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ABSTRACT 

In this paper, the resonance and ferroresonance phenomena are deeply investigated considering two different 

cable-transformer power systems. The internal transformer resonance overvoltage case is initiated due to a 

single-phase earth fault, while the studied ferroresonance case is due to a single-phase switching in the source 

feeding an unloaded transformer via a power cable. The resulted secondary overvoltage and the core flux 

signatures are used as a classifier, where the transient features are extracted using three algorithms. Although 

the voltage frequency spectrum and phase-plane diagrams have been previously utilized for the 

ferroresonance mode evaluation, they are exploited in this paper for the comparison study and accordingly 

for the detection of resonance and ferroresonance phenomena. Salient features found in the transients 

extracted using the well-known DWT are used as inputs of the third algorithm. A new detection approach is 

attained based on the DWT-based transient feature extraction of resonance and ferroresonance overvoltages.  

  

Keywords: Resonance and ferroresonance overvoltages; cable-transformer interaction; phase-plane 

diagram; DWT.  

 

1. Introduction 

Power transformers may suffer from insulation 

failure due to their internal resonance or 

ferroresonance overvoltages. Therefore, each of these 

two phenomena is to be identified and distinguished. 

The internal resonance of the power transformers is 

triggered by transient surges in the power system that 

may be due to faults or capacitor switching [1-2]. 

These surges at the transformer primary side are 

below its overvoltage protection level, and therefore, 

they are not damped. Accordingly, they transmit 

through the transformer windings providing 

overvoltages at the secondary side. When the 

transient surge waveform contains frequency 

matched the resonance frequency of the transformer 

windings, the internal transformer resonance is 

happened and provides transient overvoltages. 

However, it can result in insulation breakdown for 

transformer winding due to the resulted high-

frequency overvoltages at the secondary side [3-8]. 

Overvoltage protections such as surge arrestor can be 

installed at the secondary side of the transformer in 

order to mitigate such induced overvoltages . 

The ferroresonance is a special case of the 

transformer internal resonance that characterized by 

the existence of several operating steady-state 

responses. Accordingly, it may exhibit different 

modes of operation [9-15]. The ferroresonance is 

initiated due to a single-pole switching or fuse 

blowing of the source supplying unloaded 

transformer through an underground power cable. 

This action produces a series resonance of low 

frequencies between the magnetizing reactance of the 

transformer and the system capacitances [11-17]. 

Ferroresonance causes transformer overvoltage or 

undervoltage for a long period with high-sustained 

levels of distortion in the voltage and current 

waveforms. It produces equipment damage, 

insulation failure, and apparent mal-operation of 

protective devices [9-10]. Detection algorithms for 

these two phenomena either internal resonance or 

ferroresonance should be proposed for enhancing the 

condition monitoring of the cable-transformer 
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systems and for providing a protection action if 

needed. 

 In [18], DWT and ANN were used for the 

discrimination between temporary and permanent 

overvoltages across the power transformer due to 

different events. The studied events include 

ferroresonance and capacitor switching, where the 

three-phase secondary currents are used as a 

classifier. In [19], DWT and ANN were also used to 

distinguish ferroresonance from the other transients. 

In [20], DWT is exploited for detecting 

ferroresonance and identifying its frequency, and 

consequently, its mode is identified. In [21], DWT 

was used for distinguishing between isolated 

capacitor switching and back-to-back capacitor 

switching. In [22-23], DWT and fuzzy interface 

system was used to differentiate between transformer 

magnetizing inrush current and internal fault current. 

However, these algorithms depended on the artificial 

intelligent technique to find suitable features for the 

discrimination point of view, and they could not 

present salient features utilized for the discrimination. 

