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UNIT-I 

POWER SYSTEM 

 

HISTORY OF ELECTRIC POWER SYSTEMS 

In 1878, Thomas A. Edison began work on the electric light and formulated 

the concept of a centrally located power station with distributed lighting serving a 

surrounding area. He perfected his light by October 1879, and the opening of his 

historic Pearl Street Station in New York City on September 4, 1882, marked the 

beginning of the electric utility industry. At Pearl Street, dc generators, then called 

dynamos, were driven by steam engines to supply an initial load of 30 kW for 110-

V incandescent lighting to 59 customers in a one-square-mile (2.5-square-km) 

area. From this beginning in 1882 through 1972, the electric utility industry grew 

at a remarkable pace—a growth based on continuous reductions in the price of 

electricity due primarily to technological accomplishment and creative 

engineering. 

 The introduction of the practical dc motor by Sprague Electric, as well as 

the growth of incandescent lighting, promoted the expansion of Edison’s dc 

systems. The development of three-wire 220-V dc systems allowed load to 

increase somewhat, but as transmission distances and loads continued to increase, 

voltage problems were encountered. These limitations of maximum distance and 

load were overcome in 1885 by William Stanley’s development of a commercially 

practical transformer. Stanley installed an ac distribution system in Great 

Barrington, Massachusetts, to supply 150 lamps. With the transformer, the ability 

to transmit power at high voltage with corresponding lower current and lower line-

voltage drops made ac more attractive than dc. The first single-phase ac line in the 

United States operated in 1889 in Oregon, between Oregon City and Portland—21 

km at 4 kV. 

The growth of ac systems was further encouraged in 1888 when Nikola 

Tesla presented a paper at a meeting of the American Institute of Electrical 

Engineers describing two-phase induction and synchronous motors, which made 

evident the advantages of poly phase versus single-phase systems. The first three 

phase line in Germany became operational in 1891, transmitting power 179 km 

at 12 kV. The first three-phase line in the United States (in California) became 

operational in 1893, transmitting power 12 km at 2.3 kV. The three-phase 

induction motor conceived by Tesla went on to become the workhorse of the 

industry. 
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In the same year that Edison’s steam-driven generators were inaugurated, 

a waterwheel-driven generator was installed in Appleton, Wisconsin. Since then, 

most electric energy has been generated in steam-powered and in water powered 

(called hydro) turbine plants. Today, steam turbines account for more than 85% of 

U.S. electric energy generation, whereas hydro turbines account for about 6%. Gas 

turbines are used in some cases to meet peak loads. Also, the addition of wind 

turbines into the bulk power system is expected to grow considerably in the near 

future. 

Milestones of the early electric utility industry 

 
Steam plants are fueled primarily by coal, gas, oil, and uranium. Of these, 

coal is the most widely used fuel in the United States due to its abundance in the 

country. Although many of these coal-fueled power plants were converted to oil 

during the early 1970s, that trend has been reversed back to coal since the 1973–74 

oil embargo, which caused an oil shortage and created a national desire to reduce 
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dependency on foreign oil. In 2008, approximately 48% of electricity in the United 

States was generated from coal. In 1957, nuclear units with 90-MW steam-turbine 

capacity, fueled by uranium, were installed, and today nuclear units with 1312-

MW steamturbine capacity are in service.  

In 2008, approximately 20% of electricity in the United States was generated 

from uranium from 104 nuclear power plants. However, the growth of nuclear 

capacity in the United States has been halted by rising construction costs, licensing 

delays, and public opinion. Although there are no emissions associated with 

nuclear power generation, there are safety issues and environmental issues, such as 

the disposal of used nuclear fuel and the impact of heated cooling-tower water on 

aquatic habitats. Future technologies for nuclear power are concentrated on safety 

and environmental issues. 

Starting in the 1990s, the choice of fuel for new power plants in the United States 

has been natural gas due to its availability and low cost as well as the higher 

efficiency, lower emissions, shorter construction-lead times, safety, and lack of 

controversy associated with power plants that use natural gas. Natural gas is used 

to generate electricity by the following processes: 

(1) gas combustion turbines use natural gas directly to fire the turbine; 

(2) steam turbines burn natural gas to create steam in a boiler, which is then run 

through the steam turbine; 

(3) combined cycle units use a gas combustion turbine by burning natural gas, and 

the hot exhaust gases from the combustion turbine are used to boil water that 

operates a steam turbine; and 

(4) fuel cells powered by natural gas generate electricity using electrochemical 

reactions by passing streams of natural gas and oxidants over electrodes that are 

separated by an electrolyte.  

In 2008, approximately 21% of electricity in the United States was generated 

from natural gas. In 2008, in the United States, approximately 9% of electricity 

was generated by renewable sources and 1% by oil. Renewable sources include 

conventional hydroelectric (water power), geothermal, wood, wood waste, all 

municipal waste, landfill gas, other biomass, solar, and wind power. Renewable 

sources of energy cannot be ignored, but they are not expected to supply a large 

percentage of the world’s future energy needs. On the other hand, nuclear fusion 

energy just may. Substantial research efforts have shown nuclear fusion energy to 

be a promising technology for producing safe, pollution-free, and economical 

electric energy later in the 21st century and beyond. The fuel consumed in a 
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nuclear fusion reaction is deuterium, of which a virtually inexhaustible supply is 

present in seawater. 

The early ac systems operated at various frequencies including 25, 50, 60, 

and 133 Hz. In 1891, it was proposed that 60 Hz be the standard frequency in the 

United States. In 1893, 25-Hz systems were introduced with the synchronous 

converter. However, these systems were used primarily for railroad electrification 

(and many are now retired) because they had the disadvantage of causing 

incandescent lights to flicker. In California, the Los Angeles Department of Power 

and Water operated at 50 Hz, but converted to 60 Hz when power from the Hoover 

Dam became operational in 1937. In 1949, Southern California Edison also 

converted from 50 to 60 Hz. Today, the two standard frequencies for generation, 

transmission, and distribution of electric power in the world are 60 Hz (in the 

United States, Canada, Japan, Brazil) and 50 Hz (in Europe, the former Soviet 

republics, South America except Brazil, and India). The advantage of 60-Hz 

systems is that generators, motors, and transformers in these systems are generally 

smaller than 50-Hz equipment with the same ratings. The advantage of 50-Hz 

systems is that transmission lines and transformers have smaller reactances at 50 

Hz than at 60 Hz. 

 

PROBLEM.1 

Draw an impedance diagram for the electric power system shown in Figure 

showing all impedances in per unit on a 100-MVA base. Choose 20 kV as the 

voltage base for generator. The three-phase power and line-line ratings are given 

below. 

G1 : 90 MVA 20 kV X = 9% 

T1 : 80 MVA 20/200 kV X = 16% 

T2 : 80 MVA 200/20 kV X = 20% 

G2 : 90 MVA 18 kV X = 9% 

Line: 200 kV X = 120 ­ 

Load: 200 kV S = 48 MW +j64 Mvar 
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The base voltage VBG1on the LV side of T1 is 20 kV. Hence the base on its HV 

side is 

 
This fixes the base on the HV side of T2 at VB2 = 200 kV, and on its LV side at 

 
The generator and transformer reactances in per unit on a 100 MVA base, 

 
The base impedance for the transmission line is 

 
 

The per unit line reactance is 

 
The load impedance in ohms is 

 
The load impedance in per unit is 

 
The per unit equivalent circuit is shown in Figure 
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PROBLEM.2 

The one-line diagram of a power system is shown in Figure. 

 
 

The three-phase power and line-line ratings are given below. 

G: 80 MVA 22 kV X = 24% 

T1: 50 MVA 22/220 kV X = 10% 

T2: 40 MVA 220/22 kV X = 6.0% 

T3: 40 MVA 22/110 kV X = 6.4% 

Line 1: 220 kV X = 121 ­Ω 

Line 2: 110 kV X = 42.35 ­Ω 

M: 68.85 MVA 20 kV X = 22.5% 

Load: 10 Mvar 4 kV Δ-connected capacitors 

The three-phase ratings of the three-phase transformer are 

Primary: Y-connected 40MVA, 110 kV 

Secondary: Y-connected 40 MVA, 22 kV 

Tertiary: Δ-connected 15 MVA, 4 kV 

The per phase measured reactances at the terminal of a winding with the second 

one short-circuited and the third open-circuited are 

ZPS = 9.6% 40 MVA, 110 kV / 22 kV 
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ZPT = 7.2% 40 MVA, 110 kV / 4 kV 

ZST = 12% 40 MVA, 22 kV / 4 kV 

Obtain the T-circuit equivalent impedances of the three-winding transformer to the 

common MVA base. Draw an impedance diagram showing all impedances in per 

unit on a 100-MVA base. Choose 22 kV as the voltage base for generator. The 

base voltage VB1 on the LV side of T1 is 22 kV. Hence the base on its HV side is 

 
This fixes the base on the HV side of T2 at VB3 = 220 kV, and on its LV side at 

 
Similarly, the voltage base at buses 5 and 6 are 

 
Voltage base for the tertiary side of T4 is 

 
The per unit impedances on a 100 MVA base are: 

 
The motor reactance is expressed on its nameplate rating of 68.85 MVA, and 20 

kV. However, the base voltage at bus 4 for the motor is 22 kV, therefore 
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Impedance bases for lines 1 and 2 are 

 
Line 1 and 2 per unit reactances are 

 
The load impedance in ohms is 

 
The base impedance for the load is 

 
Therefore, the load impedance in per unit is 

 
The three-winding impedances on a 100 MVA base are 

 
The equivalent T circuit impedances are 
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Per unit impedance diagram 

 

 
PROBLEM.3 

The three-phase power and line-line ratings of the electric power system shown in 

Figure  are given below. 

