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OPERATING EXPERIENCE WITH A TRANSIENT OVERVOLTAGES 
MONITORING SYSTEM INSTALLED ON POWER TRANSFORMERS AND 

SHUNT REACTORS 
 
 

SUMMARY 
 

Transient overvoltages generated by lightning strikes or switching operations represent a 
significant risk to insulation system of power transformers and shunt reactors. Since the exposure of 
equipment to overvoltages during operation and the overvoltage amplitudes are usually unknow, an 
on-line overvoltage transient recorder is used with the ability to sample, analyse and store transients at 
transformer terminals in real-time. In this paper, transient overvoltage monitoring system is presented. 
Overvoltages are measured on the outside measurement terminal of the shunt reactor and transformer 
bushing. Operating experience regarding the application of monitoring systems in field is described 
including different cases of lightning and switching overvoltages. Lightning overvoltages recorded by 
monitoring system are correlated with data from the lightning location system (LLS). Switching 
overvoltages recorded on the shunt reactor are compared with numerical simulations in EMTP-RV 
software. Collected data about overvoltage stresses can be used as the basis for the assessment of the 
transformer and shunt reactor insulation condition and estimation of health index.  
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EKSPERIENCA E VEPRIMIT ME NJ A SISTEM MONITORIMI P OR KONVESTIM P 
TRANRZGJEDHJE I INSTALUAR P ONR TRANSFORMIMET E FUQS DHE REKTORST 

E SHPRNDARJES 
PËRMBLEDHJA 

 
Mbingarkesat kalimtare të krijuara nga goditjet e rrufeve ose operacionet komutuese 

përfaqësojnë një rrezik të rëndësishëm për sistemin izolues të transformatorëve të energjisë dhe 
reaktorëve shunt. Meqenëse ekspozimi i pajisjeve ndaj mbitensioneve gjatë operimit dhe amplituda e 
mbivendosjes zakonisht nuk dihet, një regjistrues kalimtar i mbivendosjes në linjë përdoret me 
aftësinë për të mostruar, analizuar dhe ruajtur kalimin në terminalet e transformatorit në kohë reale. 
Në këtë punim, paraqitet sistemi kalimtar i monitorimit të mbitensionit. Mbingarkesat maten në 
terminalin e jashtëm të matjes së reaktorit shunt dhe bushing të transformatorit. Përvoja operative në 
lidhje me aplikimin e sistemeve të monitorimit në terren është përshkruar duke përfshirë raste të 



ndryshme të rrufeve dhe ndërrimit të mbitensioneve. Mbingarkesat e rrufeve të regjistruara nga 
sistemi monitorues janë të lidhura me të dhënat nga sistemi i vendndodhjes së rrufesë (LLS). 
Mbitensionet e ndërprera të regjistruara në reaktorin shunt krahasohen me simulimet numerike në 
programin EMTP-RV. Të dhënat e mbledhura në lidhje me streset e mbitensionit mund të përdoren si 
bazë për vlerësimin e gjendjes së izolimit të reaktorit të transformatorit dhe shunt dhe vlerësimin e 
indeksit shëndetësor.    
Fjalët kyçe: sistemi i monitorimit kalimtar të mbivendosjes; rrufeja dhe ndërrimi i mbitensioneve; 
transformatorët e energjisë; reaktorët shunt.  
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1. INTRODUCTION 

Overvoltages are one of the often causes of faults and outages in the transmission power 
system. Magnitude and rate of rise of overvoltages due to lightning strikes on transmission lines is an 
important consideration for substation insulation and the strategy adopted for limiting these 
overvoltages. The transmission line faults caused by a lightning can be classified as a backflashover 
or a flashover due to the shielding failure. Both events cause overvoltages which travel towards the 
substation from the striking point. Attenuation due to high frequency nature of the lightning 
overvoltages is caused by corona losses and skin effect. Therefore, usually lightning strokes that are 
close to the substation are considered when assessing overvoltage protection requirements and the 
associated risk of failure of the substation equipment. Insulation faults on a transmission line in front 
of the substation can provoke short circuit currents with high magnitudes. In case of an insulator 
flashover, a surge with a very steep front is formed. It enters the substation and causes insulation 
stress especially on windings of power transformers and shunt reactors [1]. 

Modern LLSs report the location of the lightning impact and the lightning peak currents 
which are estimated from the measured electromagnetic field peaks. The available technology for 
detection and location of the cloud-to-ground (CG) lightning has significantly improved over the last 
decades. LLS data have the advantage of covering extended areas on a continuous basis [2]. Data 
from LLSs can be used only to determine if the fault, e.g. short circuit caused by an insulator 
flashover on the transmission line, was caused by the lightning. However, amplitudes and waveforms 
of the overvoltages at the power transformer terminals are usually unknown. For that purpose, an 
overvoltage transient recorder is used with the ability to sample, analyse and store transients in real-
time.  