This paper focuses on the investigation of 

overvoltages for cable-transformer power systems 

and therefore distinguishing between the internal 

resonance and ferroresonance. The studied resonance 

test case is due to a fault occurrence, while the 

ferroresonance test case is due to a single-phase 

switching. These two test case studies are considered 

for two different power transformers, one is the 

conventional two-winding three-phase power 

transformer and the second one is the three-winding 

three-phase autotransformer. The simulation results 

are carried out to attain internal resonance and 

ferroresonance overvoltage case studies using the 

alternative transient program-electromagnetic 

transient program (ATP-EMTP). The feature 

extractions for these overvoltages are exploited in 

order to present a novel distinguishing technique of 

each disturbance using effective methods. These 

methods are based on digital signal processing such 

as fast Fourier transform (FFT), phase-plane diagram, 

and discrete wavelet transform (DWT). The 

integration between these algorithms provides better 

distinguishing performance.  

 

2. Simulated Case Studies 

The study is carried out for two unloaded power 

transformers. The first transformer is a 155 MVA, 

132/15 kV, /, three-phase, two-winding traditional 

power transformer. The other one is a 250 MVA, 

400/132/18 kV, Y/Y/, three-phase, three-winding 

autotransformer. Each of these two transformers is 

fed through a single core XLPE underground power 

cable as shown in Figure (1). The cable rating is 

selected considering the primary side rating. This 

figure shows two different disturbance sources for 

attaining overvoltage measurements of resonance and 

ferroresonance phenomena.  

  
Voltage source

Earth-fault

Rf

 Power Cable

Power Transformer

 

a) Internal transformer resonance due to earth fault. 
 

Voltage source

Cs

Power Cable

Power transformer

 
b) Ferroresonance due to primary circuit switching. 

 

Figure 1- Studied power systems. 

 

Using the ATP program, the power transformers are 

modeled using BCTRAN subroutine. The BCTRAN 

drives a linear representation of the power 

transformer, using excitation and short circuit test 

data that are summarized in the Appendix. As the 

BCTRAN only produces a linear representation, three 

nonlinear Type-96 hysteresis inductors are connected 

at the delta side of each transformer [24]. The 

considered hysteresis characteristics for each 

transformer are shown in the Appendix. The high-

frequency representation is considered by adding the 

winding capacitances as external components as 

reported and given in the ATPDraw manual [24], in 

which the two-winding transformer has winding stray 

capacitances considered 0.01 µF, 0.005 µF, and 0.01 

µF for primary to secondary, primary to ground, and 

secondary to ground; respectively. While the winding 

capacitances of the three-winding autotransformer are 

considered 1 µF, 1 µF and 0.01 µF for primary 

windings to ground, primary to tertiary winding, and 

tertiary windings to ground; respectively. The 

frequency-based JMarti model is used for the 

underground power cable representation, which gives 

a frequency-dependent model with a constant 

transformation matrix based on the cable geometry 

and its material constants [24]. The simulation is 

done using the ATP-EMTP program and pre-

processed using ATPDraw. The cable data are 

defined in the Appendix. 
 

2.1 Resonance Case Study  

Internal transformer resonance overvoltages are 

commonly due to capacitor switching or faults. It was 

found that each of these two disturbances has the 

same resonance overvoltages as both of them provide 
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a sudden chopping in the voltage waveform 

producing traveling surges over the network [25]. 

The overvoltages due to capacitor switching can be 

mitigated by controlling the switching inception 

angle and avoiding the critical cable length at which 

the maximum overvoltage occurs. Such techniques 

do not mitigate the overvoltages due to faults as the 

faults randomly occur at any inception angle and at 

different fault distances over the cable. Therefore, 

this paper focuses on the fault based-resonance 

overvoltages.  

The system shown in Figure (1.a) is used to simulate 

the resonance occurrence during single-phase earth 

fault for the two studied transformers. The 

corresponding resonance transients at the secondary 

side of each power transformer are shown in Figure 

(2). For the two-winding power transformer as in 

Figure (2.a), the worst condition for the earth fault is 

considered when the fault inception angle is 90 that 

is corresponding to the instant 0.08833 s. For more 

declaration, the peak instant is at 0.05 s if the 

simulation time started at the voltage zero crossings. 