 
G1 : 60 MVA 20 kV X = 9% 

T1 : 50 MVA 20/200 kV X = 10% 

T2 : 50 MVA 200/20 kV X = 10% 

M : 43.2 MVA 18 kV X = 8% 

Line: 200 kV Z = 120 + j200 ­ 

(a) Draw an impedance diagram showing all impedances in per unit on a 100-

MVA base. Choose 20 kV as the voltage base for generator. 
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(b) The motor is drawing 45 MVA, 0.80 power factor lagging at a line-to-line 

terminal voltage of 18 kV. Determine the terminal voltage and the internal emf of 

the generator in per unit and in kV. 

(a) 

The base voltage VBG1on the LV side of T1 is 20 kV. Hence the base on its HV 

side is 

 
This fixes the base on the HV side of T2 at VB2 = 200 kV, and on its LV side at 

 
The generator and transformer reactances in per unit on a 100 MVA base, 

 
The base impedance for the transmission line is 

 
The per unit line impedance is 

 
The per unit equivalent circuit is shown in Figure. 
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(b) The motor complex power in per unit is 

  
and the motor terminal voltage is 

 

 

 
Thus, the generator line-to-line terminal voltage is 

 

 
Thus, the generator line-to-line internal emf is 

 
PROBLEM.4 
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A power system network is shown in Figure. The generators at buses 1 and 2 are 

represented by their equivalent current sources with their reactances in per unit on 

a 100-MVA base. The lines are represented by π  model where series reactances 

and shunt reactances are also expressed in per unit on a 100 MVA base. The loads 

at buses 3 and 4 are expressed in MW and Mvar. Assuming a voltage magnitude of 

1.0 per unit at buses 3 and 4, convert the loads to per unit impedances. Convert 

network impedances to admittances and obtain the bus admittance matrix by 

inspection. 

 
The load impedance in per unit is found from 

 
Converting all impedances to admittances results in the admittance diagram shown 

in Figure 
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The self admittances are 

 
Therefore, the bus admittance matrix is 

 
PROBLEM.5 

A power system network is shown in Figure 

The values marked are impedances in per unit on a base of 100 MVA. The currents 

entering buses 1 and 2 are 

 
 Determine the bus admittance matrix by inspection. 
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Converting all impedances to admittances results in the admittance diagram shown 

in Figure 
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The self admittances are 

 
Therefore, the bus admittance matrix is 

 
PROBLEM:6 

Obtain the per unit impedance( reactance) diagram of the power system. Choose a 

common three-phase MVA base of 30 and a voltage base of 33 kV line-to-line on 

the transmission line. Then the voltage base in the circuit of generator 1 is 11 kV 

line-to-line and that in the circuits of generators 2 and 3 is 6.2 kV.
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PROBLEM:7 

The reactance data of generators and transformers are usually specified (or per 

cent) values, based on in pu equipment ratings rather than in actual ohmic values   

as given in  Problem:6 assuming the following PU values of reactance’s 

Transformer T1= 0.209 pu 

Transformer T2= 0.220 pu 

Generator G1 = 0.435 pu 

Generator G2= 0.413 pu 

Generator G 3= 0.3214 pu
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PROBLEM:8 

Figure shows the schematic diagram of a radial transmission system The ratings 

and reactances of the various components are shown therein. A load of 60 MW at 

0.9-power factor lagging is tapped from the 66 kv substation which is to be 

maintained at 60 kv. calculate the terminal voltage of the synchronous machine.    

Represent the transmission line and the transformers by series reactances only.  

 
 

 

Choose Base: 100 MVA 11 kV in generator circuit 220 kV transmission line 

66 kV load bus 

Reactance T1 = 0.1 pu 

Reactance T2 = 0.08 pu 
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PROBLEM:9 

Draw the pu impedance diagram for the power system shown in fig.  Neglect          

resistance and use a base of 100MVA, 220k v in 50Ω line. The  ratings of the 

generator, motor and transformers are 

Generator 40 MVA, 25 kV, X” = 20% 

Motor 50 MVA, 11 kV, X” = 30% 

Y-Y transformer, 40 MVA, 33 Y-220 Y  kV, X = 15% 

Y-Δ transformer,30 MVA, 11Δ-220 Y kV, X = l5% 

 
Base: 100 MVA 

220 kV in line 
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PROBLEM:10 

The one line diagram of a three phase power system is shown in fig. Select a 

common base of 100MVA and 22Kv on the generator side. Draw an impedance 

diagram with all impedances including the load impedance marked in per unit. The 

manufacturer’s data for each device is given as follows 

G 90MVA 22KV X=18% 

T1 50MVA 22/220KV X=10% 

T2 40MVA 220/11KV X=6% 

T3 40MVA 22/110KV X=6.4% 

T4 40MVA 110/11KV X=8% 

M 66.5MVA 10.45KV X=18.5% 

 

The three phase load at bus 4 absorbs 57MVA, 0.6 power factor lagging at 

10.45KV. Line 1 & 2 have reactance of 48.4 & 65.43Ω respectively. 
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PROBLEM:11 

The single line diagram of an unloaded power system is shown in figure. 

Reactances of the two sections of the transmission line are shown on the diagram. 

The generators and transformer are rated as follows: 

Generator1 20MVA 13.8KV X”d=0.20pu 

Generator2 30MVA 18KV X”d=0.20pu 

Generator3 30MVA 20KV X”d=0.20pu 

Transformer1 25MVA 220Y/13.8ΔKV X=10% 

Transformer2 1ϕ units each rated 

10MVA 

127/18KV X=10% 

Transformer3 35MVA 220Y/22Y KV X=10% 

Draw the impedance diagram with all reactances marked in per unit and with 

letters to indicate points corresponding to the single line diagram. Choose a base of 

50MVA, 13.8KV in the circuit of generator 1 
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PROBLEM:12 

The ratings of the generators, motors and transformers are: 

Generator1 20MVA 18KV X”d=20% 

Generator2 20MVA 18KV X”d=20% 
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Synchronous 

motor 3 

30MVA 13.8KV X”d=20% 

3ϕ Y-Y 

Transformers 

20MVA 138Y/20Y KV X=10% 

3ϕ Y-Δ 

Transformers 

15MVA 138Y/13.8Δ KV X=10% 

 

Draw  the impedance diagram for the power system, Mark impedances in per unit. 

Neglect resistance and use a common base of 50MVA, 138KV in the 40Ω line. 
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PROBLEM:13 

Given the impedance diagram of a simple system as shown in Figure, draw the 

admittance diagram for the system and develop the 4 x 4 bus admittance matrix 

Ybus by inspection. 
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PROBLEM:14 

For the system shown in Figure, draw an impedance diagram in per unit, by 

choosing 100 kVA to be the base kVA and 2400 V as the base voltage for the 

generators. 
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PROBLEM:15 

Consider the single-line diagram of the power system shown in Figure Equipment 

ratings are: 

Generator 1: 1000 MVA, 18 kV, X”=0.2 per unit 

Generator 2: 1000 MVA, 18 kV, X”=0.2 per unit 

Synchronous motor 3: 1500 MVA, 20 kV, X”=0.2 per unit 

Three-phase Δ–Y transformers T1, T2, T3, T4: 1000 MVA, 500 kV Y/20 kV Δ, X 

= 0.1 

Three-phase Y–Y transformer T5: 1500 MVA, 500 kV Y/20 kV Y, X =0.1 

Neglecting resistance, transformer phase shift, and magnetizing reactance, draw 

the equivalent reactance diagram. Use a base of 100 MVA and 500 kV for the 50-

ohm line. Determine the per-unit reactances. 
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PROBLEM:16 

Figure  shows a one-line diagram of a system in which the three-phase generator is 

rated 300 MVA, 20 kV with a subtransient reactance of 0.2 per unit and with its 

neutral grounded through a 0.4-Ω reactor. The transmission line is 64 km long with 
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a series reactance of 0.5 Ω/km. The three-phase transformer T1 is rated 350 MVA, 

230/20 kV with a leakage reactance of 0.1 per unit. Transformer T2 is composed of 

three single-phase transformers, each rated 100 MVA, 127/13.2 kV with a leakage 

reactance of 0.1 per unit. Two 13.2-kV motors M1 and M2 with a subtransient 

reactance of 0.2 per unit for each motor represent the load. M1 has a rated input of 

200 MVA with its neutral grounded through a 0.4-Ω current-limiting reactor. M2 

has a rated input of 100 MVA with its neutral not connected to ground. Neglect 

phase shifts associated with the transformers. Choose the generator rating as base 

in the generator circuit and draw the positive-sequence reactance diagram showing 

all reactances in per unit. 

