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In this paper, an approach for optimal placement of D-STATCOM in mesh distribution
systems using sensitivity approaches is proposed. The main contributions of the paper are as fol-
lows: (i) Optimal D-STATCOM placement based on the new voltage sensitivity index in mesh dis-
tribution system, (ii) optimal D-STATCOM size determination for seasonal loads with load growth
scenario, (iii) comparison of D-STATCOM placement and size determination with the existing sen-
sitivity methods, and (iv) impact of optimal D-STATCOM placement on voltage stability margin
enhancement, energy loss reduction and cost of energy savings.

The results of voltage profile improvement, reduction in power losses, reduction in cost of energy
loss, improved voltage stability margin, cost of energy loss savings, installation cost of
D-STATCOM and annual savings are obtained for UK 38 bus practical mesh distribution system.
© 2016 Faculty of Engineering, 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

Electric power distribution is the part of the power delivery
infrastructure that takes the electricity from high-voltage
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transmission circuits and delivers it to the customers. Unlike
transmission systems distribution systems have high R/X ratio
which results in high power loss and may lead to voltage insta-
bility. Studies have indicated that 13% of total power gener-
ated is wasted in line losses at the distribution level [1].
Series voltage regulator and shunt capacitors are the two con-
ventional ways of maintaining voltages of the distribution sys-
tem within acceptable range. But, these devices have some
disadvantages that are conventional series voltage regulators
cannot generate reactive power and have slow response
because of their step by step operations and shunt capacitors
are unable to generate continuous variable reactive power
and its natural oscillatory behavior with inductive components
[2]. The D-FACTS devices can play an important role to over-
come these problems with efficiently reducing the line power
losses, correcting power factor, and improving voltage profile
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of the power system. The D-STATCOM (Distribution STAT-
COM), a shunt connected voltage source converter has been
utilized to increase the reliability and efficiency of distribution
systems by providing reactive power support to improve the
voltage profile and to reduce the line losses. Research work
is being carried out by many researchers for finding the opti-
mal location and sizes of D-FACTS devices. Hosseini and
Shayanfar [3] derived the mathematical modeling and found
the best location of D-STATCOM and SSVR for under volt-
age problem mitigation in the distribution network. Hussain
and Visali [4] derived the voltage stability indicator for finding
optimal bus for D-STATCOM placement in radial distribution
system. Taher and Afsari [5] proposed immune algorithm
for optimal location and sizing of D-STATCOM. Devi and
Geethanjali [6] determined the location and size of
D-STATCOM by using particle swarm optimization algo-
rithm.Hussain and Subbaramiah [7] calculated the optimal size
by mathematical modeling of D-STATCOM, to maintain the
voltage magnitude as 1 p.u. and to supply the required reactive
power for compensation at the node where D-STATCOM is
placed. Farhoodnea et al. [8] used Firefly algorithm to deter-
mine the optimal size and location of D-STATCOM. Tolabi
et al. [9] proposed ant colony algorithm and its combination
with fuzzy multi-objective approach for simultaneous place-
ment of DG and D-STATCOM in the reconfigured network.
Yuvaraj et al. [10] proposed bat algorithm for D-STATCOM
allocation in radial distribution networks considering load
variations. Devabalaji and Ravi [11] used bacterial foraging
optimization algorithm for finding optimal size and siting of
multiple DG and DSTATCOM in Radial Distribution System
(RDS). Exhaustive search method is proposed to find the opti-
mal size of D-STATCOM in RDS [12]. Recently many algo-
rithms such as Harmony search algorithm [13], improved cat
swarm optimization [14] and variational algorithm [15] are
used for D-STATCOM placement in balanced RDS with an
objective of improving voltage profile and reducing losses.
Impact of load model on D-STATCOM placement is
explained in [16].

Many researchers have focused on analysis of radial distri-
bution system with time invariant load models. However, the
load on the system is time varying and the study of the time
variant load model is essential for better distribution system
planning. Also, wherever high reliability is required, distribu-
tion utilities are planning for mesh distribution networks.
The mesh distribution system also needs to be analyzed with
D-STATCOM placement with seasonal time varying loads.
Additionally, the realistic load model which consists of resi-
dential, commercial and industrial loads shall be taken into
account in this system study.

In this paper, optimal placement of D-STATCOM in mesh
distribution system is presented using sensitivity approaches
with seasonal (summer and winter) time varying realistic loads.
A new stability index is proposed for optimal allocation of D-
STATCOM. Load growth is also considered in this study
which is an essential parameter while planning and expansion
of the system. Annual energy savings, reduction in cost of
energy loss, improved voltage profile and enhanced voltage
stability margin are determined with D-STATCOM in the
mesh distribution network. Load flow analysis for mesh distri-
bution networks is presented in [17,18]. The mathematical
equation used for load flow analysis of mesh distribution net-
works in this paper is taken from [19].

The rest of the paper is organized as follows: The mathe-
matical modeling of D-STATCOM is given in Section 2. Sec-
tion 3 explains the sensitivity approaches for finding optimal
location of D-STATCOM. Section 4 deals with the variational
algorithm to determine D-STATCOM size. In Section 5 realis-
tic load model, model of load growth, cost of energy loss and
cost of D-STACOM are presented. The proposed method is
tested on standard UK 38-bus mesh distribution system and
the results are presented in Section 6.