However, the voltage peak instant is first estimated 

from the simulation waveform and it is found at 

0.08833 s that is considered as the fault inception 

instant to provide the inception angle 90
o
.  The cable 

length is 900 m at which its resonance frequency is 

close to the transformer resonance frequency. At this 

critical length, the resonance overvoltage has 

consequently found the maximum value, and the fault 

is considered solidly to produce the highest transient 

amplitudes. At these conditions when phase-c to 

earth fault occurs, a transient voltage oscillation is 

generated over the power cable. However, the 

amplitude of this transient is less than the primary 

circuit peak voltage. Accordingly, the overvoltage 

protection at the transformer primary side could not 

limit or diminish these transients that therefore 

trigger internal transformer resonance causing 

transient overvoltages at the secondary side as 

depicted in Figure (2.a). 

For the three-winding autotransformer as depicted in 

Figure (2.b), phase-c to earth fault occurs at 0.0933 s, 

which corresponds to the 90 fault inception angle. 

The underground feeding cable length is considered 

100 m, and the fault is considered solidly. Figure 

(2.b) shows the secondary side overvoltage that 

occurs due to the internal transformer resonance. 

These voltage waveforms for the two studied 

transformers are analyzed in the following section for 

evaluating the proposed algorithms.  

 

 
a) Two-winding conventional transformer. 

 

 
b) Three-winding autotransformer. 

 

Figure 2- Phase-c secondary side voltage waveform 

due to resonance. 

 

2.2 Ferroresonance Case Study 

Ferroresonance phenomenon is studied using the 

simulated power system shown in Figure (1.b). As 

considered in the resonance test cases, the same cable 

lengths are taken 900 m and 100 m for 

ferroresonance evaluations of the two-winding and 

three-winding power transformers, respectively. The 

circuit breaker is used to initiate ferroresonance due 

to single-phase switching its grading capacitance is 

considered 8 nF and 2 nF for cases of the two-

winding and three-winding transformers, 

respectively. Ferroresonance occurs as a result of 

switching only the phase-c circuit breaker at the 

instant 0.03 s for the simulation time. Figure (3) 

shows the measured secondary voltage under the 

ferroresonance. The voltage waveforms for the two 

transformers are distorted with an increase in their 

magnitude after the switching. 

The ferroresonance transients are influenced by the 

power cable length due to changing its equivalent 

capacitances. These capacitance changes affect the 

ferroresonance operating points on the nonlinear 

magnetic characteristics. Note that the cable lengths 

in both studied cases that yield overvoltages either 

due to resonance or ferroresonance can be found in 

the field in front of the transformer substation. Also, 

the overhead transmission lines produce the same 

effect of underground cables, however, for long line 

lengths. Therefore, discriminating and detecting these 

overvoltages should be considered to either diagnose 

the event or evaluate toward acting as soon as 

possible to save transformers.  
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a) Two-winding conventional transformer. 

 

 
b) Three-winding autotransformer. 

 

Figure 3- Phase-c secondary side voltage waveform 

due to ferroresonance. 

 

3. Investigation and Distinguishing Algorithms 

The resonance feature is transient overvoltages at the 

transformer secondary side that are quickly 

diminished. Its detection should be recognized with 

the transient records associated with fault or 

switching events. The resonance distinguishing 

approach can be used as an input to the network 

condition monitoring. An alarm is initiated to call the 

enhancement of overvoltage protection. However, the 

ferroresonance feature is highly stressed on the 

magnetic core of the transformer that its period is 

extremely long. The detection should be 

accomplished to isolate the power transformer for 

limiting the ferroresonance overvoltages or to add 

devices mitigating the ferroresonance. Even if the 

transformer damage happened, their discrimination is 

still important to diagnose the event and add a 

suitable mitigation method. 

