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Project Description 

 

 

This document is the result of the course TET5500 of the Norwegian University of Science 

and Technology with the name of Specialization Project and organized by the Department of 

Electric Power Engineering. 

Inside the Department of Electric Power Engineering, there are different research groups. This 

project belongs to the Power System Group. The supervisor of the project, belonging to this 

research group, is the professor Trond Toftevaag, who helped and guided me for do this task.  

 As the title page of the document specify, the task consists on a dimensioning study of the 

overcurrent protection in electrical plants with emergency supply units.   

In the next points we will develop and address the proposal study. 
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Summary 

 

 

The goal of this specialization project is the analysis of the overcurrent produced by different 

types of short-circuits in diverse situations for designing and dimensioning the protections of 

the network and elements in a plant with an emergency generator. 

With a simulation in Power Factory of the system, studying the different proposal cases and 

with the knowledge of the theory combined with the data of the simulations we try to decided 

the necessary elements for the protection of our plant. In this project we make a proposal 

approximation to select the necessary protections with the appropriated coordination.  

Is very important to reproduce with accuracy the real behavior of the components in the 

simulation, simulate and  obtain valid results for finally choose a specific and real protection.  

The data of the simulation will be the base for the dimensioning the different protections that 

will ensure the safety of our plant, hence the importance of a simulation that emulate reality. 
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Chapter 1 INTRODUCTION 

 

1.1 Background. 

 

Now a days, with the development of computer, increasing year by year the calculation 

capacity of personal computers and with the use of friendly software, the simulation of Power 

Systems is more graphical and less complicated than ever. Nevertheless we should not forget 

that the knowledge for understand this easy obtained data is the fundamental thing to select 

one component and explain and understand the data of the simulation. 

A few decades ago, engineers had to solve complicated and long equations to understand the 

behavior of a network and be able to simulate events on it, with the final objective of protect 

and prepare for the expected consequences of this events. All the calculations were done with 

their own hands, and a small mistake could means serious damages to equipment or even 

people.  

Now, whit this new simulation tools, engineers have to focus in understand and verify the data 

of the simulation not to commit mistakes. The work is different but the result must be the 

same: a good solution for building a safe network and protect it an all the elements included. 

 

1.2 Objective. 

 

As it was said in the summary of the project, the objective of this task is the analysis of the 

overcurrent produced by different types of short-circuits in diverse situations for designing. 

Once we have this information we are able to design the protections in our network of a 

proposal plant with emergency generator, see the network model in the appendix [1]. 

Personally, the aim of this project was introduce me in one field related with my studies as the 

selection of protection and dynamic simulation of Power Systems. It is an important and 

interesting field that could be valuable  throughout my career. 
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1.3 Scope of work 

 

In the beginning, the project would include a proposal for battery module, also known as 

UPS, for continuous supply against network faults. Throughout the project we focused more 

on the simulation of the emergency generator and the necessary protections design leaving for 

future work the inclusion of this module UPS. Time constraints and the fact of a delayed start 

influenced this aspect. 

Finally we decided that this task of simulate the short-circuit currents and the dimensioning of 

the protections for this over currents in the proposal plant with and emergency generator 

could be a good introduction in the dynamic simulation, searching for values and simulation 

of the elements of our study grid and make important decision as the selection of the over 

current protection of our plant and the necessary models for doing the simulation of the 

system behavior.  

I truly believe that this project have a lot of interesting point to beguine new researches and 

further projects as the modeling of the emergency generator and its behavior with the AVR 

controller, and the final coordination of the protections for having a good design. 

 

 

1.4 Composition of reports. 

 

This document is divided into seven different chapters. In the next lines we explain the  

content of each chapter to facilitate the reading of the project. 

In this chapter one, we start with a brief introduction to this project. We talk about the 

background and the history of the Power Systems Studies, the main objective of this project 

and the scope of work. In the finals points of this first chapter we make an introduction about 

the software used in the simulations and as the last point of the chapter we finish with the 

limitations in our project. 
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The second chapter is purely theorist. During the project it was necessary to recall 

background, and introduce new needed concepts. This chapter includes three point, trying to 

summarize the theory of the main topics of study required throughout the project: generators, 

shorts circuits and protections. Generators are included in a separately section because of their 

critical modeling for the proper simulation. 

Chapter three includes all the necessary data of our electrical network, we talk about the 

topology of our grid and all the present components on it. It is important to understand how  

the parameters of each elements are chosen and add the references. 

In the chapter four we can see the results of our simulations with Power Factory. This data is 

essential for the further design of the necessary over protections in the plant to be safe. At the 

beginning of the chapter  we explain the selected study cases, the different types of faults 

simulated and at the end it is included a discussion of the results in this simulations. 

The chapter five represents the typical difficult work of the engineer, chose a good solution of 

the proposal problem with the data necessary. In this chapter we introduce ourselves in the 

protection field for protect our plant of over currents, and we start with the design. At the end 

of the chapter we discuss why we believe this type of protection system will be good for our 

plant in the different emergency situations. 

The sixth chapter expose the conclusions of the report summarizing the design solution of the 

protection system and including recommendations for the readers of the document.  

In the last chapter we make an abstract of the possible and necessary extensions of the project 

and future researches and projects arising from the realization of this specialization project. 

At the end of this document is possible to find the reference data and all the appendix which 

we refer to throughout the project. 
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1.5 Software. 

 

We simulate our network model with the software Power Factory of Digsilent. With this tool 

we can calculate the load flow, simulate the different types of short-circuits faults, see the 

behavior of our generator in different cases,  modeling the AVR controller of the excitation 

system and all the necessary elements for the simulation. The software gives us really 

accurate plots and data to understand the simulations and related with the expected behavior. 

The use of this software is increasing in the word of the Power System and we think that 

doing the simulations with this software could be interesting. 

One of the things why the use of this software is increasing is the different data included as 

the different regulations, real networks and installations with own models. This fact and the 

user friendly interface, make the Power Factory be more popular in the field of the Power 

Systems. In the reference (12) is included a user's manual of Power Factory. 

 

1.6 Limitations 

 

This type of project needs too much data for the correct simulation of the electrical network 

and could be interesting to know the specific model of each component in the network in 

order to be able to search this data sheet and reproduce its behavior more accurately. In this 

point is important also the information about the types of faults occurred in the history of our 

plant. With this information we can understand the frequency of the faults and decide if it is a 

good option to introduce one circuit breaker to protect our plant. This option is more 

expensive than including one fuse switch but if the frequency of the fault is elevated the 

inversion could be justified because the fuse only works one time and is destructed and need 

to be changed manually by other new fuse. The problem of the selection of the relay is the 

necessary coordination of all the relays in the plant and, in fact we need to know all the relays 

in the network for design the relays for our plant. 

The behavior of the AVR described by the manufacturer is very difficult to simulate, and it 

needs a modeling study adding new blocks in the diagram for reproducing the same response 

at the real AVR selected. As we will indicate in the last chapter it will be an interesting further 

research project. 
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Chapter 2 THEORY 

 

2.1  Generators. 

 

Generators conform are a very important point of study in this project, as we said in others 

points. We have to include in our plant one emergency generator to supply the essential loads 

in critical situations. The emergency generator generally works with fossil fuels. Is not 

recommended supply the emergency generator with wind energy because this type of energy 

is not constant.  

