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ABSTRACT

The current trend of integrating sensitive loads and renewable energy sources (RES) at the Distribution
corridor require urgent attention for dealing with associated power quality problems in the system, ranging
from losses which decreases efficiency, voltage sags, voltage swells and flickers to other voltage instabilities. In
this research a dynamic voltage restorer (DVR) was considered for solving these problems. Forward/backward
flow algorithm techniques was considered in determining the system parameters. Water Cycle Algorithm
Techniques was employed in this optimization work due its many advantages over other meta-heuristics
algorithm, such as speed of convergence, ability to dodge premature convergence and not easily being trapped
by local minima. The Optimization problem was formulated for the minimization of the voltage deviation and
power loses by using water cycle algorithm in an IEEE 33-bus system and the real network of Nigeria
Agriculcural and Cooperative Bank (NACB) distribution system. The work was implemented in
MATLAB/Simulink environment. The results obtained shows that the WCA placed the DVR in the IEEE 33-bus
network at bus 18, thereby reducing the real and reactive power losses by 21%, 13.2% respectfully, and
improving the voltage profile by 12.27%. Similarly the method was demonstrated on a real-distribution network
at NACB feeder 58-bus with 57 line network. The WCA optimally placed the DVR at bus 29, thereby reducing
the real and reactive power by 27%, 6% respectfully, and improving the voltage profile by 4.92%.
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I INTRODUCTION

Delivery of quality and reliable electrical power to the customers in a cost-effective manner is the
major concern of utility companies. With the rapid growth and development of power grids, the distribution
network is faced with power quality problems ranging from losses which decrease efficiency, voltage sags,
swells and flickers, reliability problems to other voltage instabilities [1]. Also Power quality issues in modern
power distribution systems have gained significant attention due to the increased deployment of sensitive
electrical equipment, distributed generation, and renewable energy sources. Voltage disturbances such as sags,
swells, harmonics, and flickers disrupt the performance of sensitive devices, leading to inefficiencies and
financial losses. Addressing these challenges is essential to ensure reliable and stable power delivery [2]

The degree of any variation from the nominal voltage magnitude and frequency values is known as
electrical power quality. When variable power is applied to the load, power quality is a critical component of the
power system. The low power quality therefore affects the industrial and residential consumers with sensitive
loads. Even though there are many different kinds of loads on the distribution side, sensitive loads are more
negatively impacted by low power quality than others. In modern power systems, the problem of power quality
presents serious obstacles that have a negative impact on utility providers as well as users.A concentrated effort
is being made to provide end consumers with high-quality power due to an increase in demand and increased
competition among electric supply suppliers. Customers in the residential and commercial sectors are thus
disproportionately affected by low power quality, particularly those with sensitive loads [3].

Therefore, since electrical energy is an essential ingredient upon which any country depends for its
development, researchers and utility companies continue to look for ways to improve the quality, reliability and
safety of the power system [4]. Among the solutions that draw considerable attention are integration of
distributed generation (DG) technologies [5], reconfiguration of the network structure [6],[7] and application of
distribution flexible alternating current transmission system (D-FACTS) devices [8].
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The FACTS devices have been applied widely for increasing thermal loading capacity, post
contingency and voltage control, power system conditioning, mitigation of flicker on the line, increasing
reliability and security of the system and reactive powers compensation. Those devices applied at distribution
network are referred as distribution FACTS (D-FACTS) devices. They are evolving technology-based solution
that offers a superior adaption to varying operational conditions and enhances the usage of existing distribution
installations.

Amongst the various FACTS devices, Dynamic Voltage Restorer (DVR) has a unique ability to
provide a flexible control of the bus voltage magnitude and power reactive flowing through the branch where it
is connected. To enhance the performance of the FACTS devices, are usually tuned using heuristic or meta-
heuristic optimization algorithm. Not only are the device parameters optimally tuned, the location to install the
FACTS device within the network as well as their respective sizes are often optimally computed for the
enhancement of the network condition [8].

Dynamic Voltage Restorers (DVRs) have proven to be an effective solution for mitigating voltage-
related disturbances in distribution systems. A DVR, a power electronic device, stabilizes voltage by injecting
compensatory voltage during disruptions. Its effectiveness is influenced by optimal placement and sizing in the
distribution network to maximize system stability and minimize costs [9].

Optimization techniques have been widely applied to determine the best configuration of DVRs.
Traditional gradient-based methods struggle with the non-linear and complex nature of modern power systems,
making them less effective in solving multi-objective optimization problems. This limitation has led to the
adoption of meta-heuristic algorithms, which are more suited to handling complex optimization tasks. For
instance, meta-heuristics have been highlighted for their scalability and flexibility in solving energy resource
allocation challenges [10].

The Water Cycle Algorithm (WCA), inspired by natural hydrological processes such as evaporation,
precipitation, and river flow, is a recent meta-heuristic optimization technique that has gained traction. Its ability
to perform global searches and achieve fast convergence makes it an attractive option for power system
optimization problems, including DVR placement and sizing. Studies have demonstrated WCA’s superiority
over conventional methods such as Genetic Algorithms (GA) and Particle Swarm Optimization (PSO) in terms
of computational efficiency and solution quality [11].

Several studies have explored optimization algorithms for enhancing power quality. Research shows
DVRs' effectiveness in mitigating harmonics and voltage sags, emphasizing the importance of strategic
placement [12]. Other works highlight DVRS' role in improving the reliability of renewable energy-integrated
systems, providing insights into their deployment for stable grid operation [13]. Advanced optimization
techniques have also been reviewed, showcasing their application in solving power system challenges, including
DVR allocation [14].

1. LITERATURE
2.1 Review of Theoretical Concept
The theoretical foundation of this study revolves around power quality, Dynamic Voltage Restorers (DVRS),
and optimization techniques, particularly the Water Cycle Algorithm (WCA). These concepts are critical for
understanding the methodology and objectives of the proposed work.
2.1.1 Electricity Distribution System
Distribution network is one of three main components of power system, electric power system can be defined as
interconnection of electrical components/devices technically, with the aim of converting some forms of energy
into electrical energy and transmitting it from the point of generation to load centres with the purpose of
providing electricity to the consumers in a reliable and economical way [15].

2.1.1.1 Types of Distribution Network
The most commonly used distributed network architectures are.

1. Radial network

2. Ring network

3. Mesh network and

4. parallel network structure

2.1.1.1.1Radial Network Structure

The distribution system typically has a mesh structure, but by opening their connecting connections, it can
function in a radial configuration. Simple relay coordination, protection plans, and lower short-circuit currents
are to blame for this. Several feeders originate from the injection substation in this configuration, giving the
consumer a single power source [16].

The feeder is composed of a circuit breaker and the entire line connected to the circuit breaker, from the
distribution injection substation to the various substations (load buses) of the customer end. The main idea of

283



Optimal Allocation Of Dynamic Voltage Restorer In Distribution System Using Water ..

designing a feeder is how much current it can carry. The following are characteristics of a radial distribution
network;

1. The limitations and uncertainties of network parameters.

2. High resistance to reactance ratio (X / R)

3. Numerous nodes and branches.

4.Load changes continuously [16],

Figure 2.1 shows a simple 10-Bus radial system with two Tie-Switches.
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Figure 2.1: A Simple 10-Bus Radial System with Two Tie-Switches [16]

2.1.2 Power Flow Analysis in Distribution System

One of the most important and fundamental techniques for power system operation and planning in
recent decades is load flow analysis. This is used to guarantee consistent, cost-effective, and dependable
electrical power transfer from generators to consumers via the grid network. In the power system, it is the
movement of both active and reactive power from the source to the load. A rational mathematical method for
calculating multiple bus voltages, their phase angle, and the active and reactive power flows over different
nodes, branches, generators, and loads under steady state conditions is provided by load flow analysis[17].

