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                                         ABSTRACT 

 

 

 

 

The onset of a ferroresonance phenomenon in power systems is commonly 

caused by the reconfiguration of a circuit into the one consisting of capacitances in 

series and interacting with transformers. The reconfiguration can be due to 

switching operations of de-energisation or the occurrence of a fault. Sustained 

ferroresonance without immediate mitigation measures can cause the transformers 

to stay in a state of saturation leading to excessive flux migrating to transformer 

tanks via internal accessories. The symptom of such an event can be unwanted 

humming noises being generated but the real threatening implication is the 

possible overheating which can result in premature ageing and failures.  The main 

objective of this project is to determine the accurate models for transformers, 

transmission lines, circuit breakers and cables under transient studies, particularly 

for ferroresonance. The second objective is to find out methods to mitigate these 

phenomena. All simulation studies are carried out using an electromagnetic 

transient program, called ATP Draw. Simulation studies revealed that the key 

circuit parameter to initiate transformer ferroresonance in a transmission system is 

the circuit-to-circuit capacitance of a double-circuit overhead line. The extensive 

simulation studies also suggested that the ferroresonance phenomena are far more 

complex and sensitive to the minor changes of system parameters and circuit 

breaker operations. Adding with the non-linearity of transformer core 

characteristics, repeatability is not always guaranteed for simulation and 

experimental studies.  



 

 

  ABSTRAK 

 

 

 

 

Bermulanya fenomena ferosalunan dalam sistem kuasa biasanya 

disebabkan oleh konfigurasi litar yang terdiri daripada kemuatan siri dan saling 

tindakan dengan pengubah. Konfigurasi ini boleh disebabkan oleh operasi 

pensuisan nyahtenaga atau berlakunya kerosakan. Ferosalunan mapan tanpa 

langkah-langkah mitigasi segera boleh menyebabkan pengubah dalam keadaan 

tepu berdepan kepada penghijrahan fluks yang berlebihan ke tangki pengubah 

melalui aksesori dalaman. Gejala seperti ini boleh menjanakan bunyi berdengung 

yang tidak diingini tetapi implikasi mengancam sebenar adalah pemanasan lebih 

mungkin boleh mengakibatkan penuaan pra-matang dan kegagalan. Objektif utama 

projek ini adalah untuk mengkaji tingkah laku ferosalunan dalam sistem kuasa dan 

untuk mengetahui beberapa kaedah yang paling sesuai untuk mengurangkan 

fenomena ini. Program simulasi ATP-EMTP digunakan untuk model pelbagai 

komponen sistem kuasa dan mensimulasikan fenomena ferosalunan. Kaedah untuk 

mengelakkan keadaan ferosalunan daripada berlaku, maka dengan itu mengelakkan 

kerosakan peralatan dan kerugian juga dicadangkan berdasarkan kerja-kerja 

simulasi. Talian Penghantaran 33kV digunakan dengan pengubah 33KV/100V. 

Untuk memperkenalkan fenomena ferosalunan dalam sistem, suis kawalan masa 

digunakan dengan pemuat bersiri. Kemudian kaedah untuk mengurangkan 

fenomena ini telah dijalankan. Dalam kajian ini lima teknik yang berbeza 

digunakan mengenai pengurangan ferosalunan; dengan mengubah pemuat siri, 

pemuat pirau, dan rintangan kemagnetan, kemudian dengan menambah rintangan 

pada bahagian sekunder pengubah dan akhir sekali dengan menukar sambungan 

antara belitan utama dan sekunder pengubah.  
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   CHAPTER 1 

 

 

 

INTRODUCTION 

 

 

 

1.1 Introduction 

 

 

Ferroresonance refers to the resonance between network parameters with 

ferromagnetic material, particularly with the presence of transformers working at 

no-load conditions. It generally refers to a condition where power system voltages 

resonate at the natural frequency of certain excited components within the same 

system. Most of such components usually include nonlinear ironclad inductance 

typical transformer windings. The capacitance must be considered for the 

resonance to occur. The common sources of this include capacitor banks that are 

used for voltage regulation and power factor correction.  

 

Furthermore, a transmission line’s capacity may be a key circuit element 

during a ferroresonant event. In the last 85 years, there has been research on 

ferroresonance and the word itself was used in literature in 1920, even though 

resonance in transformers appeared in articles as early as 1907. In practice, interest 

was generated in the 1930s when it was shown that the use of series capacitors for 

voltage regulation caused ferroresonance in distribution systems, resulting in 

damaging the overvoltages[1]. 

Transient events occur due to attended power system parameters such as 

resistance, inductance and capacitance of transmission line, transformer, cable, 



capacitive shunt reactors, inductive shunt reactors etc. The frequency range of the 

transient phenomena can extend from DC to several MHz due to such parameters 

and the addition of capacitive and inductive components into the integrated power 

system.   

A subject of intense study, ferroresonance is also a common phenomenon 

on power systems. Because of the saturated magnetizing characteristics of the bus 

Potential Transformers (PT), ferroresonance may occur when switching or 

disconnecting a circuit breaker at neutral-grounded substations. In the event of the 

occurrence of ferroresonance, excessive voltage and current may cause the 

flashover of external insulation, the burn out of PTs or the destruction of metal 

oxide resistors. There has been an increase in incidences of ferroresonance in the 

last few years resulting to power cuts and the destruction of PTs[2]. 

Magnetic saturation of the nonlinear inductance may also cause 

ferroresonance. However power transformers and inductive PTs are the main 

contributors to the nonlinear inductance on power systems. Under normal 

conditions, a nonlinear inductance operates in the linear region of its excitation 

characteristic[3]. 

 

 

 

1.2 Background of Ferroresonance 

 

 

Linear resonance only occurs, for example, in the circuit in Figure 1.1 

consisting of a series-connected resistor, inductor and capacitor, when the source is 

tuned to the neutral frequency of the circuit. And the capacitive and inductive 

reactance of the circuit is identical.  The resonance frequency of any AC circuit 

totally depends on its capacitance and inductance. 



 

                             Figure 1.1:  Linear resonance circuit 

 

 

When the linear circuit in Figure 1.1 is subjected to a resonance condition, 

it produces an expected and respectable response to the applied source voltage. 

Sinusoidal voltages appear across any points in the circuit without any 

distortion[4]. 

      In contrast, things are not quite the same in a nonlinear series circuit as 

what happens in a linear resonance. A nonlinear inductor (ferromagnetic material) 

replaced the linear inductor in Figure 1.2. A transformer core is an example of a 

ferromagnetic material. The series connection consists of an alternating source 

(ES), a resistor (R), a capacitor (C) and an alternating source (ES). This is referred 

to as the ferroresonance circuit.  

      



 

Figure 1.2:  Ferroresonant circuit 

 

Resonance condition occurs at only one frequency with a fixed value of L 

and C in the linear circuit.  On the other hand, the nonlinear circuit can exhibit 

multiple values of inductances when the core is driven into saturation however this 

implies that will be a wide range of capacitances that can potentially lead to 

ferroresonance at a given frequency [5].  