This last point discard the option of a asynchronous generator, used with wind energy. We 

choose a synchronous generator with the following basic data, proposed in the project: 

 

 𝑆𝑁 = 1𝑀𝑉𝐴     𝑈𝑁 = 0,4𝑘𝑉        𝑃𝐹 = 0,8 (𝑖)  and YN star connection. 

 

With this information we simulate the generator produced by the manufacturer Stamford, see 

reference (2). Important data ,all in [p.u], for our dynamic model and the simulation are: 

𝑋𝑑 = 2,27   𝑋0 = 0,02   𝑋2 = 0,16 

 𝑋𝑑
′′ = 0,1      𝑇𝑑

′′ = 0,015𝑠 

𝑋𝑑
′ = 0,14     𝑇𝑑

′ = 0,045𝑠 

𝑟𝑠𝑡𝑎𝑡𝑜𝑟 = 0,012   and   𝑊𝑅2𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 24,19 

 

With this last constant value 𝑊𝑅2𝑖𝑛𝑒𝑟𝑡𝑖𝑎 or 𝐽 we can calculate the inertia constant 𝐻 𝑠 : 

𝐻 =

1

2
· 𝐽 · 𝑤0

2

 𝑆𝑁
=

0,5 · 24,19 ·  
2𝜋  𝑛0

60
 

2

1000000
 

𝐻 = 0,2984 𝑠 

 

The 𝑛𝑀𝐴𝑋 = 2250 𝑟𝑝𝑚  and the 𝑓 = 50𝐻𝑧  means that we can  know that our generator have 

4 poles because 𝑛0 = 1500𝑟𝑝𝑚. This reduced number of poles indicates that our generator 

have a non salient poles rotor type, the magnetic pole constructed flush with surface of the 

rotor. Typically this type of machines have a disposition of the shaft in horizontal with a 

diameter small and long longitude machine.  

All the summary data of the generator are included in the appendix [2]. 
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Other important thing in our generator are the excitation system and its voltage controller, 

AVR. We chose a brush less excitation system. Is more expensive but it needs less 

maintenance and the problem of the brush contact is eliminated. This system consist on 

adding an small synchronous generator in the same axis of our generator of study. The small 

generator has the windings inverted (armature in the rotor and field winding in the stator), 

other option is a small permanent pole machine. 

The three phases output of this small generator is rectified by Power Electronics elements 

(controlled rectifiers of Thyristors) and it is the way of obtain and control the DC excitation 

necessary for our generator of study with the help of our AVR. 

 

The very simplified summary of the operation of one synchronous machines as a generator 

is the next: 

 

A DC controlled by the AVG is applied to the rotor winding (field windings). This produces a 

rotor magnetic field, the rotor moves thanks to mechanical torque produced by the turbine, 

producing a rotating magnetic field. This rotating magnetic field induces three-phase set of 

voltages within the stator windings (armature windings). The different type of load connected 

to our generator produce a current flow, this current will produce a magnetic field (stator) 

that distorts the original rotator magnetic field changing the resulting phase voltage, 

important phenomena know that armature reaction.  

Is very important to remember that a synchronous generator have different behaviors 

depending on the case of study. In this project we study three different situations: 

 

A. Generator Alone. 

B. Generator and external grid together. 

C. Generator disconnected, only external grid. 

 

In the A situation, our generator is supplying alone the loads, the active power and reactive 

power supplied by our generator to the loads are the same that the loads demand. Because of 

this, the power factor (pf) of the generator are equal at the pf of the loads. We cannot govern 

the P and the Q that our generator supply. Changing the excitation controller we can vary the 

voltage and touching the turbine or primer move controller we could adjust the frequency.   

 



Specialization Project Report 

Ismael Santiago Bermejo López 

14 

 

Norwegian University of Science and Technology 

14 

Situation B is very different. We have our generator in parallel with an external grid which is 

like an infinite bus. The external grid fix the frequency and the voltage of the system, and we 

cannot adjust this parameters changing the governors set point of the generator or the 

excitation controller. If we modify the governor set points it will only affects to the P supply 

for the generator to the load, if the generator supply more P than what is demanded by the 

load this extra P is consumed for the infinite bus. Finally with the field current in the 

generator we can change the reactive power supplied Q by the generator to the system. 

 

In the last case, the generator is disconnected of the grid and do not produce P or Q. All the 

loads are supplying by the external grid. In this case the generator is not important for the 

study. 

 

In the other hand, figure 1 shows the capability curves of our emergency generator. In this 

plot we observe the restrictions and the different point of work in each case of study of our 

generator of study: 

 

Figure 1: Capability curves of the generator 

 

 

 
 

 

 

 

 
Case A: Generator Alone                                                 Case B: Generator and  External grid together 

 
*for the Case C: External grid only and generator disconnected obviously the point of work is (0,0) 

 

 

Is very important understand the limits in these capability curves, all the values are in MW in 

the y axis (active power) and in Mvar in the x axis (reactive power). Limits of this curves are:  
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 The maximum turbine power rating are included at these curves and it is a constant 

line with the value 0,8 MW. 

 

 The line with positive slope at the negative y axis represents the stability limit of our 

generator. 

 

 And the rest of the capability curve includes the armature heating limit, and 

sometimes, not in this plots, are included more limits about maximum field current at 

the bottom right part of the capability curve.  

 

We can deep in and extent more and more the explanation in to the theory of the synchronous 

generator; points as circuit model, important dynamics effects, winding function, an a lot of 

extra information about the synchronous generator could be included but we only introduce a 

summary of the necessary information for this project. At the end of the document we can 

find some references as 6), 7), 8), 9) and 10) and in the chapters of Synchronous Generator we 

can find more information about this important subject.  
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2.2  Short-circuits. 

 

For the design of the protections we will do the simulation of different types of short-circuit in 

the three cases commented and in different points of our network. A short-circuit fault 

produce one very high transitory current, voltage drop, and thermal and mechanical effects in 

the elements affected. The short-circuit fault studied will be: 

 

1. Three phase balanced short-circuit: Is the most dangerous but the probability of 

occurrence is very low (5%), in this type of short-circuit the three phases are in contact, 

short-circuited. 

2. Two phase short-circuit: Other type of short-circuit that appears when two of the three 

phases are in contact. Is possible, but very unusual, have a double two phase fault. 

3. Single phase to ground fault:  The most frequent type of short-circuit, as the name 

indicates occurs when one of our phases is in contact with ground producing the     

short-circuit. 