Load flow calculations are classified into two, which the first category is the ladder network method
which comprises of basic laws of circuit theories like Kirchhoff’s voltage Law (KVL) and Kirchhoff’s current
Law (KCL). The other category includes Newton-Raphson, Decoupled Newton-Raphson and Gauss-Seidel
methods for transmission schemes and are typically built on nodal analysis method. But because of the
complexity of distribution networks, it has continually been shown that these methods may turn out to be
ineffective in the analysis of distribution schemes due to the different features of systems, such as; radial
structure, high R/X ratio, very huge number of nodes and branches, unbalanced loads, and un-transposed lines
[18], the backward-forward sweep is being used.

2.2 Backward-Forward Sweep (BFS) Technique for Power Flow Analysis

Power flow analysis was performed using the backward-forward sweep power flow technique for radial
distribution systems. In essence, the backward sweep is a power or current flow solution with potential voltage
updates. It begins with the last layer's branches and advances to the branches that are attached to the root node.
By taking into account the node voltages from the previous iteration, the backward propagation computation
yields the updated effective power flows in each branch [19].

In contrast, the forward sweep is a voltage drop computation that may include updates on current or
power flow. Beginning with branches in the first layer and working towards those in the last, nodal voltages are
updated in a forward sweep. Calculating the voltages at each node, beginning at the feeder source node, is the
aim of forward propagation. The real value of the feeder substation voltage is set [19].

A radial distribution system is considered having ‘n’ buses as shown in Figure 2.2 below [20].
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Figure 2.2: Single Line Diagram of n-Bus Radial Distribution System [20]

The system is assumed to be a balanced one, with (n-1) load buses which are treated as load buses and bus 1 as
slack/swing bus. The general bus ‘i’ current injection atkth iteration is given by the following equation.

S-SCh
Ik = ( % ) (2.1)
WhereS; <" is the scheduled complex power at bus i, V¥is the bus ‘i’ voltage at the kth iteration. Now,
Kirchhoff’s current law (KCL) is applied by backward current sweep starting from the last bus ‘n’ to the source
bus 1 to obtain the branch currents. In this step we obtained the first of the two matrices given by:

Bra [1 1111972

Bi_2-1 |01 'i'i"...1| liq

Bi_1; |=10..011..1l] I (2.2)
B, |0 001.. 1| I

| By | Lo .000..1J_1n_

Equation 2.2 in a compact form is given as:

[B] = [BIBC]I] (2.3)

Where[BIB(] is the relationship matrix between branch currents and bus current injections.

In the forward voltage sweep, Kirchhoff’s voltage law (KVL) is applied to obtain the bus voltages and second
relationship matrix given by:
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By rearranging equation (2.4), the change in voltage vector[AV] was obtained as followsequations (2.5) — (2.7):

[AV] = [BCBV][B] (2.5)
Where[BCBV] is the relationship matrix between bus voltages and branch current

[AV] = [BCBV][BIBC][I] (2.6)

[AV] = [DLF][1] 2.7)

Where[DLF] is the relationship matrix between voltage drops and bus current injection.

The Radial Distribution Power Flow (RDPF) solution is achieved by employing KCL and KVL respectively to
form the matrices|[BIBC] and [BCBV] and performing matrix multiplications. Moreover, the following
equations (2.8) — (2.10) are solved iteratively to get the power flow solution [19]:

[AV**1] = [DLF][I*] (2.9)
[VE*1] = [Ve] — [AVFH] (2.10)

Where [V:]is initial bus voltage vector
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The iterative process stops when the absolute of the difference between previous bus current injection and most
recent bus current injection is less than or equal to a prescribed tolerancee:

Finally, the total active power loss can be calculated by the following equations (2.12) — (2.13):
Ploss = Y7 ,|B;|* R i=12,..,br (2.12)

Where [B;]is magnitude of the ith branch current, R is the ithbranch resistance and bris the number of branches
in Radial Distribution System. The total active power loss can be written in terms of [BIBC] as follows [19]:
Ploss = [R]T[BIBC][I]? (2.13)

2.3 Dynamic Voltage Restorer (DVR)

Dynamic Voltage Restorer was define by [21] as a specialized power device that is actually utilized to correct
for the distribution network's harmonic, drooping, and swelling of voltage. It is crucial to the sensitive load's
operation. According to [22], In order to inject a controlled voltage into the electric distribution network, a
solid-state custom power device called a dynamic voltage restorer (DVR) is connected in series with the load
voltage. Additionally, DVR is a voltage source converter that increases the load voltage by injecting a
dynamically controlled voltage in series to supply voltage via three single phase boosting transformers.[23]
provided a further definition, describing it as a series compensator that regulates load side voltage by
introducing voltage into the distribution system. In order to adjust for transient reduction, line voltage
harmonics, and voltage sags and swells, it is connected between the supply and the sensitive load. When there is
a voltage issue, such as compensating for voltage swells and sags, limiting fault current, eliminating harmonics,
or reducing voltage transients, the basic idea is to inject a voltage of the appropriate amplitude and frequency to
restore the load voltage. The control circuit, which regulates the system's load voltage within predetermined
bounds, and the power circuit, which supplies the required voltage, are essential parts of the DVR [23].

The DVR consists of four major parts:

a. Voltage source inverter (VSI),

b. Injection transformers,

c. Passive filters,

d. DC-link energy storage.

Zs Vs NN LOAD
supply (PN m
Filter
Control | _| DC energy
Sl |l = P

Figure 2.3: Schematic Diagram of DVR [26]

1. METHODOLOGY
3.1 Proposed Methodology
The step by step methodology for the actualization of this research objectives are outlined herein, these
comprises the power flow analysis, Siting and sizing of DVR using water cycle optimization algorithm, their
respective algorithmic procedures are shown below.
3.2 Load Flow Mathematical Model and Analysis of a Radial Network
Load flow in a radial distribution system depends on component specifications, power supply bus loads, and
system voltage at the supplying bus. The designs, computations, and optimization for system control of power
distribution systems provide the foundation of mathematical models and frequency in a typical steady-state
setting. A sample mathematical model of a radial network used in this study is shown below.
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Figure 3.1 Single Line Diagram of a Radial Network
The power losses and magnitude of voltage for a radial network can be found by using load flow analysis. The
real and reactive power of this system can be derived from the one-line diagram of a radial distribution system
of Figure. 3.1, which is given as follows:

Pey1 = P = Pross i — Priesa 31
Qr+1 = Qk — Qoss k — Qric+1 3.2
Where,

Py- real power that is emanating from the bus,

Q- reactive power that is emanating from of the bus,

Py ;1 - load real power of bus k+1,

Qyx +1 - load reactive power of bus k+1.

The loss of power for line unit between buses k and k+1 can be computed as follows;

2 2

Piass U, e+ 1) = B2 320) 33
2 2

Quoss (ke + 1) = 2P 00) 3.4

Above equation give the losses of real power and reactive power in line section between buses k and k+1. Now
the total real power loss and total reactive loss can be calculated by summing the losses of every section of the
feeder. Hence the value of total real and reactive power loss can be expressed as [24]:

PT,loss (k,k+1)= Z=1 Piogs (K, k + 1) 3.5

Qr1oss (i, k + 1) = Y1 Quoss (K, k + 1) 3.6

Equations (3.5) and (3.6) are the total real power loss and total reactive power loss respectively in section of line
between k and k+1.

Now, the reformulation of backward forward method to perform the load flow analysis is done for convergence
analysis of iterative process. Consider branch in between node ‘k’ and ‘k+1’ and by backward propagation
effective power flows is calculated. The effective real and reactive powers is given as [24].