 
Three-phase rating of transformer T2 is 3×100 = 300MVA and its line-to-line 

voltage ratio is √3 (127) :13.2 or 220 :13.2 kV. Choosing a common base of 300 

MVA for the system, and selecting a base of 20 kV in the generator circuit, The 

voltage base in the transmission line is 230 kV and the voltage base in the motor 

circuit is 230 (13.2/220) = 13.8 kV transformer reactances converted to the proper 

base are given by 

 
 

Base impedance for the transmission line is (230)
2
/300=176.3 Ω 
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PROBLEM:17 

Consider the single-line diagram of a power system shown in Figure with 

equipment ratings given below: 

Generator G1: 50 MVA, 13.2 kV, x = 0.15 pu 

Generator G2: 20 MVA, 13.8 kV, x =0.15 pu 

three-phase Δ–Y transformer T1: 80 MVA, 13.2 Δ/165 Y kV, X = 0.1 pu 

three-phase Y–Δ transformer T2: 40 MVA, 165 Y/13.8 Δ kV, X = 0.1 pu 

Load: 40 MVA, 0.8 p.f. lagging, operating at 150 kV 

Choose a base of 100 MVA for the system and 132-kV base in the transmission-

line circuit. Let the load be modeled as a parallel combination of resistance and 

inductance. Neglect transformer phase shifts. Draw a per-phase equivalent circuit 

of the system showing all impedances in per unit. 
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UNIT-II 

POWER FLOW ANALYSIS 

Introduction 

A load flow (sometimes known as a power flow) is power system jargon for 

the steady-state solution of an electrical power network. It does not essentially 

differ from the solution of any other type of network except that certain constraints 

are peculiar to power systems and, in particular, the formulation is non-linear 

leading to the need for an iterative solution. 

In previous chapters the manner in which the various components of a power 

system may be represented by equivalent circuits has been demonstrated. It should 

be stressed that the simplest representation of items of plant should always be used, 

consistent with the accuracy of the information available. There is no merit in 

using very complicated machine and line models when the load and other data are 

known only to a limited accuracy, for example, the long-line representation should 

only be used where absolutely necessary.  

Similarly, synchronous machine models of more sophistication than those 

given in this text are needed only for very specialized purposes, for example in 

some stability studies. Usually, the size and complexity of the network itself 

provides more than sufficient intellectual stimulus without undue refinement of the 

components. Often, in high voltage networks, resistance may be neglected with 

little loss of accuracy and an immense saving in computation. 

Load flow studies are performed to investigate the following features of a power 

system network: 

1. Flow of MW and MVAr in the branches of the network. 

2. Busbar (node) voltages. 

3. Effect of rearranging circuits and incorporating new circuits on system loading. 

4. Effect of temporary loss of generation and transmission circuits on system 

loading (mainly for security studies). 

5. Effect of injecting in-phase and quadrature boost voltages on system loading. 

6. Optimum system running conditions and load distribution. 

7. Minimizing system losses. 

8. Optimum rating and tap-range of transformers. 

9. Improvements from change of conductor size and system voltage. 

Planning studies will normally be performed for minimum-load conditions 

(examining the possibility of high voltages) and maximum-load conditions 

(investigating the possibility of low voltages and instability).  
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Having ascertained that a network behaves reasonably under these 

conditions, further load flows will be performed to optimize voltages, reactive 

power flows and real power losses. The design and operation of a power network 

to obtain optimum economy is of paramount importance and the furtherance of this 

ideal is achieved by the use of centralized automatic control of generating stations 

through system control centres. 

These control systems often undertake repeated load flow calculations in 

close to real time. Although the same approach can be used to solve all load flow 

problems, for example the nodal voltage method, the object should be to use the 

quickest and most efficient method for the particular type of problem. Radial 

networks will require less sophisticated methods than closed loops. In very large 

networks the problem of organizing the data is almost as important as the method 

of solution, and the calculation must be carried out on a systematic basis and here 

the nodal voltage method is often the most convenient. Methods such as network 

reduction combined with the Thevenin or superposition theorems are at their best 

with smaller networks. In the nodal method, great numerical accuracy is required 

in the computation as the currents in the branches are derived from the voltage 

differences between the ends. These differences are small in well designed 

networks so the method is ideally suited for computation using digital computers 

and the per unit system. 

Bus Classification 

Bus Specified variables Computed variables 

Slack - bus 
Voltage magnitude and its 

phase angle 

Real and reactive powers 

 

Generator bus 

(PV - bus or voltage 

controlled bus) 

Magnitudes of bus 

voltages and real powers 

(limit on reactive powers) 

Voltage phase angle and 

reactive power. 

 

Load bus Real and reactive powers 
Magnitude and phase 

angle of bus voltages 

Modelling for Load Flow Studies 

Bus admittance formation 

Consider the transmission system shown in Fig. Three bus transmission 

system The line impedances joining buses 1,2 and 3 are denoted by z 12, Z 22 and 

z31 respectively. The corresponding line admittances are Y12,Y22 and Y31 The total 

capacitive susceptances at the buses are represented by YIO,Y20 and Y30. 
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Applying Kirchoff's current law at each bus In matrix from 

Where 
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are the self admittances forming the diagonal terms and 

 
are the mutual admittances forming the off-diagonal elements of the bus 

admittance matrix. For an n-bus system, the elements of the bus admittance matrix 

can be written down merely by inspection of the network as diagonal terms 

 
off and diagonal terms 

 
If the network elements have mutual admittance (impedance), the above formulae 

will not apply. For a systematic formation of the y-bus, linear graph theory with 

singular transformations may be used.  

System Model for Load Flow Studies 

The variable and parameters associated with bus i and a neighboring bus k are 

represented in the usual notation as follows : 
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or using the voltage from 
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The convergence of the iterative methods depends on the diagonal 

dominance of the bus admittance matrix. The self-admittances of the buses, are 

usually large, relative to the mutual admittances and thus, usually convergence is 

obtained. Junctions of very high and low series impedances and large capacitances 

obtained in cable circuits long, EHV lines, series and shunt compensation are 

detrimental to convergence as these tend to weaken the diagonal dominance in the 

V-matrix. The choice of slack bus can affect convergence considerably. 

In difficult cases, it is possible to obtain convergence by removing the least 

diagonally dominant row and column of Y. The salient features of the V-matrix 

iterative methods are that the elements in the summation terms are on the average 

only three even for well-developed power systems. The sparsity of the V-matrix 

and its symmetry reduces both the storage requirement and the computation time 

for iteration For a large, well conditioned system of n-buses, the number of 

iterations required are of the order of n and total computing time varies 

approximately as n
2
 

Gauses - Seidel Iterative Method 
In this method, voltages at all buses except at the slack bus are assumed. The 

voltage at the slack bus is specified and remains fixed at that value. The (n-1) bus 

voltage relations. 

 
i = 1, 2, ..... n; i ≠slack bus 

are solved simultaneously for an improved solution. In order to 

accelerate'the convergence, all newly-computed values of bus voltages are 

substituted in eqn V1 The bus voltage equation of the (m + 1 )
th

 iteration may then 

be written as 
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The method converges slowly because of the loose mathematical coupling 

between the buses. The rate of convergence of the process can be increased by 

using acceleration factors to the solution obtained after each iteration. A fixed 

acceleration factor α (1≤ α ≤ 2) is normally used for each voltage change, 

 
The use of the acceleration factor amounts to a linear extrapolation of V1 For 

a given system, it is quite often found that a near-optimal choice of α exists as 

suggested in literature over a range of operating conditions. Even though a 

complex value of α is suggested in literature, it is more convenient to operate with 

real values given by 

 
Alternatively, different acceleration factors may be used for real and 

imaginary parts of the voltage. 

While computing the reactive powers, the limits on the reactive source must 

be taken into consideration. If the calculated value of the reactive power is beyond 

limits. Then its value is fixed at the limit that is violated and it is no longer possible 

to hold the desired magnitude of the bus voltage, the bus is treated as a PQ bus or 

load bus. 
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Comparison of Various Methods for Power Flow Solution 

The requirements of a good power flow method are - high speed, low storage, and 

reliability for ill-conditioned problems. No single method meets all these 

requirements. It may be mentioned that for regular load flow studies NR-method in 

polar coordinates and for special applications fast decoupled load flow solution 

methods have proved to be most useful than other methods. NR-method is 

versatile, reliable and accurate. Fast decoupled load flow method is fast and needs 

the least storage. Convergence of iterative methods depends upon the dominance 

of the diagonal elements of the bus admittance matrix. 

Advantages of Gauss-Seidel method: 

1. The method is very simple in calculations and thus programing is easier. 

2. The storage needed in the computer memory is relatively less. 

3. In general, the method is applicable for smaller systems. 

Disadvantages of Gauss-Seidel Method: 

1. The number of iterations needed is generally high and is also dependent on the 

acceleration factor selected. 