 

 

 

 

1.3 Types of Ferroresonance Modes   

 

 

The distinctive difference between the linear resonance and ferroresonance 

has been described in the previous section. A resistance, a capacitance, and a 

nonlinear inductor are the fundamental elements involved in the ferroresonance 

circuit. It is the reconfiguration of a particular circuit caused by switching events 

that mostly caused the development of the ferroresonance circuit taking place in 

the power system. Immediately after the switching event, initial transient 



overvoltage will firstly occur and this is followed by the next phase of the transient 

where the system may arrive at a more steady condition. There can be several 

steady state ferroresonance responses randomly[6-7] induced into a system owing 

to the non-linearity of the ferroresonance circuit. Basically, there are four types of 

steady-state responses a ferroresonance circuit can possibly have. These includes: 

the fundamental mode, sub harmonic mode, quasi-periodic mode and chaotic 

mode.  

 

 

 

 

1.4 Symptoms of Ferroresonance 

 

 

There are various forms of ferroresonance with different physical and electrical  

displays [8]. Some have very high voltages and currents while others have voltages 

that are near to normal. This section demonstrates a few indications of 

ferroresonance: 

I. Audible Noise 

II. Overheating 

III. Arrester and Surge Protector Failure 

IV. Flicker 

V. Cable Switching 

 

 

 

 

 

 

 



1.5      Objectives  

 

 

The main objectives of this project are:  

I. Examine the effects of ferroresonace in power systems. 

II. To mitigate the effects of ferroresonace through system equivalent 

simulation model. 

III. Find out different techniques to minimize the Ferroresonance 

 

 

 

 

1.6 Scope of Work 

 

 

The scope of this project includes various phases which include:  

I. The study of resonance and its effects in linear circuits 

II. Behaviour of ferroresonance in power systems 

III. Operational characteristics of a transformer in saturation 

IV. Obstacles of ferroresonance in real power system and its damages 

V. Study of previously work done for ferroresonance mitigation and their outputs 

VI. Comparison of different techniques used for ferroresonance mitigation in   

previously work done in power system. 

 

 

 

 

 



1.7  Problem Statement   

 

 

The ferroresonance phenomenon in power systems is mostly due to the 

conformation of a circuit that includes capacitances in series and connected with 

transformers. The conformation can be because of switching operations of de-

energisation or due to a fault. Ferroresonance without rapid mitigation can affect 

the transformers to keep in a state of saturation lead to high flux to damage the 

transformer tanks via internal components. Algorithmic system method of 

choosing a proper simulation model is not more common yet. There is need of 

practical techniques for most rapid results so that this behavior of power 

components should be brought into steady-state operation for safety of high cost 

power devices. So, the main goal in this project is to achieve the following 

objectives: 

 

I. To convey good information about the technical parameters on each of the 

power system part needed for the simulation modelling for ferroresonance 

study.   

 

II. To facilitate some modelling road maps that needed for selecting any of the 

suitable models.  

 

 

III. To discover the types of models better and easy for the simulation to 

mitigate the ferroresonance from the system. 

 

 

 



1.8       Organization of Report 

 

 

The report consists of five chapters. 

 Chapter 2 illustrates the previous work done related on ferroresonance 

phenomenon in voltage transformers and power transformers. Detail of 

ferroresonance behaviour in power system is also explained. Besides this, it also 

includes some techniques for avoiding or mitigation of ferroresonance. 

 Chapter 3 describes the methodology of project simulation. Selection of 

system components as well design parameters is explained. It consists of how the 

simulation will be done. Basic design of ferroresonant circuit and mathematical 

formulation is shown. Brief details of simulation software ATP/EMTP is also 

presented. It presents  the  circuits  that  were  used  in  the  simulation  and  

explains  how  the simulations  techniques are  implemented.    

Chapter 4 presents the results of simulation done on basic ferroresonant 

model.  

Lastly chapter 5 describes the conclusion and future work that is related to 

the project done. 

 

 

 

 

 

 

 

 



CHAPTER 2 

 

 

 

 

LITERATURE REVIEW 

 

 

 

 

2.1  Introduction   

 

 

This chapter presents a survey of different methods for the study of power 

system ferroresonance, with emphasis on the modeling aspects of each of the 

component in the integrated power system. The most appropriate “Fit for Purpose” 

way of modeling a power system network is to first compare the simulation results 

with the recorded field test results. There is work to be done to rectify the problem 

in terms of the individual components modeling for justifications if the simulation 

results are beyond expectation.  

The following explains the five different approaches to the study of ferroresonance 

identified in the literature. 

 

 

 

 

 



. 2.2  Theoretical Methods    

 

 

A considerable amount of analytical work has been presented in the 

literature utilizing various mathematical methods to analyze ferroresonance in 

power systems. The following presents some of the work which has been found in 

the literature.  

In [9][10][12], the researchers had investigated a circuit configuration (as 

shown in Figure 2.1) where ferroresonance incidence was induced onto the 100VA 

voltage transformer situated in London. Owing to the opening of the circuit 

breaker, the circuit was reconfigured into a ferroresonance circuit and disconnected 

leaving the transformer connected to the supply through the grading capacitor of 

the circuit breaker.  

 

 

Figure 2.1:  Section of a typical double-busbar 275 kV substation [9] 

 

 

A single-valued 7
th

 order polynomial		� = �� + ��	 represented the transformer 

core characteristic, where a=3.24 and b=0.41.  



A Runge-Kutta-Fehlberg algorithm was used to obtain the solutions to the 

system equations [10]. The aim of developing the simulation model was to study 

how the losses would affect the initiation of ferroresonance. With the loss reduced 

to about mid-way (R=275Kv/120W) of the rated one (R=275Kv/250W), a 

fundamental frequency ferroresonant mode has been caused into the system. A 

sub-harmonic mode of 25Hz was exhibited. When the loss reduced further to 

R=275Kv/99W. However, the voltage signal with stochastic manner has been 

reduced when the loss was unrealistically varied to 8W.   

    

In [13][14] the researchers had, studied a typical system (such as in Figure 

2.2) that can result in the occurrence of ferroresonance. The configuration of the 

system consisted of a 25MVA, 110/44/4kV three-phase autotransformer 

connecting to a 100km length transmission line which included the line-to-line and 

the line-to-ground capacitances. It is assumed that the secondary side of the 

transformer is connected at a no-loaded or light-load condition. It is also assumed 

that the delta tertiary winding side is open-circuited.  

 

 

Figure 2.2:  Model for ferroresonance circuit including line capacitance [14] 

 

 

As illustrated in the diagram and its simplified circuit in Figure 2.2, the 

system is reconfigured into the ferroresonance condition by opening one of the 

phase conductors through a switch. The circuit is further simplified by applying a 



Thevenin’s theorem by considering node 3 as the Thevenin’s terminals with 

respect to ground, with the assumption that V1=V2.  

 

The single-phase Thevenin’s equivalent circuit can finally represented as 

shown in Figure 2.3 and it was modeled by using the second order flux-linkage 

differential equation.  

.   