Switching overvoltages during deenergization of the shunt reactor can impose a severe duty 
on both the shunt reactor and its circuit breaker due to current chopping that occurs when interrupting 
small inductive currents. Switching overvoltages can be dangerous for the equipment if the peak value 
exceeds the rated switching impulse withstand voltage of the shunt reactor. However, overvoltages 
resulting from the deenergization are unlikely to cause insulation breakdown of shunt reactors as they 
are protected by surge arresters connected to their terminals. The severity of the switching duty 
increases when single or multiple reignitions occur. Such flashovers create steep transient 
overvoltages on shunt reactor with the front time ranging from less than one microsecond to several 
microseconds and may be unevenly distributed across the winding. These steep fronted transient 



voltages are stressing the entrance turns in particular with high inter-turn overvoltages [3]. Switching 
transients on shunt reactor are measured by using the transient overvoltage monitoring system.  

2. TRANSIENT OVERVOLTAGE MONITORING SYSTEM 

Overvoltages in power network can be caused by CG lightning strokes, switching operations 
and faults. Power transformers and shunt reactors can be exposed to such transients during the 
operation. Transient overvoltages with steep wave front have an impact on dielectric stresses of the 
insulation of first few winding turns. The number and amplitudes of overvoltages which stress the 
insulation depend on various parameters such as the lightning stroke density in the considered area, 
since it determines how often the transformer is stressed by lightning overvoltages. Since the 
overvoltage amplitudes at transformer terminals are usually unknown, an on-line overvoltage transient 
recorder is used with the ability to sample, analyse and store transients in real-time. Collected data can 
be used as the basis for the assessment of the transformer insulation condition, especially if combined 
with other transformer data such as dissolved gas analysis (DGA). This fact was the driving force for 
upgrading the existing transformer monitoring system with transient overvoltage 
monitoring system. Overvoltages, as well as voltages, are measured on a measuring tap of 
corresponding bushing. The connection with the measuring tap shown in Figure 1 (a) is accomplished 
with a specially designed adaptor while the link between the adaptor and impedance matching circuit 
is carried out with a coaxial cable. Transient overvoltage monitoring system installed on 100 MVAr 
shunt reactor is shown in Figure 1 (b) [4]. 

Measurement of transients needs to be triggered by an external signal. Since only one of the 
eight input channels of the overvoltage acquisition module can be used as a trigger, in other words the 
trigger can be set only for one phase at a time, it was necessary to provide an additional signal that is 
used as a trigger for data acquisition. This signal shall trigger data acquisition if overvoltage occurs in 
any of the phases.  

 

       

                                                (a)                                                                                     (b) 

Figure 1. (a) Connection to measuring tap; (b) Transient overvoltage monitoring system 
TMS+) installed on shunt reactor 

While overvoltages are acquired occasionally, voltages need to be measured continuously in 
order to detect changes of bushing capacitance. To accomplish this, continuous voltage measurement 



is performed with an additional analogue input module. The measuring range of the overvoltage 
acquisition module is ±15 V. In order to extend the overvoltage detection range to approx. 5·Ûfn 
(where Ûfn equals to the peak value of the nominal phase voltage), it is necessary to dimension the 
capacitors of the matching circuit in a way that for the nominal voltage, the amplitude of the signal 
entering overvoltage acquisition module equals approximately 3 V. At the same time, the module 
used to continuously sample voltage signal has a measuring range of ±60 V. In order to optimally 
utilize both measuring ranges i.e. vertical resolution of both acquisition modules, signal conditioning 
was done in two stages as shown in Figure 2.  

 

Figure 2. Scheme of matching circuit 

 

Besides signal conditioning, the second stage of matching circuit also implements solution for 
the triggering of overvoltage acquisition. The following was considered during design: 

a) Capacitance of C3 and C4 needs to be selected to ensure that the potential of the node B is 
approximately 3 V when nominal voltage value Ûfn is applied. 

b) Capacitance of C3 and C4 must not influence significantly on the potential of the node A, 
i.e. total capacitance of C3 and C4 connected into series must be negligible in comparison 
to the capacitance of C2 (C2 = C21 + C22). The input impedance of the voltage measuring 

 it does not change the potential of the node A much. 
c) Impedance of the condenser C4 must be negligible at the lowest frequency (in this case 

system frequency of 50 Hz) to the input impedance of overvoltage module which is 1 
 

The potential of the node C is used to trigger data acquisition when overvoltages occur. It is 
equal to 0 V as long as all the impedances ZX are equal and the system voltage of all three phases 
balanced. In case of unbalance of three-phase system voltages, like it is the case when overvoltages 
occur, the potential of node C will not be equal to 0 V. In this way data acquisition will also be 
triggered in case of a voltage disturbance in electrical grid (transients) which not necessarily have the 
amplitude higher than the nominal voltage.  