2. For large systems, use of Gauss-Seidel method is practically prohibitive. 

3. The time for convergence also increases dramatically with increase of number of 

buses. 

Advantages of Newton-Raphsan Method, 

1. The method is more accurate, faster and reliable. 

2. Requires less number of iteration for convergence. Infact, in three to four 

iterations good convergence is reached irrespective of the size of the system. 

3. The number of iterations required is thus independent of the size of the system 

or the number of buses in the system. 

4. The method is best suited for load flow solution to large size systems. 

5. Decoupled and fast decoupled power flow solution can be obtained from 

Newton Raphsan Polar Coordinates method. Hence, it also can serve as a base for 

security and contingency studies. 

Disadvantages of Newton-Raphsan Method, 

I. The memory needed is quite large for large size systems. 

2. Calculations per iteration are also much larger than Gauss-Seidel method. 

3. Since, it is a gradient method, the method is quite involved and hence, 

programming is also comparatively difficult and complicated. 
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PROBLEM.1 

In the power system network shown in Figure, bus 1 is a slack bus with V1 = 1.06 

∟0
0
 per unit and bus 2 is a load bus with S2 = 280 MW + j60 Mvar. The line 

impedance on a base of 100 MVA is Z = 0.02 + j0.04 per unit. 

 (a) Using Gauss-Seidel method, determine V2 . Use an initial estimate of V2 
(0)

 = 

1.0 + j0.0 and perform four iterations. 

(b) If after several iterations voltage at bus 2 converges to V2 = 0.90 - j0.10, 

determine S1 and the real and reactive power loss in the line. 

 

 
The per unit load at bus 2 is 

 
Starting with an initial estimate of V2 

(0)
= 1.0+j0.0, the voltage at bus 2 computed 

for three iterations are 

 
(b) Assuming voltage at bus 2 converges to V2 = 0.9 - j0.1, the line flows are 
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computed as follows 

 
The line loss is 

 
The slack bus real and reactive power are P1 = 300MW, and Q1 = 100 Mvar. 

PROBLEM.2 

Figure shows the one-line diagram of a simple three-bus power system with 

generation at bus 1. The voltage at bus 1 is V1 = 1.06∟ 0 
0
 per unit. The scheduled 

loads on buses 2 and 3 are marked on the diagram. Line impedances are marked in 

per unit on a 100 MVA base. For the purpose of hand calculations, line resistances 

and line charging susceptances are neglected. 

(a) Using Gauss-Seidel method and initial estimates of V2 
(0)

= 1.0+j0 and  

V3 
(0)

=1.0 + j0, determine V2 and V3. Perform two iterations. 

(b) If after several iterations the bus voltages converge to 

V2 = 0.90 -j0.10 pu 

V3 = 0.95 - j0.05 pu 

determine the line flows and line losses and the slack bus real and reactive power. 

Construct a power flow diagram and show the direction of the line flows. 

 
(a) Line impedances are converted to admittances 
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At the P-Q buses, the complex loads expressed in per units are 

  
For hand calculation,. Bus 1 is taken as reference bus (slack bus). 

Starting from an initial estimate of V2 
(0)

= 1.0 + j0.0 and V3 
(0)

= 1.0 + j0.0,  

V2 and V3 are computed as follows 

 

 
For the second iteration we have 

 
 

The process is continued and a solution is converged with an accuracy of 5£10¡5 
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per unit in seven iterations as given below. 

 
The final solution is 

 
(b) With the knowledge of all bus voltages, the slack bus power is obtained 

  
or the slack bus real and reactive powers are P1 = 7.0 pu = 700MWand Q1 = 7.0 

pu = 700 Mvar. 

 

To find the line flows, first the line currents are computed. With line charging 

capacitors neglected, the line currents are 

 
 

 

The line flows are 
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The power flow diagram is shown in Figure, where real power direction is 

indicated by     and the reactive power direction is indicated by         The values 

within parentheses are the real and reactive losses in the line. 

 
 

PROBLEM.3 
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Figure shows the one-line diagram of a simple three-bus power system with 

generation at buses 1 and 3. The voltage at bus 1 is V1 = 1.0256∟ 0
0
 per unit. 

Voltage magnitude at bus 3 is fixed at 1.03 pu with a real power generation of 300 

MW. A load consisting of 400 MW and 200 Mvar is taken from bus 2. Line 

impedances are marked in per unit on a 100 MVA base. For the purpose of hand 

calculations, line resistances and line charging susceptances are neglected. 

(a) Using Gauss-Seidel method and initial estimates of V2 
(0)

= 1.0+j0 and V3 
(0)

 

=1.03 + j0 and keeping │V3│ = 1:03 pu, determine the phasor values of V2 and V3. 

Perform two iterations. 

(b) If after several iterations the bus voltages converge to 

determine the line flows and line losses and the slack bus real and reactive power. 

Construct a power flow diagram and show the direction of the line flows. 

 
(a) Line impedances converted to admittances are y12 = -j40, y13 = -j20 and 

y23 = -j40. The load and generation expressed in per units are 

 
Bus 1 is taken as the reference bus (slack bus). Starting from an initial estimate of 

V2 
(0)

= 1.0 + j0.0 and V3 
(0)

= 1.03 + j0.0, V2 and V3 are computed 
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Bus 3 is a regulated bus where voltage magnitude and real power are specified. For 

the voltage-controlled bus, first the reactive power is computed 

 

 
The value of Q3

 (1)
 is used as Q3

sch
 for the computation of voltage at bus 3. The 

complex voltage at bus 3, denoted by V c3
 (1)

 , is calculated 

 
Since │V3│ is held constant at 1.03 pu, only the imaginary part of V c3 

(1)
 

is retained,i.e, f3
 (1)

 = 0:0152, and its real part is obtained from 

 
For the second iteration, we have 
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Since │V3│is held constant at 1.03 pu, only the imaginary part of V c3 

(2)
 

is retained,i.e, f3
 (2)

 = 0.0216, and its real part is obtained from 

 
The process is continued and a solution is converged with an accuracy of 5*10

-5
 

pu to 
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(b) Line flows and line losses are computed as in Problem.2, and the results 

expressed in MW and Mvar are 

 
The slack bus real and reactive powers are 

 

 
Power flow diagram of Problem.3(powers in MW and Mvar). 

PROBLEM.4 

In the two-bus system shown in Figure 58, bus 1 is a slack bus with V1 = 

1.06∟0
0
 pu. A load of 150MWand 50 Mvar is taken from bus 2. The line 

admittance is y12 = 10∟-73.74
0
 pu on a base of 100 MVA. The expression for real 

and reactive power at bus 2 is given by  
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 Using Newton-Raphson method, obtain the voltage magnitude and phase angle of 

bus 2. Start with an initial estimate of │V2│
(0) 

= 1.0 pu and δ2
(0)

 = 0
0
. Perform two 

iterations. Partial derivatives of P2, and Q2 with respect to │V2│, and δ2 are 

 

 
The load expressed in per unit is 

 
The slack bus voltage is V1 = 1.06∟ 0 pu. Starting with an initial estimate of 

│V2 
(0)

│ j = 1.0, δ2
 (0)

 = 0.0, the power residuals are computed 

 

 
The elements of the Jacobian matrix at the initial estimate are 
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The set of linear equations in the first iteration becomes 

 
Obtaining the solution of the above matrix equation, voltage at bus 2 in the first 

iteration is 

 
Also, computing the elements of the Jacobian matrix, the set of linear equations in 

the second iteration becomes 

 
Obtaining the solution of the above matrix equation, voltage at bus 2 in the second 

iteration is 

 
PROBLEM.5 

In the two-bus system shown in Figure, bus 1 is a slack bus with V1 =1.06 ∟0
0
 pu. 

A load of 100MWand 50 Mvar is taken from bus 2. The line impedanceis z12 = 

0.12 + j0.16 pu on a base of 100 MVA. Using Newton-Raphson method, obtain the 

voltage magnitude and phase angle of bus 2. Start with an initial estimate 

of │V2
(0)

│ = 1.0 pu and δ2
 (0)

= 0
0
. Perform two iterations. 
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The power flow equation with voltages and admittances expressed in polar form is 

 
The bus admittance matrix is 

 
Substituting for admittances, the expression for real and reactive power at bus 2 

Becomes 

 
Partial derivatives of P2, and Q2 with respect to │V2│, and  are δ2 

      

 
The load expressed in per units is 

 
The slack bus voltage is V1 = 1.06∟ 0

0
pu. Starting with an initial estimate of 

│V2 
(0)

│ = 1.0, δ2
(0)

 = 0.0, the power residuals are computed 
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The elements of the Jacobian matrix at the initial estimate are 

 
The set of linear equations in the first iteration becomes 

 
Obtaining the solution of the above matrix equation, voltage at bus 2 in the first 

iteration is 

 
For the second iteration, we have 

 
Also, computing the elements of the Jacobian matrix, the set of linear equations in 

the second iteration becomes 

 
Obtaining the solution of the above matrix equation, voltage at bus 2 in the second 

iteration is 
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Problem.6 

Figure shows the one-line diagram of a simple three-bus power system with 

generation at buses 1 and 2. The voltage at bus 1 is V = 1.06∟ 0
0
per unit. Voltage 

magnitude at bus 2 is fixed at 1:05 pu with a real power generation of 400 MW. A 

load consisting of 500 MW and 400 Mvar is taken from bus 3. Line admittances 

are marked in per unit on a 100 MVA base. For the purpose of hand calculations, 

line resistances and line charging susceptances are neglected. 