 Figure 2.3:  Basic ferroresonance circuit [14] 

 

 

The objective of the study was to investigate the influence of the 

magnetization core behaviour with 
th 
order polynomial with n varying from 5 and 

11 when the transformer is subjected to ferroresonance. Furthermore, we also 

studied the effects of changing the magnitude of the supply voltage (E) and core 

losses.  

 

   The fourth-order Runge-Kutta method was used to find the solutions to the 

problems. E is the effect of varying the magnitude of the supply voltage while 

keeping the transformer losses and transmission line length unchanged for n = 5 

and 11 degree of saturation. Note that a Bifurcation diagram is a plot of the 

magnitudes taken from a family of Poincarè plot versus the parameters of the 

system being varied. In this case, E, the magnitude of the supply voltage, is the 

parameter being varied with the aim of predicting the different types of 

ferroresonance modes. Two degree of saturation with n=5 and 11 are also 



investigated to see their differences in terms of inducing types of ferroresonance 

modes. 

 

The results of both saturations exhibited single-value area which indicates 

Period-1, dual value for Period-2 etc. One observation in the diagrams is that 

subharmonic plays an important role before the occurrence of chaotic mode.  

The study also suggested that different degrees of saturations of the 

transformer core characteristics have a significant impact of inducing different 

types of ferroresonance modes. It was found, in the study of varying the 

magnetizing losses, that the Period-1 ferroresonance exists for n=11 with the loss 

of 1%. When the losses were further reduced, there was the onset of Period-2 and 

Period-4 ferroresonance. There was, however, the onset of chaotic mode when the 

losses were further below 0.0004%. However, Period-1 mode was exhibited when 

n=5 with losses of 0.0005%.  

 

 

 

 

2.3 Analog Simulation Methods    

 

 

There are a number of analogue simulation methods which have been 

employed to represent power systems for ferroresonance studies. 

 In [15][16] the researchers had presented his study on the initiation of 

ferroresonance during single-phase switching of a distribution transformer bank. 

Figure 2.4 illustrates a circuit consisting of a three-phase source switching, an 

overhead line and a 3-phase transformer in wye-delta configuration.  



 

Figure 2.4:  Possible ferroresonance circuit [15] 

 

The transmission line of the system was represented by only its 

capacitances which include the ground capacitance, C0 while the phase-to-phase 

capacitance was modeled as C1-C0, where C1 and C0 are the positive-sequence and 

zero-sequence capacitance respectively The rest of the components such as the 

impedance (resistance and the inductance) of the line are assumed to be negligible 

compared to the capacitances. The objectives of modeling the system were to 

determine the influence of various kVA ratings of transformers and voltage levels 

on ferroresonance. Furthermore, many practical ways of preventing ferroresonance 

were also investigated.  

 

 

The modelling of the transformer core was based on the voltage versus 

existing current curve [16]. Also taken into consideration were the capacitances of 

the winding terminals and ground (core and tank). These capacitances were 

determined based on geometric relations using the field theory. The following are 

the summary of the conclusions:  

 

1. Various kVA transformer ratings and voltage levels:  it is clear from the 

results that the lower kVA transformer ratings at the higher voltage levels 

are very likely to have overvoltage.  

 



2. Several possible remedies: 

I. Grounding the neutral:  this resulted to a normal steady-state with no 

overvoltages. 

II. Opening one corner of delta: this resulted to maximum overvoltages, twice 

the normal.  

III. Grounding the neutral of delta:  this resulted to no overvoltages.  

IV. Using delta-delta connection:  this resulted to 1.6 p.u of normal voltage 

from energized one phase.  

V. Connecting the bank open-wye-open-delta:  this resulted to no 

overvoltages.  

VI. Connecting shunt capacitors from each phase to ground:  this resulted to 

overvoltages that are higher than 4 p.u. 

VII. Using neutral resistor:  this resulted to overvoltages if an appropriate value 

of the resistor was selected.  

VIII. Using resistive load connected across each delta:  this resulted to 

overvoltage if an appropriate value of the resistor was selected. 

 

There are both advantages and disadvantages in the use of analog 

simulators like the Electronic Differential Analyzer (EDA), the Analog Computer 

(ANACOM) and the Transient Network Analyzer (TNA) to study ferroresonance.  

It offers great flexibility in representing the power system into a scaled down real 

circuit. Considering only low voltage and current magnitudes for use in the 

experiments provides an approach that offers better personal health and a safe 

environment for testing. But, its major drawbacks are that the analogue equipment 

needs a large laboratory floor space to accommodate the equipment and it is also 

costly to maintain (calibration, replacement of ageing or faulty components etc).  

 

 

 

 

 

 

 



2.4 Real Field Test Methods   

  

 

  For this ferroresonance study, real power system component (transformers, 

transmission lines, circuit breakers, disconnectors, and cables) are applied in 

existing circuit configurations. The way this ferroresonance tests were carried out 

was reported in the literature.  

A ferroreresonance test was carried out in one of the National Grids’ 400 

kV transmission systems based on the technical report TR-3N documented in the 

literature [17] his main aim of the test was to evaluate the breaking capacity of two 

types of disconnector designs to break the ferroresonant current.  

The disconnector X303 at the Thorpe Marsh 400 kV substation was kept 

open prior to the test. Also, the circuit breaker T10 at the Brinsworth 275 kV 

substation was kept open and all the disconnectors and the circuit breaker X420 

were in service. 

The circuit was subjected to the trigger of ferroresonance by conducting a 

point-on-wave (POW) switching using the circuit breaker X420 at the Brinsworth 

400 kV substation. The opening of the X420 circuit breaker has thus energized the 

1000 MVA power transformer through the transmission line’s coupling 

capacitances. From the tests, a subharmonic mode ferroresonance of 16
2/3

 Hz has 

been triggered at +3ms POW, showing the disconnector current and busbar voltage 

of 50 Apeak (Y-phase) and 100kVpeak (Y-phase) respectively. Furthermore, a 

grumbling noise was reported from the affected transformer. In contrast to the 

onset of fundamental mode, the initiation was triggered at +11ms POW, hence the 

induced current and voltage was 200Apeak (Y-phase) and 300kVpeak (Y-phase) 

respectively. Furthermore, a much louder grumbling noise has been generated from 

the transformer which can be heard at a distance of 50m from the transformer.  

Both phenomena were successfully quenched using the disconnectors. But 

a little arc was observed for the subharmonic mode as presented on Figure 2.5(a). 

However a more intense arc was observed for the fundamental mode as presented 

on Figure 2.5(b). One interesting point noted in the ferroresonant test is that when 

a second test was conducted by setting to +11ms POW, the same switching angle 



at which the fundamental mode was previously successfully triggered. But 
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2.5  Laboratory Measurement Methods 

 

 

  A simple low or medium voltage circuit was used to conduct the 

experiments in the laboratory for the ferroresonance study in this section. The 

study of ferroresonance using this method is found in the literature [18].  

 

 Young performed work in the laboratory to investigate the ferroresonance 

that occurred in cable feed transformers.  The laboratory setup for the circuit is 

shown in Figure 2.6. It consists of cable connect to a three-phase, 13kV pad-mount 

distribution transformers.  The transformer was energized through the three single-

phase switches (denoted as load break cut-out) connected to the 13kV grounded 

source. The cable was modeled by using capacitor modules connected at the 

terminal of the transformer. 