R (Pri1?+ 2
Py = Py + k( k+1 20k+1) 37
Vi+1
Xie(Pra1?+Qus1”
Qk = Qi1 + % 3.8
k1
Where,
Plyy1 = Pey1 + Prgyq 3.9
!
Q'k+1 = Qks1+ Qrgs1 3.10

Where, Py, is effective real power from ‘k+1" node
Qx+1 1s effective reactive power from ‘k+1’ node
The value of voltages and voltage angle at each node are evaluated in forward propagation. Let the voltage at
node ‘k’ k’ is V<dxand voltage at node ‘k+1’ is Vy41<Oy+1. The impedance connected between ‘k’ and ‘k+1’ is
zi= et jxeand the current in this section is given as
I, = Vk<5k_Vk'+1<5k+1 3.11
Ttixg

To find the values of voltage and the voltage angle at all nodes the recursive equations are used. Primarily
assume 1.0 p. u. voltage at all node. A detailed power flow calculation operation is given by the backward
forward algorithm [25].

3.3 Base-Case Power Flow Analysis

The pseudo-code used in developing the algorithm for running the base case load flow analysis for the
distribution systems are presented below.

Step 1: Read bus data and line data of the distribution system and also base MVVA and base KV.

Step 2: Evaluate the injected active and reactive power at each node, i.e.
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I:)inj = Pgen - I3I0ad 3.12
Qinj = Qgen - Qload 3.13
Step 3: Set k=1, the iteration count.

Step 4: For convergence criterion set £=0.001, APpa= 0.0 and AQpa= 0.0.

Step 5: Evaluate the value of nodal current injection at node ‘i’ as

L, W=(Syv K Dyxy v KD i=1,23....... n 3.14
Step 6: Apply backward sweep and calculate the branch current using KCL.

Step 7: Forward sweep is applied to calculate the voltage at each node using KVL.

Step 8: Now calculate the power injection at node ‘i’ as

SV *- YV 3.15
Step 9: Check convergence, if AP, <eandAQ.<g, then go to step 11, else step 10.

Step 10: Then set k=k+1 and go to step 4.

Step 11: In ‘k’ iteration print that problem is converged.

Step 12: Stop.

3.4 Backward-Forward Sweep (BFS) Technique for Power Flow Analysis
In essence, the backward sweep is a power or current flow solution with potential voltage updates. It starts from
the branches in the last layer and move towards the branches connected to the root node. The updated effective
power flowing in each branch is obtained in the backward propagation computation by considering the node
voltages of previous iteration. The forward sweep is basically a voltage drop calculation with possible current or
power flow updates. Nodal voltages are updated in a forward sweep starting from branches in the first layer
toward those in the last. The method is achieved through the following steps:

The network line data and load data is loaded.

A voltage profile of 1.0pu is assumed at the source node.

The branch current of all branches is computed using the backward propagation with equation (2.2).

The node voltages are updated using the forward propagation with equation (2.4).

The active power loss is calculated using equation (2.12)
Below is the flow chart for basic operation of the Backward/Forward sweep
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Figure 3.2 Flow Chart for Basic Operation of the Backward/Forward Sweep [20]
3.5 Objective Function Formulation
The power loss in the system is defined as:

P2+Q?
Puss = N2 Ry x (5) (316)
J

Where

Nbris the number of the branches

Rjis the resistance of the j-th branch

P;jis the active power flowing through the terminal of j-th branch
Qjis the reactive power flowing through the terminal of j-th branch
Vijis the terminal node voltage of the j-th branch

These objective function f; is subjected to constraint:

i. Node voltage constraint

Vmin (]) < V(]) < Vmax (]) (317)

ii. Branch Power constraint

Pj = P}'max (318)
Qj =< Qjmax

Secondly the objective function f, of total voltage deviation can be written as:

min{f,} = [Z72,{(Vi — Vmin)? + (Vi — V max)?}] (3.19)

Where,

Vin= Minimum permissible voltage limits

Vimax = Maximum permissible voltage limits

nb: total number of buses in the system.

and is subject to voltage limits constrains the bus voltages must be maintained around the nominal value and is
given by;
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Vimin < Vinom < Vimax i= {132’37 ------ 5 Nb} (320)
Where, Vinin,Vimax = Minimum and maximum voltage limits of i node respectively.
V= voltage at i"" node and N,= number of buses.

Aggregate Objective Function proposed for this work can be then be described

fi=wfi + wyf2) (3.21)
Output = min (X7 f7) (3.22)
Where

fiis given as equation (3.16) and f; is given as equation (3.19)
w; is the weight assigned to f; and w, is the weight assigned to f,

3.6 Water Cycle Optimization Algorithm

The WCA mimics the flow of rivers and streams toward the sea and was derived by observing the water cycle
process. Let us assume that there are some rain or precipitation phenomena. An initial population of design
variables (i.e population of streams) is randomly generated after the raining process. The best individual (i.e, the
best stream), classified in terms of having the minimum cost function (for minimization problems), is chosen as
the sea [27]. Then, a number of good streams (i.e, cost function values close to the current best record) are
chosen as rivers, whereas the remaining streams flow into the rivers and the sea. Starting the optimization
algorithm requires the generation of an initial population representing a matrix of streams of size N,,, x D,
where D is the dimension. Hence, this matrix, which is generated randomly, is given as (the rows and column
represent the population size (N, ,,) and the number of design variables, D, respectively):

Raindrop = [x1, Xy, X3, ecurene Xy ] (3.23)
i Sea ]
River;
River,
River;
[ xtxd xi . xp 1
| xfxZx? x5 |
Total population = Stream; |= (3.24)
Stream, | | . . ]
Streams Lxeor - yleor XAPP L P |
| Streamy,op, |
The cost of raindrop can be given as:
C; =Cost; = (x}, x5, xk, oo xh ) (3.25)
whereN,,,,, is numbers of raindrop and Dnumber of designed variables. Raindrop having the minimum value is

taken as sea.

Ng,.is the sum of river and sea which is given as:

Ny, = Numberofrivers + 1(sea) (3.26)

Nraindrop = Npop — Ny, (327)

In the first step, N,,, streams are created. Then, a number of best individuals N, (minimum values) are selected
as the sea and rivers. The stream which has the minimum value (objective function) among the others is
considered as the sea. In fact, Nsr is the summation of the number of rivers (which is defined by the user) and a
single sea. The rest of the population (N.., ) are considered as streams flowing into the rivers or may
alternatively flow directly into the sea. Depending on the magnitude of the flow, each river absorbs water from
streams. Hence, the amount of water entering a river and/or the sea varies from stream to stream. In addition,
rivers flow to the sea, which is the most downhill location.
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Figure. 3.3; Schematic Illustration of (a) Streams Flowing into a Particular River; (b) the WCA Optimization
Process [27]

The designated streams for each river and the sea are calculated using the following Equation [28]:
NS, = round{| = et s N | n=123,.,N, (3.28)

N Gy
Where NS, is the number of streams which flow into the specmc rivers and the sea. Figure 3.3a shows a
schematic view of a stream flowing towards a specific river along their connecting line. For the exploitation
phase of the WCA, new positions for streams and rivers have been suggested as follows [28]

XStream (t + 1) - XStream (t) +rand x C x (XSea (t) XStream (t) ) (329)
XStream (t + 1) - XStream (t) +rand x C x (XRmer (t) XStream (t) ) (330)
XRiUer (t + 1) - XRiver (t) +rand x C x (XSea (t) XRiver (t) ) (331)

Where t is an iteration index, 1 < C < 2, and the best value for C may be chosen as 2, and rand is a uniformly
distributed random number between zero and one. Eq. (3.29) and (3.30) are for streams which flow into the sea
and their corresponding rivers, respectively. If the solution given by a stream is more optimal than that of its
connecting river, the positions of the river and stream are exchanged (i.e., the stream becomes a river and the
river becomes a stream). A similar exchange can be performed for a river and the sea. The evaporation process
operator is also introduced to avoid premature (immature) convergence to local optima (exploitation phase) [27].
Basically, evaporation causes sea water to evaporate as rivers/streams flow into the sea. This leads to new
precipitation. Therefore, we have to check whether the river/stream is sufficiently close to the sea to enable the
evaporation process to occur. For that purpose, the following criterion is utilized for the evaporation condition
between a river and the sea:

If ”)756(1 - mej | < dpaeOr rand <0.1, wherej=1,2,3,...,N;, — 1
Perform raining process by uniform random search, end
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Where d,,,, is a small number close to zero.After evaporation, the raining process is applied and new streams
are formed in different locations (similar to mutation in the GAs). Indeed, the evaporation operator is
responsible for the exploration phase in the WCA. Uniform random search is used to specify the new locations
of the newly formed streams: A large value for d,,,, prevents additional searches and small values encourage
the search intensity near the sea. Therefore, d,,,,. controls the search intensity near the sea (i.e., best obtained
solution). The value of d,,,, adaptively decreases as follows [28]:

Ao (F1) = dp () - —22= O =1 23 . Max. Iteration (3.32)

Max . Iteretion

The development of the WCA optimization process is illustrated in Fig. 1b where the circles, stars, and the
diamond correspond to streams, rivers, and the sea, respectively. The white (empty) shapes denote the new

positions occupied by streams and rivers.