 

 

 

 

 

 

1) Three phase short-circuit        2)Two phase short-circuit     3) Single phase to ground fault 

 

Other important point for the simulation of the short-circuits is the instant when the         

short-circuit appears. The worse case is when the short-circuit fault starts with the sinusoidal 

tension in the zero value, producing the case of higher current. For our simulation the time of 

fault was chosen looking this point ( 𝑡𝑓𝑎𝑢𝑙𝑡 = 0,085𝑠 ). In this project we will study two 

different cases in each type of short-circuit: 

a. Short-circuit without fault impedance: In this case the arc resistance is equal to zero 

producing the highest short-circuit current. 

b. Short-circuit producing arc resistance: For ours simulation we included a typical 

value of arc resistance as a 20 𝑚𝛺 . 
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During the fault we can divide the current wave in two components: 

𝐼𝑓𝑎𝑢𝑙𝑡 = 𝐼𝐷𝐶 + 𝐼𝐴𝐶  𝑠𝑦𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙  , in the next lines we will explain the behavior before, during and 

after the fault: 

 

 Before the fault (t< 𝑡𝑓𝑎𝑢𝑙𝑡 ): The current is purely symmetrical 𝐼 = 𝐼𝐴𝐶  𝑠𝑦𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙  with 

𝐼𝐷𝐶 = 0. The origin of this 𝐼𝐷𝐶  is the inductive behavior of the generator, the effect of the 

fault and the transient phenomena, the current 𝐼 cannot change instantaneously: 

𝐼𝐴𝐶𝑏𝑒𝑓𝑜𝑟𝑒  𝑓𝑎𝑢𝑙𝑡
 = 𝐼𝐷𝐶 + 𝐼𝐴𝐶𝑎𝑓𝑡𝑒𝑟  𝑓𝑎𝑢𝑙𝑡

 

 

 After the fault (t> 𝑡𝑓𝑎𝑢𝑙𝑡 ): we can divide three periods:  

 

1. SUB-TRANSIENT PERIOD: The current I is very high and falls rapidly, we denote 

the Rms values of  this current as 𝐼𝐾′′, this value is related with the direct axis sub-

transient reactance: 𝑋𝑑 ′′ =
𝐸𝐴

𝐼𝐾
′′ . 

2. TRANSIENT PERIOD: The current I falls slowly until it reaches a steady state, we 

denote the Rms of this current like 𝐼𝐾′, this is caused by a DC component of current 

induced in the field circuit at the time of the short-circuit. This field current increases 

𝐸𝐴 and 𝐼𝑓𝑎𝑢𝑙𝑡 ↑↑. As the other case we have the next relation:  𝑋𝑑 ′ =
𝐸𝐴

𝐼𝐾
′ . 

3. STEADY-STATE PERIOD: 𝐼 = 𝐼𝑏𝑒𝑓𝑜𝑟𝑒  𝑓𝑎𝑢𝑙𝑡  , we denote the Rms of this current as 

𝐼𝑘 =
𝐸𝐴

𝑋𝑑
. 

. 

The Rms magnitude of the current at any time after the fault occurs at the terminals of the 

generator is: 

𝐼 𝑡 = (𝐼𝐾
′′ − 𝐼𝐾′)𝑒

−𝑡
𝑇′′ + 𝐼𝐾

′ − 𝐼𝐾 𝑒
−𝑡

𝑇′ 
+𝐼𝐾 

 

In the final task, dimensioning of the protection, we use the 𝐼𝑀𝐴𝑋 = 𝐼𝐾
′′ =

𝐸𝐴

𝑋𝑑 ′′
 Rms value, 

calculated with the help of the software Power Factory and the simulation of our network 

model. The evolution in the time of the current and a accurate plot is very important  for 

making the decision of the design of the protection is very important. 

The data included in this chapter is the result of the reading the references (6) and (9) in the 

chapter dedicated to the study of the short-circuit effects and the different types. 
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2.3  Protections. 

 

The main topic of this project is the selection of the overcurrent  protections, in this point we 

will explain the different types of available overcurrent protections and the most relevant 

characteristics like how they work and the advantages and drawbacks. Before the list of the 

different types its necessary to introduce a few concepts to understand the following 

explanations. 

Only a small percentage of over currents are maximum but it is the most dangerous for our 

installation, the potential damage that could produce to our components to protect is very 

important. We can divide this dangerous effects in two types: 

1. Thermal damage: the high level of over current produced in the short-circuit 

generates heat stress. The measurement of this heat stress is like an energy measure 

calculated as 𝐼2 · 𝑡, where the 𝐼 represents the current supported during the fault and 

the 𝑡  the duration of the fault. This thermal damage can produce a long list of 

dangerous effects as damage to conductor insulation, burned or melted components, 

scorched paper, peeled paint, welded contact, fire and explosions. 

2. Mechanical stress: caused by the high level of magnetic forces generated  during the 

fault. This characteristic are measured as 𝐼𝑝 . The mechanical stress can produce bus 

bar  and windings deformations, broken bus bar insulators, and more effects related 

with this problem to avoid. 

3. Important parameters related with the selection of the protection and this operation: 

𝐼  : Expected higest over current that 

will appear during the fault if the 

protection don't work, our 𝐼𝑘 ′′. 

𝐼𝑝 : Current that supports the component 

during the fault if the over protection 

act as it is designed. 

𝑡 : Time required for the protection to 

extind the overcurrent including the arc 

current generated in the appeture of the 

swith.                                           Figure 2: Symmetrical available fault current. 
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In the market we can find two different types of protection: 

 

A. Fusible switches: is a very old solution for over current problems. The fusible 

switches are composed by a hermetic insulated body 

connected in series at the cable by the blades that 

include inside: one fusible element with a very small 

section and arc extinguishing material, usually quartz sand. Is possible to include an 

indicator element that consist in a parallel thread connected to the fusible element and 

when it is broken it releases a spring which causes the fuse signal inoperative. The 

fusible switches operation consist in the fuse of the fusible element by the middle 

when the current is very high and produce heat, the fusible element is broken and an 

electrical arc is formed and extinct by the sand. 

The main advantages of this type of over current protections are the simple operation 

also they might be faster than the automatic circuit breakers, studied in the next lines,  

for short-circuit current protection and the most important characteristic is the 

relatively cheap cost. As drawbacks, they are not able to perform maneuvers and the 

time-current characteristic is not adjustable, only is possible to change the rated 

current of the fuse or all the fuse. They must be replaced with a new one after the 

fault, and is not possible to do the coordination of the protections, the load supply is 

not maximized. 

 

B. Circuit breakers: Is a device designed to open and close a circuit by non-automatic 

means and to open the circuit automatically on a predetermined overcurrent without 

injury itself when it is selected correctly. The operation and elements are more 

complex that the fusible switches and in fact 

this component is more expensive. The final 

goal is to act as a perfect conductor when 

closed, and a perfect insulator when opened. 

We can find different types in the market, 

with very different characteristics and prizes. 

The typical elements in a circuit breaker are: 

thermal-magnetic circuit breaker or 

electronic trip, and current limiting.             
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In the next lines we introduce a brief description to understand how they work: 

 Thermal circuit breaker: Its function is to protect against moderate over 

currents  produced by overcharges. It consists of a bimetallic element, the 

two element have different thermal expansion coefficient producing the 

opening of the switch when the overcurrent heats the element.  

 Magnetic circuit breaker: This dispositive protects our installation against 

the high over currents produced in situations of short-circuit. This operation 

consists in a spring activated by the electromagnetic core winding, both 

open the switch for a given value of current. 