2. Modeling of D-STATCOM

The D-STATCOM is shown in Fig. | and its static model has
been utilized for the distribution system load flow analysis.
Since the device supports the reactive power at the connected
bus, the voltage profile of the bus where the device is connected
will improve and voltage at the buses will also be improved due
to the reactive power support and the losses reduction. Thus,
the D-STATCOM will also impact the voltages of the neigh-
boring buses. The new voltages are V7 at the candidate bus

and V7’ at the previous bus. The current 7, is summation of
I, and Ips. Here Ipg is the current injected by D-
STATCOM and is in quadrature with the voltage. Therefore,
the expression for new voltage after installing D-STATCOM

is given as below [5]:
VLZ(); = V:nle:n - (R’” +]Xm)(lmlé)
. T,
“ (R, +,/X,”)<IDS4 (5+ 9n>> (1)

By separating real and imaginary parts of (1), we obtain the
equation of the form as follows:

—B++D

VI @)
where,

t=sin0, (3)
A= (/’llh3 — /’lz/’l4)2 + (/’11/’14 =+ /’l2h3)2 (4)
B= Z(hllh — h2h4) . (V:l)(/’l4) (5)
C= (V- R, — (hhy + hyh3)’ (6)
D= B —44C (7)
where,

= real(V!, 20, ) — real(Z,, - 1,£9) (8)
hy = imag(V, £0.)) — imag(Z,, - 1,£9) 9)
/’l3 == *Xm (10)
114 = *Rm (11)

Now, there are two roots of 7. For determining the correct
value of root, the boundary conditions are taken as follows:

V;:Vn:>ll)5:0 & 9;:(‘)”

Result show that t:%ﬁ is the desired root of the
Eq. (1). Therefore, the phase angle and magnitude of
D-STATCOM current and reactive power injected to the
system by the D-STATCOM are given by the expressions:
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where " denotes the complex conjugate.

3. Sensitivity indices for optimal location of D-STATCOM
placement in mesh distribution system

In this work, following sensitivity indices are used for finding
best location of D-STATCOM.

. Fast Voltage Stability Index (FVSI)

. Combined Power Loss Sensitivity (CPLS)
. Voltage Stability Index (VSI)

. Voltage Sensitivity Index (VSEI)

. Proposed Stability Index (PSI).

o o o

3.1. Fast voltage stability index

FVSI between sending and receiving node is expressed in [20]:

2
40,

FVSI = —
V2X;

(15)

where Z is the line impedance magnitude, X is the line reac-
tance, Q; is the receiving end reactive power, V; is the sending
end voltage.

The bus with high FVSI value is more sensitive toward
instability. Hence, the bus that provides highest value of FVSI
will be selected as optimal bus for D-STATCOM placement.

3.2. Combined power loss sensitivity

D-STATCOM placement affects both real and reactive power
losses. Therefore both real and reactive power losses are con-
sidered for finding CPLS as follows [21]:

Loss sensitivity matrix is obtained using power flow analy-
sis and the bus that provides highest value of CPLS will be
selected as optimal bus for D-STATCOM placement.

3.3. Voltage stability index

Voltage stability index between sending and receiving node is
derived with modification (without neglecting the line resis-
tance due to high R/X ratio of distribution systems) of VSI
used for transmission network as given in [22]:

QZRZ} [1 — cos20)
X ] 21%sin® (8, — 6, — 0)

VSI =4 [Q2X+ (21)
The value of VSI is for normal loading condition should be
less than one. For critical loading its value reaches to one.
Hence, the bus that provides highest value of VSI will be
selected as optimal bus for D-STATCOM placement.

3.4. Voltage sensitivity index

Voltage sensitivity index is derived in [23]

4x (P}
VSEl = & (2 +
@

"

The VSEI values are less than unity for normal operating
conditions. The bus having the highest value of VSEI is more
susceptible to stability. Hence, the bus that provides highest
value of VSEI will be selected as optimal bus for
D-STATCOM placement.

QZ) <1 (22)

3.5. Proposed stability index

The equivalent circuit model of distribution system is shown in
Fig. 2 and the mathematical model of the proposed stability
index is given below:

The branch current I; can be calculated using Eq. (23).

I — P +jQ_/ :
YL vigs

(23)
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Figure 2 Equivalent circuit model of RDS.

The receiving end bus voltage can be written as follows:

V, /8 = V,£0 — (R+jX)I; (24)

Substitute Eq. (23) in Eq. (24),
P +j0)]"
ViZ6 =V:£0 — (R -l—jX)[ . -’] (25)
i V26

o | P —JO;

PM07KAL%R+MﬂWZ_6 (26)

Vi=ViVil =3 — (R+jX)(P; - jO) (27)

V2 = ViVcosd — jV,V;sind — (R+jX)(P; — jO) (28)

V]? + [PiR+ QX +j(P,X — Q;R)] = V;V;cos — jV,V;sind

(29)
Separate real and imaginary parts in Eq. (29).
V:+ PR+ QX = ViV;cos 6 (30)
PX — Q;R=—V,V;sind (31)
Let 6~ 0
V:+ PR+ QX =VV; (32)
PX—-QR=0 (33)
‘R
X= R (34)
Pj
Substitute Eq. (34) in Eq. (30),
R
V:+ PR+ Q, Qj; =V (35)
J
0?
I//?I/jV,.+<I;+Pj)R=O (36)
J
For stable bus voltage, »* — 4ac > 0.
The new stability index can be obtained as follows:
0?
W—4@:HﬂR>O (37)
J
1> 4R (0] + P, (38)
“\p

P

i

2
PSI = ‘:/—If (g + P,-) <1 (39)

Under normal operating conditions, PSI value should be
less than unity. If the value of PSI is closer to zero, then the
system is more stable. If the value of PSI is high, then the sys-
tem is vulnerable to instability. Thus the bus with high PSI
value is more sensitive and it is selected for optimal
D-STATCOM placement.

4. Mathematical model of load, load growth, cost of energy loss
and D-STATCOM cost

4.1. Load growth

The load growth is represented as follows:
Load; = Load x (1 +r)" (40)
r = annual growth rate, m = plan period up to which feeder

can take the load. In this paper, r = 10% and m = 5.

4.2. Cost of Energy Loss (CEL)

The cost of energy loss has been determined using Eq. (41)
CEL = (Total Real power Loss) * (E, * T) $ (41)

E.: energy rate ($/kWh), T: time
E.=0.06$/kW h, T = 8760 h.

duration (h),

4.3. Load model

Load is time varying and it is combination of residential,
industrial and commercial load. Let o, f and y be the percent-
ages of residential, commercial and industrial load at each bus
respectively. The realistic load model is mathematically repre-
sented by Egs. (42) and (43). In this paper work, summer and
winter loads are considered for the analysis.

v Tpr 1% Npe 1% Npi

r=rl(y) (i) (7)) | *)
V ngr V nge V Ngi

-l D] w

P, and Q, are the real and reactive power consumed at a
reference voltage V,. The exponent values and load composi-
tions for each load type are given in [25].