Choose initial parameters & g te initial population of stream,
river & sos

]
| Calculate fitness function of raindrps Eq. [3.25) |
L]
| Calculate the intensityof the flow Eq. 1.28) |
: ]

flow streams towards rivers Eg. {3.30) and rivers towards sea Eqg.
13.31)
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Replace the position of revers with specified sea
T

|s evaporation criteria satisfied

| Creat clouds and start raining |

¥

| Decrease the value of dmax by Eqg. {3.32) |

Figure 3.4: Flowchart for Water Cycle Algorithm Approach for Optimal Placement of DVR

V. RESULTS AND DISCUSSION

4.1 Results of IEEE 33-Bus Standard Test System

The IEEE 33-bus radial distribution system consists of 33 buses and 32 branches as shown in PSAT simulation
platform in Figure 4.1, the back and forward load flow analysis method is used to determine the power losses,
voltage magnitude, and phase angle at various buses. For all the test systems, the substation voltage is
considered as 1 p.u. The load is assumed to be constant power load.

4.1.1 Results of Power Flow Analysis for IEEE 33 Bus Network
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Figure 4.1: IEEE 33 Bus System in PSAT Simulation Platform
The radial distribution load flow analysis was done for the IEEE 33-Bus test system with and without DVR to
determine the operating point of the network, these results comprises voltage magnitude in per unit with their
phase angles, real and reactive power losses on lines.
The first scenario was without DVR and the minimum bus voltage has a value of 0.881 per unit at bus 18, the
real and reactive power losses were found to be 227.4135kW and 151.4198KkVAr respectively.
While the second scenario with DVR, the minimum bus voltage has a value of 0.998 per unit at bus 18, the real
and reactive power losses were found to be 179.7382 kW and 131.0947 kVAr respectively. The numerical
values of the results are in Appendix A4.
4.1.2 Results of Real and Reactive Power Loss Indices for IEEE 33 Bus System with and without DVR
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Figure 4.2: Real Power Loss Index of the 33-Bus Network with and without DVR
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Figure 4.3: Reactive Power Loss Index of the 33-Bus Network with and without DVR
4.1.3 Voltage Profile for IEEE 33 bus System with and without DVR
Figure 4.4 shows the plots of voltage profile for IEEE 33 bus system with and without DVR. It is evident that
the DVR has considerably improved the voltage profile lowest voltage which is bus 18.
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Figure 4.4 VVoltage Profile of the 33-Bus Network with and without DVR
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4.1.4 WCA Optimization Procedure

This Optimization Procedure shows how the voltage deviation on the line is been reduced as the optimization
algorithm changes the values of DVR ratings. The total real and reactive power losses after DVR allocation was
relatively reduced from 227.4135kW and 151.4198kVAr to 179.7382 kW and 131.0947kVAr respectively
which indicate 21% and 13.2% reduction. The optimization procedure is shown in Figure 4.5. The codes for this
results is in Appendix A3_2

The minimum sum of square of voltage deviation = 0.0833

This procedure is used to determine the maximum amount of voltage the DVR can inject to the line at its
location which is bus 18 and no constraint will be violated (The value is 33- sum of the p.u voltages of the 33
buses)

The bus with minimum voltage is bus 18. The difference in voltage with and without DVR is 0.10827 p.u this is
equal to 0.10827*11000= 1100Volts

Bus 18 voltage with DVR is 0.9981 p.u

Bus 18 voltage without DVR is 0.889 p.u

00844 T T T T T T T T T

0.0842

0.084

0.0838 T

0.0836

0.0834[ L _

Sum of Square of Voltage Deviation in p.u

00832 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Number of Iterations
Figure 4.1: WCA Convergence Characteristics for IEEE 33 Bus Network

100

4.1.5 Summary of Result for IEEE 33 Bus System
The results were compared with and Without DVVRs allocation on the 33-bus system to observe there was an
improvement and was summarized in Table 4.1.

Table4.1: Summary of Result for IEEE 33 Buss Network

SIN Parameter Without DVR With DVR Optimally Improvement
Deployed
1 DVR Location - Bus 18 -
2 Real Power Losses (kW) 227.4135 179.7382 21%
3 Reactive Power Losses (kvar) 151.4198 131.0947 13.2%
4 Voltage (pu) 0.889 0.9981 12.27%
5 DVR size (kV) - 15 -

4.2 Results for NACB 11KV Feeder Radial Network

Theradial distribution load flow results for the 11KV NACB 58-bus with 57 linenetwork are shown in Appendix
A2, while the network in PSAT simulation platform is shown in Figure 4.6. These results comprises graphical
representation and numerical values recorded in the Appendix A5, the back and forward load flow analysis
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method is used to determine the power losses, voltage magnitude, and phase angle at various buses. For all the
test systems, the substation voltage is considered as 1 p.u. The load is assumed to be constant power load.
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Bus54 Bus5& us N > 4 Busdz < us us Busac Bus4C
D b o> >
1 Bus4: Busd44 >
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Figure 4.6: Simulation Diagram for NACB Feeder in PSAT Platform

4.2.1 Results of Power Flow Analysis for NACB Feeder Network

The radial distribution load flow analysis was done for the NACB Feeder network with and without DVR to
determine the operating point of the network, these results comprises voltage magnitude in per unit with their
phase angles, real and reactive power losses on lines.

The first scenario was without DVR and the minimum bus voltage has a value of 0.9245 per unit at bus 29, the
real and reactive power losses were found to be 448.9871 kW and 421.4709kVAr respectively.

While the second scenario with DVR, the minimum bus voltage has a value of 0.970 per unit at bus 29, the real
and reactive power losses were found to be 324.74 kW and 304.84kVAr respectively. The numerical values of
the results are in Appendix A5.

4.2.2 Results of Real and Reactive Power Loss Indices for NACBFeeder with and without DVR
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Figure 4.7: Real Power Loss Index of the NACB Feeder Network with and without DVR
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Figure 4.8: Reactive Power Loss Index of the NACB Feeder Network with and without DVR
4.2.3 Voltage Profilefor NACB Feeder Network with and without DVR
Figure 4.9 shows the plots of voltage profile for NACB Feeder network with and without DVR. It is evident that
the DVR has considerably improved the voltage profile lowest voltage which is bus 29.
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Figure 4.9 Voltage Profile of the NACB Feeder Network with and without DVR
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4.2.4 WCA Optimization Procedure

This Optimization Procedure shows how the voltage deviation on the line is been reduced as the optimization
algorithm changes the values of DVR ratings. The total real and reactive power losses after DVR allocation was
relatively reduced from 448.9871 kW and 421.4709kVAr to 324.74 kW and 304.84kVArrespectively which
indicate 27% and 6% reduction. The optimization procedure is shown in Figure 4.10. The codes for this results
is in Appendix 3_1.

The minimum sum of square of voltage deviation = 1.77

The bus with minimum voltage is bus 29. The difference in voltage with and without DVR is 0.0459 Volt p.u
this is equal to 0.0459 *11000= 504 Volts

Bus 29 voltage with DVR is 0.970 p.u

Bus 29 voltage without DVR is 0.9245 p.u

1 .805 T T T T T T T T T

1.795 7
1.791 7
1.785r 7

1.781 .