As the internal transformer resonance phenomenon is 

characterized by high-frequency overvoltages during 

the transient period [7], the core flux decreases where 

the voltage is proportional to the frequency and flux 

(E  f.). However, the ferroresonance is 

characterized by the saturated iron core [9], high 

magnetizing currents, sustained overvoltages, and 

distortion in the waveforms. The ferroresonance is 

considered a low-frequency overvoltage. From the 

features of each phenomenon, the frequency analysis 

and core flux are exploited as distinguishing factors. 

Furthermore, the DWT is found as a useful tool to 

extract the power system transients, and so it is used 

with the current two phenomena. These algorithms 

are discussed as follows.  

3.1 Investigation Based on Frequency Analysis  

As shown in Figures (2) and (3), they are the 

corresponding overvoltage waveforms due to internal 

resonance and ferroresonance for both transformers, 

respectively. Figure (4) shows the frequency 

spectrum analysis in the case of the two-winding 

power transformer for both studied cases. The 

frequency spectrum shown in Figure (4.a) explains 

high frequencies with significant magnitudes in case 

of internal transformer resonance, and the high 

resonance frequencies are about 49, 141, 238, 328, … 

kHz during the transient period. In the case of 

ferroresonance as zoomed and depicted in Figure 

(4.b), the obvious frequencies are the low frequencies 

of subharmonics and harmonics of the fundamental 

frequency, in which they are at 15.6, 30.5, 45.7, 53.4, 

61, 76.3, 91.5, 114, ... Hz. By evaluating the three-

winding autotransformer, the frequency spectrum 

analysis for both resonance and ferroresonance cases 

are shown in Figure (5). In the case of the resonance 

event, there are high resonance frequencies such as 

4.25 and 42.7 kHz as shown in Figure (5.a). While in 

the case of ferroresonance shown Figure (5.b), the 

low resonance frequencies are found at 18.3, 30.52, 

48.83, 73.24, 85.43, 97.6, … Hz. 

 

 
a) High resonance frequencies due to the transformer 

internal resonance. 
 

 
b) Resonance frequencies due to the ferroresonance. 

 

Figure 4- Frequency spectrum analysis for two-

winding transformer.  
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a)  High resonance frequencies due to the transformer 

internal resonance. 

 
b) Resonance frequencies due to the ferroresonance. 

 

Figure 5- Frequency spectrum for there-winding 

autotransformer.   

 
From the results, the FFT frequency spectrum is 

compared to distinguish between these two 

phenomena. Internal transformer resonance is 

distinguished with the existence of high frequencies 

in terms of kHz, while the low frequencies support to 

distinguish the ferroresonance. The features extracted 

using FFT are exploited to find a detection procedure 

as follows:  

1. Evaluate the FFT as in Figures (4) and (5).  

2. If the high-frequency resonances are detected, 

then this can be an internal resonance. For the 

time domain, the overvoltages are diminished, 

quickly.  

3. When a sustained overvoltage is detected 

including subharmonics, inter-harmonics, and 

harmonics, this case can be a ferroresonance. In 

the time domain, there are distorted 

overvoltages and overcurrents for a long period.  

The features extracted using FFT and time-domain 

observations of internal resonance and ferroresonance 

cases can be conflicted with the other power system 

disturbances. Therefore, the detection security is 

enhanced by the following studied approaches. 

 
3.2 Investigation Based on Phase-Plane Diagram 

The second algorithm used for distinguishing 

between the resonance and ferroresonance is based 

on the phase-plane diagram, where the core flux is 

plotted against voltage for the same phase. The 

phase-plane diagrams in the case of internal 

transformer resonance for both studied transformers 

are shown in Figure (6). It shows three operating 

states that are normal operation (blue color), transient 

period (black), and steady-state period after the 

transient period (red). The flux band sharply 

decreases with a voltage increase under the internal 

transformer resonance during the transient period for 

both transformers. Figure (7) shows the phase-plane 

diagram in case of ferroresonance for both studied 

transformers, which represents several operating 

loops beside the normal operating loop. Also, the flux 

band for each of these loops during ferroresonance is 

higher than the flux band during normal operation 

that confirms saturation due to ferroresonance. 