4.4. Cost of D-STATCOM

The cost of reactive power supported by the D-STATCOM is
also determined using Eq. (44). Since the reactive support is
identified as important ancillary services and the devices pro-
viding this support can be remunerated based on their reactive
support. The cost can be paid to the devices based on the cost
savings obtained due to the reduction in the loss with
D-STATCOM.

COStD-STATCOM = Investment,costD_STATCOM

[1 +B}HDST*B
[1 + B]nDST_ 1
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Figure 3  Single line diagram of 38 bus mesh distribution network.
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Figure 4 Load profile for 38-bus mesh distribution network.
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Figure 5 FVSI profile for 38-bus mesh distribution system.

nDST: the longevity of DSTATCOM in years, B: is the asset

rate of return.
Investment.,ss = 50 $/kVAr, B = 0.1, nDST = 30 years.

4.5. Voltage Stability Margin (VSM)

Voltage stability margin [28] is determined for each bus using
Eq. (45). The VSM improvement has been determined with
D-STATCOM and the results are compared for VSM

Time (Hours)

Branch Number

Figure 6  VSI profile for 38-bus mesh distribution system.

enhancement at each bus. VSM of each bus is a number
between 0 and 1.

VSM(re(i)) = V(se(i))* — 4(P(i)x(i) — Q(Dr(i))*

— 4(V(se(i))* (P(i)r(i) + Q(i)x(i) (45)
where, P = is the sum of the real power loads of all the nodes
beyond each node, plus the real power load at each node itself,
plus the sum of real power losses of all branches beyond each
node, Q = is the sum of the reactive power loads of all the
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Figure 7 VESI profile for 38-bus mesh distribution system.
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Figure 8 CPLS profile for 38-bus mesh distribution system.
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Figure 9 Proposed stability index profile for 38-bus mesh
distribution system.

nodes beyond each node, plus the reactive power load at each
node itself, plus the sum of reactive power losses of all
branches beyond each node.

5. Optimal D-STATCOM size determination using variational
algorithm

The optimal size of D-STACOM is obtained based on the fol-
lowing algorithmic steps:

[ Read System Data and model the load |
v

l Run the Load flow for mesh distribution system ‘

v
Find the sensitivity indices (FVSI, VSI, VESI, CPLS
and PSI)
v

Find the bus at which the value of sensitivity is
maximum. Select that bus as potential bus for D-
STATCOM placement
v
D-STATCOM is placed at the selected bus and vary
insteps up to max reactive power demand of the system
and record the total power losses
v
Identify the optimal D-STATCOM size
corresponding to minimum total loss.
v
’ Display the results ‘

Figure 10  Flowchart for finding the results for all cases.

m] m2 m3 u4 u5 m6 u7 mg
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180 < il I I (T

150 i [T

20 i

Total Real Power Loss (kW)
k=)
(=

0
1000 1250
1500

1750
D-STATCOM Size (kVAr) 2000 2250

Figure 11  Real power loss variation with D-STATCOM at 30th
bus for summer without load growth.
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Figure 12 Real power loss variation with D-STATCOM at 30th
bus for winter without load growth.

1. First, place the D-STATCOM at the bus based on sen-
sitivity indices described in Section 3.

ii. Vary D-STATCOM size from a minimum value to a
value equal to feeder reactive loading capacity in constant
steps until the minimum system losses are obtained.

ml 2 m3
u7 mg =9
m13 ul4 w15
w19 w20 21

Total Real Power Loss (kW)
133
S

0
1000 1250 1500
1750
2000

iii. Choose the D-STATCOM size that resulted in the min-
imum losses in the network.

iv. With the obtained size, run the load flow to obtain the
results.

v. Plot all results and stop.

6. Results and discussions

The results are obtained for UK 38-bus mesh distribution sys-
tem [24] with realistic 24 h time varying load [25] without and
with D-STATCOM. Base kV of 12.66 kV and base MVA of 1
MVA are used. Two loops have taken in this study, loop-1
between buses 25 and 29 tie line impedance equal to 0.0473 +
j 0. 16 p.u. and loop-2 between buses 33 and 37 tie line
impedance equal to 0.0473 + j *0. 16 p.u. The distribution
network consists of two loops as shown in Fig. 3 [26]. The
analysis has been carried out in MATLAB version 7.8 on
Windows 8 Intel® Core™ i7 Processor, 1.8 GHz, RAM 8 GB.
The load profile for the 38 bus mesh distribution network in
summer and winter seasons under load growth scenario is
shown in Fig. 4. Average load (kVA) on the system is

m4 m5 m6
m10 mll mi2
ml6 m17 =18
m22 23 24-Hours

2250 2500
750 2 &g
D-STATCOM Size (kVAr) 3000 e A S
3500 &\(&

Figure 13  Real power loss variation with D-STATCOM at 30th bus in summer with load growth.
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Figure 14  Real power loss variation with D-STATCOM at 30th bus for winter with load growth.
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Table 1 Optimal D-STATCOM sizes (KVAR) for 38-bus mesh distribution system.

