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Abstract: Distribution static compensators (D-STATCOMs) can enhance the technical performance
of the power distribution network by providing rapid and continuous reactive power support to
the connected bus. Accurate modeling and efficient utilization of D-STATCOMs can maximize their
utility. In this regard, this article offers a novel current-injection-based D-STATCOM model under
the power control mode of operation for the reactive power compensation of the power distribution
network. The versatility of the proposed D-STATCOM model is demonstrated by combining it with
two of the most established distribution load flow techniques, viz., the forward–backward sweep
load flow and the BIBC–BCBV-matrix-based direct load flow. Further, the allocation of the proposed
D-STATCOM model is carried out under a multiobjective mathematical formulation consisting
of various technical and economic indices such as the active power loss reduction index, voltage
variation minimization index, voltage stability improvement index and annual expenditure index.
A novel parameter-free metaheuristic algorithm, namely a student-psychology-based optimization
algorithm, is proposed to determine the optimal assignment of the different number of D-STATCOM
units under the multiobjective framework. The proposed allocation scheme is implemented on a
standard 33-bus test system and on a practical 51-bus rural distribution feeder. The obtained results
demonstrate that the proposed D-STATCOM model can be efficiently integrated into the distribution
load flow algorithms. The student-psychology-based optimization algorithm is found to be robust
and efficient in solving the optimal allocation of D-STATCOMs as it yields minimum power loss
compared to other established approaches for 33-bus PDNs. Further, the economic analysis carried
out in this work can guide network operators in deciding on the number of D-STATCOMs to be
augmented depending on the investment costs and the resulting savings.

Keywords: D-STATCOM modeling; distribution load flow; reactive power compensation; power
distribution network

1. Introduction

In a deregulated power system structure, high-quality power supply plays a vital
role for power distribution network operators (PDNOs). However, the radial mode of
functioning of the traditional passive distribution grid leads to poor system performance.
Further, with load expansion on the rise, PDNOs need to envisage optimal planning of
the power distribution network (PDN) considering the augmentation of state-of-the-art
devices to foster dependable and quality power for the end users. Various power quality
(PQ) issues such as voltage sag, voltage swell, flicker, voltage interruption, harmonic
distortions and many others have a profound impact on the customers in terms of data
loss, increased production downtime, shutdown of critical loads and recurring equipment
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failures resulting in significant economic loss [1]. Optimal reactive power management can
alleviate the majority of the PQ issues, such as voltage sag, voltage swell and interruption [2].
Traditionally, a combination of fixed and switched shunt capacitor banks (SCBs) is optimally
allocated to manage the reactive power across the PDN. However, from operational aspects,
capacitors connected along with inductive elements may cause oscillatory response, and
more importantly, they cannot deliver continuously varying reactive power [3]. On the other
hand, synchronous condensers (SCs) can inject the required varying reactive power into
the connected bus. However, SCs are very expensive and need frequent maintenance [4].

Amidst the issues with traditional strategies (SCBs/SCs) to optimally manage the
reactive power of the PDN, custom power devices (CPDs) are becoming more promising
alternatives for PDNOs. Custom power devices [5] are static controllers used in medium-
voltage distribution systems (1–38 kV) to mitigate power quality concerns related to RMS
voltage variations [6]. Different CPDs such as a series-connected dynamic voltage restorer
(DVR) can alleviate voltage sag or other voltage imbalances, a shunt-connected distri-
bution static compensator (D-STATCOM) can mitigate current-related PQ issues, and a
unified power quality conditioner (UPQC) with both series and shunt arms is effective
in minimizing both voltage- and current-related PQ disturbances. A D-STATCOM, more
specifically, is effective in suppressing current-related issues such as reactive power com-
pensation [7], voltage regulation [8], current harmonics and load balancing [9]. Moreover,
D-STATCOMs cost less, have a compact size, inject minimal harmonics and require simple
control algorithms compared to other CPD variants [7].

An accurate modeling of the D-STATCOM can ensure both correct incorporation
and effective utilization of the device. Different D-STATCOM modeling approaches are
available in the literature. Most of the earlier approaches consider the distribution system as
a single source connected to a single sensitive load for deriving the D-STATCOM model [8]
which can only be helpful for accessing the dynamic impact of the device. However, from a
planning perspective, the model of a PDN connected to several load centers is required to
study the steady-state performance. The steady-state model of the D-STATCOM (SMD)
was derived as a synchronous condenser [10] and a static compensator (STATCOM) [11–13].
An accurate D-STATCOM model (ADM) was curated in [8] for boosting the steady-state
voltage of the sensitive bus (SB) to 1.0 p.u. In this approach, the voltage phase angle of the
SB and the magnitude of the current injected by the D-STATCOM were the unknowns that
were computed by integrating the D-STATCOM model into a forward–backward sweep
load flow (FBS-LF). Likewise, the authors of [14] modeled a D-STATCOM to maintain the
SB voltage at 1.0 p.u. The voltage phase angle of the SB and the current injected by the
D-STATCOM were calculated from the load flow and were further utilized to determine the
capacity of the D-STATCOM. In [15], the authors incorporated the ADM into a BIBC–BCBV-
matrix-based direct load flow (BB-DLF). The authors in [16] suggested a D-STATCOM with
an optimal phase angle for reactive power regulation. The size of the D-STATCOM was
obtained by inserting the optimal phase angle at the connected bus. The derived model
was linked with a forward–backward sweep load flow procedure. For an unbalanced
PDN, a three-phase SDM was presented in [17]. For the relatively unbalanced secondary
distribution system, a three-phase D-STATCOM model is suitable. However, for primary
distribution networks, D-STATCOM’s single-phase modeling is employed. An SDM for
mesh distribution networks (MPDNs) was introduced in [18] by utilizing a BB-DLF.

Several D-STATCOM allocation strategies were discussed in the earlier literature. Few
researchers have used sensitivity-based techniques to first identify the suitable location for
the D-STATCOM followed by metaheuristic algorithms to determine the optimal device
size [15,19–21]. However, the use of sensitivity approaches to pre-locate placements may
not yield optimal allocation for D-STATCOMs [22]. Simultaneous optimal allocation of
D-STATCOMs was also accomplished exclusively using different metaheuristic techniques
in [23–26]. However, metaheuristic approaches with algorithm-specific control parameters
introduce additional complexity to the optimal allocation of D-STATCOMs (OADS) [27].
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The above discussion highlights that steady-state D-STATCOM models can be more
effective to access the long-term impact of the allocation of the device on the entire PDN. In
the earlier models [8,14–16], the size of the D-STATCOM is determined from the results
of the distribution load flow. OADS using parametric metaheuristic approaches is quite
complex. This motivated the authors to present a novel current-injection-based steady-state
D-STATCOM model that can effortlessly integrate with distribution load flows where
the size of the device is not dependent on the load flow results. Further, a parameter-
free metaheuristic technique, namely student-psychology-based optimization (SPBO), is
suggested to solve OADS considering a multiobjective formulation consisting of technical
and economic indices. Student-psychology-based optimization [28] is a new metaheuristic
technique that was inspired by the psychology of students belonging to different study
groups to continuously improve their class performance to be the best student. The SPBO
algorithm does not have any algorithm-specific parameters except trivial parameters such
as initial population size and the maximum number of iterations. Due to this, the SPBO
algorithm has been successfully implemented to solve various engineering optimization
problems [29–31].