_

1 .775 I I I 1 I I I I 1
0 10 20 30 40 50 60 70 80 90 100

Number of Iterations
Figure 4.10: WCA Convergence Characteristics for NACB Feeder Network

Sum of Square of Voltage Deviation in p.u

4.2.5 Summary of Result for NACB Feeder Network
The results were compared with and Without DVRs allocation on the NACB Feeder to observe there was an
improvement and was summarized in Table 4.2.

Table 4.2: Summary of Result for NACB Feeder 11KV Network

S/N
Parameter Without DVR With DVR Optimally Improvement
Deployed
1
DVR Location - Bus 29 -
2
Real Power Losses (KW) 448.9871 324.74 27%
3 Reactive Power Losses (kvar) 421.4709 304.84 6%
4
Voltage (pu) 0.9245 0.970 4.92%
5 .
DVR size (kV) - 1 -
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V. CONCLUSION

5.1 Conclusion

In this research work, a meta-heuristic optimization algorithm; water cycle algorithm (WCA) was used to
optimally determine the location and size dynamic voltage restorer (DVR) in a distribution network with the aim
of improving the system voltage profile and reducing the active and reactive power loss. The steady state model
of DVR was derived and incorporated in forward/backward sweep load flow method in order to guide the WCA
while determining the optimal location and size of the DVR. The performance of the proposed method was
tested on IEEE 33-bus standard radial distribution systems in a MATLAB software. It was found that the
proposed WCA placed the DVR in the IEEE 33-bus network at bus 18, thereby reducing the real and reactive
power by 21%, 13.2% respectively and improving the voltage profile by 12.27%. To demonstrate the
applicability of the technique ina real-life distribution system the DVR was optimally placed in NACB feeder,
and the result shows that with the placement of the DVR, the WCA placed the DVR at bus 29 thereby reducing
the real and reactive power loss by 27%, 6% respectively and improving the voltage profile by 4.92%.

REFERENCES
[1] Araga, I. A., Anibasa, A. O., &Alabi, I. I. (2017). Placement of Multiple Svc on Nigerian Grid System for Steady State Operational
Enhancement. American Journal of Engineering Research (AJER), 6(1), 78-85
[2] F. U. Rekwot, G. Z. Owoshagba, O. B. Ahmed, and A. Atiku, “Voltage sags mitigation in power systems using Dynamic Voltage
Restorer,” International Journal of Electrical Power & Energy Systems, 2018.
[3] B. R. Gupta, "Power system analysis and design," *Wheeler Publishing Allahabard, 2016.
[4] Padmavathi, K. & Rama, S. K., 2019. Optimal sizing and placement of dynamic voltage restorer in the distribution system using firefly
algorithm. International journal of Energy Technology and Policy, 15(2), pp. 148 - 165.
[5] M. M. Carolina and M. Mestria, “Advanced optimization methods in power systems: A review, ” I[EEE Transactions on Power Systems,
2021.
[6] Zu, G., Xiao, J. & Sun, K., 2018. Distribution network reconfiguration comprehensively considering N-1 security and network loss. IET
Generation, Transmission & Distribution, pp. vol. 12, no. 8, pp. 1721-1 728.
[7] Nguyen, T. T., Truong, A. V., Nguyen, Q. T. &Phung, T. A., 2017. Multi-objective electric distribution network reconfiguration solution
using runner-root algorithm. Applied Soft Computing, pp. vol. 52, pp. 93-108.
[8] Gupta. A., & Sharma, P. R. (2012, 19-22 Dec. 2012). Optimal placement of FACTS devices for voltage stability using line indicators.
Paper presented at the 2012 IEEE Fifth Power India Conference.
[9]1 R. S. Sabale and V. Bute, “Optimal placement of Dynamic Voltage Restorer for voltage stability enhancement,” IEEE Access, 2020.
[10] S. S. Baligar, K. C. Nagaraj, and P. C. Shantharaj, “Metaheuristic optimization techniques for distributed energy resource allocation,”
Electrical Engineering Journal, 2019.
[11] R. Sasirekha, P. Sundaramoorthy, and S. Venkatraman, “Water Cycle Algorithm for power system optimization,” Applied Soft
Computing, 2023.
[12] R. N. Sonawane, P. T. Patil, and S. R. Naik, “Mitigating voltage sags using DVR: A simulation study,” Journal of Modern Power
Systems, 2019.
[13] S. Adsule, R. Kharde, and M. Patil, “Reliability improvement in renewable energy-based grids using DVRs,” Renewable Energy
Systems and Engineering Journal, 2020.
[14] M. M. Carolina and M. Mestria, “Advanced optimization methods in power systems: A review, ” I[EEE Transactions on Power Systems,
2021.
[15] A. M. Kabir, A. M., “Radial Distribution Network Modeling and Analysis Considering Power Flow and Reconfiguration (A Case Study
of Azare Distribution Network)”, pp. 1-188, 2015.
[16] D K Patel S Mansani, AK Goswami (2022). Fast Flexible Direct Power Flow for Unbalanced and Balanced Distribution Systems on
Electrical Energy Systems - hindawi.com
[17]PS Kundur OP Malik (2022) [BOOK] Power system stability and control-accessengineeringlibrary.com
[18] M Karimi, A Shahriari, MR Aghamohammadi (2019).Application of Newton-based load flow methods for determining steady-state
condition of well and ill-conditioned power systems: A review- International Journal - Elsevier
[19] M Milovanovi¢, J Radosavljevi¢ (2020). A backward/forward sweep power flow method for harmonic polluted radial
distribution systems with distributed generation units- Energy Systems - Wiley Online Library
[20] S Ouali, A Cherkaoui, (2020).An improved backward/forward sweep power flow method based on a new network
information organization for radial distribution systems- Journal of electrical and Computer Engineering - hindawi.com
[21] D. Danalakshmi, S. Bugata, J. Kohila, "A control strategy on power quality improvement in consumer side using custom power
device," Indonesian Journal of Electrical Engineering and Computer Science (IJJEECS), vol. 15, no. 1, pp. 80-87, 2019
[22] P. S. Babu and N. Kamaraj, "Performance investigation of dynamic voltage restorer using Pl and fuzzy controller,” in *IntConf on
Power, Energy and Control*, Sri, Rangalatchum, Dindigul, IEEE, 2013, pp. 467-472.
[23] M. A. Khan, A. M. Saleh, M. Waseem, and I. A. Sajjad, "Artificial Intelligence Enabled Demand Response: Prospects and Challenges
in Smart Grid Environment," IEEE Access, 2022.
[24] S. B. Ibrahim, "Voltage quality enhancement in distribution system using artificial neural network (ANN) based dynamic voltage
restorer," Nigerian journal of technology, vol. 37, no. 1, pp. 184-190, 2018.
[25] Torres-Garcia, V., Castillo-Garcia, G., Mejia-Ruiz, G., &Arrieta-Paternina, M. R. (2023). Dynamic voltage restorer controlled per
independent phases for power quality sags-swells mitigation under unbalanced conditions. In Monitoring and Control of Electrical Power
Systems Using Machine Learning Techniques (pp. 245-261). Elsevier.
[26] V. Anantha Lakshmi, T. R. Jyothsna, "Power quality improvement of a grid-connected system using fuzzy-based custom power
devices," *Communication Software and Networks*, pp. 345-58, 2021.
[27] A. Sadollah, H. Eskandar, H. Lee, D. G. Yoo and J. H. Kim, “Water cycle algorithm: A detailed standard code,” SoftwareX, vol. 5, no.
1, pp. 37-43, 2016.
[28] H. Eskandar, A. Sadollah, A. Bahreininejad, and M. Hamdi, “Water cycle algorithm — a novel metaheuristic optimization method for
solving constrained engineering optimization problems,” Comput. Struct., vol. 110-111, pp. 151-161, 2022.