 Electronic trip: This type of circuit breaker does not depend of the 

installation temperature as the other two explained above. Is more easy to 

control and its use is increasing. The electronics trips use current sensors 

and electronic circuit to sense, measure and respond to current levels. 

 Current limiting: Its function is to limit the maximum current value and the 

thermal damage in the circuit, in the figure 2 included in the previous page 

we can understand this operation. 

 

Its use is frequent because they permit to do other important actions as sectioning, 

connect and disconnect from the network as decided and the most important is that it 

does not need to be replaced for a new component when appears a fault  and acts to 

protect our plant. 

 

In the chapter 5 we continue this information with our final goal, the optimum dimensioning 

of one protection of our plant. In this chapter more related information about the selection and 

coordination of protection are included. Al the data used in this chapter has been extracted 

from the reference (13), especially the references (13.4). 
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Chapter 3 NETWORK MODEL 

 

3.1 Topology. 

 

Our study plant is included in a typical radial distribution electrical grid topology, the main 

advantage of this type of topology is its low price and easy and faster installation. The main 

problem are the reliability of this type of topology because there are no alternative ways to 

supply the loads connected. In fact the use of emergency auxiliary generators for supply the 

essential loads are very frequent, the coordination of the protections is very important to 

maximize the time supplying the loads in case of faults and only disconnect the faulted zone.   

 

3.2  Network data. 

 

3.2.1 Lines and cables:  

In our network we have one line and one cable: 

a. Line of 66kV: With 10km of length. For the simulation we use the global type of 

PF valid for this voltage with the less rated current: N2XS(FL)2Y x1000RM/50  

64/110kV  it, this parameters are in the figure 3a.  

b. Cable of 22kV:With 1km of length and buried. We use the global type of PF valid 

for this voltage and the rated current in the worst case: 

 𝐼𝑁𝑀𝐴𝑋
=

𝑆𝑁𝑀𝐴𝑋

 3𝑈𝑁 𝑙𝑖𝑛𝑒

=  
4∙106

 3 ∙22∙103
= 105[𝐴].  The model NAEKEBA 3x35RM 18/30kV 

the parameters showed in the figure 3b are perfect for our simulation. 

 

 

 

 

 

 

 

 
          Figure 3a: Line 66Kv, Length=1km         Figure 3b:  Cable 22kV, Length=10km              
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3.2.2 External grid. 

Chose as an SL bus type with rated voltage 𝑈𝑁 = 66𝑘𝑉, the next short-circuit capacity 

 𝑆𝑘 = 100𝑀𝑉𝐴 and system frequency 𝑓𝑆𝑌𝑆𝑇 = 50𝐻𝑧. 

 

3.2.3 Transformers. 

With two different types of transformers in the network: 

a. Power transformer substation with (66/22) kV: With rated power  𝑆𝑁 =

10𝑀𝑉𝐴 and the follow important parameters:  

 𝑒𝑘 = 7,5%      𝑒𝑟 = 0,5%      𝑃𝑘 = 42,57𝑘𝑊   𝑃0 = 10,75𝑘𝑊 

b. Four transformers with (22±2 · 2′5%/0,4) kV: With 4 different taps in the HV 

side, with rated power 𝑆𝑁 = 1𝑀𝑉𝐴 and:  

 𝑒𝑘 = 5,3%      𝑒𝑟 = 1%    𝑃𝑘 = 8,9𝑘𝑊    𝑃0 = 1,32𝑘𝑊 

* Data reference (1) 

3.2.4 Loads. 

We have to supply balanced loads. In the simulation we included the next model of load 

voltage dependency in all the loads: 

𝑷 = 𝑷𝟎 ·  
𝑼

𝑼𝟎
 
𝟐

   ,     𝑸 = 𝑸𝟎 ·  
𝑼

𝑼𝟎
 
𝟐

 

 

This are the different loads in our model: 

a. Large loads:  Externals, independents of our study plant: 

𝑃 = 1,5𝑀𝑊    𝑄 = 0,5𝑀𝑣𝑎𝑟 

b. LOADS: Dispensable loads of our plant: 

𝑃 = 0,6𝑀𝑊    𝑄 = 0,2𝑀𝑣𝑎𝑟 

c. Loads: Indispensable loads for the plant (emergency supply required): 

                   𝑃 = 0,3𝑀𝑊    𝑄 = 0,1𝑀𝑣𝑎𝑟 

3.2.5 Buses 

With four different buses in our electrical network selected based on the expected 

voltage at each bus 66kV, 22kV (1) , 22kV (2)  and  0,4kV. 
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3.2.6 Emergency Generator. 

One synchronous machine with  SN = 1MVA. Needed information is included in the 

appendix [2] and some of this parameters are explained in the chapter two. 

3.2.7 AVR. 

For complete the real behavior of the generator in our simulation we have to add an 

AVR controller and study the response of the generator in the simulation of three phase 

short-circuit with our isolated generator and compare with the response expected by the 

producer of the generator in his technical data sheet (2). 

 

In [3] we can see the block model of the AVR necessary for our generator. We try to 

simulate the MX321 AUTOMATIC VOLTAGE REGULATOR (AVR) in PF with the 

global type avr_ESAC1A .  

The parameters of the PF model are adjusted trying to reproduce the three phases 

decrement short-circuit curve of the technical data sheet (2). In [4] a figure that shows 

the two curves is included, and our goal is that the two curves become the most similar. 

The simulation model does not include a turbine/governor model. In order to keep the 

generator speed close to rated speed 1pu, has been set the inertia constant to H=100s 

during the fault period for obtain the plot of the appendix [4]. 

 

As a summary the function of the AVR in our system consists in regulate the voltage in 

the bus where the generator is connected. With Power Electronics this component is 

able to reduce, amplify, rectify and invert the different signals. It compares the real 

voltage with the reference voltage and depending of this factor introduce more or less 

excitation current in the machine for regulating the voltage. 

 

The adjust parameters for our AVR model are included in the figure 4. With external 

incomplete studies we choose this parameters. As a future work we will try to obtain a 

more closed curve as the manufacture's curve. In t=0 the initial sub-transient Rms value 

of the current is estrange in the Stamford model because it must be: 

 

𝑰𝒌
′′ =

𝑬′′

𝑿𝒅
′′ · 𝑰𝑵 =

𝑽𝒈

𝑿𝒅
′′ ·

𝑺𝑵

 𝟑 · 𝑼𝑵

=
𝟏

𝟎,𝟏
·

𝟏𝟎𝟎𝟎

 𝟑 · 𝟒𝟎𝟎
= 𝟏𝟒,𝟒𝟑 𝒌𝑨 
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In our model is very similar. In the steady-state Rms value of the fault current we have 

the same in the two curves. The main important difference to study in future works is 

the "bath-tub" bottom value of the simulated curve, the response is faster in the 

manufacture's curve. 

 

In the appendix [5] are included the block diagram of the AVR model in PF 

avr_ESAC1A. 