The rest of the manuscript is organized as follows: Section 2 revisits two earlier
D-STATCOM models followed by the proposed current-injection-based D-STATCOM
modeling. In Section 3, the detailed steps for integrating the proposed D-STATCOM model
with an FBS-LF and a BB-DLF are discussed. Multiobjective problem formulation for the
OADS and SPBO algorithm is introduced in Section 4. OADS using SPBO is proposed in
Section 5. The detailed result analysis is carried out in Section 6. Conclusion of the work is
summarized in Section 7.

2. D-STATCOM Modeling Features

The D-STATCOM is a shunt-connected CPD capable of exchanging both active and
reactive power to improve the power quality at the distribution level. It includes an
IGBT- or GTO-based voltage source converter (VSC), DC capacitor bus, energy storage
device, coupling transformer and tuned filter. Because of the VSC’s ability to swap roles as
generalized capacitive and inductive reactance synchronously, the D-STATCOM may export
or import reactive power at the point of common coupling (PCC) to facilitate continuous
reactive power compensation up to the device’s maximum MVA rating. The DC capacitor
bus helps maintain a constant DC link voltage at the DC side of the device and thereby
helps regulate the output AC voltage of the D-STATCOM. A D-STATCOM coupled with
energy storage devices can deliver active power in addition to reactive power support. The
AC side of the VSC is interfaced with the PCC through the coupling transformer. A tuned
filter is designed to suppress the harmonics within the stipulated margin.

The D-STATCOM may operate either in power control mode (PCM) or voltage control
mode (VCM) [12]. In PCM, a soft voltage constraint is applied at the compensated node
(CN), and the size of the D-STATCOM is estimated to provide the necessary reactive power
compensation at the PCC and also to the downstream nodes. So, the CN is represented
as a PQ node. Meanwhile, in VCM, a harder voltage constraint is imposed on the CN to
provide regulated voltage locally for the exigent customers (critical load), and therefore the
size of the D-STATCOM is determined to provide steady-state voltage compensation at the
CN. Thus, the CN is modeled as a PV node. A schematic representation of a D-STATCOM
as a PQ bus and a PV bus is shown in Figure 1.
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Figure 1. Schematic representation of D-STATCOM modeled as (a) PQ Bus and (b) PV Bus.

Let us consider a part of a PDN (consecutive two nodes) where the D-STATCOM is
intended to be allocated. Figure 2 depicts the part of the PDN (consecutive two nodes)
before the allocation of the D-STATCOM.

Figure 2. Single-line diagram of two consecutive nodes of a PDN.

Applying Kirchhoff’s voltage law (KVL) to the part of the PDN shown in Figure 2
results in the following equation.

Vt+1∠θt+1 = Vt∠θt − (Rm + jXm)Im∠δm (1)

where Vt and Vt+1 are the bus voltages of t and t + 1 node. θt and θt+1 are the corresponding
phase angles, respectively. Im and δm represent the branch current and corresponding
phase angle of the mth branch. Branch resistance and reactance of the mth branch are
represented by Rm and Xm, respectively. Figure 3 depicts the phasor diagram corresponding
to Equation (1).

Figure 3. Phasor diagram of two consecutive nodes of a PDN.
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Now let us connect a D-STATCOM to the t + 1 bus, and the compensated PDN of
Figure 2 is now drawn in Figure 4. Hence, the modified KVL equation for the compensated
PDN is obtained as:

V′t+1∠θ′t+1 = V′t ∠θ′t − (Rm + jXm)[Im∠δm + IDSTATCOM∠ψ] (2)

where ID-STATCOM and ψ are the current injected and phase angle of the D-STATCOM,
respectively. The phasor diagram corresponding to Equation (2) is shown in Figure 5.

Figure 4. Single-line diagram of two consecutive nodes of a PDN with D-STATCOM at (t + 1)th node.

Figure 5. Phasor diagram of two consecutive nodes of a PDN with D-STATCOM at (t + 1)th node.

From the phasor diagram, one can say that the voltage magnitude of the compen-
sated bus has changed from Vt+1 to Vt+1’ due to the additional current supplied by the
D-STATCOM.

2.1. Approach A1 [8]

In this approach, the D-STATCOM is modeled as a reactive power source. So, the
current supplied by the D-STATCOM (IDSTACOM) will be in quadrature to the voltage of the
compensated node (Vt+1′ ). Hence,

ψ =
π

2
+ θ′t+1 (3)

Now, substituting Equation (3) in Equation (2) and then separating real and imaginary
parts, the following equations are generated.

V′t+1 cos θ′t+1 = <e
(
V′t ∠θ′t

)
+ Xm IDSTATCOM sin

(π

2
+ θ′t+1

)
−<e

(
Zm I′m∠δ′m

)
− Rm ID−STATCOM cos

(π

2
+ θ′t+1

)
(4)
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V′t+1 sin θ′t+1 = =m
(
V′t ∠θ′t

)
− Xm IDSTATCOM cos

(π

2
+ θ′t+1

)
−=m

(
Zm I′m∠δ′m

)
− Rm ID−STATCOM sin

(π

2
+ θ′t+1

)
(5)

Let us define the following
a1 = <e(V′t ∠θ′t)−<e(Zm I′m∠δ′m),
a2 = =m(V′t ∠θ′t)−=m(Zm I′m∠δ′m)
a3 = V′t+1
a4 = −R and
a5 = −X
Then,

ID−STATCOM =
a3 cos θ′t+1 − a1

−a4 sin θ′t+1 − a5 cos θ′t+1
(6)

ID−STATCOM =
a3 sin θ′t+1 − a2

−a5 sin θ′t+1 + a4 cos θ′t+1
(7)

Now, equating Equations (6) and (7), we obtain,

(a1a5 − a2a4) sin θ′t+1 + (−a1a4 − a2a5) cos θ′t+1 + a3a4 = 0 (8)

Let k1 = (a1a5 − a2a4), k2 = a1a4 + a2a5 and x = sin θ′t+1.
Then, (

k2
1 + k2

2

)
x2 + (2k1a3a4)x +

(
a2

3a2
4 − k2

2

)
= 0 (9)

After finding the root of Equation (9), θ′t+1 can be determined as:

θ′t+1 = sin−1 x (10)

As Equation (9) yields two roots, the correct root is identified by applying load
flow conditions. Now, the current injected by the D-STATCOM can be computed using
Equation (6) or Equation (7). The size of the D-STATCOM is given by:

− jQD−STATCOM = V′t+1∠θ′t+1 I∗D−STATCOM∠
(π

2
+ θ′t+1

)
(11)

In this approach, the size of the D-STATCOM is computed from the load for ensuring
the voltage of the CN is 1.0. Hence, this modeling technique is called VCM–SDM.