 

     

Figure 2.6:  Laboratory setup [18] 

 

 



The aim of the laboratory setup was to investigate the influence of the 

following parameters on ferroresonance: (1) Transformer primary winding in delta, 

wye-ground, and T connections, (2) The energization and de-energization of the 

transformer through a switch (3) Cable lengths ranging from 100 to 5000 feet and 

(4) The damping resistance varied from 0 to 4% of the transformer rating. The 

results, after the tests, were reported: 

I. For cable length of more than 100 feet, ferroresonance overvoltage is more 

likely to occur when the test transformer was connected at no-load.    

II. It has been recorded that magnitudes of 2 to 4 p.u have been reached for the 

sustained voltage and will be up to 4 p.u form the transient voltage for delta 

and ungrounded wye-connected primary winding. On the other hand, the T-

connected primary winding also produced similar magnitudes for the 

sustained one but a magnitude as high as 9 P.U has been reached for the 

transient overvoltages.     

III. There has been no overvoltage produced following the single-phase 

switching of the test transformer employing the grounded-wye connection 

at the primary winding.    

IV. The load of up to 4% of rated transformer power rating connected at the 

secondary side of the transformer was found to be effective in damping 

transient overvoltage. In addition, it was found that the probability for the 

sustained and transient voltages was less likely to occur. 

V. The utilization of three-phase switching can eliminate the occurrence of 

ferroresonance.   

VI. It has been observed that the T-connected winding transformer has 

provided an increased likelihood for the occurrence of ferroresonance as 

compared to the delta and wye connections.   

 

 

 

 

 

 



2.6  Digital Computer Program Methods 

 

 

There are a lot of digital computer programs that are used for the study of 

ferroresonance. Some of which quoted from the literature in [19] can be referred in 

the following section. 

In [19] the researcher had a ferroresonance incident in the 400kV substation 

consisting of the circuit arrangement as presented in Figure 2.7. The phenomenon 

was caused by the switching events carried out for the commissioning of the new 

400kV substation. 

 

 

Figure 2.7:  400 kV line bays [19]  

 

 

Commissioning the system in Figure 2.7 was done as follows: the VTs 

were energized from the 400kV busbar by disconnecting the line disconnected 

(DL). The VTs were then de-energized by opening the circuit breaker (CB). The 

effect after the switching events has thus reconfigured the circuit into 

ferroresonance condition involving the interaction between the circuit breakers 

grading capacitor and the two voltage transformers. 

     An ATP/EMTP simulation package was employed to investigate the occurrence 

of ferroresonance and the failure of damping resistor to suppress ferroresonance to 

assess the mitigation alternative.  



     Using the BCTRAN+, the voltage transformer was modeled with three single-

phase transformer models. The core characteristic of the transformer was 

externally modeled by using non-linear inductors with its saturation λ-i 

characteristic derived from the SATURA supporting routine. The open-circuit test 

data given by the manufacturer was provided the required data to convert into λ-i 

characteristic. Because measurement of the hysteretic characteristic of the core was 

not available for the type of transformer under study it was not taken into 

consideration. The iron-losses were simply modeled by resistors.   

     To justify the model before the key factors that influence the ferroresonance 

were analyzed, an agreement between the recorded test measurement and 

simulation results was firstly obtained. The study was to investigate the types of 

ferroresonance modes when the length of the busbar substation was varied, which 

corresponds to the capacitance value of the busbar, with the grading capacitance 

kept unchanged. In addition, the safe operating area of the busbar length was also 

identified. The following is the result from the simulation studies:  

 

For busbar substation capacitances:   

I. 10pF-100pF and 950pF-2320pF: There was no ferroresonance identified 

for these ranges of capacitances. Normal steady-state responses have not 

been observed from the simulations. 

II. 110pF-950pF: A sustained fundamental mode ferroresonance have been 

induced with its amplitude reaching up to 2.p.u.   

III. 2320pF:  A subharmonic mode with Period-7 has been caused into the 

system. The frequency of the phenomenon is 7.1 Hz.  

IV.  2590pF:  In this case, the system responded to a chaotic mode for about 4 

seconds until it jumped into the normal steady-state 50 Hz response.  

 

The severe damage of a wound potential transformer caused by a sustained 

fundamental ferroresonance was investigated in [20]. 

 

The commissioned work and maintenance, Bus A2, was removed by 

opening the corresponding circuit breakers. One of the potential transformers (i.e. 

V13F) had undergone a disastrous failure and eventually exploded after the 



switching events. The diagram of Figure 2.8 clearly explained the cause of the 

incidence.   

 

         Figure 2.8:  Dorsey bus configuration with grading capacitors (Cg) [20] 

 

 

 The existence of the parallel connection of the grading capacitors of the 

circuit breakers connected along bus A2 and B2 when the circuit breakers were 

open was the root cause of the problem. The effect of this switching occasion has 

eventually reconfigured the Dorsey bus system into a ferroresonance condition 

consisting of the source, capacitance and transformers.   

     In view of the problem, a simulation model of that employed EMTP had was 

used to duplicate the cause of the ferroresonance and also to investigate the best 

possible mitigation alternatives to rectify the problem. The system includes a 

station service transformer (SST), two potential transformers (PT1 and PT2), an 

equivalent grading capacitance of circuit breaker, bus capacitance between bus B2 

and A2, and a voltage source.   

 

 

The Dorsey bus terminal was modeled by strong equivalent source 

impedance. The a.c filter is switched in at bus B2 and is used to assess its 

effectiveness in mitigating ferroresonance. As shown, the core losses, winding 

resistance and excitation current with the circuit were considered in the modeling 

of the 4-kVA potential transformers (PT1 and PT2). A constant resistance 



represents the iron losses. The core characteristics of the transformers were 

modeled based on the manufacturer’s data but the air-core (fully saturated) 

inductance of 62 H was assumed because it provides the ferroresonance response 

which is close to the field recording waveform. 

 

     On the other hand, the 10 MVA station service transformers (SST) was 

modeled based on the previous parameters taking into consideration of positive 

sequence impedance, core losses and the saturation characteristic. The 

manufacturer provided the air-core inductance; however the saturation curve is 

determined by application of extrapolation technique.   

 

     The ferroresonance study was performed, once the ferroresonance response 

from the simulation is validated with the field recording one, by considering the 

following recommendations: 

 

I. The study showed that the service station transformer (SST) had enough 

losses to damp out the occurrence of ferroresonance but this occurred at the 

grading capacitance of up to 4000 pF.  

 

II. A damping resistor of 200Ω/phase was connected at the secondary side of 

SST to prevent this phenomenon when the grading capacitance reached up 

to 7500pF following the circuit breakers upgrades. 

 

     The study of ferroresonance using digital simulation programs is considered to 

be inexpensive, maintenance-free, does not required large floor space area, less 

time consuming and free from dangerous voltages and currents. However, one of 

the major disadvantages this approach encountered is that the true characteristic of 

the power. components are difficult to fully and comprehensively represented in 

one of the predefined simulation models.  