 

                     

 

 

 

 
 

 

 

 

 

 

 

 

 

 

                              Figure 4: Adjust Parameters of the AVR model in PF avr_ESAC1A : 
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Chapter 4 SIMULATIONS AND RESULTS 

 

4.1  Case description 

 

The AVR model is included in all the simulations. As we commented the  simulated curve an 

d the data curve do not behave in the same way. In furthers works we have to study how to 

arrange the block diagram for imitate the behavior of the real AVR and include in the 

simulation this new model. 

 

In all the simulations the fault start at  𝑡𝑓𝑎𝑢𝑙𝑡 = 0,085𝑠. As we said in the point of short-circuit 

theory we need the highest current and it occurs when the fault appears in the moment that the 

sinusoidal voltage is null.  

 

Other important point is the type of simulation, we choose the Rms simulation method. Which 

study electromechanical transients with network representation balanced or unbalanced 

depending of the type of fault. A very small integration step size is necessary for obtain the 

more closed sub-transient current value at the start of the simulation.  

 

Remember that for each simulation is necessary calculate the initial conditions based on the 

load flow. In the load flow basic options the correct calculation method and the load option 

including voltage dependency of loads correctly introduced need to be selected.    

 

4.1.1 Study cases. 

As we advance in this project we will study different situations. These are our three 

proposals study cases: 

 

A. Generator Alone. 

B. Generator and external grid together. 

C. Generator disconnected, only external grid. 
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In each situation we have to study the different faults described bellow when they appear 

in the next different points of our network system: 

 

1. Bus 22kV (1) 

2. Bus 22kV (2) 

3. Bus 0,4kV  

 

The first step is to calculate the load flow in our three different situations: 

 

A. Generator Alone: see appendix [6] 

B. Generator and external grid together: included in appendix [1]  

C. Generator disconnected, only external grid supplying the loads: see appendix [7] 

 

4.1.2 Study faults. 

In the short-circuit point we introduce the types of study fault to calculate and simulate: 

i. Three phases balanced short-circuit. 

ii. Two phases short-circuit (phases a-b). 

iii. Single phase to ground fault (phase a). 

 

All of these faults are explained in the short-circuit point and we have to calculate each 

type of fault in all the situations A, B, C and in the different proposal points 1, 2, 3. And 

,as a finally option, whether to including arc resistance or not: 

 (r) With arc or fault resistance: 𝑅𝑓𝑎𝑢𝑙𝑡 = 20 𝑚𝛺 

 ( ) Without arc resistance. 

Is very important to localize the worst situation, and understand how the short-circuit 

current arrives to our protection, particularly the direction, because the same protection 

could have in different cases and direction very different currents.  
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4.2 Results 

 

In this point we will include the plots of our simulations, representing the Rms current 

evolution through in a period of study equal to six seconds. In the plots, we include to also 

important values necessaries in the following steps for  selecting of the overcurrent protection. 

To identify the type of fault, the point where appears and the study case we follow the 

classification explained in the last point, as a example with the generator alone the simulation 

of a three phase balanced short-circuit fault in the bus of 0,4kv without arc resistance will 

denote as: Point where is measured the current (Bus 0,4kV) and type of fault: A3i( ). 

Obviously, not all the combinations are possible, but most of them are. From these possible 

combinations, we will be included the most important. This method to denote the simulation 

could be a good way to understand the different alternatives for the simulations needed in the 

project. 

Anticipating the next chapter, we are focusing in two points where we have to include the 

necessary over current protections included in the next fifth figure: 

 

 

 

 

 

 

 

 

 

                   Study Plant 

                                                  Study Points 

 

   Figure 5: Selected points to include the optimal over current protection to our plant. 

 

Studying the different types of short-circuits in the different points, we have to obtain the 

maximum Rms value of the current in our study points and the rated current in the different 

studies cases. In the next selected plots we have this data. We proceeded to study each case 

separately: 
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CASE A: Generator alone: In this case only is necessary to study the point of protection of 

our generator in one direction: from the generator to the point of study. 

The steady state of the generator supplying alone the loads of our plant is included in the 

appendix [8]. The important data is: 

 The generator is producing the following active power 𝑃 = 0,6 𝑀𝑊, and reactive 

power 𝑄 = 0,2 𝑀𝑊. In this situation the point of work is inside of the capability 

curve. 

 The current in our generator is 𝐼𝑟𝑎𝑡𝑒𝑑 = 0,913 [𝑘𝐴] , we can see this data in the plot 

included of the simulation in the same appendix. 

Once we known all the possible faults commented, the most dangerous for our generator is 

the single phase to ground fault (phase a), denotation iii; case A, A; in the bus 0,4kV, 

denotation 3 and without arc resistance ( ). The current that our protection has to support is 

included in the next figure: 

                       A3iii( ) 

  

 

 

 

 

 

                          Figure 6: Maximum sub-transient current in the generator A3iii( )   

In the next table we included a simple summary of the most important data: 

TYPE OF FAULT FAULT DENOTATION 𝑰𝒌
′′ [ka] 

Single phase to ground fault, phase a.( ) Generator A3iii( ) 14,726 

Two phases short-circuit, phases a-b.( ) Generator A3ii( ) 9,614 

Three phases balanced short-circuit ( ) Generator A3i( ) 12,966 

Single phase to ground fault (r) Generator A3iii(r) 9,646 

Two phases short-circuit, phases a-b. (r) Generator A3ii(r) 8,976 

Three phases balanced short-circuit (r) Generator A3i(r) 9,582 
(*) In the appendix [9] are included the corresponded plots of these currents. 
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CASE B: Emergency generator and external grid: This study case is more complex. We 

have to focus in the generator protection, as in the previous case, and in the plant protection. 

The steady state of the generator with the external grid supplying together the loads of our 

plant is included in the appendix [10], the important data is: 

 The generator is producing the following active power 𝑃 = 0,34 𝑀𝑊, and reactive 

power 𝑄 = 0,49 𝑀𝑊. These values make the point of work of our generator inside the 

capability curve. 

 The current in our generator is 𝐼𝑟𝑎𝑡𝑒𝑑 = 0,488 [𝑘𝐴]  and the rated current in the switch 

of the bus 0,4kV, where we are planning to protect our plant against all the possible 

fault in the grid, is  𝐼𝑟𝑎𝑡𝑒𝑑 = 0,888 [𝑘𝐴] this data appears in the same appendix. 