299



Optimal Allocation Of Dynamic Voltage Restorer In Distribution System Using Water ..

APPENDICES
APPENDIX Al
Table Al: Line and Bus Data for Standard IEEE 33-bus Distribution Network

Branch Number(ik) Se-nding Bus  Receiving Rik (Q) Xik (Q) PDk (kW) QDk (kVAr)

(I ) Bus ( k )

1 1 2 0.0922 0.047 100 60
2 2 3 0.493 0.2511 90 40
3 3 4 0.366 0.1864 120 80
4 4 5 0.3811 0.1941 60 30
5 5 6 0.819 0.707 60 20
6 6 7 0.1872 0.6188 200 100
7 7 8 0.7114 0.2351 200 100
8 8 9 1.03 0.74 60 20
9 9 10 1.044 0.74 60 20
10 10 11 0.1966 0.065 45 30
11 11 12 0.3744 0.1238 60 35
12 12 13 1.468 1.155 60 35
13 13 14 0.5416 0.7129 120 80
14 14 15 0.591 0.526 60 10
15 15 16 0.7463 0.545 60 20
16 16 17 1.289 1721 60 20
17 17 18 0.732 0.574 90 40
18 18 19 0.164 0.1565 90 40
19 19 20 1.5042 1.3554 90 40
20 20 21 0.4095 0.4784 90 40
21 21 22 0.7089 0.9373 90 40
22 22 23 0.4512 0.3083 90 50
23 23 24 0.898 0.7091 420 200
24 24 25 0.896 0.7011 420 200
25 25 26 0.203 0.1034 60 25
26 26 27 0.2842 0.1447 60 25
27 27 28 1.059 0.9337 60 20
28 28 29 0.8042 0.7006 120 70
29 29 30 0.5075 0.2585 200 600
30 30 31 0.9744 0.963 150 70
31 31 32 0.3105 0.3619 210 100
32 32 33 0.341 0.5302 60 40
APPENDIX A2

Table A2: Line and Bus Data for NACB Distribution Network

linedata = [1.0000 1.0000 2.0000 0.0662 0.0622
2.0000 2.0000 3.0000 0.1324 0.1243
3.0000 3.0000 4.0000 0.0055 0.0051
4.0000 3.0000 54.0000 0.0475 0.0446
5.0000 4.0000 5.0000 0.0523 0.0491
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6.0000 4.0000 47.0000 0.0414 0.0388

7.0000 5.0000 6.0000 0.0766 0.0719

8.0000 6.0000 7.0000 0.0169 0.0159

9.0000 7.0000 8.0000 0.0616 0.0578

10.0000 7.0000 45.0000 0.0441 0.0414
11.0000 8.0000 9.0000 0.0038 0.0036

12.0000 8.0000 43.0000 0.0396 0.0371

13.0000 9.0000 10.0000 0.1167 0.1096

14.0000 10.0000 11.0000 0.0028 0.0026
15.0000 11.0000 12.0000 0.0747 0.0701
16.0000 12.0000 13.0000 0.0041 0.0039
17.0000 13.0000 14.0000 0.0607 0.0570
18.0000 13.0000 37.0000 0.0973 0.0914
19.0000 14.0000 15.0000 0.0221 0.0207
20.0000 14.0000 57.0000 0.0822 0.0772
21.0000 15.0000 16.0000 0.1410 0.1324
22.0000 16.0000 17.0000 0.0167 0.0157
23.0000 16.0000 36.0000 0.0268 0.0251
24.0000 17.0000 18.0000 0.0979 0.0920
25.0000 17.0000 33.0000 0.0267 0.0250
26.0000 18.0000 19.0000 0.0093 0.0087
27.0000 19.0000 20.0000 0.0701 0.0658
28.0000 20.0000 21.0000 0.0649 0.0609
29.0000 20.0000 30.0000 0.0099 0.0093
30.0000 21.0000 22.0000 0.0659 0.0619
31.0000 22.0000 24.0000 0.0410 0.0385
32.0000 24.0000 25.0000 0.0848 0.0797
33.0000 25.0000 23.0000 0.0228 0.0214
34.0000 25.0000 26.0000 0.0658 0.0618
35.0000 26.0000 27.0000 0.0367 0.0345
36.0000 26.0000 29.0000 0.0137 0.0129
37.0000 27.0000 28.0000 0.0263 0.0247
38.0000 30.0000 31.0000 0.0128 0.0120
39.0000 31.0000 32.0000 0.0384 0.0361
40.0000 33.0000 34.0000 0.0168 0.0158
41.0000 34.0000 35.0000 0.0302 0.0284
42.0000 37.0000 38.0000 0.0416 0.0390
43.0000 37.0000 39.0000 0.0868 0.0815
44.0000 37.0000 41.0000 0.0506 0.0475
45.0000 39.0000 40.0000 0.0219 0.0206
46.0000 41.0000 42.0000 0.0499 0.0468
47.0000 43.0000 44.0000 0.0139 0.0130
48.0000 45.0000 46.0000 0.0157 0.0148
49.0000 47.0000 48.0000 0.1747 0.1641
50.0000 48.0000 49.0000 0.0512 0.0481
51.0000 48.0000 52.0000 0.1022 0.0960
52.0000 49.0000 50.0000 0.0081 0.0076
53.0000 50.0000 51.0000 0.0670 0.0629
54.0000 52.0000 53.0000 0.1314 0.1234
55.0000 54.0000 55.0000 0.0508 0.0477
56.0000 55.0000 56.0000 0.0679 0.0638
57.0000 57.0000 58.0000 0.0139 0.0130];

loaddatal = [1.0000 0 0 0
2.0000 240.0000 174.0000 0
3.0000 240.0000 174.0000 0
4.0000 0 0 0
5.0000 80.0000 58.0000 0
6.0000 400.0000 290.0000 0
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7.0000 400.0000 290.0000 0
8.0000 80.0000 58.0000 0
9.0000 0 0 0
10.0000 0 0 0
11.0000 80.0000 58.0000

12.0000 400.0000 290.0000

13.0000 240.0000 174.0000
14.0000 40.0000 29.0000

15.0000 400.0000 290.0000

16.0000 400.0000 290.0000
17.0000 0 0 0
18.0000 0 0 0
19.0000 0 0 0
20.0000 40.0000 29.0000 0
21.0000 80.0000 58.0000 0

22.0000 240.0000 174.0000 0
23.0000 0 0 0
24.0000 80.0000 58.0000

25.0000 400.0000 290.0000
26.0000 40.0000 29.0000

27.0000 160.0000 116.0000
28.0000 0 0 0

29.0000 400.0000 290.0000 0
30.0000 80.0000 58.0000 0
31.0000 40.0000 29.0000 0
32.0000 0 0 0
33.0000 0 0 0

34.0000 400.0000 290.0000 0

35.0000 240.0000 174.0000 0
36.0000 80.0000 58.0000 0

37.0000 240.0000 174.0000 0
38.0000 80.0000 58.0000 0

39.0000 400.0000 290.0000 0
40.0000 40.0000 29.0000 0

41.0000 40.0000 29.0000 0

0
0
0
0
0
0
0
0

co 00 o

42.0000 240.0000 174.0000
43.0000 80.0000 58.0000
44.0000 160.0000 116.0000
45.0000 160.0000 116.0000
46.0000 80.0000 58.0000
47.0000 400.0000 290.0000
48.0000 80.0000 58.0000
49.0000 80.0000 58.0000
50.0000 0 0 0
51.0000 40.0000 29.0000 0
52.0000 240.0000 174.0000 0
53.0000 240.0000 174.0000 0
54.0000 40.0000 29.0000 0
55.0000 40.0000 29.0000 0
56.0000 240.0000 174.0000 0
57.0000 240.0000 174.0000 0
58.0000 40.0000 29.0000 0