2.2. Approach A2 [7]

The authors, in this approach, derived an analytical modeling of the D-STATCOM
based on optimal phase angle injection at the CN. The CN is treated as a PQ node, and
therefore this modeling is called PCM–SDM. The model is suitably integrated with the
FBS-LF. The detailed mathematical modeling is presented below.

The modified KVL equation after the integration of the D-STATCOM at t + 1 node and
the phase angle of the current supplied by the D-STATCOM were already expressed in
Equations (2) and (3). Now, applying some algebraic manipulation, the real and imaginary
parts of IDSTACOM can be expressed as:

ID−STATCOM cos(θ′t+1 +
π

2
) =

V′t Rm cos θ′t
R2

m + X2
m

+
V′t Xm sin θ′t
R2

m + X2
m
−

V′t+1Rm cos θ′t+1
R2

m + X2
m

−
V′t+1Xm sin θ′t+1

R2
m + X2

m
− I′m cos δ′m (12)

ID−STATCOM cos(θ′t+1 +
π

2
) =

V′t Rm sin θ′t
R2

m + X2
m
− V′t Xm cos θ′t

R2
m + X2

m
−

V′t+1Rm sin θ′t+1
R2

m + X2
m

+
V′t+1Xm cos θ′t+1

R2
m + X2

m
− I′m sin δ′m (13)
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From Equations (12) and (13), the magnitude of the current injected by the D-STATCOM
can be obtained as:

|ID−STATCOM| =
[C1 sin((δ′m − θ′t) + ϕ)]−

[
C2 sin

((
δ′m − θ′t+1

)
+ ϕ

)]
sin(δ′m − ψ)

(14)

where C1 =
V′t√

R2
m+X2

m
and C2 =

V′t+1√
R2

m+X2
m

.

Φ is a unique angle that satisfies the following conditions: 1. −π < ϕ < π and
2. tan ϕ = Xm

Rm
.

This model of the D-STATCOM is integrated into the FBS-LF at the bus by modifying
its reactive load demand as:

Q′Load(t) = QLoad(t)−QD−STATCOM (15)

where the size of the D-SATACOM is obtained from Equation (11) for a specific value of
θ′t. So, in this modeling, the size of the D-STATCOM is a function of the phase angle of the
CN. The optimal size of the D-STATCOM corresponds to the optimal location of the phase
angle of the CN. Generally, in control applications of the D-STATCOM, phase-angle-based
control has not been preferred as it produces both active and reactive power to regulate
voltage at the CN.

2.3. Proposed PCM–D-STATCOM Modeling

In the proposed modeling approach, the D-STATCOM is considered as a current
source (ID-STATCOM) whose magnitude and direction are decided by the relative polarity
between the D-STATCOM output voltage (VD-STATCOM) and the voltage of the compen-
sated node (VCN). If VD-STATCOM is greater than VCN, then ID-STATCOM flows from the
D-STATCOM to the PCC, and if VCN is greater than VD-STATCOM, then ID-STATCOM will flow
in the opposite direction.

In general, the power flow equation of the D-STATCOM coupled with energy-storing
devices can be written as:

SD−STATCOM = PD−STATCOM − jQD−STATCOM =
V′t+1VD−STATCOM

XL
sin α−

(
V′t+1VD−STATCOM

XL
cos α−

V′t+1
2

XL

)
(16)

where SD-STATCOM, PD-STATCOM and QD-STATCOM are the apparent power, real power and
reactive power of the D-STATCOM, respectively. VD-STATCOM is the output AC phase
voltage of the D-STATCOM, and XL is the leakage reactance. α represents the relative phase
angle difference between Vt+1′ and VD-STATCOM.

In the present work, the D-STACOM is considered to be capable of exchanging reactive
power only. So, PD-STATCOM = 0, and correspondingly, from Equation (16), α = 0. It implies
that for the D-STACOM to exchange reactive power only, the voltages of the compensated
node (Vt+1′ ) and the D-STACOM (VD-STATCOM) should in the same phase. Hence,

∠VDSTATCOM = ∠V′t+1 = θ′t+1 (17)

Further, the DC bus voltage decides the magnitude of the output AC phase voltage
of the D-STATCOM (VD-STATCOM) which is often regulated by the D-STATCOM control
algorithm. Without the loss of any generality, in the present study, the voltage magnitude
of the D-STATCOM voltage is considered as 1.0 p.u. Hence, it is the difference between the
output AC phase voltage of the D-STATCOM and the voltages of the compensated node
(Vt+1′ ) (and the leakage reactance connecting the two voltage sources) that will decide the
magnitude and direction of the current injected by the D-STATCOM at the PCC. Therefore,
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the size of the D-STATCOM can be determined using Equation (11). Now, the expression
for IDSTACOM in terms of QD-STATCOM and VD-STATCOM is obtained as:

ID−STATCOM =

(
−jQD−STATCOM

VD−STATCOM

)∗
=

∣∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣∣∠θ′t+1 +
π

2
(18)

In Equation (18), the value of θt+1′ is unknown. To compute it, Equation (18) is first
substituted in Equation (2), and then applying a few algebraic manipulations, the real and
imaginary parts of modified Equation (2) are formed which are:

Real part:

V′t+1 cos θ′t+1 = <e
[
V′t ∠θ′t − (Rm + jXm)Im∠δm

]
− Xm

∣∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣∣ cos θ′t+1 + Rm

∣∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣∣ sin θ′t+1 (19)

Imaginary part:

V′t+1 sin θ′t+1 = =m
[
V′t ∠θ′t − (Rm + jXm)Im∠δm

]
+ Xm

∣∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣∣ sin θ′t+1 − Rm

∣∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣∣ cos θ′t+1 (20)

Now, let us define
K1 = <e[V′t ∠θ′t − (Rm + jXm)Im∠δm]
K2 = =m[V′t ∠θ′t − (Rm + jXm)Im∠δm]
C1 = −Rm, C2 = −Xm, x1 = cos θ′t+1 and x2 = sin θ′t+1.
Now, substituting the above parameters in Equations (19) and (20), we obtain

x1 =

 K1(1− C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣) + K2C1

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣(
1 + C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣)(1 + C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣)+ C1C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣2
[ 1