 
(a) Show that the expression for the real power at bus 2 and real and reactive 

power at bus 3 are 

 
(b) Using Newton-Raphson method, start with the initial estimates of V2 

(0)
 =1.05 + 

j0 and V3
(0)

 = 1.0 + j0, and keeping │V2│ = 1.05 pu, determine the phasor values of 

V2 and V3. Perform two iterations. 

By inspection, the bus admittance matrix in polar form is 
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(a) The power flow equation with voltages and admittances expressed in polar 

form Is 

 
Substituting the elements of the bus admittance matrix in the above equations for 

P2, P3, and Q3 will result in the given equations. 

(b) Elements of the Jacobian matrix are obtained by taking partial derivatives of 

the given equations with respect to δ2, δ3 and │V3│. 

 

 
The load and generation expressed in per units are 
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The slack bus voltage is V1 = 1.06∟ 0

0
 pu, and the bus 2 voltage magnitude is 

│V2│ =1.05 pu. Starting with an initial estimate of │V3 
(0)

│ = 1.0, δ2
(0)

 = 0.0, and 

δ3
(0)

 =0.0, the power residuals are 

 
Evaluating the elements of the Jacobian matrix with the initial estimate, the set of 

linear equations in the first iteration becomes 

 
Obtaining the solution of the above matrix equation, the new bus voltages in the 

first iteration are 

 
For the second iteration, we have 
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PROBLEM:7 

The one line diagram of a simple three bus power system with generator at bus 1. 

The magnitude of  voltage at bus 1 is adjusted to 1.05per unit. The scheduled loads 

at buses 2  and 3 are marked on the diagram. Line impedances are marked in  per 

unit on a 100-MVA base and the line charging susceptances are neglected.   

 
(a) Using the Gauss-seidel method, Determine the phasor values of the voltage at 

the load buses 2 and 3 accurate to four decimal places. 

(b) Find the slack bus real and reactive power. 

(c) Determine the line flows and line losses. Construct a power flow diagram 

showing the direction of line flow. 

(a) Line impedances are converted to admittances  

 
Similarly  

y13=10-j30 

y23=16-j32 
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(b) 
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PROBLEM:8 

One line diagram of a simple three bus power system with generators at buses 1 

and 3. The magnitude of voltage at bus 1 is adjusted to 1.05pu. Voltage magnitude 

at bus 3 is fixed at 1.04pu with a real power  generation of 200MW. A load 

consisting of 400MW and 250Mvar is taken from bus 2. Line impedances are 

marked in per unit on a common100 MVA base and the line charging susceptances 

are neglected. Obtain the power flow solution by the Gauss-seidel method 

including line flows and line losses. 
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PROBLEM:9 

One line diagram of a simple three bus power system with generators at buses 1 

and 3. The magnitude of voltage at bus 1 is adjusted to 1.05pu. Voltage magnitude 

at bus 3 is fixed at 1.04pu with a real power  generation of 200MW. A load 

consisting of 400MW and 250Mvar is taken from bus 2. Line impedances are 

marked in per unit on a common100 MVA base and the line charging susceptances 

are neglected. Obtain the power flow solution by the Newton - Raphson method 
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PROBLEM:10 

For the sample system of Fig the generators are connected at all the four buses, 

while loads are at buses 2 and 3. Values of real and reactive powers are listed in 

table. All buses other than the slack are pq type. Assuming a flat voltage start, find 

the voltages and bus angles at the three buses at the end of the first GS iteration. 
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Line data R.pu X.pu 

1-2 0.05 0.15 

1-3 0.10 0.30 

2-3 0.15 0.45 

2-4 0.10 0.30 

3-4 0.05 0.15 

 

Bus data P.pu Q.pu V.pu Remarks 

1 - - 1.04∟0
0
 Slack bus 

2 0.5 -0.2 - PQ bus 

3 -1.0 0.5 - PQ bus 

4 0.3 -0.1 - PQ bus 
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PROBLEM:11 

In problem10 let bus 2 be a PV bus now with lV2l = 1.04 pu. Once again 

assuming a flat voltage start, find Q2, δ2, V3, V4 at the end of the first GS 

iteration. Given: 0.2 < Q, < l. 
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PROBLEM:12 

Consider the three-bus system of Fig. Each of the three lines has a series 

Impedance of 0.02 + j0.08pu and a total shunt admittance of j0.02 pu. The 

Specified quantities at the buses are tabulated below: 

Controllable reactive power sources available at bus 3 with the constraint 

0 ≤ QG3 ≤1.5 Pu 

Bus PD QD PG QG Voltage 

1 2 1 - - 
V1=1.04+j0 

(Slack bus) 

2 0 0 0.5 1 
Unspecified 

(PQ bus) 

3 1.5 0.6 0.0 QG3=? 
V3=1.04 

(PV bus) 

 

Find the load flow solution using the NR method 
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The changes in variables at the end of the first iteration are obtained as follows: 

 
Jacobian elements can be evaluated by differentiating the expressions given above 

for P2,P3,Q2 with respect to δ2, δ3 and │V2│ and substituting the given and 

assumed values at the start of iteration. The changes in variables are obtained as 
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We can now calculate 

 
which is within limits. 

If' the same problem is solved using a digital computer, the solution Converges in 

three iterations. The final results are given below: 
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UNIT-III 

SYMMETRICAL FAULT ANALYSIS 

PROBLEM.1 

The system shown in Figure is initially on no load with generators operating at 

their rated voltage with their emfs in phase. The rating of the generators and the 

transformers and their respective percent reactances are marked on the diagram. 

All resistances are neglected. The line impedance is j160Ω. A three-phase balanced 

fault occurs at the receiving end of the transmission line. Determine the shortcircuit 

current and the short-circuit MVA. 

 
The base impedance for line is 

 
and the base current is 

 
The reactances on a common 100 MVA base are 
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The impedance diagram is as shown in Figure 

 
Impedance to the point of fault is 

 
The fault current is 

 
The Short-circuit MVA is 

 
PROBLEM.2 

The one-line diagram of a simple power system is shown in Figure. Each generator 

is represented by an emf behind the transient reactance. All impedances are 

expressed in per unit on a common MVA base. All resistances and shunt 

capacitances are neglected. The generators are operating on no load at their rated 

voltage with their emfs in phase. A three-phase fault occurs at bus 1 through a fault 

impedance of Zf = j0.08 per unit.  
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(a) Using Th´evenin’s theorem obtain the impedance to the point of fault and the 

fault current in per unit. 

(b) Determine the bus voltages and line currents during fault. 

 
(a) Impedance to the point of fault is 

 
The fault current is 

 
The impedance diagram 

 
(b) 

 
PROBLEM.3 
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The one-line diagram of a simple three-bus power system is shown in Figure Each 

generator is represented by an emf behind the subtransient reactance. All 

impedances are expressed in per unit on a common MVA base. All resistances and 

shunt capacitances are neglected. The generators are operating on no load at their 

rated voltage with their emfs in phase. A three-phase fault occurs at bus 3 through 

a fault impedance of Zf = j0.19 per unit.  

(a) Using Th´evenin’s theorem obtain the impedance to the point of fault and the 

fault current in per unit. 

(b) Determine the bus voltages and line currents during fault. 

 
Converting the∆ formed by buses 123 to an equivalent Y 

 
Reduction of Thevenin’s equivalent network. 
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Combining the parallel branches, Thevenin’s impedance is 

 
From Figure(c), the fault current is 

 
With reference to Figure(a), the current divisions between the two generators 

are 

 
For the bus voltage changes from Figure(a), we get 

 
The bus voltages during the fault are obtained by superposition of the prefault 

bus voltages and the changes in the bus voltages caused by the equivalent emf 

connected to the faulted bus, i.e., 
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The short circuit-currents in the lines are 

 
 

 

PROBLEM.4 

The one-line diagram of a simple four-bus power system is shown in Figure  Each 

generator is represented by an emf behind the transient reactance. All impedances 

are expressed in per unit on a common MVA base. All resistances and shunt 

capacitances are neglected. The generators are operating on no load at their rated 

voltage with their emfs in phase. A bolted three-phase fault occurs at bus 4. 

 
(a) Using Thevenin’s theorem obtain the impedance to the point of fault and the 

fault current in per unit. 

(b) Determine the bus voltages and line currents during fault. 

(c) Repeat (a) and (b) for a fault at bus 2 with a fault impedance of Zf = j0.0225. 

 

(a) Converting the ∆ formed by buses 123 to an equivalent Y as shown in Figure 

(a), we have 



EE8501  POWER SYSTEM ANALYSIS 

                                   DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING                                     
 

 
Reduction of Thevenin’s equivalent network. 

