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Abstract 

          The power flow analysis and its implementation 

in AC transmission network have become indispensible 

in a wide range of power system planning and 

operation. This paper focuses on the theory and 

algorithms of power flow analysis, which is essential to 

the understanding of the methodology of modern power 

flow analysis. The study gives explicit explanation of 

the fundamentals of power flow study and solution 

formulation, emphasized the applications of power flow 

analysis methods, which help in calculating load 

capability limit and critical voltage collapse point at 

the load bus. Effective implementations will ensure 

efficient economic operation and fast return on 

investment (ROI). 
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I. INTRODUCTION 
 

        Transmission lines are used to connect electric 

power sources to its distribution substations, and 

interconnect neighboring power systems [1], [7], [8], 

[13] - [15]. Since transmission power losses are 

proportional to the square of the load current, high 

voltages, from 132kV to 760kV, are used to minimize 

losses [13 -16], [30]. 

In [30], alternating current power-flow model 

is a model utilized in electrical engineering to analyze 

power system. It provides a nonlinear system that 

describes the energy flow through each transmission 

line. The power that flows into load impedances as in 

[13], [18], [30] is a function of the square of the applied 

voltages. The power flow analysis is imperative in the 

foundation of power system preliminary research as 

well as design. It is essential for planning, operation, 

economic scheduling and interchange of power between 

utilities [19], [21], [25], [26] [30], [30] - [34]. The 

power flow analysis involves identification the 

magnitude and phase angle of the voltage at every 

single bus, the real and reactive power flowing in each 

transmission system lines, and a study of extremely 

important significance. The analysis reveals in [2] - [5], 

[10] –[12] show the electrical performance and power  

 

flows for stipulated circumstances under the consistent 

state. 

The power flow analysis is the most important 

and essential approach to investigating problems in 

power system operating and planning [3], [5] [15]. It is 

the most crucial approach to exploring problems in 

power system operating and planning [30] – [34]. In 

[1], [26], the total system losses, as well as individual 

line losses, also are considered. Power-flow studies are 

important for planning future expansion of power 

systems as well as in determining the best operation of 

existing systems [26]. Power systems are usually too 

complex to allow for hand solution of the power flow. 

Based on a specified generating state and transmission 

network structure, load flow analysis solves the steady 

operation state with node voltages and branch power 

flow in the power system. Power flow analysis can 

provide a balanced steady operation state of the power 

system, without considering system transient processes. 

As a result, the mathematic model of load flow problem 

is a nonlinear algebraic equation system without 

differential equations [27]. Therefore, knowledge of the 

theory and algorithms of load flow analysis is 

imperative to understanding the methodology of 

modern power system analysis. 

II. REVIEW OF POWER FLOW STUDY 

The power-flow study, or load-flow study, is a 

numerical analysis of the flow of electric power in an 

interconnected transmission system. In [30] – [37], a 

power-flow study usually uses simplified notations such 

as bus,  a one- line diagram (or single line), 

convergence and per- unit system, and focuses on 

various aspects of AC power parameters, such as 

voltage magnitude, voltage angles, real power, reactive 

power and current. It analyzes the power systems in 

normal steady-state operation. 

Mathematically, the power flow problem 

involves solving a system of nonlinear algebraic, 

Equations, which cannot avoid some iteration process. 

Consequently, reliable convergence becomes the prime 

criterion for a power flow calculation method [13-16]. 

The Gauss–Seidel iterative method was predominantly 
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used. There are complexities in using this involved and 

advancement of power system continually expand the 

dimension of load flow equations. This problem created 

difficulty in getting a mathematical method that can 

converge to a correct and effective solution. The 

pending problem poses a challenge to the engineers and 

researchers in the field of power system analysis, and 

compelled them to seek more easy and reliable 

methods/ techniques for solving power flow problems 

[3] [11]. 

During the early stages of using digital 

computers to solve power flow problems, the widely 

used method was the Gauss–Seidel iterative method 

[40], which was based on a nodal admittance matrix 

[14]. Gauss–Seidel method requires simple principle 

and relatively small memory with satisfactory 

convergence. The number of iterations increases as the 

system scale becomes larger, and some-times the 

iteration process cannot converge. The sequential 

substitution method based on the nodal impedance 

matrix was introduced because of this problem. Due to 

shortcomings of the impedance method, the Newton–

Raphson method was adopted. The Newton method is a 

typical method has favorable convergence, and used to 

solve nonlinear equations in mathematics. The 

computing efficiency of the Newton method as in 

[50]can be greatly improved by using the sparsity of the 

Jacobean matrix in the iterative process [15] – [24], 

[34], [49]. 