Case B will be divided in two sub-cases: 

1. SUBCASE B1: Study of the plant protection: 

Studied all the possible faults commented, the most dangerous for our plant, is the 

single phase to ground fault (phase a), denotation bus 0,4 kV B3iii( ), the current that 

our protection has to support is included in the next figure: 

 

 

                                                                    B3iii( ) 

 

 

 

 

 

     Figure 7: Maximum sub-transient current in the bus 0,4kV B3iii( )   

In the next table we included a little summary of the most important data: 

TYPE OF FAULT FAULT DENOTATION 𝑰𝒌
′′ [ka] 

Single phase to ground fault, phase a.( ) Bus 0,4kV B3iii( ) 20,742 

Two phases short-circuit, phases a-b.( ) Bus 0,4kV  B3ii( ) 17,745 

Three phases balanced short-circuit ( ) Bus 0,4kV  B3i( ) 19,906 

Single phase to ground fault (r) Bus 0,4kV  B3iii(r) 8,249 

Two phases short-circuit, phases a-b. (r) Bus 0,4kV  B3ii(r) 13,571 

Three phases balanced short-circuit (r) Bus 0,4kV  B3i(r) 11,997 
(*) In the appendix [11] are included the corresponded plots of these currents. 
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This case of study is very particular because the plant protection could detect currents 

in the two senses. The more dangerous is the current that arrives to the generator when 

we have a single phase to ground fault in the bus 0,4kV, explained in the previous 

lines. Other option is to have to protect our installation by the current that arrives by 

the external grid, the most dangerous case is with a three phases short-circuit in the 

bus 22kV (2), B2i( ) ,the sub-transient current in this case is only 9,628 kA. 

2. SUBCASE B2: Study of the generator protection: 

Studied all the possible faults commented, the most dangerous for our generator, is the 

single phase to ground fault (phase a), denotation generator B3iii( ), the current that 

our protection has to support its included in the next figure: 

 

                                                                                                     

                                                                                              B3iii( ) 

 

 

 

 

 

                         Figure 8: Maximum subs-transient current in the generatorB3iii( )   

In the next table we included a little summary of the most important data of the simulation of 

this case: 

TYPE OF FAULT FAULT DENOTATION 𝑰𝒌
′′ [ka] 

Single phase to ground fault, phase a.( )  Generator B3iii( ) 20,294 

Two phases short-circuit, phases a-b.( ) Generator B3ii( ) 10,563 

Three phases balanced short-circuit ( ) Generator B3i( ) 14,895 

Single phase to ground fault (r) Generator B3iii(r) 4,895 

Two phases short-circuit, phases a-b. (r) Generator B3ii(r) 5,591 

Three phases balanced short-circuit (r) Generator B3i(r) 3,543 
                      (*) In the appendix [12] are included the corresponded plots of these currents. 
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CASE C: Generator disconnected, grid alone supplying the loads. In this case, only the 

point of protection of our study plant is necessary to study, but in the two possible directions. 

In the direction external grid to generator the short-circuit current is like the rated current. 

The steady state of the bus 0,4kV of our grid that is supplying alone the loads of our plant is 

included in the appendix [13]. The important data is: 

 The current in our study point, bus 0,4kV, is 𝐼𝑟𝑎𝑡𝑒 𝑑 = 0,895 [𝑘𝐴] . We can see this 

data in the simulation plot included in the same appendix. 

Studied all the possible faults commented, the most dangerous for our plant, is the single 

phase to ground fault (phase a), denotation bus 0,4kV C3iii( ). The current that our protection 

has to support is included in the next figure, and comes from the generator side: 

 

                                                     C3iii( )   

 

 

 

 

                   Figure 9: Maximum subs-transient current in the bus 0,4kV C3iii( )   

In the next table we included a little summary of the most important data of the simulation. 

We don't need protection from the current coming from the external grid in a short-circuit at 

the other points, because the maximum value of the Ik
′′ =  𝐼𝑟𝑎𝑡𝑒𝑑 = 0,895 [𝑘𝐴] in the fault 

C1ii( ). 

TYPE OF FAULT FAULT DENOTATION 𝑰𝒌
′′ [ka] 

Single phase to ground fault, phase a.( ) Generator C3iii( ) 21,902 

Two phases short-circuit, phases a-b.( ) Bus 0,4 kV C3ii( ) 17,675 

Three phases balanced short-circuit ( ) Bus 0,4 kV C3i( ) 19,984 

Single phase to ground fault (r) Bus 0,4 kV C3iii(r) 9,212 

Two phases short-circuit, phases a-b. (r) Bus 0,4 kV Cii(r) 12,279 

Three phases balanced short-circuit (r) Bus 0,4 kV C3i(r) 9,642 
(*) In the appendix [14] are included the corresponded plots of these currents. 
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4.3 Discussion of short-circuit simulation. 

 

With the software Power Factory of Digsilent we can plot two different Rms curves of the 

currents in every point of study: 

 Short-circuit o fault current: Is the total current in the bus where is connected our 

study point, and appears only if in this point we have a short-circuit.  

 Current in the point: is the current flowing through the point of study in every 

situation: steady state, in a subs-transient produced by one short-circuit for example. 

 

Figure 10: Discussion of the two types of current in power factory, case B3i( ). 

 

 

 

      Current in the plant protection. 

 

                                                     

                                                  Current   in the generator protection 

 

 

           𝐼𝐾′′𝑓𝑎𝑢𝑙𝑡 ~ 41 𝐾𝐴 

 

           Short-circuit current, is the same in the two study points. 
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In this short-circuit current sometimes we have oscillations, especially in three phases faults. 

This is not the case represented on figure 10 but we have to understand and know how to 

explain in future works why this oscillation appears. In this work we do not need this current 

so we decided to postpone this curiosity. In the figure 11 graphically over the scheme of our 

installation are including the two currents to understand this point.  

Figure 11: Scheme of the currents in the installation.  

 

 

                                                                                                                      Short-circuit 

 

 

 

 

 

 

Study Plant  

                                                  Study Points 

 

 

𝐼𝐾
′′
𝑓𝑎𝑢𝑙𝑡

~ 41 𝐾𝐴 

𝐼𝐾 ′′𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ~ 20,3 𝐾𝐴 

𝐼𝐾′′𝑝𝑙𝑎𝑛𝑡 ~ 20,7 𝐾𝐴 

 

Finally we can say that the fault current or short-circuit current is the vector sum of the 

contributions of the different sources of our network to the short-circuit. In this case the 

external network current measured in the plant protections and the current in the generator.   

 𝐼  𝑓𝑎𝑢𝑙𝑡 = 𝐼  𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 + 𝐼  𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  𝑔𝑟𝑖𝑑  
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Chapter 5 SELECTION AND SETTINGS OF PROTECTIONS: 

 

5.1  Proposed solution. 

Our goal is to remove only the faulted equipment maintaining as much of the unfaulted 

system as possible in service, supplying the loads the maximum time as possible. We have 

different selection criteria and the best solution is a mix of all this criteria: 

1. Reliability: not fail in the system protection, the damage is very dangerous and 

expensive. 

2. Selectivity: only acts in a fault situation, not confuse it and have false trip. 

3. Speed: if the fault duration is short we minimizes the equipment damage. 

4. Economy: have the maximum protection with the minimum cost. 

5. Simplicity: related with reliability and economy, one good designed and simple 

installation is safer. 

As we introduce in the point 2.3, we have two different types of protections: 

A. Fuses:  with a very simple installation, as shown in the figure. The fuses act when 

the current circulating through them  𝐼 

is:  𝐼 > 𝐼𝑓𝑢𝑠𝑒 . In this moment the fuses 

break and appears an electric arc. When 

this is extinct the circuit breaker is open 

and is isolated the fault. 

     Figure  12 : Scheme of a tri-phase fuses protection.   