Time CPLS, proposed stability index (at 30th Voltage sensitivity index (at 25th bus) FVSI, VSI (at 29th bus)
(h) bus)
Summer  Winter Summer Winter Summer  Winter Summer Winter Summer  Winter Summer  Winter
without without  with with without without  with with without without  with with
load load load load load load load load load load load load
growth growth growth growth  growth growth growth growth  growth growth growth growth
1 975 950 1350 1325 525 525 775 775 1000 975 1400 1375
2 950 950 1350 1325 525 525 775 750 1000 975 1400 1375
3 950 950 1350 1325 525 525 775 775 1000 975 1400 1375
4 950 950 1350 1325 525 525 775 775 1000 975 1400 1375
5 975 950 1375 1325 525 525 800 775 1000 975 1400 1375
6 950 950 1350 1325 525 525 775 775 975 975 1400 1350
7 950 925 1350 1325 525 525 775 775 1000 975 1400 1350
8 950 950 1325 1325 525 525 775 775 975 975 1375 1375
9 950 950 1300 1325 525 525 775 775 975 975 1375 1375
10 950 950 1325 1325 525 525 775 775 975 975 1375 1375
11 950 950 1350 1325 525 525 775 775 975 975 1400 1375
12 975 950 1375 1350 525 525 775 775 1000 1000 1425 1375
13 950 950 1350 1350 525 525 775 775 1000 975 1400 1375
14 950 950 1350 1350 525 525 775 775 1000 975 1400 1400
15 975 950 1350 1350 525 525 800 775 1000 1000 1425 1400
16 975 950 1375 1350 525 525 800 775 1000 975 1425 1400
17 975 950 1375 1350 525 525 800 775 1000 1000 1425 1400
18 975 950 1425 1375 550 525 800 800 1025 1000 1475 1425
19 975 950 1375 1350 525 525 775 775 1000 1000 1450 1375
20 950 950 1375 1325 525 525 775 775 1000 975 1400 1375
21 975 950 1375 1325 525 525 775 775 1000 975 1425 1375
22 975 950 1375 1325 525 525 775 775 1000 975 1425 1375
23 975 950 1375 1325 525 525 800 750 1000 975 1425 1375
24 975 950 1375 1325 525 525 800 775 1000 975 1400 1375

3594.38 + j1865.51 in summer, 3558.1 + j1861.18 in winter,
5678.59 + j2668.59 in summer and 5591.28 + j2664.30 in win-
ter with load growth. From Fig. 4, it can be observed that both
real and reactive power demand in summer load is slightly higher
in summer season than in the winter season. Load profile shows
that peak real and reactive power demands are appearing at 7th
and 18th hours in a day respectively. Residential load is high on
the network at early mornings and mid nights.

Voltage sensitivity profiles for all the indices (FVSI, VSI,
VESI, CPLS and PSI) are obtained and are shown in Figs. 5-9

099~

Voltage (p.u)

for summer load and are also obtained for other loads but
the results are shown for summer load only. It can be observed
from Figs. 5-9 that FVSI and VSI are maximum for 39th line
(29th bus), CPLS and proposed stability index are maximum
for 29th line (30th bus) and VESI is maximum for 24th line
(25th bus) for optimal placement of D-STATCOM. Based
on all the sensitivity indices, 25th, 29th and 30th are most suit-
able buses for 38-bus mesh distribution system. The complete
steps for finding the results are explained using flowchart
shown in Fig. 10.

: 4Kﬁ,¢
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Figure 15 Base case voltage profile in summer without load growth.
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Figure 16  Base case voltage profile in winter without load growth.
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Figure 18 Base case voltage profile for winter with load growth.

The following cases are considered in this paper work:

Case A: Optimal D-STATCOM placement in summer load
without load growth

Case B: Optimal D-STATCOM placement in winter load
without load growth

Case C: Optimal D-STATCOM placement in summer load
with load growth

Case D: Optimal D-STATCOM placement in winter load
with load growth

Total real power loss variation with respect to
D-STATCOM size for all cases is obtained by placing the
D-STATCOM at 25th, 29th and 30th bus. Total real power
loss variation with respect to D-STATCOM size for all cases
is graphically represented in Figs. 11-14 after placement of
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Table 2 Minimum voltage and minimum VSM without installation of D-STATCOM.

Time (h) Min voltage (p.u.) Min voltage stability margin
Case A Case B Case C Case D Case A Case B Case C Case D
1 0.92495 0.9262 0.88192 0.88504 0.73193 0.73591 0.60494 0.61354
2 0.92494 0.92614 0.88186 0.88486 0.73189 0.73572 0.60477 0.61305
3 0.92493 0.9261 0.88182 0.88473 0.73187 0.73558 0.60467 0.61271
4 0.92493 0.92609 0.88183 0.88472 0.73188 0.73555 0.60469 0.61266
5 0.92496 0.92618 0.88194 0.88499 0.73195 0.73583 0.60500 0.61340
6 0.92489 0.92595 0.88164 0.88429 0.73175 0.73511 0.60417 0.61147
7 0.92422 0.92506 0.87976 0.88181 0.72964 0.73228 0.59905 0.60465
8 0.92469 0.9251 0.88092 0.88197 0.73110 0.73240 0.60221 0.60507
9 0.92472 0.92511 0.88102 0.88202 0.73121 0.73245 0.60248 0.60522
10 0.92470 0.92511 0.88096 0.88201 0.73113 0.73244 0.60231 0.60519
11 0.92472 0.92517 0.88108 0.88223 0.73119 0.73263 0.60263 0.60579
12 0.92471 0.92533 0.88126 0.88281 0.73119 0.73314 0.60314 0.60738
13 0.92468 0.92519 0.88102 0.88230 0.73109 0.73269 0.60249 0.60599
14 0.92470 0.92521 0.88109 0.88239 0.73115 0.73277 0.60268 0.60623
15 0.92475 0.92531 0.88131 0.88274 0.73129 0.73308 0.60328 0.60719
16 0.92465 0.92528 0.88106 0.88262 0.73100 0.73297 0.60258 0.60686
17 0.92465 0.92533 0.88111 0.88282 0.73098 0.73315 0.60273 0.60742
18 0.92447 0.9255 0.88087 0.8834 0.73041 0.73367 0.60206 0.60901
19 0.92499 0.92628 0.88211 0.88533 0.73207 0.73617 0.60547 0.61436
20 0.92572 0.92708 0.88328 0.88666 0.73437 0.73872 0.60868 0.61805
21 0.92499 0.92639 0.88213 0.8856 0.73207 0.73652 0.60553 0.61510
22 0.92498 0.92637 0.88208 0.88552 0.73202 0.73645 0.60538 0.61487
23 0.92497 0.92635 0.88206 0.88546 0.73201 0.73639 0.60532 0.61471
24 0.92496 0.92629 0.88200 0.88528 0.73198 0.73618 0.60516 0.61421

D-STATCOM at 30th bus only. Optimal D-STATCOM sizes
are given in Table 1 for seasonal loads without and with load
growth. The standard D-STATCOM sizes are available in
ratings up to =10 MVAR in a single container, in increments
of +£1.25 MVAR [27].