  

 
a)  Two-winding transformer. 

 

 
b)  Three-winding autotransformer. 

 

Figure 6- Phase-plane diagram due to resonance. 
 

 
 

a) Two-winding transformer. 

 
b) Three-winding autotransformer. 

 

Figure 7- Phase-plane diagram due to ferroresonance. 
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Comparing between the results shown in Figures (6) 

and (7), the internal transformer resonance provides 

sharp and fast operating loops during the transient 

period. The flux band corresponds to transient period 

are much lower than the flux band in normal 

operation. On the other hand, ferroresonance 

provides several operating loops that are distorted 

with higher magnitude of core flux. Consequently, 

the core flux is extremely dissimilar for studied cases 

of internal transformer resonance and ferroresonance. 

Therefore, flux band during the disturbance can be 

used for the distinguishing.  

Figure (8) shows a flowchart for the flux band-based 

algorithm where, the core flux is computed by the 

integration of the voltage. Setting for voltage and flux 

band is selected based on the amplitude during 

normal operation. If an overvoltage case is detected, 

then if the computed flux band is higher than the 

setting value, ferroresonance case is detected. While, 

if the computed flux band is extremely lower than the 

setting, resonance case is detected. 

 

 
 

Figure 8- Flowchart of distinguishing using core flux. 

 
 

3.3 Investigation Based on Discrete Wavelet 

Transform (DWT) 

In this section, features of the resonance and 

ferroresonance overvoltages extracted using Discrete 

Wavelet Transform (DWT). It additionally gives an 

indication for the time domain analysis that is not 

provided by FFT or phase-plane. Daubechies 

Wavelet (db-4) is used as a mother wavelet. It is 

expected that the resonance and ferroresonance are at 

high and low frequencies, respectively. For attaining 

a single capturing sampling rate, the lowest rate can 

be easily attained from the high sampling rate using 

the down sampling technique, in which the down 

sampling is achieved concerning different details.  

For the resonance case of the two-winding power 

transformer, Figure (9.a) shows the high frequency 

components of the wavelet decomposition in six 

details taken at sampling frequency 2 MHz. This 

sampling frequency is chosen in order to cover all 

possible resonance frequencies depending on the 

resonance frequency of the two-winding transformer. 

The maximum energy amplitude is shown in detail 

D5, which corresponds to frequency band 31.25-62.5 

kHz. This frequency band contains the high resonant 

frequencies observed using FFT. The low frequencies 

are analyzed using sampling frequency 2 kHz as in 

Figure (9.b). The maximum magnitude is at the detail 

D5 that reflects the fundamental frequency 

corresponding to the steady-state overvoltages after 

the transient period.  
 

 

 
a) Sampling frequency 2 MHz. 

 

 

 
b) Sampling frequency 2 kHz. 

 

Figure 9-  DWT analyses of two-winding transformer 

resonance case. 
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In the case of the internal resonance of the three-

winding autotransformer, the high sampling rate is 

considered 0.2 MHz for the transformer internal 

resonance evaluation, while the low sampling rate is 

2 kHz for the ferroresonance investigation. The 

details during internal resonance are shown in Figure 

(10.a), where the maximum amplitude is in detail D5 

that contains the transformer resonance frequency. 

Figure (10.b) shows the low sampling rate details that 

the maximum magnitude is in detail D5 where the 

fundamental frequency is localized. The results in 

Figures (9) and (10) show a single spike for the 

internal resonance, where it is localized in the 

extracted details using a high sampling rate.  
 

 

 
a. Sampling frequency 0.2 MHz.  

 

 

 
 b. Sampling frequency 2 kHz. 