—_

APPENDIX A5
RESULTS OF NACB FEEDER

RADIAL POWER FLOW RESULTS OF NACB FEEDER WITHOUT DVR
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Bus Voltage Angle ----Load----  ---Substation---
No. Mag. Degree kW  kVAr kW  kVAr

1.0000 0.0000 0.0000 0.0000 8928.9871 3495.4709
0.9926 -0.0035 240.0000 87.0000 0.0000 0.0000
0.9783 -0.0104 240.0000 87.0000 0.0000 0.0000
0.9777 -0.0107 0.0000 0.0000 0.0000 0.0000
0.9735 -0.0128 80.0000 29.0000 0.0000 0.0000
0.9689 -0.0151 400.0000 145.0000 0.0000 0.0000
0.9654 -0.0168 400.0000 145.0000 0.0000 0.0000
0.9596 -0.0198 80.0000 29.0000 0.0000 0.0000
0.9584 -0.0205 0.0000 0.0000 0.0000 0.0000
10 0.9540 -0.0228 0.0000 0.0000 0.0000 0.0000
11 0.9508 -0.0245 80.0000 29.0000 0.0000 0.0000
12 0.9505 -0.0246 400.0000 145.0000 0.0000 0.0000
13 0.9479 -0.0260 240.0000 87.0000 0.0000 0.0000
14 0.9418 -0.0293 40.0000 14.5000 0.0000 0.0000
15 0.9417 -0.0293 400.0000 145.0000 0.0000 0.0000
16 0.9384 -0.0311 400.0000 145.0000 0.0000 0.0000
17 0.9383 -0.0312 0.0000 0.0000 0.0000 0.0000
18 0.9364 -0.0322 0.0000 0.0000 0.0000 0.0000
19 0.9334 -0.0338 0.0000 0.0000 0.0000 0.0000
20 0.9328 -0.0342 40.0000 14.5000 0.0000 0.0000
21 0.9304 -0.0355 80.0000 29.0000 0.0000 0.0000
22 0.9265 -0.0377 240.0000 87.0000 0.0000 0.0000
23 0.9263 -0.0379 0.0000 0.0000 0.0000 0.0000
24 0.9262 -0.0379 80.0000 29.0000 0.0000 0.0000
25 0.9250 -0.0386 400.0000 145.0000 0.0000 0.0000
26 0.9249 -0.0387 40.0000 14.5000 0.0000 0.0000
27 0.9248 -0.0387 160.0000 58.0000 0.0000 0.0000
28 0.9248 -0.0387 0.0000 0.0000 0.0000 0.0000
29 0.9246 -0.0388 400.0000 145.0000 0.0000 0.0000
30 0.9328 -0.0342 80.0000 29.0000 0.0000 0.0000
31 0.9327 -0.0342 40.0000 14.5000 0.0000 0.0000
32 0.9327 -0.0342 0.0000 0.0000 0.0000 0.0000
33 0.9321 -0.0346 0.0000 0.0000 0.0000 0.0000
34 0.9319 -0.0347 400.0000 145.0000 0.0000 0.0000
35 0.9318 -0.0348 240.0000 87.0000 0.0000 0.0000
36 0.9317 -0.0348 80.0000 29.0000 0.0000 0.0000
37 0.9316 -0.0349 240.0000 87.0000 0.0000 0.0000
38 0.9315 -0.0349 80.0000 29.0000 0.0000 0.0000
39 0.9315 -0.0349 400.0000 145.0000 0.0000 0.0000
40 0.9315 -0.0349 40.0000 14.5000 0.0000 0.0000
41 0.9315 -0.0349 40.0000 14.5000 0.0000 0.0000
42 0.9314 -0.0350 240.0000 87.0000 0.0000 0.0000
43 0.9313 -0.0350 80.0000 29.0000 0.0000 0.0000
44 0.9311 -0.0351 160.0000 58.0000 0.0000 0.0000
45 0.9310 -0.0352 160.0000 58.0000 0.0000 0.0000
46 0.9310 -0.0352 80.0000 29.0000 0.0000 0.0000
47 0.9304 -0.0356 400.0000 145.0000 0.0000 0.0000
48 0.9303 -0.0356 80.0000 29.0000 0.0000 0.0000
49 0.9302 -0.0356 80.0000 29.0000 0.0000 0.0000
50 0.9302 -0.0357 0.0000 0.0000 0.0000 0.0000
51 0.9301 -0.0357 40.0000 14.5000 0.0000 0.0000
52 0.9297 -0.0359 240.0000 87.0000 0.0000 0.0000
53 0.9297 -0.0359 240.0000 87.0000 0.0000 0.0000
54 0.9294 -0.0361 40.0000 14.5000 0.0000 0.0000
55 0.9290 -0.0363 40.0000 14.5000 0.0000 0.0000
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56 0.9289 -0.0364 240.0000 87.0000 0.0000 0.0000
57 0.9286 -0.0365 240.0000 87.0000 0.0000 0.0000
58 0.9286 -0.0365 40.0000 14.5000 0.0000 0.0000

Total 8480.0000 3074.0000 8928.9871 3495.4709

FROM TO REAL REACTIVE
BUS BUS POWER POWER
LOSSES LOSSES
1.0000 2.0000 64.3367 60.4492
2.0000 3.0000 122.6449 115.1417
3.0000 4.0000 4.5089 4.1810
3.0000 54.0000 29.8808 28.0565
4.0000 5.0000 32.2446 30.2717
4.0000 47.0000 22.9954 21.5512
5.0000 6.0000 35.4507 33.2755
6.0000 7.0000 7.0813 6.6623
7.0000 8.0000 25.8113 24.2190
7.0000 45.0000 18.4785 17.3472
8.0000 9.0000 1.5525 1.4708
8.0000 43.0000 14.1841 13.2887
9.0000 10.0000 25.3466 23.8045
10.0000 11.0000 0.5244 0.4870
11.0000 12.0000 11.4614 10.7556
12.0000 13.0000 0.4801 0.4567
13.0000 14.0000 4.6163 4.3349
13.0000 37.0000 7.3998 6.9511
14.0000 15.0000 1.6807 1.5743
14.0000 57.0000 5.5221 5.1862
15.0000 16.0000 8.8742 8.3329
16.0000 17.0000 0.2129 0.2002
16.0000 36.0000 0.3417 0.3200
17.0000 18.0000 1.0703 1.0058
17.0000 33.0000 0.1051 0.0984
18.0000 19.0000 0.0026 0.0024
19.0000 20.0000 0 0
20.0000 21.0000 0.1136 0.1066
20.0000 30.0000 0.0015 0.0014
21.0000 22.0000 0.0011 0.0011
22.0000 24.0000 0 0
24,0000 25.0000 0.3740 0.3515
25.0000 23.0000 0.1006 0.0944
25.0000 26.0000 0.0408 0.0383
26.0000 27.0000 0.0025 0.0024
26.0000 29.0000 0.1597 0.1504
27.0000 28.0000 0.0018 0.0017
30.0000 31.0000 0.0267 0.0250
31.0000 32.0000 0.0007 0.0006
33.0000 34.0000 0.0142 0.0134
34.0000 35.0000 0.0187 0.0176
37.0000 38.0000 0.0258 0.0242
37.0000 39.0000 0.0240 0.0225
37.0000 41.0000 0.0314 0.0295
39.0000 40.0000 0.0015 0.0014
41.0000 42.0000 0.6292 0.5901
43.0000 44.0000 0.0695 0.0650
45.0000 46.0000 0.0024 0.0023
47.0000 48.0000 0.0030 0.0028
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48.0000 49.0000 0.0009 0.0008
48.0000 52.0000 0.2547 0.2393
49.0000 50.0000 0.0050 0.0047
50.0000 51.0000 0.0743 0.0698
52.0000 53.0000 0.1116 0.1048
54.0000 55.0000 0.0317 0.0298
55.0000 56.0000 0.0577 0.0542
57.0000 58.0000 0.0002 0.0002