 Electrical Engineering Institute, a project was started to install the 
system on in-service power transformers. At the first stage project included installation of monitoring 



systems on the two 150 MVA autotransformers in 220/110 kV substation, two autotransformers 300 
MVA and one shunt-reactor unit 100 MVAr in 400/110 kV substation.  

3. TRANSIENTS CAUSED BY SWITCHING OF THREE-PHASE SHUNT REACTOR 

3.1 Model for calculation of switching transients in EMTP-RV  

Transient overvoltage monitoring system is installed on shunt reactor with manufacturer  
data shown in Table 1. 

Table 1. Shunt reactor data. 

Rated voltage 123 kV 
Rated frequency 50 Hz 
Reactive power 100 MVAr 
Rated current 469 A 

Core type Three limb 
Total losses (at 123 kV) 218 kW 

Zero sequence impedance  
per phase 

 

 
EMTP-RV model shown in Figure 3 consists of equivalent 110 kV network, circuit breaker 

and shunt reactor bay. 

 
Figure 3. Model in EMTP-RV 

Each phase of a three-phase shunt reactor is modelled as a nonlinear inductance with serially 
connected resistance RCu=0.248  connected  
RFe=277 osses. Magnetic coupling among the three star connected phases is 
represented with zero-sequence inductance L0=0.362 H which provides a path for the zero-sequence 



current [5]. The equivalent 110 kV network was represented with positive (R1 L1=6.96 mH) 
and zero (R0 L0=5.68 mH) sequence impedances, determined from single-phase and three-
phase short circuit currents. Metal-oxide surge arresters in shunt reactor bay with rated voltage 
Ur=192 kV are modelled by nonlinear U-I characteristic with respect to switching overvoltages.  

3.2 Simulation of shunt reactor de-energization  

When interrupting small inductive currents, the medium used for arc extinguishing will 
develop fast increase of the residual column resistance, and abrupt current interruption before its 
natural zero crossing occurs. Release of energy stored in the reactor inductance will cause the 
electromagnetic transients that lead to the switching overvoltages. Figure 4 (a) shows circuit breaker 
currents in case of controlled de-energization of shunt reactor. For small inductive currents, the 
cooling capacity of the circuit breaker dimensioned for interrupting short-circuit currents is much 
higher in relation to the energy dissipated in the electric arc. This leads to the chopping of small 
inductive currents before the natural zero crossing and produces high frequency overvoltages on shunt 
reactor shown in Figure 4 (b). 

 

   

                                       (a)                                                                                                      (b) 

Figure 4. (a) Shunt reactor currents; (b) shunt reactor overvoltages 

3.3 Waveforms recorded by transient overvoltage monitoring system 

The circuit breaker contact timing is controlled to avoid reignitions that can lead to breaker 
failures. The breaker is controlled so that its contacts will part just after a current zero. As the contacts 
continue to open, they draw out electric arc that will extinguish less than a half-cycle later at the next 
current zero. When the arc is extinguished, the contacts are sufficiently separated, which provides the 
maximum dielectric strength. This enables the circuit breaker to withstand the recovery voltage and 
prevents occurrence of reignition or restrike.  

Switching overvoltages recorded during controlled deenergization of shunt reactor are shown 
in Figure 5. The overvoltage amplitudes and frequency of oscillations on shunt reactor coincide well 
with simulation results from EMTP-RV, as shown in Figure 4 (b). 

 



 
Figure 5. Switching overvoltages recorded during controlled deenergization of shunt reactor 

In case of uncontrolled switching, typical reignitions occur producing steep overvoltages on 
shunt reactor. Switching overvoltages on shunt reactor recorded during uncontrolled deenergization 
and energization are shown in Figs. 6 and 7, respectively. 

