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ABSTRACT

Load flow analysis is an essential tool for understanding the behavior of electrical power systems under different operating conditions. This paper explores load
flow analysis on standard IEEE test systems, such as the IEEE 14-bus and IEEE 30-bus networks, using methods like Newton-Raphson, Gauss-Seidel, and Fast-
Decoupled techniques. The study compares these methods based on their speed of convergence and accuracy. Additionally, the effects of incorporating renewable
energy sources into the grid are analyzed. The results demonstrate the importance of load flow analysis for maintaining efficient and stable power system operation.
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INTRODUCTION

Load flow analysis is a critical tool for the planning, operation, and optimization of electrical power systems. It helps ensure the stable operation of power
networks by providing crucial information on voltage levels, real and reactive power flows, and losses across transmission and distribution lines. The
need for reliable and efficient load flow solutions has grown in response to the increasing complexity of modern power systems, which are increasingly
characterized by distributed generation, renewable energy integration, and evolving load profiles.

Traditionally, load flow analysis has relied on iterative numerical methods such as the Gauss-Seidel method and Newton-Raphson method. The Gauss-
Seidel method, known for its simplicity and ease of implementation, often struggles with convergence in large, complex networks or in systems with poor
voltage profiles [1]. On the other hand, the Newton-Raphson method is more robust and provides faster convergence, particularly for large-scale systems.
However, it requires more computational effort due to the necessity of calculating Jacobian matrices and handling nonlinearities [2]. The Fast Decoupled
Load Flow (FDLF) method offers a compromise, significantly reducing computational time and memory requirements by decoupling real and reactive
power equations. This method is particularly efficient for systems dominated by high voltage levels and minimal coupling between active and reactive
power [3].

With the increasing penetration of renewable energy sources such as wind and solar, modern power systems face new challenges. These sources introduce
variability and uncertainty into the grid, making it harder to maintain a stable voltage profile and manage reactive power flows. Additionally, distributed
generation (DG), often located at the edges of the network in distribution systems, creates power flows that reverse direction, which complicates traditional
load flow calculations [4]. To address these issues, various improvements and adaptations of traditional methods have been proposed. For instance,
probabilistic load flow (PLF) techniques have been developed to handle the stochastic nature of renewable energy sources, offering more reliable solutions
under uncertain operating conditions [5].

Recent research has also explored new algorithms and approaches for specific network configurations, such as radial distribution networks, which have
different characteristics compared to meshed transmission networks. Techniques such as the Backward/Forward Sweep Method are tailored for
distribution networks and provide a simple, yet effective, way to handle the radial topology of these systems [6]. Moreover, hybrid approaches combining
conventional methods with machine learning algorithms have shown promise for enhancing the speed and accuracy of load flow calculations in systems
with high levels of distributed energy resources (DERs) [7].

This paper presents a comprehensive review of the various load flow methods and their application to modern power systems. It also explores how these
methods perform under different scenarios, including high renewable energy penetration, distributed generation, and dynamic load changes. Simulations
and case studies on standard IEEE test systems are used to compare the performance of the methods in terms of accuracy, computational efficiency, and
scalability.

Load flow Equation
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The relationship between node current and voltage in the linear network can be described by the following node equation [25]:

1=YV (1)
- @
li= Z 0
j=1
The voltage at the system's usual bus I is provided by:
Vi = |Vil=0; = |Vi|(Cos0; + Sind;) 3
Y;;an element of the admittance is given by:
Yy = [Yy| <0y = |Y]Cospy, + j|Y,|Sind;; = Gy; + B @

where n is the system's total node count.

The complex power that a power system's source injects into its i®® bus is:
Si=P+jQ =Vl ®)

Above equation’'s complex conjugate,

P —jQi = VI (6)
We know that

= ™
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Equation become
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Thus, real power
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Reactive Power
(10)
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In an electrical power system, the power flow equations determine the actual and reactive power balance at each bus.

Algorithm for BFS

For a 3-phase balanced load feeder, BFS power flow method can be applied using a simplified single-line diagram model. BFS starts from three node and

progresses towards the source.

The algorithm relies on two key matrices: the BIBC matrix and the BCBV matrix. In addition, complex loads in distribution networks are modelled using

equivalent current injections [6].
Step 1: The RDS total amount of nodes is represented by the number N.
Step 2: It is considered that the initial bus voltage is recognized.
Vi=Vs20 (11)

Fori=1,2,3,4,56...... N
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Step 3: Each bus's apparent power can be determined by:
Si=P+jQ; (12)

The backward/forward power flow method involves iteratively updating the phase angles and voltage magnitudes at each bus. The method computes the
operating conditions of the system in an efficient manner by beginning at the load end and working towards the source. This approach is particularly
practical for distribution networks due to its simplicity and effectiveness in handling radial feeder structures. By utilizing equivalent current injections
and simplified models, it provides a reliable means of analysing and optimizing power distribution systems.