Table 3 Real power loss and cost of energy loss in base case.

Voltage profiles for the mesh distribution network in the
base case (without installation of D-STATCOM) are shown
in Figs. 15-18 for summer and winter season loads without
and with load growth consideration. The voltage is poor at
the 18th and 37th buses. The impact of seasonal loads and load

Time (h) Total real power loss (kW) Cost of energy loss (§)
Case A Case B Case C Case D Case A Case B Case C Case D
1 204.43 198.44 504.64 481.04 107,450 104,300 265,240 252,830
2 204.49 198.67 505.13 4382.18 107,430 104,420 265,500 253,430
3 204.52 198.84 505.44 482.97 107,500 104,510 265,660 253,850
4 204.51 198.88 505.39 483.04 107,490 104,530 265,630 253,890
5 204.4 198.55 504.49 481.26 107,430 104,360 265,160 252,950
6 204.68 199.41 506.88 485.98 107,580 104,810 266,420 255,430
7 207.3 202.94 518.91 502.25 108,960 106,670 272,740 263,980
8 205.51 202.74 511.84 500.73 108,020 106,560 269,020 263,180
9 205.37 202.67 511.17 500.27 107,940 106,520 268,670 262,940
10 205.47 202.68 511.55 500.36 108,000 106,530 268,870 262,990
11 205.37 202.42 510.49 498.68 107,940 106,390 268,310 262,110
12 205.32 201.77 508.54 494.42 107,920 106,050 267,290 259,870
13 205.48 202.34 510.68 498.17 108,000 106,350 268,410 261,840
14 205.4 202.24 510.12 497.48 107,960 106,300 268,120 261,480
15 205.2 201.84 508.32 494.9 107,850 106,090 267,170 260,120
16 205.56 201.98 509.99 495.81 108,040 106,160 268,050 260,600
17 205.57 201.75 509.41 494.35 108,050 106,040 267,750 259,830
18 206.28 201.14 510.29 490.43 108,420 105,720 268,210 257,770
19 204.25 198.15 503.2 478.95 107,350 104,150 264,480 251,740
20 201.18 194.84 495.27 470.38 105,740 102,410 260,310 247,230
21 204.26 197.73 503.01 477.44 107,360 103,930 264,380 250,940
22 204.31 197.81 503.41 478.02 107,390 103,970 264,590 251,250
23 204.33 197.88 503.57 478.38 107,400 104,010 264,680 251,440
24 204.37 198.12 504.02 479.52 107,420 104,130 264,910 252,040
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Figure 20  Voltage profile in winter with D-STACOM without load growth.
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Figure 21  Voltage profile in summer with D-STACOM with load growth.

growth on the system performance without D-STATCOM is
evaluated and results are given in Table 2 for minimum voltage
and minimum voltage stability margin for each hour.

In Table 3, total real power loss and cost of energy loss in
each hour are presented for base case i.e. without installation
of D-STATCOM. As the load increases losses also increase.

Loses are more in case C and case D compared to case A
and case B in each hour as is observed from Table 3 due to
the load increase. The D-STATCOM is installed at 25th bus
(based on voltage sensitivity index), 29th bus (based on FVSI,
VSI) and 30th bus (based on CPLS and proposed stability
index) as different locations are obtained based on the differ-
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Figure 22 Voltage profile in winter with D-STATCOM with load growth.

Table 4 Cost of energy losses (§) after installation of D-STATCOM.

Ti me (h) CPLS, proposed stability index (at 30th

Voltage sensitivity index (at 25th bus)

FVSI, VSI (at 29th bus)

bus)
Case A Case B Case C Case D Case A Case B Case C Case D Case A Case B Case C Case D
1 68,738 66,788 178446.45 170273.37 82,093 79,618 205246.8 195407.56 69,306 67,350 179686.87 171492.76
2 68,848 66,956 178935.26 160523.49 82,130 79,744 205530.62 196022.52 69,411 67,519 180165.16 172218.09
3 68,917 67,067 179250.62 157532.83 82,151 79,833 205709.32 196,443 69,479 67,624 180470.01 172670.11
4 68,911 67,051 179219.08 164349.86 82,146 79,849 205683.04 196469.28 69,469 67,608 180438.48 172607.04
5 68,717 66,746 178346.59 192059.49 82,078 79,665 205162.70 195486.40 69,285 67,308 179592.26 171303.55
6 69,216 67,550 180622.44 124199.28 82,256 80,154 206534.52 198082.87 69,773 68,097 181810.29 174735.72
7 70,493 69,584 186330.45 62178.48 83,628 82,030 212815.44 206697.45 71,035 70,110 187486.77 183550.03
8 69,900 69,222 183786.55 100436.90 82,724 81,899 209220.33 205814.44 70,441 69,763 184927.10 182004.76
9 69,815 69,137 183418.63 108378.72 82,651 81,857 208857.67 205556.90 70,357 69,679 184538.16 181615.82
10 69,847 69,158 183539.52 105671.88 82,698 81,867 209052.14 205609.46 70,388 69,700 184680.07 181710.43
11 69,610 68,848 182446.27 131158.22 82,624 81,710 208437.19 204668.64 70,162 69,400 183618.36 180359.64
12 69,027 68,049 179765.71 210350.37 82,545 81,321 207233.56 202282.41 69,600 68,617 181016.64 176874.91
13 69,574 68,764 182241.28 137270.95 82,672 81,662 208505.52 204384.81 70,120 69,316 183429.14 179970.69
14 69,463 68,633 181757.73 149906.37 82,624 81,599 208190.16 203995.87 70,015 69,190 182950.84 179397.79
15 69,069 68,134 179970.69 202765.96 82,493 81,363 207144.21 202545.21 69,637 68,701 181200.6  177232.32
16 69,274 68,328 180869.47 176848.63 82,682 81,447 208027.22 203065.56 69,836 68,890 182099.37 178068.02
17 69,074 68,049 179949.67 206308.51 82,666 81,310 207659.30 202245.62 69,647 68,617 181211.11 176853.88
18 68,664 67,314 177989.18 285027.62 82,961 80,948 207864.28 200048.61 69,258 67,892 179350.48 173647.72
19 68,444 66,299 177100.92 246411.79 81,978 79,429 204426.86 194193.43 69,017 66,872 178383.38 169432.41
20 66,972 64,838 173074.82 228793.68 80,385 77,726 200285.13 189762.62 67,540 65,400 174341.52 165458.88
21 68,375 66,210 176790.81 212657.76 81,978 79,224 204300.72 193447.08 68,953 66,783 178073.28 169059.24
22 68,459 66,352 177174.50 190162.08 82,009 79,276 204531.98 193783.46 69,038 66,919 178446.45 169647.91
23 68,496 66,410 177337.44 186698.37 82,020 79,313 204621.33 193983.19 69,069 66,977 178604.13 169884.43
24 68,601 66,567 177805.22 180086.32 82,051 79,444 204884.13 194592.88 69,169 67,135 179066.66 170567.71