B. Relays: a more complex element which needs one current transformer per phase to 

work. This transformer converts our 𝐼  in an small and proportional current:  𝐼′         

𝐼′~ 0 − 5  𝐴. The advantages of using the current transformers are: 

a. Safety: personal working safe with the relays because the current transformer 

give electrical isolation in the point of work. 

b. Economy: whit this small proportional current 𝐼′  we need a small and cheaper 

relay. 

c. Accuracy: is more easy to compare and measure values of current in [A] than 

[kA]. 
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In the next figure we can see the scheme of a typical relay: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  13: Scheme of a tri-phase relays protection.   

The operation of this device is very simply. The current transformer converts the 𝐼 in 

each phase in to the described 𝐼′. Then, the appropriately selected relay operating coil 

charges and closes the relay contacts if the 𝐼′ > 𝐼𝑝  , where 𝐼𝑝  is the pickup current or the 

current tap setting with the same concept that 𝐼𝑓𝑢𝑠𝑒 . In the figure 13 this happens at the 

phase A. When one of the three relay contacts is closed or the manual trip is closed, the 

DC battery charges the breaker trip coil and opens the circuit breakers isolating the rest of 

the installation of the detected fault.  

Using relays has advantages compare to the use of fuses. The relays permit manual trip 

and the circuit breakers can be open and closed without been changed as we do with the 

fuses. Other important advantage of the relays is the possibility of coordination because 

they have different time delay. To understand the concept of time relay we have to 

imagine the next two situations: 

1. 𝐼′ ≫≫ 𝐼𝑝  then the relay contacts close faster. 

2. 𝐼′ > 𝐼𝑝  in this case the relay contact closes slower. 
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The time delay setting could be change to coordinate the different relays in the system. 

In the appendix [17] we can find the schema of typical differential relays used, this 

operation is very similar to the already described case in this case. 

The coordination of the relays selecting the adequate time delay of each relay is very 

important to protect our installation maintenance keeping the maximum possible time the 

supply of the loads. The next example of relay coordination in a radial system with only one 

source is very useful to understand some related concepts: 

 

 

 

 

If we have a fault in C, the first breaker to open will be in the BC line. If this protection fails 

then the protection in AB line will open to isolate the fault. Finally if both of them don't work 

the generator will be disconnected. This last protection is called backup relay, and should be 

the last alternative of protection. We define the coordination interval as the time between 

primary protection and backup relay in case of the fail of the primaries protections. This 

coordination interval has a typical value between 0,2 and 0,5 seconds. In this case is obvious 

that: time relay A > time relay B > time relay C.  With this, only the supply of the affected 

part of the grid stops. In the references (14) and (15) we can find additional information the 

field. 

In our case we have two different sources, the problem of coordination is more complicated 

and probably we need directional relays and this is the causes for not selecting the protection 

because this task is really hard in our system. In followings lines we try to explain this 

process.  

For the future selection of our protection is necessary to know the rated current in the points 

of study, how is produced the over current, simulating the maximum value in the worst case 

and study how often this fault could appear. With this important data and the characteristics of 

the overcurrent protections types and the economical factor  without precedence over security 

we make the best proposal solution to protect our plant against over currents and its 

consequences before commented.  
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As a summary of the results in the previous chapter we included this table: 

STUDY CASE PROTECTION PLACE 𝐼𝑟𝑎𝑡𝑒𝑑  [kA] 𝐼𝑘
′′ [kA] 

Case A Generator protection 0,913 14,726 

Case B1 Plant protection 0,888 20,742 

Case B2 Generator protection 0,488 20,294 

Case C Plant protection 0,895 21,902 

 

The necessary parameters for the selection of our two protections are: 

1. Study plant protection: 𝐼𝑟𝑎𝑡𝑒𝑑 = 0,895 [𝑘𝐴] and 𝐼𝑘
′′ = 21,902 [𝑘𝐴]. 

2. Generator protection: 𝐼𝑟𝑎𝑡𝑒𝑑 = 0,913[𝑘𝐴] and 𝐼𝑘
′′ = 20,294  [𝑘𝐴]. 

3. Additional information about the maximum accepted current by the elements included 

in the grid and the cables: 𝐼2 · 𝑡 ≤ 𝐾2 · 𝑆2 

Where 𝐼2 · 𝑡 is the heat stress showed in the figure 2 on the page 18, and the 𝐾2 · 𝑆2 is 

the energy that can support the cable.  

𝑆 = 𝑐𝑎𝑙𝑏𝑙𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 [𝑚𝑚]  

𝐾 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [𝐴 · 𝑠
1

2 

𝑚𝑚2 ] 

Table that includes the K values for different cables. 

 

As we introduce in this chapter, for selecting of this two protections we need to know or 

design the other protection in our system because coordinating of the protections is 

fundamental. In the next point we propose the different zones in our circuit. 

 

 

 

 

 

 

 

 PVC XLPE 

Cu 115 143 

Al 76 94 
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5.2 Discussion on fault current and protect. 

 

For designing the two proposal protections is necessary the data of the rest of the protection in 

all the network for adequate coordination, or design at the same time all the protections in the 

grid. 

We do not know parameters about the other protections so we start designing all the 

protections in the grid dividing this in different zones.  

The protections zones are defined for generators, transformers, buses, lines and loads. All the 

zones must be overlapped with the circuit breakers located in the overlap regions. This 

overlap regions have to be as small as possible because if we have one fault in this zone all 

the breakers of the two zones in contact will be open to isolate the rest of the grid. If we have 

a fault inside one zone the two circuit breakers of the zone open to isolate. 

In the next figure we have a proposal for the different zones in our system:   

 

 

 

 

 

 

 

 

Figure 14 : proposal zones in our study system. 

The further goal is study the coordination in our case with two sources. This task could be 

included in next project as continuation of this.   
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Chapter 6 CONCLUSIONS AND RECOMENDATIONS: 

 

Selecting of protections is a very hard work and in this case, the problem is too big for the 

purpose of this Specialization Project. In the project we simulate our electrical network with 

all its components. This model allows simulate different cases of short-circuits and we choose 

the most dangerous fault and extract important data for the design of our protections. 

The main challenge of the project is the coordination of the protections in order to have a 

good solution to protect the plant. I think this project have been a good introduction for me in 

the field of the protections and in the future with more time I will be able to solve this type of 

challenge. 

One easy solution but not the best, is to select two fuses for the proposal points to protect our 

plant. The problem is that the fuses does not permit the coordination and we have big currents 

in this points. Typically current transformers are not used with the fuses and this could 

increase the price of this bad solution. The problem of the lack of coordination implicates that 

the supply of the loads is not maximized and in our application is very important because we 

search at finally goal continuously supply, this is the first proposal for the project. 
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Chapter 7 FURTHER WORK: 

 

During the project a lot of ideas, extensions and new possible study projects appeared. The 

first of them consist on including a DC battery with the Power Electronic necessary, basically 

inverters, to act as a UPS module guaranteeing the continuous supply of our loads, firstly by 

the DC battery and then connecting the Emergency Generator. 