The sophistication in power system network 

led to the development of the analysis and 

implementation of power flow method in various ways 

[20], [28], [29]. Fast decoupled method, also called the 

P – Q decoupled method [16]. was one of the most 

successful method. If fast decouple method is compared 

with the Newton method, the later method was much 

simpler and more efficient algorithmically, and 

therefore more popular in many applications [24], [25]. 

In [28-30], recent advancement in technology 

and power system expansion triggered many 

contributions that seek to improve the convergence 

characteristics of the Newton method and the fast-
decoupled methods [34] –1[39]. In recent years, a 

novel general-purpose solution method for power flow 

equations erupted, which is an advanced concept 

derived from holomorphicity [6], [41] – [44]. HELM 

was the brain child of Antonio Trais, which he 

presented in 2007 [6]. Further quest for dependable 

power flow solution consequently metamorphosed the 

development of power flow analytical tools such as 

artificial intelligent theory, the genetic algorithm, 

artificial neural network algorithm, and fuzzy algorithm 

[2] – [6], [24], [25], [30], [38], [46]- [48]. 

III. IMPLEMENTATION TECHNIQUE FOR 

POWER FLOW PROBLEM 

Three major steps for the successful Power flow 

solution are: 

Modeling of power system components and network. 

Development of power flow mathematical equations. 

Solving the load flow equations using numerical 

techniques 

A. Mathematical Analysis 

There are number of steps to be done while 

mathematically analyzing load flow. They are: 

Step 1: Use one-line diagram to represent the system. 

Step 2: Use Per Unit. Convert all quantities to Per Unit. 

Step 3: Show the Impedance Diagram. 

Step 4: Produce the Y-bus matrix. 

Step 5: categorize the buses. 

Step 6: Use assumptions to answer missing variables 

unless it is specified. 

Step 7: Approximate the real and reactive power given, 

using the assumption and given values for 

voltage/angles/admittance. 

Step 8: Represent the first iteration of the Newton 

Raphson Method in Jacobian. 

Step 9: Use the Cramer’s Rule to solve for unknown 

differences. 

Step 10: Repeat step 7 – 9 iteratively to obtain an 

accurate value for the unknown differences as the 

[Symbol]. Other indefinite parameters are calculated. 

IV. FORMULATION OF POWER FLOW STUDY 

Generally, the transmission lines connect the 

system’s generators to the distribution substations. So, 

the focus is on the power that flows through the 

transmission lines. The transmission line consists of one 

or more buses or nodes at which one or many 
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lines/loads and generators are connected. However, not 

all buses are connected to generators. The buses include 

[32-35]: 

Load Bus [P-Q bus], a bus where the real and reactive 

power are specified or known. 

Slack Bus (Swing bus), where the voltage magnitude 

and phase are known. 

Voltage-controlled Bus (Generator Bus or P-V bus), a 

bus in which the voltage magnitude and real power 

generated is known. 

Four major parameters are identified in each system 

bus: 

Voltage magnitude (V) 

Voltage phase angle (δ) 

Active power (P) demanded or generated 

Reactive power (Q ) demanded or generated 

In [30-36] there are three types of buses that 

consist of six electrical quantities associated with each 

bus: PD, PG, QD, QG,  V , and δ. The prespecified and 

unknown variables for each bus is depicted in table 1, 

and figure 1 respectively. 

Table 1- Bus classifications 

Bus Classification Prespecified 

variables 

Unknown 

Variables 

 

Slack or swing 
DD

QPV ,,,  GG
QP

,
 

Voltage-controlled
 

DDG
QPPV ,,

,
 G

Q,  

Load 
DDDG

QPQP
,,

,  ,V  

As mentioned earlier; each bus has six 

quantities or variables associated with it. They are 

,,,;,
DGG

PQPV  and 
.D

Q assuming that there are n 

busses in the system, there would be a total of 6n 

variables. 

 

Figure 1- A generic bus. 

V. THEORETICAL BACKGROUND OF POWER 

FLOW ANALYSIS 

The power flow analysis is a numerical analysis 

involving the solution of algebraic simultaneous 

equations, which forms the basis for solution of 

performance equations [32] [35-36].  A two-bus power 

system [30] shown in Figure 2, can be used to simplify 

the development of the power-flow equations. The 

system consists of two busses connected by a 

transmission line. One can observe that there are six 

electrical quantities associated with each bus: PD, PG, 

QD, QG,  V , and δ. This is the most general case, in 

which each bus is shown to have both generation and 

demand. In reality, not all busses will have power 

generation. The impedance diagram of the two-bus 

system is shown in figure 3. In figure 5, the 

transmission line is represented by a π–model and the 

synchronous generator is represented by a source 

behind a synchronous reactance. The loads are assumed 

to be constant impedance for the sake of representing 

them on the impedance diagram. Typically, the load is 

represented by a constant power device, as shown in 

subsequent figures. Bus power is defined as [30]: 

)()(
1111111 DGDGDG

QQjPPSSS 

 
(1) 