 

 

  

 



2.7 Summary 

 

 

Various methods have been introduced to study 

ferroresonance in the power system over last many years. Each 

method has its own vantages and drawbacks and may be only 

choice of deployment since computational technology was still is 

growing level. Due to latest advances in electrical power world 

and well-developed computer applications, the latest techniques 

are employed in this project is to carry out simulations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

 

 

 

 

METHODOLOGY 

 

 

 

 

3.1  System Modeling 

 

 

Our main purpose is to identify the models of substation components to use 

in the ferroresonance studies. For each component, the importance of the model 

parameters will be described and typical values shall be provided. Afterwards, the 

models will be simulated using ATP-EMTP program and the output will to be 

analyzed, in particular, whether ferroresonance has occurred or otherwise. 

 

 

 

 

 

 



3.2 Description of the Transmission System 

 

 

The purpose of the simulation is to examine the conditions in which 

ferroresonance can occurs.  If a ferroresonance does occur, then how it can be 

mitigated or its effect can be minimized. In this project, a 132kV single line circuit 

High Voltage Transmission Line (HVTL) was chosen for the simulation study. 

Power transformer ratings are 100 VA.  

Fig.3.1 displays the single line diagram of the most commonly used system layout 

that can cause to Voltage Transformer ferroresonance. Ferroresonance can appear 

when switching off the disconnector 3 with circuit breaker opened and either 

disconnector 1 or 2 closed. This can also appear upon closing of either 

disconnector 1 or 2 with circuit breaker or disconnector 3 open. 

 

 

Figure 3.1 Section of a typical double-busbar 132 kV substation 

 



The system layout as displayed in above figure can efficaciously be minimized to 

an equivalent circuit as shown in Fig. 3.2 

 

Figure3. 2 Reduced equivalent ferroresonant circuit 

 

 

In Figure 3.2, U is the supplied rms phase voltages, Cs is the grading 

capacitance of circuit breaker and Csh is the total phase-to-earth capacitance of the 

system. The resistor R is voltage transformer core losses that are the most effective 

reason to bring ferroresonance. 

Figure.3.3 displays the single line diagram of a traction supply transformer 

layout. The single phase transformer is supplied from two phases of the three-

phase system. Ferroresonance appears upon switching off the circuit breakers 1 

and 2 to de-energize the main line as well as transformer. 

 

 

 

 

 



 

Fig. 3.3 Traction supply transformer ferroresonance arrangement 

 

 

Supply is connected to the de-energized the system from the contiguous 

live parallel circuit through the inter-circuit coupling capacitance, such as Cseries in 

the equivalent ferroresonant circuit. The equivalent Csh in the ferroresonant circuit 

is the phase-to-earth capacitance of the line and the transformer winding and 

bushing capacitance. 

 

Above figure shows the circuit arrangement of a practical 132-kV/33kV, 

10MVA substation in the English power system. VT is a 33000/110V 100-VA 

instrumentation voltage transformer isolated from sections of busbars. 

 

 

 

 

 

 

 



3.3 Simulation procedures  

 

 

In order for the simulation work to be successfully carried out, the following 

procedures were adopted:   

I. Estimation of all parameters such as the overhead transmission line 

(OHTL), power transformer (PT) saturation characteristics, circuit breaker 

characteristics and shunt capacitance, etcetera.  

 

II. Designing an equivalent circuit to represent the actual power transformer 

and its interconnections.   

 

 

III. Calculation of electrical parameters such as voltage (V) and current (I) for 

the equivalent circuit.   

 

IV. Determine whether ferroresonance occurs or otherwise under the given 

circuit parameters.   

 

 

V. Determine the mitigation techniques to prevent ferroresonance from 

occurring.  

  

The first part of the process was to gather information for the system. This 

involved the findings of circuit diagrams, information of transformers parameters, 

capacitors etcetera and later the magnetization characteristic and type of non-linear 

inductance. 

 

 



3.4  ATP-EMTP Simulation  

 

 

The ATP is the computer version of the Electromagnetic Transients 

Program (EMTP). The EMTP is simulation software of the electric power system. 

This is computer simulation software particularly developed to analyse transient 

phenomenon in the power system. It consists of large detailed power components 

models or builds in modules that make it simplify to tedious work of creating a 

system model. Normally, this simulation program can be implemented to build an 

electrical system or in detecting or predicting a technical problem of a power 

system.  

  

ATP is a program for digital simulation of transient process of 

electromagnetic also electromechanical behaviour. With this digital program, wide 

distributed networks and control systems of absolute structure can be modeled. 

ATP-EMTP is employed in this simulation to examine the electrical behaviour of 

the transmission system. To see the electrical behaviour of the transmission 

system, electrical device models should be chosen carefully and be tested for best 

results. 

 

 

 

 

 

 

 

 



 

3.5 Test System Circuit in Simulation  

 

 

Fig. 3.4 shows the Equivalent Circuit of the Test case system. Series 

capacitance was taken as 300 pF, a typical value of circuit breaker grading 

capacitance at a 132-kV substation. The value of shunt capacitance depends mainly 

on the length of busbar and the number of items connected to it. In a 132-kV 

substation,. In this analysis, Cshunt was taken as 15 pF according to system 

parameters. The resistance R was set to 19 MΩ  which may cause a relavent loss 

upto 500-W. The value of ω was fixed as normal operating frequency i.e 50Hz, 

according to ac supply frequency.  

 

Figure 3.4:   The ATP simulated reduced equivalent ferroresonant circuit 

 

U is the rms phase voltage that is 33 KV. Cseries is the circuit breaker 

grading  capacitance and Cshunt is the total phase-to-earth capacitance, including 

busbar capacitance to earth and ransformer winding capacitance. The resistor R 

represents transformer core losses shown previously to be an important parameter 

in determining the behavior of the system [21].  

 



 

3.6 Grading Capacitance (Cseries) 

 

 

Circuit breakers with series-connected interrupting chambers are used for 

the intention of facilitating better breaking potentiality. The deploye of the grading 

capacitor joint across the chamber is to provide enhancement of balance of voltage 

distribution through the chambers in a series arrangement. To see the effect of this 

capacitance on the circuit, consider about the grading capacitance, Cg varied from 

300pF up to 4000 pF. against a wide  spectrum of ground capacitance, Cs 

spreading from 10 pF up to 100 pF. 

 

 

 

 

3.7   Ground Capacitance (Cshunt) 

 

 

The ground capacitance is most commonly because of the bushing, busbar 

and winding to the tank or  core, such as, the capacitances apearing between the 

busbar-to-ground with air as an insulation medium. Cshunt is ranging from 10 pF 

up to 100 pF, with a broad range of grading  capacitances (300 pF to 4000 pF). 

 

 

 

 



 

3.8   Power Transformer 

 

 

Transformers are known to be one of the most important components 

deployed in power transmission and distribution networks. Their complex design 

mostly includes electromagnetic circuits. They operate in a linear region of their 

magnetic characteristic, drawing transformation of steady state sinusoidal voltages 

and currents. Since, in some cases this linear operating region is violated when the 

transformer is affected due to an abnormal event. This consequence can cause to 

give birth to a low frequency transient events, a phenomenon known as 

ferroresonance. Two mathematical methods based on[22][23][24] are deployed to 

characteristic core saturation; they are the single-value curve (without loss) and the 

major hysteresis curve (with loss), and each of them is presented in the following 

section. 