 

Figure 10-  DWT analyses of the autotransformer 

internal resonance. 
 

The resulted ferroresonance overvoltages are also 

analyzed using the same procedure, and the 

corresponding results are shown in Figures (11) and 

(12) for the two-winding power transformer and 

three-winding autotransformer; respectively. Unlike 

the resonance case, the six details for the high-

frequency decomposition show several and repeated 

spikes during the transformer ferroresonance 

interaction as in Figures (11.a) and (12.a). Every 

spike localizes the moment of saturation transition 

per half cycle. However, the magnitudes for these 

details are much lower than the high-frequency 

details of the internal resonance event (depicted in 

Figures (9.a) and (10.a)). Figure (11.b) shows the 

decomposition of the two-winding transformer using 

a low sampling rate. The maximum amplitudes are 

observed in detail D5 followed by the detail D4, in 

which they correspond to the fundamental frequency 

and the second harmonic, respectively. This feature 

confirms the saturation due to ferroresonance. Also, 

in case of the three-winding autotransformer depicted 

in Figure (12.b), the maximum amplitudes are in 

details D6, D5, and D4 that contain the 

subharmonics, fundamental frequency, and second 

harmonic, respectively. Also, these results show that 

the magnitudes for the low frequencies in the case of 

ferroresonance are higher than in the case of 

resonance, that is consistent with the FFT analysis. 

There are two salient features found from DWT-

based processing and comparison of the resonance 

and ferroresonance waveforms. The first feature is 

attained for the ferroresonance event that the 

localized repetition of transients during the half-

cycles due to magnetizing transitions. This feature is 

salient for ferroresonance and not for the resonance. 

The second feature is by comparing details extraction 

at a high sampling rate with that at a low sampling 

rate. The DWT details values at high sampling rate 

are higher than the output at a lower sampling rate 

that is for resonance case and vice versa is for the 

ferroresonance case. Accordingly, adaptive resonance 

and ferroresonance detection can be obtained using 

these two features consequently as follows: 

1. Extract the DWT details for high-frequency 

decomposition and low-frequency one. If the 

high-frequency details have one spike at the 

instant of the overvoltage, then the resonance 

case is identified as can be concluded from the 

results shown in Figures (9) and (10). Further 

security is considered that the amplitude of 

details using a high sampling rate is higher than 

the amplitude considering the low sampling 

rate.  
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a. Fs = 2 MHz.   

 

 

 
b. Fs = 2 kHz.  

 

Figure 11-  DWT analyses of the two-winding 

transformer ferroresonance test case. 

 

 

2. If the high-frequency details show repeated 

spikes that represent the repetition of saturation 

transitions, then the ferroresonance case is 

detected as in Figures. (11) and (12). A further 

feature is that the amplitudes of the low-

frequency details are higher than the amplitude 

of the high-frequency details. 

The above distinguishing procedure can be 

implemented using the steps of the flowchart shown 

in Figure (13). 

 

 

 
a. Fs = 0.2 MHz.  

 

 

 
b. Fs = 2 kHz. 

 

Figure 12-  DWT analysis of the autotransformer 

ferroresonance test case. 

 

 

3.4 Algorithms Integration  

The above sections show three algorithms for the 

detection and distinguishing between internal 

resonance and ferroresonance overvoltages measured 

at the transformers secondary side. Each of these 

overvoltages has its salient features that can be 

recognized by any of these algorithms. FFT can give 

an indication for the resonance frequencies either 

high frequency during internal resonance or low 

frequencies during ferroresonance. However, the FFT 

does not give any information about the time-domain 

performance.  
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Figure 13-  DWT-based distinguishing flowchart. 
 