 

 
Figure 6. Switching overvoltages recorded during uncontrolled deenergization of shunt reactor 

 

 
Figure 7. Switching overvoltages recorded during uncontrolled energization of shunt reactor 

4. LIGHTNING OVERVOLTAGES RECORDED ON POWER TRANSFORMERS 

4.1 Lightning location system  

At the end of 2008, a LLS was established as part of the LINET network, covering a wide 
area of the Croatian territory. LINET is a modern LLS with a network of more than 125 sensors 
covering most of Europe. LLS measures the VLF/LF frequency spectrum of electromagnetic waves 
which lightning strikes emit. The measurement of magnetic flux is carried out through highly 



sensitive sensors which are arranged across the area with spacing of around 150 to 250 km. Since the 
electromagnetic emission of the lightning spreads at the speed of light, it reaches the sensors at 
different points in time. Although the difference is in the order of micro-seconds, the exact calculation 
of the original emission location of the lightning strike is possible. The data measured by every single 
sensor is transmitted to a central server. The exact geographical position for all the lightning strikes 
measured is calculated and stored in a database. This measurement method is also known as the 

-of- cation of LLS in power system control of Croatian transmission 
system operator enables lightning activity tracking and time-spatial correlation with incidences 
(faults, automatic re-closures, outages) registered by the relay protection system [6]. 

4.2  Lightning overvoltages recorded on power transformer in a 400/110 kV substation  

Transient overvoltage monitoring system is installed on two 300 MVA power transformers in 
400/110 kV substation. Overvoltages recorded by one of the installed transient overvoltage 
monitoring systems are shown in Figure 8. Two overvoltages are recorded with a time spa t=18 ms. 
Figure 9 shows a detailed overview of the recorded overvoltages from Figure 8 (time spans marked 
with red).  

 
Figure 8. Overvoltages recorded on power transformer 400/110 kV 

  
                                       (a)                                                                                                           (b) 

Figure 9. Detailed overview of recorded overvoltages shown in Figure 15: (a) first recorded 
overvoltage; (b) second recorded overvoltage 



In order to check if the recorded event corresponds to overvoltages caused by lightning stroke 
to 400 kV transmission lines entering the substation, a more detailed analysis was conducted. 
Lightning activity around 400/110 kV substation in the time span of ± 3 hours from the recorded 
event is shown in Figure 10 (a) and time span of ±15 minutes is shown in Figure 10 (b). CG lightning 
strokes are marked red, while yellow ones correspond to IC strokes.  
 

         

                                       (a)                                                                                                                 (b) 

Figure 10. Lightning activity in the vicinity of 400/110 kV substation: (a) time period ± 3 hours; (b) 
time period ±15 minutes  

Since the measurements from the transient overvoltage monitoring system were not GPS time 
synchronized, lightning strokes within the time span of ±15 minutes are considered. Three potential 
areas of lightning activity in the vicinity of the 400 kV transmission lines, that could cause 
overvoltages recorded on the power transformer, are determined. In the area 1, a lightning flash 
consisting of two strokes shown in Figure 8 with the temporal separation of 18 ms is detected, which 

t between two overvoltages recorded on power transformer. Lightning flash, that 
probably caused lightning overvoltages recorded on the power transformer, occurred on 400 kV 
transmission line at distance of 25.8 km from the substation. Parameters of registered lightning flash 
are shown in Table 2. 

Table 2. Parameters of registered lightning flash consisting of 2 strokes 

Type Date Time 
Lightning current 
amplitude (kA) 

Locating  
error (m) 

CG 26.6.2016. 17:23:14.499 -9.3 32 

CG 26.6.2016. 17:23:14.517 -10.4 91 
 
Lightning strokes shown in table 2 could hit directly the phase conductors or the shield wire 

on the transmission line. Lightning strokes near transmission line can induce overvoltages on phase 
conductors. In order to determine the most probable scenario in considered case, a detailed analysis 
including simulation of lightning overvoltages should be done as in [7], but such analysis is beyond 
the scope of this paper. 



5. CONCLUSION 

The main reasons involved in the transformer operation failure include ageing, deterioration, 
or damage of different internal or external components of the transformer such as the insulation 
system, load tap changer, windings, tank and bushings. Factors leading to such damage can be age-
based factors, such as the reduced dielectric strength of the insulation system due to insulation 
contamination. Other factors are mainly due to the electrical, mechanical and thermal stresses due to 
external short circuits, incipient faults, transient switching, lightning strikes and excessive 
overloading. Having these factors identified, the utility company can predict the probability of failure 
and remaining life-time using formulated probabilistic models. 

In this paper, a field experience regarding the application of transient overvoltage monitoring 
system in Croatia is described, including different cases of lightning and switching overvoltages 
recorded on power transformers and shunt reactors. Lightning overvoltages recorded on power 
transformer are successfully correlated with data from the LLS. Switching transients recorded on the 
shunt reactor are compared with results of numerical simulations in EMTP-RV and good matching is 
achieved.  

Collected data about amplitudes and duration of overvoltage stresses on power transformers 
and reactors can be used for the assessment of the insulation condition, which is important for 
estimation of probability of failure and assessment of health index.  
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