ent sensitivity indices. Accordingly, optimal D-STATCOM
sizes are obtained. It can be observed that required reactive
power support obtained from D-STACTOM is varying with
respect to time as per the load requirement.

Distribution system planning must provide accurate and
efficient control of the reactive power for satisfactory opera-
tion of the distribution network. The improvement in volt-
age profile, improvement in voltage stability margin and
reduction in power losses are more with CPLS and proposed
stability index methods (i.e., with installation of D-
STATCOM at 30th bus) than other sensitivity approaches.
Voltage profiles after installation of D-STATCOM at 30th
bus using CPLS and proposed stability index are depicted
in Figs. 19-22 for summer and winter seasons with 24 h load
variations.

After installation of D-STATCOM, there is significant
reduction in power losses and thereby the cost of energy loss
reduces. There is considerable improvement in the voltage
stability margin. It can be understood that voltage profile
with D-STATCOM installed at 30th bus is much better than
with D-STATCOM installed at 25th bus and 29th bus. Thus,
the accurate placement of devices in the system is important
for obtaining the better voltage profile, lower cost of reactive
power, and more loss reductions thereby higher annual sav-
ings of energy.

Analysis of the system after installation of D-STATCOM
i.e., cost of energy loss, savings in cost of energy loss due to
reduction in power losses, installation cost of D-STATCOM,
and annual cost savings is given in Tables 4-7 respectively.
For better understanding, real power loss after installation of
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Table 5 Saving in cost of energy losses ($) after installation of D-STATCOM.
Time (h) CPLS, proposed stability index (at 30th bus) Voltage sensitivity index (at 25th bus) FVSI, VSI (at 29th bus)
Case A Case B Case C Case D Case A Case B CaseC CaseD Case A CaseB CaseC CaseD
1 38,712 37,512 86,790 82,560 25,357 24,682 59,990 57,420 38,144 36,950 85,550 81,340
2 38,632 37,464 86,560 82,430 25,350 24,676 59,970 57,410 38,069 36,901 85,330 81,210
3 38,583 37,443 86,410 82,390 25,349 24,677 59,950 57,410 38,021 36,886 85,190 81,180
4 38,579 37,479 86,410 82,500 25,344 24,681 59,950 57,420 38,021 36,922 85,190 81,280
5 38,713 37,614 86,810 82,880 25,352 24,695 60,000 57,460 38,145 37,052 85,570 81,650
6 38,364 37,260 85,800 81,880 25,324 24,656 59,890 57,350 37,807 36,713 84,610 80,690
7 38,467 37,086 86,410 81,530 25,332 24,640 59,920 57,280 37,925 36,560 85,250 80,430
8 38,120 37,338 85,230 82,320 25,296 24,661 59,800 57,370 37,579 36,797 84,090 81,180
9 38,125 37,383 85,250 82,470 25,289 24,663 59,810 57,380 37,583 36,841 84,130 81,320
10 38,153 37,372 85,330 82,430 25,302 24,663 59,820 57,380 37,612 36,830 84,190 81,280
11 38,330 37,542 85,860 82,920 25,316 24,680 59,870 57,440 37,778 36,990 84,690 81,750
12 38,893 38,001 87,520 84,260 25,375 24,729 60,060 57,590 38,320 37,433 86,270 83,000
13 38,426 37,586 86,170 83,050 25,328 24,688 59,900 57,460 37,880 37,034 84,980 81,870
14 38,497 37,667 86,360 83,280 25,336 24,701 59,930 57,480 37,945 37,110 85,170 82,080
15 38,781 37,956 87,200 84,120 25,357 24,727 60,030 57,570 38,213 37,389 85,970 82,890
16 38,766 37,832 87,180 83,750 25,358 24,713 60,020 57,530 38,204 37,270 85,950 82,530
17 38,976 37,991 87,800 84,220 25,384 24,730 60,090 57,580 38,403 37,423 86,540 82,980
18 39,756 38,406 90,220 85,440 25,459 24,772 60,350 57,720 39,162 37,828 88,860 84,120
19 38,906 37,851 87,380 83,590 25,372 24,721 60,050 57,550 38,333 37,278 86,100 82,310
20 38,768 37,572 87,240 83,030 25,355 24,684 60,020 57,470 38,200 37,010 85970 81,770
21 38,985 37,720 87,590 83,140 25,382 24,706 60,080 57,490 38,407 37,147 86,310 81,880
22 38,931 37,618 87,420 82,850 25,381 24,694 60,060 57,470 38,352 37,051 86,140 81,600
23 38,904 37,600 87,340 82,800 25,380 24,697 60,060 57,460 38,331 37,033 86,080 81,560
24 38,819 37,563 87,100 82,710 25,369 24,686 60,030 57,450 38,251 36,995 85,840 81,470
Table 6 Cost ($) of D-STATCOM.
Time (h) CPLS, proposed stability index (at 30th bus) Voltage sensitivity index (at 25th bus) FVSI, VSI (at 29th bus)
Case A Case B Case C Case D Case A CaseB CaseC CaseD CaseA CaseB CaseC CaseD
1 5171.4 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5304 51714  7425.6 7293
2 5038.8 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6 3978 5304 51714 7425.6 7293
3 5038.8 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5304 51714  7425.6 7293
4 5038.8 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5304 5171.4  7425.6 7293
5 5171.4 5038.8 7293 7027.8 2784.6 2784.6 42432  4110.6 5304 5171.4  7425.6 7293
6 5038.8 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5171.4 51714  7425.6 71604
7 5038.8 4906.2 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5304 S5171.4  7425.6  7160.4
8 5038.8 5038.8 7027.8 7027.8 2784.6 2784.6  4110.6  4110.6 5171.4 51714 7293 7293
9 5038.8 5038.8 6895.2 7027.8 2784.6 2784.6  4110.6  4110.6 5171.4 51714 7293 7293
10 5038.8 5038.8 7027.8 7027.8 2784.6 2784.6  4110.6  4110.6 5171.4 51714 7293 7293
11 5038.8 5038.8 7160.4 7027.8 2784.6 2784.6  4110.6  4110.6 5171.4 51714  7425.6 7293
12 5171.4 5038.8 7293 7160.4 2784.6 2784.6  4110.6  4110.6 5304 5304 7558.2 7293
13 5038.8 5038.8 7160.4 7160.4 2784.6 2784.6  4110.6  4110.6 5304 S5171.4  7425.6 7293
14 5038.8 5038.8 7160.4 7160.4 2784.6 2784.6  4110.6  4110.6 5304 51714  7425.6  7425.6
15 5171.4 5038.8 7160.4 7160.4 2784.6 2784.6 42432  4110.6 5304 5304 7558.2  7425.6
16 5171.4 5038.8 7293 7160.4 2784.6 2784.6 42432  4110.6 5304 5171.4  7558.2  7425.6
17 5171.4 5038.8 7293 7160.4 2784.6 2784.6 42432  4110.6 5304 5304 7558.2  7425.6
18 5171.4 5038.8 7558.2 7293 2917.2 2784.6 42432 42432 5436.6 5304 7823.4  7558.2
19 5171.4 5038.8 7293 7160.4 2784.6 2784.6  4110.6  4110.6 5304 5304 7690.8 7293
20 5038.8 5038.8 7293 7027.8 2784.6 2784.6  4110.6  4110.6 5304 5171.4  7425.6 7293
21 5171.4 5038.8 7293 7027.8 2784.6 2784.6  4110.6  4110.6 5304 S5171.4  7558.2 7293
22 5171.4 5038.8 7293 7027.8 2784.6 2784.6  4110.6  4110.6 5304 5171.4  7558.2 7293
23 5171.4 5038.8 7293 7027.8 2784.6 2784.6 42432 3978 5304 S171.4  7558.2 7293
24 5171.4 5038.8 7293 7027.8 2784.6 2784.6 42432  4110.6 5304 51714  7425.6 7293