 

Features extracted using the phase-plane diagram 

during ferroresonance may be overlapped with other 

transients like load rejection case. Therefore, 

integration between these algorithms can overcome 

the shortage of each individual one. For example, the 

internal transformer resonance can be securely 

detected and distinguished by the integration between 

FFT and phase-plane diagram because the FFT 

defines the high frequencies during internal 

resonance and the phase-plane diagram confirms 

these high frequencies as it shows the extremely low 

flux bands during the transient period. Furthermore, 

the DWT shows a single spike and higher details 

amplitude at a high sampling rate than the details 

amplitude at a low sampling rate. While in the case of 

ferroresonance, the ferroresonance mode and its 

frequency can be detected by FFT, but it may be 

overlapped with the low frequencies during load 

rejection or power swing. The repeated spikes 

extracted using DWT can distinguish the 

ferroresonance interaction as it confirms the 

saturation transitions interaction repetitions. A further 

new feature is found within the DWT details that the 

details amplitudes of the high sampling rate are 

relatively lower than the details extracted at the low 

sampling for the same ferroresonance case. 

Generally, combining these algorithms together 

provides a reliable detecting approach as the transient 

features are extracted using different methods. 

 

4. Conclusions  

Three concepts have been discussed in order to detect 

and distinguish between the transformer internal 

resonance and ferroresonance cases using FFT, 

phase-plane diagram, and DWT. The core flux and 

the transient overvoltages at the transformer 

secondary side have been used as the inputs for these 

algorithms. The features extracted by each algorithm 

gave an indication for resonance or ferroresonance 

occurrence. The phase-plane diagram showed the 

effect of each case on both voltage and core flux. An 

adaptive and novel detector for each phenomenon has 

been obtained using the DWT algorithm. The 

recommendation has been to integrate these 

algorithms for reliably detecting the overvoltage 

phenomenon. In work to follow, incorporating these 

algorithms into condition monitoring or protective 

devices is to be evaluated in order to save the power 

transformers.  
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6. Appendix 

Excitation and short circuit test data for the two 

transformers are summarized in Tables (1) and (2). 

The magnetizing characteristic for the transformers 

core is shown in Figure (14). The power cables are 

arranged in trefoil formation in the ground at 1 m 

depth and its details are in Table (3). 

 
Table 1- Two-winding power transformer data [24]. 

Data  DoitpsrtseD 

488  AV V465248  AV 

12d44 

 atsDsi aDd 

teDDottseD 

3.6 2 %5.9: V  tntstatseD tappoDt 

:7  k  tntstatseD aeiioi 

794  k  seept tsptast aeiioi 

47 %  
seept tsptast 

poattaDto 

 

Table 2- Three-winding autotransformer data [24]. 

Data  DeicpirtieD 

400/132/18 11d Y d11  1eitage patiDg aDd ceDDectieD 

250 A1M  geiep patiDg 

140 1. / 0.2 %  +ve seq. excitation loss/current 

15 ,41.6667 ,24 %  +ve seq. reactance: HL, HT, LT 

710 ,188 ,159 1.  Short circuit losses: HL, HT, LT 

HL: High to Low, HT: High to Tertiary, LT: Low to Tertiary.  

eabie 3-  aabiei data.  

Description 
400 11  

aabie 

120 11  

aabie 

Rated voltage for the power cable 400 11  120 11  

Cross section of conductor (mm2) 2500 1200 

DiaDetep ef ceDd ctep aDD) 62 42.8 

(Di iatieD thic1Deii aDI 27 13 

DiaDetep euep iDi iatieD aDD) 121 73.8 

Outer diameter of cable (mm) 140.8 89.5 
Conductor resistivity (mΩ.mm) 0.023 0.023 

ype Dd peiiitiuit  (( 20 20 

Relative permeability of the conductor 1 1 

Relative permeability of the insulation 1 1 

Relative permittivity of the insulation 2.7 2.7 

 

 
a a Two-winding  tpaDifepDep . 

 
b a Three-winding autotpaDifepDep. 

 

gigure  14 -  ea1eD h itepeiii chapactepiitici fep 

the iiD iated power tpaDifepDepi.  
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