 

 

 

3.8.1   The Anhysteretic Curve 

 

The anhysteretic curve is the core characteristic without taking any loss into 

consideration and it is shown by the dotted curve labelled as ‘gob’ that is placed in 

the first and third quadrants of λ-i plane of Figure 3.5. The curve is also also 

known as the “true saturation part” or “single-value curve”, that provides the 

relationship between peak values of flux linkage (λ) and peak values of 

magnetising current (i). This curve is shown by a nonlinear inductance, Lm. 



 

Figure 3.5:  Hysteresis loop 

 

 

The curve is represented by a p
th

  order polynomial that has the following form: 

           im=Aλ+Bλ
p
                                                                 (3.1) 

 

where p = 1, 3, 5 . . . and the exponent p counts on the value of saturation. 

 

With a sinusoidal voltage e1 supplied to the transformer, the flux linkage will be 

sinusoidal  in nature and it is given as: 

             λ=λmsin(ωt)                                                              (3.2) 

 

Substitute (3.2) into (3.1) and rearranging, the following is obtained: 

 

            im=A��� sin�����+B��� sin�����P                            (3.3) 

 

 



3.8.2   Hysteresis Curve  

   

 

In order to interpret saturation with hysteresis effect (i.e. hysteresis loop) in 

the core, a parameter called a loss function is innovated in Figure 3.6 by drawing a 

distance of ‘ae’ in the hysteresis loop. This corresponds to adding a resistor, RC 

connected in parallel with the nonlinear inductor, Lm. Base on [25] the loss 

function is given as, 

 

Figure 3.6:  Single-phase equivalent circuit with dynamic components 

 

 

             �����where		�� = � ̇�
��

                                                          (3.4) 

Incorporating the loss function to the true saturation characteristic, the 

mathematical expression for the hysteresis loop is 

 

           io=Aλ+Bλ
p
+	����� � ̇�

��
                                                     (3.5) 



The loss function which represents the loss part is approximately calculated by a 

q
th

 even order polynomial and it is expressed as   

             ����� = �� + ����/��� � ��
��

  q=2,4,6              (3.6) 

 

The total no-load current is 

             io =im+ih 

               =[Aλ+Bλ
p
]+�� + ����/��� � ��

��
                          (3.7)  

 

 

 

 

3.9 Modelling Of Magnetic Core Characteristics  

 

 

ATP-EMTP software is used to model the magnetic core characteristics. In 

ATP program, there are two types of nonlinear elements; a true nonlinear model 

(Type-93), and two pseudo nonlinear models (Type-96 and Type-98). For this case 

study, Type–96 is used to represent the magnetic core characteristics of the voltage 

transformer. Table 3.7 gives the information about the peak currents and peak flux 

linkages. 

                    

 

 

 



Table 3.7:   The Converted data of the peak currents and peak flux linkages 

 

 

 

Figure  3.8 shows the magnetic core characteristics curve based on the 

manufacturer’s data and has been represented by peak  flux linkages versus peak 

currents characteristic by using an internal SATURA routine.  Subroutine 

SATURATION is designed to do the conversion with some simplifying 

assumptions.  



         

 

Figure 3.8 the saturation curve for nonlinear inductor 

 

 

 

 

3.10 Mathematical modeling Magnetic Core 

 

   

From Figure 3.2, it can be seen the type of core nonlinear, when the value of the 

grading capacitance is increased. The main reason can be explained by a graphical 

diagram of Figure 3.9. The equation of the ferroresonance circuit of is given as 

                            VLm=Ethe+VC                                                               (3.8) 

Where Thevenin’s voltage at terminals X-Y,  

                           EThe=! ×
#$%&'%$

∁$%&'%$)∁$*+,�
                                  (3.9) 



Thevenin’s capacitance at terminals X-Y, 

                           C=Cseries+Cshunt                                       (3.10) 

 

 

 

Figure 3.9:  Graphical view of ferroresonance 

 

As can be seen from Figure 3.9, the straight line represents the V-I 

characteristic across the transformer. On the other hand, the s-shape curve 

represents the V-I magnetizing characteristic of the core. The intersection of the 

supply voltage across Lm i.e. the straight line with the magnetizing curve of the 

voltage transformer is to provide the operating point of the system behaviour. 

From the graph, it can be seen that there are three possible operating points of this 

circuit for a given value of XC. Point A in the positive quadrant of the diagram 



corresponds to normal operation in the linear region, with flux and excitation 

current within the design limit. This point is a stable solution and it is represented 

by the steady state voltage that appears across the voltage transformer terminals 

therefore ferroresonance would not take place. Point C is also a stable operating 

point where VC is greater than VLm which corresponds to the ferroresonance 

conditions characterized by flux densities beyond the design value of the 

transformer, and a large excitation current. Point B, which is in the first quadrant, 

is unstable. The instability of this point can be seen by increasing the source 

voltage (EThev.) by a small amount follows a current decrease which is not possible. 

Therefore a mathematic solution at this point does not exist [24] [25]. 

 

 

 

 

3.11 Mitigation options of ferroresonance 

 

 

A various numbers of practical methods can be deployed to prevent or 

prohibit ferroresonance, whose overvoltage’s, over currents and fluctuated wave 

forms may bring the thermal and dielectric stresses which can be a thread for 

electrical equipment to get damaged, effecting the performance as well as 

reduction in lifetime of insulators. 

There are various methods which may include: 

I. Minimizing the value of the capacitance between the circuit breaker and 

transformer under its critical value by using a circuit breaker cubicle closer 

to the transformer or placing circuit breakers just upstream of the 

transformers and  disconnecting them when voltage has been restored to 

all three phases, 



II. In isolated neutral systems, try don’t use wye-connection of Voltage 

Transformer primaries with grounded neutral either by leaving the neutral 

of the VT primaries ungrounded or by using delta-connection for the 

Voltage Transformer, 

 

III. Avoid using single-phase operations or fuse protection, which may cause a 

single-pole breaking in case when fuse is burnt out. 

 

IV. Use of rigid grounding of the neutral  of a transformer whose primary is 

wye-connected 

 

 

V. By using one or more load resistances whose value is low enough to 

effectively mitigate the ferroresonance, 

 

The recommended minimum values for the resistance R and power PR of this 

resistance are:                                          

                        R=Us
2
/(K Pt-Pm)                                (3.11) 

                            PR=Us
2
/R                                              (3.12)                                                                                

                                                                                                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.12 Simulation Flowchart  

 

Based on the designed test case model and calculated component values, 

simulated work took place through various stages. A step-by-step flow of 

simulation operations is given in figure 3.10 

                      

 

Figure 3.10 Flowchart for the methodology 



From the figure 3.10, it can be observed that actual project simulation work 

starts with the selection of components needed to design an equivalent circuit of a 

real power system. Then integration of these selected components has to be done to 

build it into simulation software. Later during the simulation process 

ferroresonance will be introduced into system by the time-controlled switch. This 

ferroresonance phenomenon will affect the steady-state operational parameters and 

will bring these into some unacceptable range. So these parameter values have to 

be calculated. Afterward different mitigation techniques have to be implemented 

one by one for the same case study. So all the methods have to be tested and their 

output has the examined. 