D-STATCOM at 25th bus, 29th bus and 30th bus is presented
in Table 8 for comparison. Comparison of minimum voltage,
minimum voltage stability margin, Annual cost savings after

installation of D-STATCOM at 25th bus, 29th bus and 30th
bus is given in Figs. 23-25 respectively. Annual cost savings
are higher with D-STACOM installed at 30th bus than D-
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Table 7 Annual savings ($) after installation of D-STATCOM.
Time (h) CPLS, proposed stability index (at 30th bus) Voltage sensitivity index (at 25th bus) FVSI, VSI (at 29th bus)
Case A Case B Case C Case D Case A CaseB CaseC CaseD CaseA CaseB CaseC CaseD

1 33,541 32,473 79,630 75,532 22,572 21,897 55,879 53,309 32,840 31,779 78,124 74,047
2 33,593 32,425 79,400 75,402 22,565 21,891 55,859 53,432 32,765 31,730 77,904 73,917
3 33,544 32,404 79,250 75,362 22,564 21,892 55,839 53,299 32,717 31,715 77,764 73,887
4 33,540 32,440 79,250 75,472 22,559 21,896 55,839 53,309 32,717 31,751 77,764 73,987
5 33,542 32,575 79,517 75,852 22,567 21,910 55,757 53,349 32,841 31,881 78,144 74,357
6 33,325 32,221 78,640 74,852 22,539 21,871 55,779 53,239 32,636 31,542 77,184 73,530
7 33,428 32,180 79,250 74,502 22,547 21,855 55,809 53,169 32,621 31,389 77,824 73,270
8 33,081 32,299 78,202 75,292 22,511 21,876 55,689 53,259 32,408 31,626 76,797 73,887
9 33,086 32,344 78,355 75,442 22,504 21,878 55,699 53,269 32,412 31,670 76,837 74,027
10 33,114 32,333 78,302 75,402 22,517 21,878 55,709 53,269 32,441 31,659 76,897 73,987
11 33,291 32,503 78,700 75,892 22,531 21,895 55,759 53,329 32,607 31,819 77,264 74,457
12 33,722 32,962 80,227 77,100 22,590 21,944 55949 53,479 33,016 32,129 78,712 75,707
13 33,387 32,547 79,010 75,890 22,543 21,903 55,789 53,349 32,576 31,863 77,554 74,577
14 33,458 32,628 79,200 76,120 22,551 21,916 55,819 53,369 32,641 31,939 77,744 74,654
15 33,610 32,917 80,040 76,960 22,572 21,942 55,787 53,459 32909 32,085 78,412 75,464
16 33,595 32,793 79,887 76,590 22,573 21,928 55,777 53,419 32,900 32,099 78,392 75,104
17 33,805 32,952 80,507 77,060 22,599 21,945 55,847 53,469 33,099 32,119 78,982 75,554
18 34,585 33,367 82,662 78,147 22,542 21,987 56,107 53,477 33,725 32,524 81,037 76,562
19 33,735 32,812 80,087 76,430 22,587 21,936 55,939 53,439 33,029 31,974 78,409 75,017
20 33,729 32,533 79,947 76,002 22,570 21,899 55,909 53,359 32,896 31,839 78,544 74,477
21 33,814 32,681 80,297 76,112 22,597 21,921 55,969 53,379 33,103 31,976 78,752 74,587
22 33,760 32,579 80,127 75,822 22,596 21,909 55949 53,359 33,048 31,880 78,582 74,307
23 33,733 32,561 80,047 75,772 22,595 21,912 55,817 53,482 33,027 31,862 78,522 74,267
24 33,648 32,524 79,807 75,682 22,584 21,901 55,787 53,339 32,947 31,824 78,414 74,177