Total 448.9871 421.4709

RADIAL POWER FLOW RESULTS OF NACB FEEDER WITH DVR

Bus Voltage Angle ------ Load------ ---Substation---
No. Mag. Degree kW  kVAr kW  kVAr

1.0000 0.0000 0.0000 0.0000 8885.9305 3487.1743
0.9950 -0.0054 240.0000 87.0000 0.0000 0.0000
0.9855 -0.0162 240.0000 87.0000 0.0000 0.0000
0.9851 -0.0167 0.0000 0.0000 0.0000 0.0000
0.9826 -0.0201 80.0000 29.0000 0.0000 0.0000
0.9799 -0.0240 400.0000 145.0000 0.0000 0.0000
0.9779 -0.0269 400.0000 145.0000 0.0000 0.0000
0.9748 -0.0321 80.0000 29.0000 0.0000 0.0000
0.9742 -0.0333 0.0000 0.0000 0.0000 0.0000
10 0.9720 -0.0373 0.0000 0.0000 0.0000 0.0000
11 0.9704 -0.0403 80.0000 29.0000 0.0000 0.0000
12 0.9703 -0.0405 400.0000 145.0000 0.0000 0.0000
13 0.9691 -0.0431 240.0000 87.0000 0.0000 0.0000
14 0.9672 -0.0496 40.0000 14.5000 0.0000 0.0000
15 0.9671 -0.0498 400.0000 145.0000 0.0000 0.0000
16 0.9665 -0.0537 400.0000 145.0000 0.0000 0.0000
17 0.9665 -0.0539 0.0000 0.0000 0.0000 0.0000
18 0.9667 -0.0566 0.0000 0.0000 0.0000 0.0000
19 0.9672 -0.0609 0.0000 0.0000 0.0000 0.0000
20 0.9673 -0.0619 40.0000 14.5000 0.0000 0.0000
21 0.9678 -0.0655 80.0000 29.0000 0.0000 0.0000
22 0.9688 -0.0716 240.0000 87.0000 0.0000 0.0000
23 0.9689 -0.0719 0.0000 0.0000 0.0000 0.0000
24 0.9689 -0.0721 80.0000 29.0000 0.0000 0.0000
25 0.9695 -0.0741 400.0000 145.0000 0.0000 0.0000
26 0.9698 -0.0746 40.0000 14.5000 0.0000 0.0000
27 0.9697 -0.0746 160.0000 58.0000 0.0000 0.0000
28 0.9697 -0.0746 0.0000 0.0000 0.0000 0.0000
29 0.9706 -0.0756 400.0000 145.0000 0.0000 0.0000
30 0.9672 -0.0619 80.0000 29.0000 0.0000 0.0000
31 0.9672 -0.0619 40.0000 14.5000 0.0000 0.0000
32 0.9672 -0.0619 0.0000 0.0000 0.0000 0.0000
33 0.9666 -0.0623 0.0000 0.0000 0.0000 0.0000
34 0.9665 -0.0624 400.0000 145.0000 0.0000 0.0000
35 0.9663 -0.0625 240.0000 87.0000 0.0000 0.0000
36 0.9663 -0.0625 80.0000 29.0000 0.0000 0.0000
37 0.9661 -0.0626 240.0000 87.0000 0.0000 0.0000
38 0.9661 -0.0626 80.0000 29.0000 0.0000 0.0000
39 0.9661 -0.0627 400.0000 145.0000 0.0000 0.0000
40 0.9660 -0.0627 40.0000 14.5000 0.0000 0.0000
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41 0.9661 -0.0626 40.0000 14.5000 0.0000 0.0000
42 0.9660 -0.0627 240.0000 87.0000 0.0000 0.0000
43 0.9659 -0.0628 80.0000 29.0000 0.0000 0.0000
44 0.9657 -0.0628 160.0000 58.0000 0.0000 0.0000
45 0.9656 -0.0629 160.0000 58.0000 0.0000 0.0000
46 0.9656 -0.0629 80.0000 29.0000 0.0000 0.0000
47 0.9650 -0.0633 400.0000 145.0000 0.0000 0.0000
48 0.9649 -0.0634 80.0000 29.0000 0.0000 0.0000
49 0.9649 -0.0634 80.0000 29.0000 0.0000 0.0000
50 0.9648 -0.0634 0.0000 0.0000 0.0000 0.0000

51 0.9648 -0.0634 40.0000 14.5000 0.0000 0.0000
52 0.9644 -0.0637 240.0000 87.0000 0.0000 0.0000
53 0.9644 -0.0637 240.0000 87.0000 0.0000 0.0000
54 0.9641 -0.0638 40.0000 14.5000 0.0000 0.0000
55 0.9637 -0.0641 40.0000 14.5000 0.0000 0.0000
56 0.9636 -0.0642 240.0000 87.0000 0.0000 0.0000
57 0.9634 -0.0643 240.0000 87.0000 0.0000 0.0000
58 0.9634 -0.0643 40.0000 14.5000 0.0000 0.0000

Total 8480.0 3074.0 8885.93 3455.06

FROM TO REAL REACTIVE

BUS BUS POWER POWER
LOSSES LOSSES

1.0000 2.0000 41.9561 39.4210
2.0000 3.0000 79.9384 75.0479
3.0000 4.0000 2.9398 2.7260
3.0000 54.0000 19.6121 18.4148
4.0000 5.0000 21.1789 19.8831
4.0000 47.0000 15.1760 14.2229
5.0000 6.0000 23.7030 22.2487
6.0000 7.0000 4.7813 4.4984
7.0000 8.0000 17.4278 16.3527
7.0000 45.0000 12.4767 11.7128
8.0000 9.0000 1.0512 0.9958
8.0000 43.0000 9.7671 9.1505
9.0000 10.0000 19.4125 18.2315
10.0000 11.0000 0.4208 0.3907
11.0000 12.0000 9.9206 9.3097
12.0000 13.0000 0.4719 0.4488
13.0000 14.0000 5.8857 5.5269
13.0000 37.0000 9.4346 8.8625
14.0000 15.0000 2.1429 2.0072
14.0000 57.0000 7.6829 7.2155
15.0000 16.0000 12.9517 12.1617
16.0000 17.0000 0.3656 0.3437
16.0000 36.0000 0.5867 0.5495
17.0000 18.0000 2.0858 1.9601
17.0000 33.0000 0.5307 0.4969
18.0000 19.0000 0.0019 0.0018
19.0000 20.0000 0 0
20.0000 21.0000 1.3055 1.2251
20.0000 30.0000 0.0011 0.0011
21.0000 22.0000 0.0008 0.0008
22.0000 24.0000 0 0
24.0000 25.0000 0.2782 0.2615
25.0000 23.0000 0.0748 0.0702
25.0000 26.0000 0.0304 0.0285
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26.0000 27.0000 0.0019 0.0018
26.0000 29.0000 0.1188 0.1118
27.0000 28.0000 0.0013 0.0013
30.0000 31.0000 0.0199 0.0186
31.0000 32.0000 0.0005 0.0005
33.0000 34.0000 0.0106 0.0099
34.0000 35.0000 0.0139 0.0131
37.0000 38.0000 0.0192 0.0180
37.0000 39.0000 0.0178 0.0167
37.0000 41.0000 0.0234 0.0220
39.0000 40.0000 0.0011 0.0011
41.0000 42.0000 0.4678 0.4388
43.0000 44.0000 0.0517 0.0483
45.0000 46.0000 0.0018 0.0017
47.0000 48.0000 0.0022 0.0021
48.0000 49.0000 0.0007 0.0006
48.0000 52.0000 0.1894 0.1779
49.0000 50.0000 0.0038 0.0035
50.0000 51.0000 0.0553 0.0519
52.0000 53.0000 0.0830 0.0779
54.0000 55.0000 0.0236 0.0221
55.0000 56.0000 0.0429 0.0403
57.0000 58.0000 0.0002 0.0002
Total 324.74 304.84
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