V′t+1

]
(21)

x2 =

 K2(1 + C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣) + K2C1

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣(
1 + C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣)(1 + C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣)+ C1C2

∣∣∣QD−STATCOM
VD−STATCOM

∣∣∣2
[ 1

V′t+1

]
(22)

From Equations (21) and (22) θ′t+1 can be computed using Equation (23) or Equation (24) as:

θ′t+1 = cos−1(x1) (23)

θ′t+1 = sin−1(x2) (24)

3. Implementation of Load Flow with Proposed D-STATCOM Model

Load flow programs are the tools used to obtain the steady-state snapshot of the power
system which helps network operators in finalizing the optimal planning and operational
strategies. Distribution load flow programs (DLFPs) are specially designed to deal with
ill-conditioned (high R/X ratio, radial topology) PDNs. The proposed D-STATCOM model
is integrated with a forward–backward sweep load flow (FBS-LF) as discussed below.

3.1. Forward–Backward Sweep Load Flow

A forward–backward sweep load flow (FBS-LF) [32] involves two major steps, i.e.,
a backward sweep and a forward sweep. In the backward sweep, branch currents are
computed from node currents as follows.

Backward Sweep: First, all node voltages are initialized with 1.0 p.u. (i.e., flat voltage
initialization). Then, node currents are computed as:

In(t) =
PLoad(t)− jQLoad(t)

Vt∗
+ σ× IDSTATCOM t = 1, 2, 3 . . . nbus (25)
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where σ is a constant that is assigned unity if the node is connected with a D-STATCOM;
otherwise, it is assigned a zero.

Ib(m) = ∑t∈Γ In(t) (26)

where Γ consists of all downstream nodes corresponding to the mth branch. ID-STATCOM is
the current supplied by the D-STATCOM at the CN as computed using Equation (18).

Forward Sweep: Now, in the forward sweep, all the node voltages are determined as:

Vt+1 = Vt − Ib(m)Zm(m) (27)

Finally, a convergence check is carried out after each forward sweep using the follow-
ing equations.

∆Viter
error = max[abs

(
Viter

t −Viter−1
t

)
] (28)

∆Viter
error〈0.00001 (29)

Both backward sweep and forward sweep calculations are iterated until the conver-
gence criteria mentioned in (29) are satisfied.

3.2. BIBC–BCBV-Matrix-Based Direct Load Flow

The direct load flow approach [33] exploits the topology of the PDN. First, two
topology-specific matrices, namely bus injection to branch current (BIBC) and branch
current to bus voltage (BCBV), are developed. The multiplication of these two matrices is
utilized to yield the load flow solution.

The load flow program begins with assigning each bus voltages 1.0 p.u. The branch
currents are calculated utilizing the BIBC matrix which links the branch currents (Ib) to the
bus injections, i.e., node currents (In) as expressed in (30):

[Ib] = [BIBC][In] (30)

The bus injections (node currents) for each bus of the PDN in the presence of the
D-STATCOM can be computed as (25), and ID-STATCOM is computed using Equation (18).

Then, bus voltages are determined using the BCBV matrix that relates the branch
currents (computed in the previous step) with the bus voltages (deviation voltages of the
respective busses from the substation bus) as presented in Equation (33).

[∆V] = [BIBC][Ib] (31)

Further, Equations (30) and (31) are combined to directly obtain the variations in bus
voltages from the branch injections as follows.

[∆V] = [BIBC][BCBV][In] (32)

Or, [∆V] = [DLF][In] (33)

Where, [DLF] = [BIBC][BCBV] (34)

Each bus voltage except the substation bus is iteratively updated using Equations (25),
(33) and (35) unless a termination criterion is satisfied.[

Vk+1
]
= [Vk] +

[
∆Vk

]
(35)

4. Optimal Allocation of D-STATCOMs (OADS)
4.1. Active Power Loss Reduction Index (APLRI)

D-STATCOM allocation and sizing must be optimized to reduce active power losses.
The APLRI can be used to calculate the percentage reduction in active power loss in the
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PDN due to the inclusion of the D-STATCOM. As shown in Equation (36), the APLRI is the
ratio of power loss incurred by the PDN with the D-STATCOM (Plossdstat) to without the
D-STATCOM (Ploss0).

%APLRI =
Plossdstat

Ploss0 × 100 (36)

The power loss of the PDN can be obtained from the load flow analysis using
Equation (37).

Ploss =
nbranch

∑
m=1

|Im|2 × R(m) (37)

If the % APLRI is less than unity, optimal D-STATCOM allocation is acceptable since it
implies a decreased power loss of the PDN when D-STATCOMs are assigned. An APLRI
higher than or equal to unity is not advantageous to the PDN because it amounts to
greater or equal power loss in the presence of the D-STATCOM than in the absence of the
D-STATCOM.

4.2. Voltage Variation Minimization Index (VVMI)

For a radial PDN, with increased loading, the bus voltage fluctuates significantly. As
the distance between the bus and substation increases, the voltage fluctuations become more
noticeable. If the bus voltage variation exceeds a specified threshold, it might negatively
impact system performance. The voltage variation minimization index (VVMI) is a metric
that can be used to assess the effect of device allocation on the improvement of the voltage
profile. The % VVMI is defined as the ratio of voltage variation (VV) of the PDN with the
D-STATCOM (VVdstat) to without (VV0) the D-STTACOM as indicated in Equation (38):

%VVMI =
VVdstat

VV0 × 100 (38)

The voltage variation of the PDN can be computed using (39) from the load flow results.

VV =
nbus

∑
t=1

(VtV −Vs)
2 (39)

A % VVMI value less than one indicates that voltage regulation is better in the presence
of the D-STATCOM than in the absence of the D-STATCOM. Similarly, in the presence of
the D-STATCOM, a % VVMI larger than unity correlates to an unacceptable voltage profile.

4.3. Voltage Stability Improvement Index (VSII)

In an attempt to meet the growing load demand and large industrial load encroach-
ments, the PDN often ended up operating at the verge of stability limit. The voltage stability
index [34] is a key indicator that reveals the current stability status of the PDN. Therefore,
the impact of the D-STATCOM in alleviating stability issues can be well measured by the
voltage stability improvement index (VSII) which is shown in Equation (40).

%VSII =
(1−VSIdstat)

(1−VSI0)
× 100 (40)

The voltage stability index of any bus of the PDN can be computed from the load flow
results using Equation (41).