Other important point of study is the improvement of the simulation model of our AVR 

controller. As we can show in the project the proposal model do not reproduce the same three 

phases decrement short-circuit curve of the technical data sheet (2). For the selection of our 

protections is very important to simulate the effect of the AVR for proposal a good solution 

and be sure that the behavior expect is the same that the real and the future possible behavior 

of our installation against faults.  

The arc produced in the actuation of our protections is another interesting field to research. 

Improve  how to extinct this DC current increasing safety and the faster operation is important 

and a good simulation of this effect could mean more accuracy in the selection of protections 

which will allow us to choose cheaper solutions. 

In this project finally is not possible to work with specific data of one company. For further 

projects I would like have an real case and to be able to think about solution for a real 

problem.  

The problem of the protection coordination will be another important field of research for 

futures works. I would reader finish with a specific solution in this project and can search the 

selected relays in some catalogs of different companies as a real work in a consulting 

company thinking solutions about the protection problem.  
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APPENDIX 

 

[1] Load Flow: CASE 2: Emergency Generator + External Network 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                *the loads at the same bus are equals 
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[2] Synchronous emergency-generator data table. Type_ Stamford HCI634Y, see (2): 

 

Ratings and parameters 
 

Symbol/Unit 
 

Generator 

 
Rated power 

 
SN [MVA] 1 

 
Rated voltage 

 
UN [kV] 0.4 

 
Rated frequency 

 
fN [Hz] 50 

 
Rated power factor 

 
cosN 0.8 

 
Rated Speed 

 
nN [rpm] 

1500 

   
 

Direct axis synchronous reactance 
 

Xd [p.u.] 2.27 

 
Direct axis transient reactance 

 
Xd'  [p.u.] 0.14 

 
Direct axis sub-transient reactance 

 
Xd”  [p.u.] 0.1 

 
Quadrature axis synchronous reactance 

1)
 

 
Xq [p.u.] 1.8 

 
Quadrature axis transient reactance 

1)
 

 
Xq'  [p.u.] 0.3 

 
Quadrature axis sub-transient reactance 

1)
 

 
Xq"  [p.u.] 0.2 

 
Armature resistance (  

o
C) 

 
ra [p.u.] 0.012 

 
Zero sequence resistance 

1)
 

 
R0  [p.u.] 0 

 
Zero sequence reactance 

 
X0 [p.u.] 0.02 

 
Leakage reactance

1)
 

 
Xl [p.u.] 0.01 

   
 

Direct axis open-circuit transient time constant 
 

Td0'  [s] 3.17 

 
Direct axis short-circuit transient time constant 

 
Td’  [s] 0.045 

 
Direct axis short-circuit sub-transient time constant 

 
Td”  [s] 0.015 

 
Quadrature axis short-circuit sub-transient time constant

1)
 

 
Tq"  [s] 0.05 

  
  

Inertia constant 
2)

 

 
H [s] 0.2984 

 
Moment of inertia 

 
J  [kgm

2
] 24.19 

 
Source of data: 

Technical data sheet of the Emergency Generator: 

STAMFORD HCI634Y, reference (2) 

 
  

1)
 Assumed value. Not given by the manufacturer.      

2)
 Calculated on the basis of J. 
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[3] AVR block diagram: MX321 Stamford model: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*The AVR has different functions as controlled rectifiers of thyristors, amplifier and reducer, 

compare with the 𝑉𝑅𝑒𝑓  and acts to maintain tolerance introduced, overvoltage protections too. 

 

[4] Adjust AVR comparison: 

 
Three-phase Short-circuit Decrement Curve. No-load Excitation at Rated Speed Based on star (wye) connection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MX321 Stamford model                      Modified Global Type Model of PF 

 
        * Apply multiply factor 1,07to the values between 0,001 and the minimum current, short-circuit fault in t=0. 

        * The values is for a generator with 𝑆𝑁 = 1050 𝐾𝑉𝐴, our generator is 𝑆𝑁 = 1000 𝐾𝑉𝐴, final multiply factor is 1,019. 
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[5] Block diagram of the AVR model in PF avr_ESAC1A: 
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[6] Load Flow: CASE 1: Emergency Generator alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                *the loads at the same bus are equals 
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[7] Load Flow: CASE 3: External grid alone 

   Emergency generator disconnected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                                                                *the loads at the same bus are equals 
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[8] Steady State in the Case A: Generator Alone 

      Rated current in the generator: 
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 [9] Other irrelevant plots of the current see in the generator, CASE A: Generator alone. 

A3iii( ) Included in the report of the project, page 28, figure 6. 

                                                              A3ii( ) 

 

 

 

 

 

 

 

A3i( ) 

 

 

 

 

 

 

         A3iii(r) 
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             A3ii(r) 

 

 

 

 

 

 

 

             A3i(r) 

 

 

 

 

 

(*)Note: in some plots the three phases curves of the current coincided, in this case 

the plot represents the last phase, normally the c, is by that all the three phase 

short-circuit current are represented in blue. 
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[10] Steady State in the Case B: Generator and external grid. 

Sub-case B1: Plant protection, rated current: 

 

 

 

 

 

 

Sub-case B2: Generator protection, rated current: 
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[11] Other irrelevant plots of the current in the bus 0,4kV,SUBCASE B1:  

Generator and external grid: study of the plant protection. 

B3iii( ) Included in the report of the project, page 29, figure 7. 

 

       

 B3ii( )  

 

 

 

 

                                               

                                            B3i( ) 

 

 

 

 

 

         

                                            B3iii(r) 



Specialization Project Report 

Ismael Santiago Bermejo López 

54 

 

Norwegian University of Science and Technology 

54 

 

 

 

        B3ii(r) 

 

 

        

      

                                              B3i(r) 

 

 

 

                                               B2i( ) 
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[12] Other irrelevant plots of the current in the generator, SUBCASE B2:  

Generator and external grid: study of the generator protection. 

B3iii( ) Included in the report of the project, page  30, figure 8. 
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           B3iii(r) 
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[13] Steady State in the Case C: External grid alone. 

Plant protection, bus 0.4kV, rated current: 
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[14] Other irrelevant plots of the current see in the bus 0,4kV, CASE C: External grid 

alone. 

C3iii( ) Included in the report of the project, page  31 , figure 9. 
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      C3ii(r) 
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[15] Differential relays: schemes including in only one phase. 

A. GENERATOR PROTECTION: 

 

The operation in the three cases is very similar. The relay operating coil is charged if the 

subtraction of the currents in the left minus right currents is nonzero, this appears when we 

have a fault in the component. If the relay operating coil is charged the relay contact closes 

and the DC battery charges the breaker trip coil that opens the circuit breakers. 

The new element in this types of differential relays is the relay restraining coil. This coils are 

designed to correct and preset the same accurate current working with different current 

transformers, same characteristics but different machine.  

An important thing is the problem that could be in the bus protection, if we have a fault in the 

point 3 of the next figure, can cause saturation in the current transformer 3 and for this 

situation the relay restraining coil is not designed and we can have a false trip. 
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B. BUS PROTECTION: 

 

C. TRANSFORMER PROTECTION: 
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