And 

)()(
2222222 DGDGDG

QQjPPSSS 

 
(2) 

Also, injected current at bus 1 is    

  

111

ˆˆˆ
DG

III      (3) 
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Figure 2 - A two-bus power system 

 

Figure 3- Impedance diagram for the two-bus power 

system 

And injected current at bus 2 is 

222

ˆˆˆ
DG

III     (4) 

All quantities are assumed to be per unit. Then, since 

 
1111

*

1111

*

111

ˆˆˆˆˆˆ IVjQPIVjQPIVs




(5) 

and, since 

 
*

2222

*

2222

*

222

ˆˆˆˆˆˆ IVjQPIVjQPIVS 

(6) 

 

Figure 4 - Bus powers with transmission line π–model for 

the two-bus system. 

 

Figure. 5. Current flows in the network model. 

Let us define current flows in the circuit, therefore, at 

bus 1 

111

ˆˆˆ III   

sP
YVVYV )ˆˆ(ˆ

211
    

211

ˆˆˆ VYVYYI
ssP


 

(7) 

2121111

ˆˆˆ VYVYI     (8) 

Where Y11  sum of admittances connected at bus 1 = 

Yp + Y 

Y12  negative of the admittance between busses 1 and 

2 = -Ys 

Similarly, at bus 2 

222

ˆˆˆ III   

sP
YVVYV )ˆˆ(ˆ

122
  

   
212

ˆˆˆ VYYVYI
sps

   (9) 

2121212

ˆˆˆ VYVYI      (10) 

Y22  sum of all admittances connected at bus 2 = Yp + 

Y2 

Y22   negative of the admittance between busses 2 and 

1 = -Ys = Y12 

Hence, for the two-bus power system, the current 

injections are 
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































2

1

2221

1211

2

1

V̂

V

YY

YY

I

I
   (11) 

In matrix notation. 

Ibus = YbusVbus 

The two-bus system can easily be extended to 

a larger system. Consider an n-bus system. Figure 2.18a 

shows the connections from bus 1 of this system to all 

the other busses. Figure 2.20b shows the transmission 

line models. Equations (2.73) through (2.86) that were 

 

Figure 6 - An n-bus system 

Fig 6, the analysis to an n-bus system derived 

for the two-bus system can now be extended to 

represent the n-bus system. This is shown in figure 7. 

 

Figure 7 - The π-model for the n-bus system 

 

   
ln211331

122111131121

ˆˆ...ˆˆ

ˆˆˆ...ˆˆˆ

YsYs

Ysnppp

VVVV

VVYVYVYVI





 

 
nsssnsspPp

VYVYVYVYYYYY ˆ...ˆˆˆ......
ln313212ln13ln1312



    
(12) 

nn
VYVYVYVYI ˆ...ˆˆˆˆ

13132121111
  

 (13) 

Where  

 
ln1312ln131211

......
sssppp

YYYYYYY 

 (14) 

 

= sum of all admittances connected to bus 1 

lnln13131212
;;

sss
YYYYYY   

 (15) 






n

j

jij
VYI

1

1

ˆˆ     (16) 

Also, extending t hepower Eq. (5) to an n-bus system. 

j

n

j

j
VYVIVjQP ˆˆˆ

1

111111 




   

 (17) 

Equation (17) can be written for any generic bus i: 

niVYVjQP
j

n

j

ijiii
,...,2,1ˆˆ

1

 




 

 (18) 

Equation (18) represents the nonlinear power-

flow equations. Equation (11) can also be rewritten for 

an n-bus system: 


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




















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nnnn

n

n

n
V

V

V

YYY

YYY

YYY

I

I

I

ˆ

ˆ

ˆ

ˆ

ˆ

ˆ

2

1

21

22221

11211

2

1

  

 (19) 

Or 

Ibus = YbusVbus 

Where 
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

























nnnn

n

n

bus

YYY

YYY

YYY

Y









21

22221

11211

Bus admittance matrix

 (20) 

The power-flow Eq. (18) can be resolved into the real 

and reactive parts as follows: 

niVYVrealP

n

j

jijii
,,2,1ˆˆ

1












 





   

 (21) 

niVYVagQ

n

j

jijii
,,2,1ˆˆIm

1












 





 (22) 

Thus, there are 2n equations and 6n variables 

for the n-bus system. Since there cannot be a solution in 

such case, 4n variables have to be prespecified. Based 

on parameter specifications, we can now classify the 

busses as shown in table 1. 

VI. CONCLUSION 

This work reveals a comprehensive theoretical 

framework for implementation and analysis power flow 

problem. It provides dependable procedures for the 

mathematical analysis and software implementation of 

power flow problems. This power flow analysis 

provides a great deal of insight into the behavior of the 

power system, in order to ensure economic efficiency 
and fast return on investment (ROI). 
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