VSI(t+ 1) = |Vt|4− 4
[

Pe f f
t+1 × Xm −Qe f f

t+1 × Rm

]2
− 4
[

Pe f f
t+1 × Rm + Qe f f

t+1 × Xm

]
|Vt|2 (41)

where Pe f f
t+1 and Qe f f

t+1 are, respectively, the effective real and reactive power load fed through
bus t.
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The bus with the lowest VSI value is known as the critical bus, and the VSI of the
critical bus is used in Equation (40) to calculate the percentage VSII. Using a D-STATCOM,
a PDN with a % VSII less than unity is more secure than one without a D-STATCOM.
However, a % VSII score of more than one indicates that the PDN with a D-STATCOM is
more insecure than without a D-STATCOM.

4.4. Annual Expenditure Index (AEI)

The D-STATCOM is undoubtedly one of the most sophisticated and costly equipment
connected to the PDN. Therefore, it is essential to ascertain the economic feasibility of
D-STATCOM integration into the PDN. As the D-STATCOM helps in active power loss
reduction, over time, it is reflected as the cost of energy saving which is served as a benefit
to the utility. Meanwhile, the utility considers the annual installment paid toward the
D-STATCOM as an investment. To measure the economic benefit of the PDN, the annual
expenditure index (AEI) is framed which is the ratio of the annual expenditure of the utility
with (AEdstat) and without (AE0) the D-STATCOM as expressed in Equation (42).

%AEI =
AEdstat

AE0 × 100 (42)

The annual expenditure of the distribution utilities (DUs) without D-STATCOM
allocations accounts for the power purchased from the upstream grid as expressed in
Equation (43).

AE0 = P0
sub × kreal

sub × 8760 + Q0
sub × kreac

sub (43)

where P0
sub and Q0

sub are the substation real and reactive power import, respectively; kreal
sub

and kreac
sub are the cost coefficient of the real and reactive power and are considered as

78 USD/MWh and 5230 USD/kVAr.
When D-STATCOMs are installed in the PDN, the PDNOs have to bear the annual

investment cost of the D-STACOM (AICdstat) in addition to the cost of power import from
the upstream grid as manifested in Equation (44).

AEdstat = AICdstat + Pdstat
sub × kreal

sub × 8760 + Qdstat
sub × kreac

sub (44)

where Pdstat
sub and Qdstat

sub are the real and reactive power drawn by the substation in the
presence of the D-STATCOMs. For an optimally allocated D-STATCOM, the real and
reactive power import by the grid substantially reduces resulting in economic benefits for
PDNOs. The annual investment cost of the D-STATCOM comprises annual installation cost
(ICdstat ) and operation and maintenance cost IMdstat as shown in Equations (45)–(47).

AICdstat = ICdstat + IMdstat (45)

ICdstat =
Kdstat ∗QD−STATCOM

y

[
(1 + r)y ∗ r
(1 + r)y − 1

]
(46)

IMdstat = 0.05 ∗ ICdstat (47)

where r and y are the annual discount rate and life period of the D-STATCOM, respectively.
In the present analysis, the values of the annual installment cost of the D-STATCOM, annual
discount rate and D-STATCOM life are considered as 50 USD/kVAr, 10% and 30 years,
respectively. An AEI value of more than or equal to unity makes it economically infeasible
to consider D-STATCOM allocation. However, an AEI value of less than unity refers to
economic gain for the PDNOs who encourage the adoption of sophisticated devices to
boost the technical performance of the PDNs.

4.5. Multiobjective Function (MOF)

Wrong allocation and sizing of D-STATCOM may leave negative footprints on the
performance of the PDN. Hence, to clearly bring out the impact of the D-STATCOM on
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the PDN, techno-economic aspects are required to be considered. Therefore, the following
multiobjective function (MOF) demonstrated in Equation (48) is formulated by combining
the above techno-economic factors (APLRI, VVMI, VSII and AEI).

MOF = min(µ1 APLRI + µ2 ×VVMI + µ3 ×VSII + µ4. × AEI) (48)

where µ1, µ2, µ3 and µ4 are the constants that can be adjusted to prioritize the influence
of individual factors on the overall MOF. The values of these weighting factors are to be
carefully chosen and were chosen in this paper considering the analytical hierarchy process
(AHP) as described in [27].

4.6. Constraints

• Power Balance Constraints:

At a steady state, the real and reactive power of the PDN must be balanced. That is, the
real power import at the substation must be equal to the sum of the total real power load of
the system and the total real power loss of the system in the presence of the D-STATCOM.
Similarly, the reactive power import at the substation and the total reactive power supplied
by the D-STATCOM units must be equal to the combination of total reactive power load
and total reactive power loss in the presence of the D-STATCOM.

Psub =
nbus

∑
t=1

Pload(t) + Plossdstat (49)

Qsub +
ndstat

∑
j=1

QDSTATCOM,j =
nbus

∑
t=1

Qload(t) + Qlossdstat (50)

• Voltage Constraint:

The voltage at any bus of the PDN must not vary beyond a certain voltage range
which is stated in Equation (51). In this paper, the range is set at ±5%.

Vmin
i < Vi < Vmax

i (51)

• Current Constraint:

The feeder of the PDN has a thermal limit. Therefore, the current flowing through
the branches must be restricted to the safe limits of the feeders as shown in Equation (52)
where Imax

m is the maximum allowable branch current considering thermal limit.

|Im| ≤ |Imax
m | (52)

• D-STATCOM Capacity Constraint:

The net reactive power supplied by D-STATCOM units should be less than the total
reactive power demand of the PDN as shown in Equation (53).

ndstat

∑
j=1

QDSTATCOM,j ≤
nbus

∑
t=1

Qload(t) (53)

5. Proposed OADS Using (SPBO) Algorithm
5.1. Student-Psychology-Based Optimization (SPBO)

Student-psychology-based optimization (SPBO) begins with an initial population of
the prospective solution vectors that represent the performance of N students of a class
in D different subjects. The fitness of the initial population is determined by evaluating
the objective function that resembles the overall marks secured by the students in the class
examination. The students often try to enhance their overall class performance by securing
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better marks in each subject offered to them and trying to be the topper of the class. The
student’s performance in a subject is influenced by factors such as the student’s interest,
motivation/incentives for the subject and efficiency and the capability of the student to
handle the subject. Therefore, the entire class is divided into four groups of students based
on the student’s psychology toward performing in the examination. Group-I represents the
student with the highest overall marks in the examination. S/he is called the best student
or topper of the class. A student who belongs to this group puts valiant effort into each
subject compared to any other student of the class to maintain his/her first position in the
class. Therefore, the performance of Group-I students can be expressed as:

pk+1
best,j = pk

best,j + (−1)α × rand×
(

pk
best,j − pk

rj

)
(54)

where the performance of the best student in the kth iteration and the (k + 1)th iteration
for the jth subject are shown as pk

best,j and pk+1
best,j, respectively. The performance of any

randomly selected student of the class in the kth iteration for the jth subject is represented
as pk

rj; α is the switching parameter which can either be 0 or 1; rand represents a random
number in the range of zero to unity.