 
Combining the parallel branches, Thevenin’s impedance is 

 
The fault current is 

 
With reference to Figure(a), the current divisions between the two generators 

are 

 
(b) For the bus voltage changes from Figure(a), we get 
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The bus voltages during the fault are obtained by superposition of the prefault 

bus voltages and the changes in the bus voltages caused by the equivalent emf 

connected to the faulted bus, i.e., 

 
The short circuit-currents in the lines are 

 
(c) (a) Combining parallel branches between buses 1 and 2 results in the circuit 

shown in Figure (a). Combining the parallel branches, Thevenin’s impedance is 

 
The fault current is 

 
With reference to Figure (a), the current divisions between the two generators 

are 
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Reduction of Thevenin’s equivalent network. 

(c) (b) For the bus voltage changes from Figure (a), we get 

 
The bus voltages during the fault are obtained by superposition of the prefault 

bus voltages and the changes in the bus voltages caused by the equivalent emf 

connected to the faulted bus, i.e., 

 
The short circuit-currents in the lines are 
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PROBLEM.5 

Using the method of building algorithm find the bus impedance matrix for the 

network shown in Figure 

 
Add branch 1, z10 = j0.2 between node q = 1 and reference node 0. According 

to rule 1, we have 

 
Next, add branch 2, z20 = j0.3 between node q = 2 and reference node 0 

 
Add branch 3, z13 = j0.15 between the new node q = 3 and the existing node 

p = 1. According to rule 2, we get 

 
Add link 4, z12 = j0.5 between node q = 2 and node p = 1. 
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the new bus impedance matrix is 

 
PROBLEM.6 

Obtain the bus impedance matrix for the network 

 
Add branch 1, z20 = j0.1 between node q = 2 and reference node 0. According 
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to rule 1, we have 

 
Next, add branch 2, z30 = j0.1 between node q = 3 and reference node 0 

 
Add branch 3, z13 = j0.1 between the new node q = 1 and the existing node 

p = 3. According to rule 2, we get 

 
Add link 4, z12 = j0.2 between node q = 2 and node p = 1. 

 

 



EE8501  POWER SYSTEM ANALYSIS 

                                   DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING                                     
 

 
the new bus impedance matrix is 

 
PROBLEM.7 

Obtain the bus impedance matrix for the network 

 
Add branch 1, z10 = j0.05 between node q = 1 and reference node 0. According 

to rule 1, we have 

 
Next, add branch 2, z20 = j0.075 between node q = 2 and reference node 0 
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Add branch 3, z13 = j0.3 between the new node q = 3 and the existing node 

p = 1. According to rule 2, 

 
Add link 4, z12 = j0.75 between node q = 2 and node p = 1. 

 

 
the new bus impedance matrix is 
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Add link 5, z23 = j0.45 between node q = 3 and node p = 2. 

 

 
 

 

 

 

the new bus impedance matrix is 
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PROBLEM.8 

The bus impedance matrix for the network shown in Figure  is given by 

 

 
There is a line outage and the line from bus 1 to 2 is removed. Using the method of 

building algorithm determine the new bus impedance matrix. 

 

The line between buses 1 and 2 with impedance Z12 = j0.8 is removed. The 

removal of this line is equivalent to connecting a link having an impedance equal 

to the negated value of the original impedance. Therefore, we add link z12 = -j0.8 

between node q = 2 and node p = 1. 
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Thus, we get 

 

 
the new bus impedance matrix is 

 
PROBLEM.9 

The per unit bus impedance matrix for the power system is given by 
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A three-phase fault occurs at bus 3 through a fault impedance of Zf = j0.19 per 

unit. Using the bus impedance matrix calculate the fault current, bus voltages, and 

line currents during fault. 

 

for a fault at bus 3 with fault impedance Zf = j0.19 per unit, the fault current is 

 
bus voltages during the fault are 

 
the short circuit currents in the lines are 

 
PROBLEM.10 

The per unit bus impedance matrix for the power system is given by 
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(a) A bolted three-phase fault occurs at bus 4. Using the bus impedance matrix 

calculate the fault current, bus voltages, and line currents during fault. 

(b) Repeat (a) for a three-phase fault at bus 2 with a fault impedance of Zf = 

j0.0225. 

(a) for a solid fault at bus 4 the fault current is 

 
bus voltages during the fault are 

 
the short circuit currents in the lines are 
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(b)for a fault at bus 2 with fault impedance Zf = j0.0225 per unit, 

the fault current is 

 
bus voltages during the fault are 

 
the short circuit currents in the lines are 

 
PROBLEM.11 

The per unit bus impedance matrix for the power system shown in Figure 

is given by 
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A three-phase fault occurs at bus4 through a fault impedance of Zf = j0.0025 

per unit. Using the bus impedance matrix calculate the fault current, bus voltages 

and line currents during fault. 

 

for a fault at bus 4 with fault impedance Zf = j0:0225 per unit, the 

fault current is 

 
bus voltages during the fault are 

 
the short circuit currents in the lines are 
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PROBLEM:12 

For the system in Fig the ratings of the various components are: 

Generator:25 MVA, 12.4 kV, l0% sub transient reactance 

Motor:20 MVA, 3.8 kV, l5% sub transient reactance 

Transformer T1: 25 MVA, 11/33 kv, 8% reactance 

Transformer T2: 20 MVA, 33/3.3 kV, 10% reactance 

Line: 20 ohms reactance 

The system is loaded so that the motor is drawing 15 Mw at 0.9 loading power 

factor, the motor terminal voltage being 3.1 kv. Find the sub transient current in 

generator and motor for a fault at generator bus. Choose generator voltage base as 

11Kv,the line voltage base is 33 kv and motor voltage base is 3.3 kv. 
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PROBLEM:13 

Two synchronous motors are connected to the bus of a large system through a 

short transmission line as shown in Fig. The ratings of various components are: 

Motors (each): 1 MVA, 440 V,0.1 pu transient reactance 

Line: 0.05 ohm reactance 

Large system: Short circuit MVA at its bus at 440 V is 8. 

when the motors are operating at 440 V, calculate the short circuit current 

(symmetrical) fed into a three-phase fault at motor bus. 

 

 
PROBLEM:14 

For the radial network shown in Fig  a three-phase fault occurs at F. Determine the 

fault current and the line voltage at ll kv bus under fault conditions 
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Select a system base of 100 MVA.Voltage bases are: 11kV-in generators, 33 kV 

for overhead line and 6.6 kV for cable. 
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Total impedance between F and11 kV bus 

 
PROBLEM:15 

A 25 MVA, 11 kV generator with X”d = 20% is connected through a transformer, 

line and a transformer to a bus that supplies three identical motors as shown in Fig. 

Each motor has X”d = 25% and X’d = 30% on a base of 5 MVA, 6.6 kV. The three-

phase rating of the step-up transformer is 25 MVA, 11/66 kV with a leakage 

reactance of l0o/o and that of the step-down transformer is 25 MVA, 66/6.6k V 

with a leakage reactance of l0%.The bus voltage at the motors is 6.6 kV when a 

three-phase fault occurs at the point F. For the specified fault, calculate 

(a) the sub transient current in the fault, 
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(b) the sub transient current in the breaker .8, 

(c) the momentary current in breaker B, and 

(d) the current to be interrupted by breaker B in five cycles. 

Given: Reactance of the transmission line = l5%oo n a base of 25 MVA, 66kV. 

Assume that the system is operating on no load when the fault" occurs. 

Choose a system base of 25 MVA. 

For a generator voltage base of 11 kV, line voltage base is 66 kV and motor 

voltage base is 6.6 kV. 

 
(a) For each motor 

X”dm = j0.25 x(25/5)=j1.25pu 

Line, transformers and generator reactances are already given on proper base 

values. The circuit model of the system for fault calculations is given in Fig. The 

system being initially on no load, the generator and motor induced emfs are 

identical.  