 

 

 

3.13   Summary 

 

 

In this chapter the methodology of project simulation was described. 

Selections of system components as well design parameters were also explained. 

Basic design of ferroresonant circuit and mathematical formulation is also shown. 

Brief details of simulation software ATP/EMTP was explained to get familiar with 

its features. It also presented  the  circuits  that  were  used  in  the  simulation  and  

were explained about  how  the simulations  techniques will be implemented. 

Finally step by step algorithm for ferroresonance mitigation has been shown that 

gives the ideas about all the processes that will took place during simulation. 

 

 

 

 



CHAPTER 4 

 

 

 

 

RESULTS AND DISCATION 

 

 

 

 

4.1 Introduction  

 

In this work, a 33kV single circuit High Voltage substation is chosen for 

the simulation study. The purpose of the simulation is to determine conditions in 

which ferroresonance may occurs.  If the ferroresonance does occur, then a suitable 

method has to be used for ferroresonance mitigation purpose or to reduce its 

effects. Total five techniques have been used and the results are presented here. 

The simulation process for this study has been done into following steps: 

I. Modelling of base test system. 

II. Modelling of switching Circuit Breaker to develop ferroresonance in 

system. 

III. Mitigation of ferroresonance. 

 

 

 

 

 



4.2 Modeling of Base Test System 

 

This part consists of designing the 33kV base system model which is used 

through all the processes. This model is drawn in ATP/EMTP and shown below. 

 

  Figure 4.1 Base Test System with circuit breaker study state 

 

Components values for the given system are same as mentioned in previous 

chapter. Upon the simulation, it gives following voltage waveform as shown in     

figure 4.1.The graph shows the base voltages for system, travelling toward 

transformer. From the figure it can be seen that the voltages are stable without any 

fluctuation since there is no ferroresonance. 

 

Figure 4.2 33KV system voltages  
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4.3 Modeling of Switching Circuit Breaker to Develop Ferroresonance  

 

 

This part consists of addition of switching circuit that causes the 

ferroresonance to occur.  Figure 4.3 shows the Equivalent Circuit of the Test case 

system that includes a series capacitance, shunt capacitance which depends mainly 

on the length of busbar and the number of items connected to it and a magentizing 

resistance R. 

 

Figure 4.3 Base Test System with circuit breaker operation 

 

 

Figure 4.4 and Figure 4.5 show the VT primary terminal voltage and the 

VT primary current. The switching operation (circuit breaker open) is at 0.35 sec. 

After 0.35 sec, the VT voltage supposes to be zero but somehow the voltage still 

maintain. This is because the supply is coupled at the nonlinear core of the voltage 

transformer via the open circuit breaker series capacitance to sustain the 

ferroresonance. 

 



 

               Figure4. 4 system voltages with ferroresonance 

 

                        Figure4. 5 system current with ferroresonance 

 

 

The previous two figures 4.4 and figure 4.5 shows the system voltage and 

current waveform respectively upon the occurrence of ferroresonace. From the 

simulation it can be analyzed that for ferroresonance to occur in the system, series 

capacitor value varies from 200pF to 1000pF. The voltage curve is suddenly 

started fluctuating at high level up to about 48 KV which really can be very 

dangerous to the system connected devices. 
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4.4 Mitigation of ferroresonance 

 

 

This part of simulation has been examined by varying the parameter values 

of series capacitor (Cs), shunt capacitor (Cs) and magnetizing resistor RC. When 

any of these parameters is being varied, the other two parameters value must 

remain constant. The basic objective of this process is to determine the range of the 

values that are most likely of ferroresonance to occur. If the range is as close as the 

actual parameters, the ferroresonance is considered to occur for these settings. So 

following mitigation techniques are to be examined through step by step. 

 

I. Varying Series Capacitor (VSC) 

II. Varying Shunt Capacitor (VShC) 

III. Varying Magnetizing Resistance (VMRc) 

IV. By Adding Resistance in the Secondary Side of Transformer 

 

 

 

 

4.4.1 Mitigation by Varying Series Capacitor (Vsc) 

 

 

During this process only Series Capacitance of the system is varied and 

examined while remaining two parameters; Shunt Capacitor (Csh) as well as 

Magnetizing Resistance (RC) are kept same. A wide range of values were 

examined for this parameter and upon selecting 200pF, the simulator showed 

following waveform. The controlled switch is normally close at 0 sec and 

disconnected after 0.35sec.Figure 4.6 and figure 4.7 shows the output waveform 

for 200pf series capacitor where ferroresonance is mitigation 



 

 

 Figure4. 6 The voltage output waveform for 200pF 

 

  

                        Figure 4.7The current output waveform for 200pF 

 

Through this method, the system parameters are brought into much 

minimized level causing to bring them at safety level. The results show that this 

technique can be practically implemented to reduce the effect of ferroresonance 

that derived the voltages at very high from the nominal range. 
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4.4.2 Mitigation by varying Shunt Capacitor (VShC) 

 

 

During this process only Shunt Capacitor of the system is varied and 

examined while remaining two parameters; Series Capacitor (Cs) as well as 

Magnetizing Resistance (RC) are kept same. Also a wide range of values were 

examined for this parameter and upon selecting 1nF, Figure 4.8 and figure 4.9 shows 

the output waveform for 1nf shunt capacitor where ferroresonance is mitigation. 

  

                          Figure 4.8 the voltage output waveform for 1nF 

 

 

     Figure 4.9 the Current output waveform for 1nF 
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This method is also capable for minimizing the ferroresonance effects. 

Since the shunt capacitor is mainly depending on its location in the system and the 

link of busbar so it is very necessary to estimate its proper installation place. The 

number of items connected to busbar may also affect the value of shunt capacitor, 

so it needed to consider such specifications. 

 

 

 

4.4.3 Varying Magnetizing Resistance (VMRc) 

 

 

During this process only Magnetizing Resistance (Rc) of the system is 

varied and examined while remaining two parameters; Series Capacitor (Cs) as 

well as Shunt Capacitor (Csh) are kept same. Here also a wide range of values 

were examined for this parameter and upon selecting 1.9MΩ, Figure 4.10 and 

figure 4.11 shows the output waveform for 1.9MΩ  Magnetizing Resistance  where 

ferroresonance is mitigation. 

 

  Figure 4.10 the voltage output waveform for RC=1.9MΩ 
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   Figure 4.11 the Current output waveform for RC=1.9MΩ 

The mitigation method of ferroresonance by varying the magnetizing 

resistance has also brought the system parameters to their least level hence more 

reliable to the power system.  

 

4.4.4 Mitigation by Adding Resistance in the Secondary Side of Transformer 

 

 

In this method, a load resistor is added to the secondary windings of 

transformer. This resistor acts as a damping element which also helps to mitigate 

ferroresonance once it occurs into the system. This value is calculated by the 

formula mentioned in previous chapter. By using 100ohm resistor, following 

waveform was achieved. 