Students who have performed well in the respective subjects are subjectwise good
students (SGS) and are placed in Group-II. Because of the stated factors, SGS, though they
performed well in a particular subject, might have average performance in some other
subjects. Therefore, the selection of students for Group-II is a random process. Some
students in Group-II may try to be in Group-I by endeavoring a similar effort as the best
student of the class, and their improvement in performance can be defined in (55).

pk+1
i,j = pk

best,j + rand×
(

pk
best,j − pk

i,j

)
(55)

where pk
i,j represents the performance of the ith student in the jth subject for iteration k.

Again, some SGS may put effort which is more than the average effort of the class as
well as in line with the effort made by the best student. It can be modeled as in (56).

pk+1
i,j = pk

i,j +
∣∣∣rand×

(
pk

best,j − pk
i,j

)∣∣∣+ ∣∣∣rand×
(

pk
i,j − pk

j,avg

)∣∣∣ (56)

where pk
j,avg is the average class performance for the kth iteration in the jth subject.

Students having average performance in a subject are included in Group-III and
are called subjectwise average students (SAS). Since students’ psychology is different for
different subjects, they are randomly included in Group-III. These students may improve
their overall performance as shown in (57).

pk+1
i,j = pk

i,j +
∣∣∣rand×

(
pk

j,avg − pk
i,j

)∣∣∣ (57)

Students who do not show any structured effort to improve their performance and
often perform poorly in the class belong to Group-IV and are referred to as below-average
students (BAS). BAS put random efforts into the subject to improve their overall score, and
therefore their performance improvement can be expressed as in (58).

pk+1
i,j = pmin

j +
[
rand×

(
pmax

j − pmin
j

)]
(58)

where pmax
j and pmin

j are the subjectwise maximum and minimum performance ranges.
Here, the psychology of different students to continuously upgrade their class perfor-

mance reflects the intrinsic philosophy of the optimization.
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5.2. Implementation of SPBO Algorithm for Solving OADS

In the SPBO algorithm, each feasible solution vector (Pi) is termed as the performance
of the students, while each entry (pij) represents the performance of the ith student in the
jth subject. The solution vectors shall contain sizes of D-STATCOMs followed by their
corresponding location strings which are generated using Equation (59).

Pi = [sizedstat1, . . . , sizendstat, locdstat1, . . . , locndstat] (59)

These solutions are randomly generated within the stipulated ranges of the rating and
insertion bus of the D-STATCOM as expressed in Equations (60) and (61).

sizedstat = sizedstat,min + rand(sizedstat,max − sizedstat,min) (60)

locdstat = round(locdstat,min + rand(locdstat,max − locdstat,min)) (61)

The step-by-step implementation procedure for OADS using the SPBO algorithm is
illustrated below in Figure 6.

Figure 6. Flow Chart for implementing SPBO for OADS.
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6. Results and Discussion

The proposed methodology for modeling a D-STATCOM, integrating it with distri-
bution load flow programs and determining the optimal allocation in a multiobjective
framework was accomplished on a standard 33-bus test system [35] and on a practical
51-bus rural feeder [36]. The 33-bus PDN caters to a total load of 3715 + j2300 kVA through
4 lateral and 32 branches at 12.66 kV. In the base case, the PDN incurs a real and reactive
power loss of 202.6 kW and 135.2 kVAr, respectively. The PDN experiences a minimum
bus voltage of 0.9131 at the 18th bus. Similarly, the 51-bus PDN caters to a total load
of 2463 + j1569 kVA through 6 lateral and 50 branches. Without the allocation of the D-
STATCOM, the PDN incurs a real and reactive power loss of 129.5 kW and 111.67 kVAr,
respectively. The PDN experiences a minimum bus voltage of 0.9081 at the 16th bus. All
simulations were performed on a laptop (Intel(R) Core (TM) i3-6006U CPU @2.00 GHz,
4 GB RAM) using a MATLAB 2016a software package.

6.1. Integration of D-STATCOM in Load Flow

The robustness and versatility of the suggested PCM–D-STATCOM model are illus-
trated by combining it with the most widely used distribution load flows: the forward–
backward sweep load flow (FBS-LF) and the BB-direct load flow (BB-DLF). For both load
flow methodologies, the load flow results of the test systems without and with D-STATCOM
allocation are compared. For this purpose, a D-STATCOM of arbitrary size is assigned
sequentially to two randomly chosen network buses with poor voltage magnitude for the
test systems. Figures 7 and 8 compare the voltage profiles of the 33-bus test system recorded
using both load flow methodologies when a D-STATCOM of 500 kVAr and 1000 kVAr is
connected to buses 18 and 33, respectively. Similarly, the voltage profile of the 51-bus
PDN when a D-STATCOM of 300 kVAr and 1000 kVAr is connected to buses 16 and 9,
respectively, is depicted in Figures 9 and 10. It may be noted from Figures 7–10 that the
voltage magnitude of each bus as obtained by the FBS-LF and BB-DLF are identically the
same. Hence, as far as D-STATCOM allocation is concerned, both load flow approaches are
equally good.

Figure 7. Comparison of voltage profile of PDN as obtained by FBS-LF and BB-DLF when a 500 kVAr
D-STATCOM is allocated to bus 18 of 33-bus PDN.
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Figure 8. Comparison of voltage profile of PDN as obtained by FBS-LF and BB-DLF when a 1000 kVAr
D-STATCOM is allocated to bus 33 of 33-bus PDN.

Figure 9. Comparison of voltage profile of PDN as obtained by FBS-LF and BB-DLF when a 300 kVAr
D-STATCOM is allocated to bus 16 of 51-bus PDN.

Figure 10. Comparison of voltage profile of PDN as obtained by FBS-LF and BB-DLF when a
1000 kVAr D-STATCOM is allocated to bus 9 of 51-bus PDN.
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Tables 1 and 2 compare the performance of the studied load flow approaches for 33-bus
and 51-bus systems for both without and with the sequential allocation of a D-STATCOM.
The results indicate that both load flow techniques converged after four iterations; how-
ever, the FBS-LF is the quickest. The performance of PDNs is found to be better with a
D-STATCOM. However, optimal device assignment may result in the best possible ex-
ploitation of the D-STATCOM for overall system performance enhancement. The following
sections describe the optimal planning of a PDN with a D-STATCOM.

Table 1. Comparison of Performance of Load Flow for incorporation of proposed D-STATCOM
Modeling into 33-Bus PDN.