 
(c) For finding momentary current through the breaker, we must add the DC off-set 

current to the symmetrical sub transient current obtained in part (b). Rather than 

calculating the DC off-set current, allowance is made for it on an empirical basis 

momentary current through breaker B = 1.6 x 7479.5 

      =11967A 

(d) To compute the current to be interrupted by the breaker, motor sub transient 

reactance (X”d = j0.25) is now replaced by transient reactance (X’d = j0.3O). 
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Current (symmetrical) to be interrupted by the breaker 

 
Allowance is made for the DC off-set value by multiplying with a factor of 1.1 

Therefore, the current to be interrupted is 1.1 x 3.1515 x 2.187 = 7.581 A 

 
PROBLEM:16 

A synchronous generator and a synchronous motor each rated 25 MVA, 11Kv 

having l5% sub transient reactance are connected through transformers and a line 

as shown in Fig. The transformers are rated 25 MVA. 11/66kV and 66/11kV with 

leakage reactance of 10% each. The line has a reactance of 10% on a base of 25 

MVA, 66 kv. The motor is drawing 15 Mw at 0.9 power factor leading and a 

terminal voltage of 10.6 kV when a symmetrical three-phase fault occurs at the 

motor terminals. Find the sub transient current in the generator, motor and fault. 
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PROBLEM:17 

Three 6.6 kv generators A,B and C, each of 10% leakage reactance and MVA 

Ratings 40,50 and 25, respectively are interconnected electrically, as shown in fig 

by a tie bar through current limiting reactors, each of 12% reactance based upon 

the rating of the machine to which it is connected A. three-phase feeder is supplied 

from the bus bar of generator A at a line voltage of 6.6 kV. The feeder has a 

resistance of 0.06Ω/phase and an inductive reactance of 0.12Ω/phase. Estimate the 
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maximum MVA that can be fed into a symmetrical short circuit at the far end of 

the feeder. 
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PROBLEM:18 

A generator-transformer unit is connected to a line through a circuit breaker. The 

unit ratings are: 

Generator: 10 MVA, 6.6 kV; X”d= 0.1 pu, X’d= 0.20pu and Xd= 0.80 Pu 

Transformer:10MVA,6.9/33kV,reactance0.08pu 

The system is operating no load at a line voltage of 30 kv, when a three phase 

fault occurs on the line just beyond the circuit breaker Find  

(a) the initial symmetrical rms current in the breaker 

(b) the maximum possible DC off-set current in the breaker, 

(c) the momentary current rating of the breaker 

(d) the current to be interrupted by the breaker and the interrupting kVA and 

(e) the sustained short circuit current in the breaker 

 

 
 

PROBLEM:19 

The system shown in Fig is delivering 50 MVA at  11kv, 0.8 lagging power factor 

into a bus which may regarded as infinite Particulars of various system 

components are: 
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Generator : 60 MVA, 12 kV, X’d = 0.35 Pu 

Transformers( each): 80 MVA, 12/66kV, X = 0.08 pu 

Line: Reactance12 ohms, resistance negligible 

Calculate the symmetrical current that the circuit breakers A and B will be called 

upon to interrupt in the event of a three-phase fault occurring at F near the circuit 

breaker B 
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PROBLEM:20 

Consider the 3-bus system of Fig.  The generators are 100 MVA, with transient 

reactance 10% each. Both the transformers are 100 MVA with a leakage reactance 

of 5%t. The reactance of each of the lines to a base of 100 MVA, 110 KV is 10%. 

Obtain the short circuit solution for a three-phase solid short circuit on bus 3. 

Assume prefault voltages to be 1 pu and prefault currents to be zero. 
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UNIT-IV 

UNSYMMETRICAL FAULT ANALYSIS 

PROBLEM:1 

Draw the zero sequence network for the system described in Assume zero 

sequence reactances for the generator and motors of 0.06 per unit. Current limiting 

reactors of 2.5 ohms each are connected in the neutral of the generator and motor 

No. 2. The zero sequence reactance of the transmission line is 300 ohms. 

 

The zero sequence reactance of the transformer is equal to its positive sequence  

reactance. Hence Transformer zero sequence reactance : 0.0805 pu 

Generator zero sequence reactances: 0.06 pu 

 

 
PROBLEM:2 

For the power system whose one-line diagram is shown in Fig, sketch the zero 

sequence network. 
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PROBLEM:3 

A 25 MVA, 11 kV, three-phase generator has a sub transient reactance of 20%. 

The generator supplies two motors over a transmission line with transformers at  

both ends as shown in the one-line diagram of Fig. The motors have rated inputs of 

15 and 7.5 MVA, both 10 kV with 25% sub transient reactance. The three-phase  

Transformers are both rated 30 MVA, I0.8/121 kV, connection Δ-Y with leakage  

Reactance of 10% each. The series reactance of the line is 100 ohms. Draw the 

positive and negative sequence networks of the system with reactances marked in 

per unit. Assume that the negative sequence reactance of each machine is equal to 

its sub transient reactance. Omit resistances. Select generator rating as base in the 

generator circuit 
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PROBLEM:4 

Draw the positive, negative and zero sequence impedance networks for the power 

system. Choose a base of 50 MVA, 220 kV in the 50Ω transmission lines, and 

mark all reactances in pu. The ratings of the generators and transformers are: 

Generator1:25 MVA, 11 kV, X” = 20% 

Generator2:25 MVA, 11 kV, X” = 20% 

Three-phase transformer( each):20 MVA, 11Y/220Y kV, X = 15% 

The negative sequence reactance of each synchronous machine is equal to its sub 

transient reactance the zero sequence reactance of each machine is 8%. Assume 

that the zero sequence reactances of lines are 250% of their positive sequence  

reactances. 
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EE8501  POWER SYSTEM ANALYSIS 

                                   DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING                                     
 

PROBLEM:5 

For the power system draw the positive, negative and zero sequence networks. The 

generators and transformers are rated as follows: 

Generator1: 25 MVA, 11 kV, X”=0.2, X2 = 0.15,Xo = 0.03 pu 

Generator2: 15 MVA, 11 kV, X” =0.2, X2= 0.15,X 0 = 0.05 pu 

Synchronous Motor 3: 25 MVA, 11 kV, X” = 0.2, X2= 0.2, Xo = 0.1 pu 

Transformer l: 25 MVA, 11Δ/120 Y kV, X = 10% 

                    2: 12.5 MVA, 11Δ/120 Y kV, X = 10% 

                    3: 10 MVA, 120Y/11 Y kV, X=10% 

Choose a base of 50 MVA, 11 kV in the circuit of generator l. 

Note: Zero sequence reactance of each line is 250% of its positive Sequence 

reactance 
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PROBLEM:6 

Two 11 kV, 20 MVA, three-phase star connected generators operate in parallel As 

shown in Fig the positive, negative and-zero sequence reactances of each being, 

respectively j0.18, j0.15,j0.10 pu. The star point generators of one of the is isolated 

and that of the other is earthed through a 2.0 ohm resistor. A single line-to-ground 

fault occurs at the terminals of one of the generators. Estimate (i) the fault current, 

(ii) current in grounding resistor, and (iii) the voltage across grounding resistor. 
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PROBLEM:7 

For Problem:6 , assume that the grounded generator is solidly grounded. Find 

The fault current in each phase and voltage of the healthy phase for a double line to 

ground fault on terminals of the generators. Assume solid fault (Zf - 0). 

 
PROBLEM:8 

A single line to ground fault (on phase a) occurs on the bus I of the system of 

Fig 

.  

Find 

(a) Current in the fault. 

(b) sc current on the transmission line in all the three phases. : 

(c) SC current in phase a of the generator. 

(d) Voltage of the healthy phases of the bus 1. 

Given: Rating of each machine 1200 kvA, 600 v with x’ = x2 = 10%, 

xo = 5%. Each three-phase transformer is rated 1200 kvA, 600 v – Δ/3300V-Y 

with leakage reactance of 5% The reactances of the transmission line are x1 = X2 = 

20% and Xo = 40% on a base of 1200 kVA, 3300 V. The reactances of the neutral 

grounding reactors are 5% on the kVA and voltage base of the machine. 

Note: Use Z bus, method. 
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PROBLEM:9 

Two 25 MVA, 11 kv synchronous generators are connected to a common bus bar 

which supplies a feeder. The star point of one of the generators is grounded 

through a resistance of 1.0 ohm, while that of the other generator is isolated. A 
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line-to-ground fault occurs at the far end of the feeder. Determine: (a) the fault 

current; (b) the voltage to ground of the sound phases of the feeder at the fault 

point; and (c) voltage of the star point of the grounded generator with respect to 

ground.  

The impedances to sequence currents of each generator and feeder are given 

below: 
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PROBLEM:10 

Determine the fault currents in each phase following a double line-to-ground short 

circuit at the terminals of a star-connected synchronous generator operating 

initially on an open circuit voltage or 1.o pu. The positive, negative and zero 

sequence reactance of the generator are, respectively, j0.35, j0.25 and j0.20, and its 

star point is isolated from ground. 

Since the star point is isolated from ground LLG fault is just like LL fault. 
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PROBLEM:11 

A three-phase synchronous generator has positive, negative and zero sequence 

Reactance per phase respectively, of 1.0,0.8 and0.4 ohm. The winding resistances 

are negligible. The phase sequence of the generator is RYB with a no load voltage 

of 11kV between lines. A short circuit occurs between lines I and B and earth at 

the generator terminals. Calculate sequence currents in phase R and current in the 

earth return circuit, (a) if the generator neutral is solidly earthed and (b) if the 

generator neutral is isolated. 

Use R phase voltage as reference. 