Table 8 Comparison of real power losses after installation of D-STATCOM.
Time (h) CPLS, proposed stability index (at 30th bus) Voltage sensitivity index (at 25th bus) FVSI, VSI (at 29th bus)
Case A Case B Case C Case D Case A Case B CaseC CaseD Case A CaseB CaseC CaseD

1 130.78 127.07 339.51 323.95 156.19 151.48  390.5 371.78 131.86  128.14 341.87  326.28
2 130.99 127.39 340.44 325.35 156.26 151.72  391.04  372.95 132.06  128.46  342.78  327.66
3 131.12 127.6 341.04 326.22 156.3 151.89  391.38  373.75 132.19  128.66 34336  328.52
4 131.11 127.57 340.98 326.09 156.29 151.92  391.33  373.8 132.17  128.63 3433 328.4
5 130.74 126.99 339.32 323.57 156.16 151.57 39034  371.93 131.82  128.06 341.69 32592
6 131.69 128.52 343.65 330.2 156.5 152.5 39295  376.87 132,75  129.56 34591 33245
7 134.12 132.39 354.51 347.12 159.11 156.07  404.9 393.26 135.15 13339  356.71  349.22
8 132.99 131.7 349.67 344.11 157.39 155.82  398.06  391.58 134.02  132.73  351.84  346.28
9 132.83 131.54 348.97 343.36 157.25 155.74  397.37  391.09 133.86  132.57 351.1 345.54
10 132.89 131.58 349.2 343.54 157.34 155.76  397.74  391.19 133.92  132.61 351.37 345.72
11 132.44 130.99 347.12 340.92 157.2 155.46  396.57  389.4 133.49  132.04 34935 343.15
12 131.33 129.47 342.02 334.12 157.05 154.72  394.28  384.86 132.42  130.55 344.4 336.52
13 132.37 130.83 346.73 340.16 157.29 15537  396.7 388.86 133.41 131.88 34899 34241
14 132.16 130.58 345.81 339.05 157.2 155.25  396.1 388.12 133.21  131.64 348.08  341.32
15 131.41 129.63 342.41 334.85 156.95 154.8 394.11 385.36 132.49  130.71 34475 3372
16 131.8 130 344.12 336.47 157.31 154.96  395.79  386.35 132.87  131.07 346.46  338.79
17 131.42 129.47 342.37 334.11 157.28 154.7 395.09  384.79 132.51 130.55 34477 336.48
18 130.64 128.07 338.64 327.88 157.84 154.01 39548  380.61 131.77  129.17 341.23  330.38
19 130.22 126.14 336.95 319.92 155.97 151.12 38894  369.47 131.31 127.23 33939  322.36
20 127.42 123.36 329.29 312.41 152.94 147.88  381.06  361.04 128.5 12443  331.7 314.8
21 130.09 125.97 336.36 319.25 155.97 150.73  388.7 368.05 131.19  127.06  338.8 321.65
22 130.25 126.24 337.09 320.4 156.03 150.83  389.14  368.69 131.35  127.32  339.51  322.77
23 130.32 126.35 337.4 320.86 156.05 150.9 389.31 369.07 131.41 127.43  339.81  323.22
24 130.52 126.65 338.29 322.17 156.11 151.15  389.81 370.23 131.6 127.73  340.69  324.52

STATCOM placed at 25th and 29th bus. This is due to the power losses in case A for first hour are 130.78 kW after place-
higher reduction in power losses with D-STATCOM placed ment of D-STATCOM at 30th bus, 156.19 kW after placement
optimally at 30th bus compared to other buses. Total real of D-STATCOM at 25th bus and 131.86 kW after placement
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Figure 23  Comparison of minimum voltage after installation of D-STATCOM.
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Figure 25 Annual cost savings after installation of D-STATCOM in mesh distribution system.

of D-STATCOM at 29th bus as observed from Table 8. Sim- of the D-STATCOM is better obtained with CPLS and the
ilarly comparative results for all other cases for each our can proposed stability index compared to the other sensitivity
be seen easily from Table 8. It is concluded that the location indices.
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7. Conclusions

In this paper, optimal D-STATCOM placement and size are
obtained based on sensitivity approaches for a mesh distribu-
tion system. A new stability index is proposed for optimal
placement of D-STATCOM for mesh distribution system.
Based on the analysis carried out, the following conclusions
are made:

e The placement of D-STATCOM based on the sensitivity
method CPLS and the proposed SI is better compared to
other sensitivity methods as the sizes of D-STATCOM
are lower for KVAR support and thereby the cost of D-
STATCOM/KVAR is also lower.

e Average summer load is slightly higher than winter load,

thereby D-STACOM rating is also slightly higher in sum-

mer than in winter season.

With the D-STATCOM, there is significant improvement in

voltage profile, enhanced voltage stability margin, reduc-

tion in power losses and cost of energy losses and thereby
annual energy savings are higher.

e Power losses increase with load growth accordingly, and the
required D-STATCOM KVAR support also increases to
meet reactive power requirements of load growth. Annual
energy savings obtained due to energy loss reduction are
higher with load growth after installation of D-STATCOM.

The proposed sensitivity method and CPLS give better
location compared to the other sensitivity indices as voltage
profile, losses, enhanced voltage stability margins and lower
cost of reactive support/KVAR are better. The annual savings
obtained with D-STATCOM without and with load growth
are observed higher when the device is placed at 30th bus.
Hence, this study can help the system operator to plan the bet-
ter distribution system with optimal reactive power planning.
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