Parameters
Base Case 500 kVAr @ 18 1000 kVAr @ 33

FBS-LF DLF FBS-LF DLF FBS-LF DLF

Simulation Time, Sec 0.003075 0.005130 0.004685 005165 0.003321 0.005137

No. of Iteration 4 4 4 4 4 4

Ploss, kW 202.6650 202.6650 182.5309 182.4719 154.4535 154.3767

Qloss, kVAr 135.1327 135.1327 123.3050 123.2629 106.5591 106.5066

Vmin, p.u. 0.9131 0.9131 0.9212 0.9212 0.9226 0.9226

SImin, p.u. 0.6951 0.6951 0.7201 0.7201 0.7246 0.7246

Table 2. Comparison of Performance of Load Flow for incorporation of proposed D-STATCOM
Modeling into 51-Bus PDN.

Parameters
Base Case 300 kVAr @ 16 1000 kVAr @ 9

FBS-LF BB-DLF FBS-LF BB-DLF FBS-LF BB-DLF

Simulation Time, Sec 0.006032 0.010496 0.008924 0.010470 0.006214 0.013345

No. of Iteration 4 4 4 4 4 4

Ploss, kW 129.5500 129.5500 115.9553 115.9209 104.5432 103.9642

Qloss, kVAr 111.6786 111.6786 98.5217 98.4970 84.8979 84.3043

Vmin, p.u. 0.9081 0.9081 0.9237 0.9238 0.9319 0.9321

SImin, p.u. 0.6801 0.6801 0.7241 0.7242 0.7542 0.7549

6.2. Validation of the Proposed D-STATCOM Allocation Method Using SPBO Algorithm

The optimal location and size of D-STATCOM(s) are obtained by minimizing the
multiobjective function using the SPBO algorithm for different numbers of the devices.
In the present work, the initial class size and maximum iterations of 50 and 100 are set
for the SPBO algorithm. The best results out of 30 independent trial runs are considered
for OADS. The results for optimal D-STATCOM allocation to minimize real power losses
of the 33-bus PDN are compared with the established approaches in Table 3. It can be
seen from Table 3 that the proposed SPBO approach is superior compared to the genetic
algorithm (GA), immune algorithm (IA), differential evolution (DE) and modified sine
cosine algorithm (MoSCA) in minimizing the real power loss of the PDN for a different
number of D-STATCOM allocation. Further, the vanishingly small standard deviation
(SD) of the objective function proves the robustness of the proposed SPBO approach of
solving OADS.
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Table 3. Comparison of OADS using different methods for 33-bus PDN.

Methods Ndstat Location D-STATCOM
Size, MVAr Ploss, kW Worst Ploss,

kW
Average Ploss,

kW
SD of Ploss,

kW

Base case 0 – – 202.6 - - -

MoSCA [24] 1 30 1.3060 143.5 - - -

Proposed 1 30 1.3154 143.5 143.5963 143.5963 1.04 × 10−14

GA [37] 1 12 1114.2 173.9 - - -

IA [37] 1 12 0.9624 171.8 - - -

DE [26] 1 30 1.2527 143.5 - - -

MoSCA [24] 2 30
10

0.6645
1.0561 137.8 - - -

Proposed 2 30
12

1.1109
0.4936 135.7 135.7480 135.7480 1.04 × 10−9

MoSCA [24] 3
30
4

11

0.7713
0.9933
0.4251

135.2 - - -

Proposed 3
24
13
30

0.5555
0.4005
1.0890

132.1 132.1685 132.1683 3.48 × 10−5

The convergence characteristics of the SPBO algorithm for solving OADS to minimize
the MOF in 33-bus and 51-bus PDNs are shown in Figures 11 and 12. It may be noted
that the SPBO algorithm converges to the final optimal value within 20 iterations for
the 33-bus PDN and within 30 iterations for the 51-bus PDN for one, two and three
D-STATCOM allocation.

Figure 11. Convergence characteristics for OADS in 33-bus PDN.

Figure 12. Convergence characteristics for OADS in 51-bus PDN.
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6.3. Performance Analysis of the PDN in Presence of Optimally Allocated D-STATCOMs

Since the D-STATCOM is a costly piece of equipment, the optimal D-STATCOM
allocation is obtained to simultaneously optimize both technical and economical indices.
The simultaneous optimal placement and rating of one, two and three D-STATCOM units
for the minimum multiobjective function are obtained using the SPBO algorithm and are
presented in Tables 4 and 5 for the 33-bus and 51-bus PDNs, respectively. Tables 4 and 5
also report the real power loss, minimum bus voltage (Vmin), stability index of the critical
bus (VSIc), %APLRI, %VVMI, %VSII, %AEI and MOF for the optimal allocation of D-
STATCOM(s) for 33-bus and 51-bus PDNs. Tables 4 and 5 reveal that an optimally allocated
D-STATCOM resulted in a much-improved system performance both in terms of technical
and economic factors compared to the absence of the D-STATCOM for both of the studied
PDNs. Further, the system performance is the best when three D-STATCOM units are
optimally allocated than single- and double-unit allocation. In the presence of the three
optimally allocated D-STATCOMs, the power loss reduced to 139.1840 kW from 202.6 kW
for the 33-bus PDN and 101.0208 kW from 129.5 kW for the 51-bus PDN. Similarly, the
minimum bus voltage was improved to 0.9526 p.u. and 0.9498 p.u. with the D-STATCOM
from 0.9131 p.u. and 0.9081 p.u. without the D-STATCOM for the 33-bus and 51-bus
PDNs, respectively. The voltage stability index of the critical bus also improved from 0.6951
and 0.6801 without the D-STATCOM to 0.8236 and 0.8137 with optimally assigned three
D-STATCOMs for the 33-bus and 51-bus PDNs, respectively.

Table 4. Comparison of results for OADS using SPBO algorithm for 33-bus PDN.

Optimal Bus
Optimal

D-STATCOM
Rating, MVAr

RPL, kW Vmin, p.u. VSIc %APLRI %VVMI %VSII %AEI MOF

30 1.5810 145.9916 0.9280 0.7415 0.7204 0.5369 0.8477 0.9859 0.7139

14
30

0.7012
1.2669 141.8367 0.9508 0.8174 0.6999 0.3466 0.5990 0.9849 0.6360

15
7

30

0.4651
0.8283
1.0419

139.1840 0.9526 0.8236 0.6868 0.3141 0.5785 0.9843 0.6190

Table 5. Comparison of results for OADS using SPBO algorithm for 51-bus PDN.