 



EE8501  POWER SYSTEM ANALYSIS 

                                   DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING                                     
 

 

 
 

 

PROBLEM:12 

A generator supplies a group of identical motors as shown in Fig. The motors are 

rated 600 V, 9O% efficiency at full load unity power factor with sum of their 

output ratings being 5MW. The motors are sharing equally a load of 4MW at rated 

voltage 0.8 power factor lagging and 90% efficiency when an LG fault occurs on 

the low voltage side of the transformer. Specify completely the sequence networks 

to simulate the fault so as to include the effect of prefault current. The group of 

motors can be treated as a single equivalent motor find the subtransient line 

currents in all parts of the system with prefault current ingnored 
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Connection of sequence networks to simulate the fault (LG) It immediately follows 

from sequence network connection that 

 
Positive sequence and negative sequence currents on star side are shifted 

by + 90° and – 90° respectively from delta side. 
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PROBLEM:13 

A double line-to-ground fault occurs on lines b and c at point F in the system. Find 

the sub transient current in phase c of machine 1, assuming prefault currents to be 

zero. Both machines are rated 1200k vA,600 v with reactances of x”= x2=10% and 

xo= 5%. each three-phase transformer is rated 1200kVA. 600 V-Δ/3300 V-Y with 

leakage reactance of 5%.The reactances of the transmission line are X1=X2=20% 

and Xo= 40% on a base of 1200 kVA, 3300V. The reactances of the neutral 

grounding reactors are 5% on the KvA base of the machines. 
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PROBLEM:14 

A synchronous machine1 generating 1 pu voltage is connected through a Y/Y 

transformer of reactance 0.1 pu to two transmission lines in parallel. The other 

ends of the lines are connected through a Y/Y transformer of reactance 0.1 pu to a 

machine 2 generating 1 pu voltage For both transformers X1 = X2 = Xo Calculate 

the current fed into a double line-to-ground fault on the line 'side terminals of the 

transformer fed from machine 2. The star point of machine 1 and of the two 

transformers. are solidly grounded. The reactances of the machines and lines 

referred to a common base are 
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PROBLEM:15 

Figure shows a power network with two generators connected in parallel to a 

transformer feeding a transmission line. The far end of the transmission line 

connected to an infinite bus through another transformer. Star point of each 

transformer, generator 1 and infinite bus are solidly grounded. The positive, 

negative and zero sequence reactances of various components in per unit on a 

common base are: 

 Positive Negative Zero 

Generator 1 0.15 0.15 0.08 

Generator 2 
0.25 0.25 

∞(i.e. neutral 

isolated) 

Each transformer 0.15 0.15 0.15 

Infinite bus 0.15 0.15 0.05 

Line 0.20 0.20 0.40 

(a) Draw the sequence networks of the power system. 
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(b) With both generator and infinite bus operating at 1.0pu voltage on no load, a 

line to ground fault occurs at one of the terminals of the star connected winding of 

the transformer A. Calculate the currents flowing (i) in the fault and (ii) through 

the transformer A. 
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PROBLEM:16 

A star connected synchronous generator feeds bus bar 1 of a power system. Bus 

bar 1 is connected to bus bar 2 through a star/delta transformer in  series with a 

transmission connected line. The power network connected to bus bar 2 can be 

equivalently represented by a star- connected generator with equal positive and 

negative sequences reactances. All star points are solidly connected to ground. The 

per unit reactances of various components are given below: 

 Positive Negative Zero 

Generator 0.20 0.15 0.05 

Transformer 0.12 0.12 0.12 

Transmission line 0.30 0.30 0.50 

Power network X X 0.10 

Under no load condition with 1.0 pu voltage at each bus bar, a current of 4.0 pu is 

fed to a three-phase short circuit on bus bar 2. Determine the positive sequence 

reactance X of the equivalent generator of the power network. 

For the same initial conditions, find the fault current for single line- to-ground fault 

on bus bar l. 
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UNIT-V 

STABILITY ANALYSIS 

PROBLEM.1 

A 60-Hz synchronous generator has a transient reactance of 0.2 per unit and an 

inertia constant of 5.66 MJ/MVA. The generator is connected to an infinite bus 

through a transformer and a double circuit transmission line, as shown in Figure  

Resistances are neglected and reactances are expressed on a common MVA base 

and are marked on the diagram. The generator is delivering a real power of 0.77 

per unit to bus bar 1. Voltage magnitude at bus 1 is 1.1. The infinite bus voltage 

V = 1.06∟0
 0
per unit. Determine the generator excitation voltage and obtain the 

swing equation 

 

 

 
The total reactance is X = 0.2+0.158+0.4 = 0.758, and the generator excitation 

voltage is 

 
the swing equation with δ in radians is 
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PROBLEM.2 

A three-phase fault occurs on the system at the sending end of the transmission 

lines. The fault occurs through an impedance of 0.082 per unit. Assume the 

generator excitation voltage remains constant at E’ = 1.25 per unit. Obtain the 

swing equation during the fault. 

 
The impedance network with fault at bus 1, and with with Zf = j0.082 is shown 

in Figure 

 
Transforming the Y-connected circuit in Figure  into an equivalent ∆, the transfer 

reactance between E’ and V is 
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Therefore, the swing equation during fault with ± in radians is 

 
PROBLEM:3 

For  the system given in Fig a three-phase fault is applied at the point P 

 
Find the critical clearing angle for clearing the fault with simultaneous opening 

of the breakers I and 2. The reactance values of various components are indicated 

on the diagram. The generator is delivering 1.0 pu power at the instant preceding 

the fault. 
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PROBLEM:4 

Find the critical clearing angle for the system shown in Fig. for a three phase fault 

at the point P. The generator is delivering 1.0 pu power under prefault conditions. 
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PROBLEM:5 

A generator operating at 50 Hz delivers 1 pu power to an infinite bus through a 

transmission circuit in which resistance is ignored. A fault takes place reducing the 

maximum power transferable to 0.5 pu where as before the fault, this power was 

2.0 pu and after the clearance of the fault, it is 1.5 pu. By the use of equal area 

criterion, determine the critical clearing angle. 
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PROBLEM:6 

A 20 MVA, 50 Hz generator delivers 18 MW over a double circuit line to an 

infinite bus. The generator has kinetic energy of 2.52 MJ/MVA at rated speed. The 

generator transient reactance is X”d = 0.35 pu. Each transmission circuit has R = 0 

and a reactance of 0.2 pu on a 20 MVA base. │E’│ = 1.1 pu and infinite bus 

voltage V =1.0∟0
0
. A three-phase short circuit occurs at the mid point of one of 

the transmission lines. Plot swing curves with fault cleared by simultaneous 

opening of breakers at both ends of the line at 2.5 cycles and 6.25 cycles after the 

occurrence of fault. Also plot the swing curve over the period of 0.5 s if the fault is 

sustained. 
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II During fault A positive sequence reactance diagram is shown in Fig.(a). 

Converting star to delta, we obtain the network of Fig.(b), in which 
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PROBLEM:7 

A 60HZ Synchronous generator having inertia constant H=5 MJ/MVA and a direct 

axis transient reactance X’d=0.3pu is connected to an infinite bus through a purely 

reactive circuit as shown. Reactances are marked on the diagram on a common 

system base. The generator is delivering real power Pe=0.8pu and Q=0.074pu to 

the infinite bus at a voltage of V=1pu. 

(a) A temporary three-phase fault occurs at the sending end of the line at point F. 

When the fault is cleared both lines are intact. Determine the critical clearing angle 

and the critical fault clearing time. 

(b) A three-phase fault occurs at the middle of one of the lines, the fault is cleared, 

and the faulted line is isolated. Determine the critical clearing angle. 
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PROBLEM:8 

The single line diagram of a system is shown in figure, There are four identical 

generators of rating 555MVA,24KV,60HZ supplying power infinite bus bar 

through two transmission circuits. The reactance shown in figure are in pu on 

2220MVA, 24KV base (refer to the LV side of the transformer) Resistances are 

assumed to be negligible. The initial operating conditions with quantities expressed 

in pu on 2220MVA,24KV base is as follows 

P=0.9, Q=0.436(over excited) Et=1.0∟28.34 EB=0.90081∟0 

The generators are modeled as a single equivalent generator represented by the 

classical model with the following parameters expressed in per unit on 2220MVA, 

24KV base 

X’d=0.3, H=3.5MW/MVA KD=0 

Circuit 2 experiences a solid 3Ø fault at point F and the fault is cleared by isolating 

the fault circuit.  

(a)Determine the critical clearing time and critical clearing angle by computing the 

time response of the rotor angle using numerical integration. 

(b) Check the above value of critical clearing angle using the equal area criterion  
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(a) Time response using numerical integration 
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(b) Equal area criterion  
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SWING EQUATION 
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Multiply by ɷm on both sides 
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Single line to ground fault 
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Line to line fault 
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Double line to ground fault 

 

 

 

 

 



EE8501  POWER SYSTEM ANALYSIS 

                                   DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING                                     
 

 

 

Substituting the values of Ia
o
 and Ia

2
 in the equation 
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NEED FOR SYSTEM PLANNING AND OPERATIONAL STUDIES 
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EXAMPLE 

Figure shows a part of power system, where the rest of the system at two 

points of coupling have been represented by their thevenin’s equivalent circuit 

( or by a voltage source of 1 pu together its fault level which corresponds to 

the per unit value of the effective thevenin’s impedance ) 
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EXAMPLE 

An alternator of negligible resistance, with solidly grounded neutral having 

rated voltage at no load condition is subjected to different types of fault at its 

terminals. The per unit values of the magnitude of the fault currents are (i) 

Three phase fault=4.0p.u (ii) Line to ground fault =4.2857p.u (iii) Line to line 

fault= 2.8868p.u. Determine the p.u values of  the sequence reactance’s of the 

machine 
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