The power injection can be changed to a current injection by using this equation.

;o Pt (13)
72
Bo Bl B2

Z1=rl+jxl Z27124jx2 Z37r34jx3

SI=P1+QL S2=P2+jQ2 S3=P2+Q3
Figure 4.1 Single line diagram of 3-nodes RDS
Step 4: Backward Sweep:

It should be noted that branch currents are added from loads to the source at each iteration k. However, to compute the branch currents, it is essential to
determine the injected current at each technical bus and establish the BIBC link. The injected bus current is adjusted to the branch current by this
championship.

Fi+ )¢
[ =—*>% 14
i 7 (14)
By applying KCL to each feeder node, the branch currents in the distribution network can be obtained.
B, =13 (15)

B,=1+B,=1,+1,
Bo=L+B, =1 +1,+1,
The relationship between the branch currents and the current injection at the buses is explained in the section that follows:
(31)=(0 1 1)(12) (16)
R- n o 1/\IL
The equivalent current for bus currents may be expressed as branch current in a RDS using KCL.

[grancn] = [BIBC][Ioqe] (17

The BIBC matrix has dimensions n * m — 1. Should bus i and j be connected via branch I, the BIBC;; element is set to one. If a new branch, denoted as
I+1, is connected to I, all elements in column | are assigned a value of one for BIBC..y;. This procedure is iteratively applied to fill the entire matrix.

Step 5: Forward Sweep: The adjustment of the nodal voltage vector V from the source to the loads relies on KVL and the relationship between BCBV.
This relationship is depicted in a figure, allowing for the calculation of nodal voltages as currents flow through the network.

By applying KVL and leveraging the known branch currents vector B the voltage distribution within thesystem can be analysed efficiently.
Vi = Vo_BoZy, (18)
Vo =Vi—=ByZy; = Vo — BoZoy — B1Z3,
Vs =V, = ByZy3 = Vo — BoZpy — B1Z1; — ByZy3

Therefore, the relationship between BCBV can be expressed as follows:

(VZ)=(VO)(ZM Z, 0 )(B) (19)

V. Vi) \Zoi 7Z.n 7./ \R.

The link between branch and branch voltage is established by the BCBV matrix.

Vil -Vl =[AaV] (20)
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The following can be used to modify equation (20):

[A V] = [BCBV] [IBranch]

[Vl][V] = [BCBV] Usrancn]

(1)

(22)

The BCBYV matrix serves as a transformation matrix for converting branch current to branch voltage,incorporating the substitution of Eq

[Vl] [V] = [BCBV] [BIBC] [Inode]

[V] = [Vl] [BCBV] [BIBC] [Inude]

Step 6: Calculate error: When Vmax falls below the specified tolerance, the maximum limit has been attained.

£ >A Vs

If you are not satisfied with the iteration, move on to step 3.

Step 7: After reaching the maximum number of iterations, the program terminates.

Step 8: Calculate the total real and reactive power losses in the network of RDS [8].

LiNE AND LOAD DATA

Table 1 IEEE-14 Bus Line and Load Data

(23)

(24)

(25)

Send Receive Resistance (Ohm) Reactance (Ohm) | Active Power (KW) | Reactive Power (KVAR)
1 2 1.35309 1.32349 44.1 44.99
2 3 1.17024 1.1464 70.1 71.44
3 4 0.84111 0.82271 40 142.82
4 5 1.52348 1.0276 44.1 44.99
2 9 2.01317 1.3279 70 71.44
9 10 1.68671 1.1377 44.1 41.99
2 6 2.55727 1.7249 140 142.82
6 7 1.0882 0.734 140 142.82
6 8 1.25143 0.8411 70 71.414
3 11 1.79553 1.2111 140 142.82
11 12 2.44845 1.6515 70 71.414
12 13 2.01317 1.3579 44.1 44.99
4 14 2.23081 1.5047 70 71.414
4 15 1.9702 0.8074 140 142.82
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Read the line and load data for the radial distribution system

¥

Set the initial voltage values to a flat voltage of 1 per unit
(p.u.) for all nodes.

v

Compute the branch current at each bus using a backward
sweep from the ith to the nth bus.

v

Compute the branch voltage at each bus using a forward
sweep from the ith to the nth bus.

Calculate the total real and reactive power losses in a radial
distribution network.

Figure:1 Flowchart of BFS load flow

L]

Figure:2 Voltage profile of IEEE 14 Bus

Conclusion

This paper analyzed load flow methods applied to IEEE test systems, highlighting the strengths and limitations of the Newton-Raphson, Gauss-Seidel,
and Fast-Decoupled techniques. The Newton-Raphson method proved most efficient for larger systems due to its fast convergence, while Gauss-Seidel
was simpler but slower. The Fast-Decoupled method offered a good balance between speed and simplicity. These findings reinforce the importance of
choosing the right load flow technique to ensure accurate and reliable power system operation, especially as grids evolve with renewable energy

integration.
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