Optimal Bus
Optimal

D-STATCOM
Rating, MVAr

RPL, kW Vmin, p.u. VSIc %APLRI %VVMI %VSII %AEI MOF

7 1.7763 107.7685 0.9369 0.7707 0.8319 0.3726 0.7169 0.9920 0.7360

7
14

1.4473
0.3142 102.1399 0.9457 0.7999 0.7884 0.3351 0.6254 0.9899 0.6917

5
15
9

1.2129
0.2428
0.7508

101.0208 0.9498 0.8137 0.7798 0.2911 0.5823 0.9895 0.6727

The effect of the optimal D-STATCOM allocation is assessed by the various technical
and economic indices of %APLRI, %VVMI, %VSII and %AEI defined in the present work.
As seen in Tables 4 and 5, the values of % APLRI, %VVMI, %VSII and %AEI for optimally
assigned three D-STATCOM units are 0.6868, 0.3141, 0.5785 and 0.9843 and 0.7798, 0.2911,
0.5823 and 0.9895, respectively, for the 33-bus and 51-bus PDNs which are significantly
lower compared to one and two D-STATCOM allocation. A comparison of the aforemen-
tioned indices for one, two and three optimal D-STATCOM allocations for the 33-bus and
51-bus PDNs is also presented in Figures 13 and 14.
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Figure 13. Comparison of performance indices for OADS in 33-bus PDN.

Figure 14. Comparison of performance indices for OADS in 51-bus PDN.

Figures 13 and 14 reveal that, for three optimally allocated D-STATCOM units, all four
indices are minimum compared to those of optimally allocated one and two D-STATCOM
unit(s) for both 33-bus and 51-bus PDNs. Hence, the PDN attains a superior technical
performance and economic gain for optimally allocated three D-STATCOM units.

Further, the voltage profile and the branch current variations for the PDN without
a D-STATCOM and optimally placed one, two and three D-STATCOMs are compared in
Figures 15–18 for 33-bus and 51-bus PDNs, respectively.

Figure 15. Comparison of voltage profile with and without D-STATCOMs of 33-bus PDN.
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Figure 16. Comparison of voltage profile with and without D-STATCOMs of 51-bus PDN.

Figure 17. Comparison of current profile with and without D-STATCOMs of 33-bus PDN.

Figure 18. Comparison of current profile with and without D-STATCOMs of 51-bus PDN.

From Figure 15, it is evident that the voltage profile of the 33-bus PDN is much better
in the presence of optimally allocated three D-STATCOMs than in the base case. However,
there is a marginal improvement in the voltage profile for three D-STATCOM allocation
than two D-STATCOM allocation. Similarly, for the 51-bus PDN, the voltage profile of
the PDN in the presence of optimally allocated three D-STATCOMs is far better than that
without the allocation of a D-STATCOM as seen in Figure 16. Further, except for a few buses,
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the voltage profile of the PDN for three D-STATCOM allocation and two D-STATCOM
allocation is more or less the same. In terms of the current drawn from the substation, the
allocation of one, two and three D-STATCOMs is not significantly different for both PDNs
as evident from Figures 17 and 18. However, the current drawn from the substation in
the presence of an optimally allocated D-STATCOM is significantly less as compared to
without any D-STATCOM for both of the studied PDNs.

6.4. Economic Analysis of the PDN in Presence of Optimally Allocated D-STATCOMs

From the perspective of power distribution network operators (PDNOs), the invest-
ment in the augmentation of sophisticated devices for the grid to improve technical per-
formance is justified if it is economically feasible. Hence, a detailed analysis of the annual
expenditure of the PDNOs without any device allocation and with the allocation of different
numbers of D-STATCOM(s) was carried out in this work. Table 6 reports the annual expen-
diture and saving thereof for the 33-bus and 51-bus PDNs with no D-STATCOM (base case),
one D-STATCOM, two D-STATCOMs and three D-STATCOMs. The result reveals that
without any device allocation, the 33-bus and 51-bus PDNOs incur an annual expenditure
of USD 2.6895 × 106 and USD 1.7802 × 106, respectively. Meanwhile, with one, two and
three optimally assigned D-STATCOM(s), the PDNOs have savings of USD 3.8016 × 104,
USD 4.0643 × 104 and USD 4.2323 × 104 for the 33-bus PDN and USD 1.4221 × 104,
USD 1.8049 × 104 and USD 1.8684 × 104 for the 51-bus PDN.

Table 6. Economic analysis of the PDNs with and without allocation of D-STATCOMs.

Parameters PDN Base Case Ndstat = 1 Ndstat = 2 Ndstat = 3

AE0 (USD)
(33-bus) 2.6895 × 106 - - -

(51-bus) 1.7802 × 106 - - -

AEdstat (USD)
(33-bus) - 2.6515 × 106 2.6489 × 106 2.6472 × 106

(51-bus) - 1.7660 × 106 1.7621 × 106 1.7615 × 106

Savings = AE0–AEdstat (USD)
(33-bus) - 3.8016 × 104 4.0643 × 104 4.2323 × 104

(51-bus) - 1.4221 × 104 1.8049 × 104 1.8684 × 104

7. Conclusions

This work presents a detailed revisit of the modeling features of D-STATCOMs. A new
D-STATCOM modeling approach based on current injection was proposed. The proposed
D-STATCOM model was coupled with two notable distribution system load flow programs,
namely the forward–backward sweep load flow and the BIBC- and BCBV-matrix-based
direct load flow, and the results demonstrate the versatility of the proposed D-STATCOM
modeling. Furthermore, the optimal allocation of the D-STATCOM was carried out with the
goal of improving the technical performance of the PDN and minimizing the PDN’s annual
investment cost. To solve the optimal allocation of the D-STATCOM in a multiobjective
framework comprising several technical and economic indicators, the APLRI, VVMI, VSII
and AEI, a new parameter-free metaheuristic method, namely a student-psychology-based
optimization algorithm, was presented. When compared to other metaheuristic techniques
such as DE, GA, IA and MoSCA, the results show that the SPBO algorithm is more efficient
and robust in solving OADS. When three D-STATCOMs are optimally deployed, the real
power loss is decreased to 139 kW from 202 kW for a 33-bus PDN and to 101 kW from
129 kW for a practical 51-bus PDN. Similarly, for optimally assigned three D-STATCOM
units, the reduction in voltage deviation and improvement in the voltage stability index
for the 33-bus PDN and 51-bus PDN were 0.9526 p.u., 0.8326 and 0.9498 p.u., 0.8137,
respectively. Further, the joint optimization of the technical and economic indices resulted
in savings of USD 3.8016 × 104, USD 4.0643 × 104 and USD 4.2323 × 104 for the 33-bus
PDN and USD 1.4221 × 104, USD 1.8049 × 104 and USD 1.8684 × 104 for the 51-bus PDN
with one, two and three optimally assigned D-STATCOM(s).
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