 

       Figure 4.12 Mitigation methods by adding load resistor on the secondary side 
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Figure 4.13 and figure 4.14 shows the output waveform for using 100Ω 

resistor in the Secondary Side of Transformer where ferroresonance is mitigation. 

 

    Figure 4.13 The Voltage output by load resistor method 

       

  Figure 4.14 The current output by load resistor method  

 

 

This method can be most feasible due to its effects on high parameters that 

later were reduced to a level that is approximately to zero. The obtrusive obstacle 

of this method is the power losses. Since during ferroresonance, the system 

components are already at high risk, so such losses may be acceptable. 
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 4.4.5 Mitigation by Changing the Connection of Transformer  

 

 

The purpose of this method is to observe the effects of changing the Y-Y 

connection to another form of voltage transformer connection, 

 

I. Y-Y connection 

 

Figure 4.15 Y-Y connections 

 

 

Figure 4.16 and figure 4.17 shows the output waveform for using Y-Y connection 

of Transformer where ferroresonance is occurred when circuit breaker open at             

0.35 sec.  



          

                  Figure 4.16 The voltage output waveform of Y-Y connections 

 

 

                   Figure 4.17The current output waveform of Y-Y connections 
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II. Y-D connection 

 

Figure 4.18 Y-D connections 

 

Figure 4.19 and figure 4.20 shows the output waveform for using Y-D 

connection of Transformer where ferroresonance is occurred when circuit breaker open at 

0.35 sec. From simulation Y-D connection unable to prevent ferroresonance from 

accrued 

 

Figure 4.19The voltage output waveform of Y-D connections 
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    Figure 4.20The current output waveform of Y-D connections 

 

. 

 

III. D-Y connection 

 

 

Figure 4.21 D-Y connections 
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Figure 4.22 and figure 4.23 shows the output waveform for using D-Y 

connection of Transformer where ferroresonance is occurred when circuit breaker 

open at      0.35 sec. From simulation D-Y connection able to prevent 

ferroresonance from accrued 

 

 

    Figure 4.22The voltage output waveform of D-Y connections 

 

     Figure 4.23The current output waveform of D-Y connections 

 

  This technique for mitigation of ferroresonance is very cost effective as 

there is no additional component is required. But connectivity of transformer in 

such layout makes it more complex and complicated for the operators. 
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4.5 Summary 

 

 

From the simulation as shown in figure 4.2, it has been seen that ferroresonance 

can occur in the system. Afterward techniques to mitigate this phenomenon were 

carried out. Five different techniques are used regarding mitigation of 

ferroresonace; by varying Series Capacitor, Shunt Capacitor, and Magnetizing 

Resistance, later by adding resistance in the secondary side of transformer and 

lastly by changing the connection between primary and secondary windings of 

transformer. All methods were capable to mitigate ferroresonance from the system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 

 

 

 

 

CONCLUSIONS AND FUTURE WORK 

 

 

 

 

5.1 Conclusion  

 

  

The study of ferroresonace and its mitigation methods are performed in this 

project by using ATP/EMTP. A 132kV single line circuit High Voltage 

Transmission Line (HVTL) was chosen for the simulation study. Power 

transformer ratings are 100 VA. Parameters such as the overhead transmission line 

(OHTL), power transformer (PT) saturation characteristics, circuit breaker 

characteristics and shunt capacitance were estimated as these values are provided 

by manufacturers. To design actual power transformer and its interconnections, an 

equivalent circuit is used and also electrical parameters such as voltage (V) and 

current (I), were calculated for the system. System nominal voltages are 33KV. 

Ferroresonace was found during simulation due to opening of circuit breaker. 

Function of circuit breaker is done by time switch control jointly with the series 

capacitor. After 0.35 seconds of switching of circuit breaker, ferroresonance 

appears into the system. 



 One of the most instability cases which occur due to switching is a low 

frequency transient, such as ferroresonance. Before introducing such a process, a 

linear resonance in a linear R, L and C circuit need to be studied, specially the 

process of how resonance may appear in a linear circuit. Later the contrast between 

the linear resonance and ferroresonance are detected in terms of the system 

parameters, the condition for the generation of ferroresonance and the 

classifications of responses. Different ferroresonant modes may be detected and 

these are fundamental mode, subharmonic mode, quasi-periodic ode and chaotic 

mode. 

 

Studies for different methods of modeling of ferroresonance in sense of 

practical and computer simulation have been done. There are five categories of 

ferroresonance studies which have been discussed in the literatures; the analytical 

approach, the analog simulation approach, the real field test approach, the 

laboratory measurement approach and the digital computer program approach. The 

disadvantage of analytical approach is the difficulty of the mathematical model to 

represent an over simplified circuit. The analog simulation and the small scale 

laboratory approaches also do not clearly highlight all the parameters of the real 

power network. Waywardly, the real field test of power network will bring the 

network devices under stress and a risk for their destruction. In spite of the main 

benefits of computer simulation approach, the major disadvantage of using 

computer simulation for modeling the power system network is the need of 

identified methods for modeling requirements for selecting the most favorable 

models and existence the devised models. The only method to search out the 

existence of the devised models is to make a comparison of the simulation results 

with the field recording magnitudes. 

 

  In normal operating conditions, ferroresonance does not appear into the 

system since there is no possibility. But during the switching operation, the 

changes in the circuit parameters such as capacitances, nonlinear inductances and 

equivalent circuit resistances that can be decisive enough to trigger ferroresonance 



to occur. The effects of system parameters on ferroresonance in a single-phase 

circuit have been explained. Before  modeling of the simulation circuit for the real 

case three-phase power system network, the classification of the models of the 

circuit breakers, the transformers and the transmission lines in ATP Draw which 

are suited for ferroresonance study is done. 

 

From the simulation as in figure 4.2, it has been found that ferroresonance 

can be occurred into the system. Later methods to mitigate this phenomenon were 

carried out. In this study five different techniques are used regarding mitigation of 

ferroresonace; by varying Series Capacitor, Shunt Capacitor, and Magnetizing 

Resistance, later by adding resistance in the secondary side of transformer and 

lastly by changing the connection between primary and secondary windings of 

transformer. All methods were capable to mitigate ferroresonance from the system. 

Hence the objectives of the project are achieved. 

 

 

 

 

 

 

 

 

 

 

 

 



5.2 Future Work 

 

The most important results in this project are the classification of the circuit 

breaker, transformer and transmission line models that may be employed for 

ferroresonance. A simple time-controlled switch is employed to represent a circuit 

breaker. Also different mitigating methods with dissimilar characteristics are used 

without their comparison from different prospective. So a for a real power system 

all the relevant studies has to be considered. Here is some important work that may 

be carried out: 

 

I. Performance comparison of all methods with respect to their 

operational time factor. 

II. A brief comparison of different techniques in economical point of 

view. 

III. Reliability performance of different techniques 

IV. Compatibility of various methods within the existing real power 

systems 

V. The circuit breakers specific characteristic such as the high 

frequency transient currents and  the time lags of pole operation 
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