
source one at a time, and the power loss for the
different cases is shown in Fig. 10. It is observed that
total system power loss is found to minimum when
DSTATCOM is placed at bus number 11.

Table 2: Results obtained with DSTATCOM for 19-bus system for
different cases

KVA Rating

PhaselPhaselPhase| Phase | Phase | Phase
a b c a b c
A |0.12| 0.1 |0.12 {28.018[29.652(10.514{11.7378|
11 B | 0.1]0.2] 0.2 (36.68336.23315.721/11.5186
C [0.21]0.15| 0.2 [37.400[37.62339.899/11.1169

Power
loss
reduction|
in (%)
10.14
15.64

17.22
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Fig. 10. Real power loss after allocation of DSTATCOM in URDS

Fig. 11. depicts the voltage profile of the 19-bus
system for different cases for phase a when
DSTATCOM s placed at bus 11. It is observed that
voltage magnitude at all buses for Case A, Case B,
Case C has improved in comparison to base case.
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Fig. 11. Voltage magnitude for phase a corresponding to different
cases with DSTATCOM at Bus 11

The voltage magnitude at all buses of the 19-bus
system for phase b, when DSTATCOM is placed at
bus number 11 is shown in Fig. 12. A significant
improvement in voltage magnitude at buses is
observed for Case A and B with respect to base case
values.
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In Fig. 13, the voltage magnitude of all buses for
phase ¢ for 19-bus system is shown. It is clearly seen
that voltage magnitudes at all buses for Case C and
Case B has improved considerably in comparison to
base case value when DSATCOM is placed at bus
number 11 of 19-bus system.

5. Conclusion

This paper presents the impact of a DSTATCOM
allocation in URDS. A three phase modelling of
DSTATCOM has been developed. The power loss
and voltage magnitude at each bus placing one at a
time, except source bus is calculated by incorporating
the DSTATCOM in a three phase load flow
algorithm. Simulation results depict that significant
amount of power loss is reduced due to allocation of
DSTATCOM. However, only few locations are found
to effective in view of power loss reduction and
voltage profile improvement.
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Appendix

Table Al: Load data of 25-bus system

| Branch | complex load demand
sg | <P Egamh IC_(;EZ I(_figtg)th Phase | Phase | Phase

A B C

12 1 1 | 1000 0 0 0
23| 2 1 | 500 gjg; ‘jgg ‘jg;
26| 3 2 | 500 ‘:g; ‘jg; 3152’;
34| 4 | 1| 500 5]20* Ej915+ ig;
3 18| 5 2 | 500 ‘jgg ‘jgg ‘jgg
45| 6 2 | 500 ‘}25 ‘}g; ‘}g;
4 23| 7 2 | 400 ?gg E}% ig;

6| 7| 8 2 | 500 0 0 0
68| 9 2 | 1000 ‘}26’ ‘}25 ‘}25
719 10 | 2 | s00 ?gg E}%’ ig;
7 14| 1 2 | 500 ig; ?2; E}%
7 16| 12 2 | 500 ‘}(3’0" ‘}(3)6' ‘}(3)6'
o 10| 13 | 2 | 500 ig; ng(; ‘:g;
1011 14 | 2 | 300 ‘:g; ‘ig; Ajfgg
11]12] 15 | 3 | 200 ig; ﬁg; 5j20+
11]13] 16 | 3 | 200 ig; ‘:g; ng(;
wli | o |2 | |
1417 | 18 | 3 | 300 ‘}g; ig; ‘:g;
18 20| 19 2 | 500 ?]EZ’; ‘}gOJ' ﬁg;
1821 20 | 3 | 400 ‘}25 3152’; ‘jg;
20| 19| 21 | 3 | 400 E}Zg E]g; 5}35
21| 22| 22 | 3 | 400 Ejg; E}Zg E]g;
23 | 24 | 23 2 | 400 3152’; ‘E’,; ‘}g;
24| 25| 24 | 3 | 400 ig; ig; ig;




Table A2: Different types of conductor used in the 25-bus system

Conductor type 25-bus system
yp Self-impedance (Q/mile) | Mutual impedance (Q/mile)
Zaa = 0.3686+/0.6852 Zab = 0.0169+j0.1515
1(3-9) Zbb = 0.3757+j0.6715 Zbc = 0.0188+]0.2072
Zcc = 0.3723+j0.6782 Zca = 0.0155+]0.1098
Zaa=0.9775+j0.8717 | Zab=0.0167 +j0.1697
2 (3-9) Zbb = 0.9844 +j0.8654 |  Zbc = 0.0186 + j0.2275
Zcc=0.9810 +j0.8648 |  Zca = 0.0152 + j0.1264
Zaa=1.9280 + j1.4194 | Zab=0.0161 +j0.1183
3 (3-9) Zbb =1.9308 +j1.4215 | Zbc = 0.0161 +j0.1183
Zcc=1.9337 +j1.4236 | Zca=0.0161 +j0.1183
Table A3: Load data of 19-bus system
Branch
SB RB | Branch | Line | Length Base case complex load demand
no code | (km)
1|2 1 1 | 30 |10.38+5.01 | 5.19+]2.52 | 10.38+j5.01
2 | 3 2 1 | 50 | 11.01+j5.34 | 5.19+j2.52 | 9.72+j4.71
3| 4 3 1 | 15 | 405+195 | 5.67+j2.76 | 6.48+i3.15
45 4 1 | 15 |648+j3.15 ] 5.19+j2.52 | 4.53+j2.19
. 3.00 + .
4] 6 5 1| 10 |420+j204 | Jyor | 2914142
. 8.10 + .
6 | 7 6 1| 20 |e72+jaTL| Spof |810+j393
. 5.34 + .
6| 8 7 1| 25 |744+j360| S0l |339+4j165
1230+ | 1491+ | 1329+
819 8 L] 30 j5.97 j7.23 j6.42
. 420 + .
9 10| o9 1| 50 |330+jLes| Do |258+j1.26
: 744+ 11.01 +
10| 11| 10 1| 15 | 744+jas0 | e i5.34
. 8.10 + .
10 12] 11 1| 15 |e72+ja7L| Spor |810+j393
1113 | 12 1 | 50 |438+j2.13 E;2328+ 6.48 +j3.15
11|14 13 1 | 10 |3.09+]j150 3}'10?3; 4.05 +j1.95
1215 14 | 1 | 50 |438+j213 ‘:282 S [6.96+]336
1216 15 | 1 | 60 |777+j378 1?53(?; 777 +j3.78
14 17| 16 | 1 | 35 |648+j312 "}'282 ;| 4ss+j234
14|18 | 17 1 | 40 |534+j258 F}zagz; 5.52 +[2.67
15|19 | 18 1 | 40 |876+j4.23 11%%? 7.14 +j3.45




Table A4: Different types of conductor used in the 19-bus system

19-bus system

Conductor type Self-impedance (Q/km) | Mutual impedance (Q/km)
Zaa = 1.5609+j0.67155 | Zab = 0.5203+j0.22385
1(3-9) Zbb = 1.5609+j0.67155 | Zbc = 0.5203+j0.22385

Zcc = 1.5609+j0.67155

Zca = 0.5203+j0.22385




