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Abstract—This paper describes transients caused by 

uncontrolled and controlled switching of high-voltage circuit 

breakers. Inrush currents due to shunt reactor energization were 

analyzed. Switching-off, energization and auto-reclosure of 

unloaded 400 kV transmission line is presented. Transient 

recovery voltage and voltage distribution between breaking 

chambers of circuit breaker are investigated. Calculation models 

were developed in EMTP-RV software and some field 

measurements are presented. Results show that controlled 

switching significantly reduces inrush currents and suppresses 

switching overvoltages. 

 
Index Terms—circuit breaker, controlled and uncontrolled 

switching, shunt reactor, inrush current, no-load 400 kV 

transmission line, simulations, measurements. 

I.  INTRODUCTION 

NCONTROLLED switching of shunt reactors, shunt 

capacitors and transmission lines may cause severe 

transients such as high overvoltages or high inrush currents 

[1]. Conventional countermeasures such as pre-insertion 

resistors, damping reactors or resistors, or arresters are used to 

limit the magnitude and effect of the switching transients, after 

they have occurred. In addition, system and equipment 

insulation may be upgraded to withstand the stresses. These 

methods, however, may be inefficient, unreliable or expensive, 

and do not treat the root of the problem [2].  

Controlled switching is a method for eliminating harmful 

transients via time controlled switching operations. Closing or 

opening commands to the circuit breaker are delayed in such a 

way that switching will occur at the optimum time instant 

related to the voltage phase angle. Controlled switching has 

become an economical substitute for a closing resistor and is 

commonly used to reduce switching surges. The number of 

installations using controlled switching has increased rapidly 

due to satisfactory service performance since the late 1990s 

[3]. Currently, it is often specified for shunt capacitor and 

shunt reactor banks because it can provide several economic 

benefits such as elimination of closing resistors and extension 

of a circuit breaker nozzle and contact maintenance interval. It 

also provides various technical benefits such as improved 
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power quality and suppression of transients in transmission 

and distribution systems [4]. 

This paper describes switching transients caused by 

uncontrolled and controlled switching of circuit breaker. 

Switching of shunt reactor and no-load transmission line is 

analyzed using EMTP-RV software. Field measurements are 

presented and compared with simulation results. 

II.  TRANSIENTS CAUSED BY SWITCHING OF SHUNT REACTOR 

The function of shunt reactors in transmission networks is to 

consume the excess reactive power generated by overhead 

lines under low-load conditions, and thereby stabilize the 

system voltage. They are quite often switched in and out on a 

daily basis, following the load situation in the system. 

Energization of a shunt reactor may cause inrush currents with 

high asymmetry and long time constants. The actual magnitude 

of the inrush current is quite dependent on the range of 

linearity of the reactor core and on the time instant of circuit 

breaker pole operation with respect to the reference signal. 

Switching operations at unfavorable instants can cause 

currents that may reach high magnitudes and have long time 

constants. At shunt reactors with solidly grounded neutral, 

unsymmetrical currents cause zero-sequence current flow 

which can activate zero-sequence current relays [5].   

A.  Model Description 

The inrush currents due to energization of 150 MVAr shunt 

reactor in 110 kV network have been observed. Both 

uncontrolled and controlled circuit breaker switching is 

simulated. Shunt reactor manufacturer data are shown in Table 

I. 
TABLE I 150 MVA SHUNT RECTOR DATA 

Rated power  150 MVAr 

Rated frequency 50 Hz 

Rated voltage 110 kV 

Rated current 787 A 

Core type Five limb 

Total losses (at 110 kV) 363 kW 

Impedance in saturation 38 Ω 

Zero sequence impedance 80,7 Ω per phase 

Stationary magnetic flux 1,32 T 

Capacitance of winding to 

ground 
1,36 nF per phase 

  

Calculation of inrush currents requires an adequate 

modeling of the reactor nonlinear flux-current curve. The 

nonlinearity is caused by the magnetizing characteristics of the 

shunt reactor iron core. Recorded RMS voltage-current curve 
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obtained from manufacturer test data is converted into 

instantaneous flux-current saturation curve (Fig. 1) which is 

used in the nonlinear inductance model in EMTP-RV [6] and 

approximated with two segments (linear area A’-B’, below 

knee of the saturation curve and saturation area B’-C’). 
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Fig. 1.  Instantaneous flux-current saturation curve of 150 MVAr shunt 

reactor 

 

Model for analysis of shunt reactor switching in EMTP-RV is 

shown in Figure 2.  
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Fig. 2.  Model for analysis of shunt reactor switching in EMTP-RV 

 

Each phase of a three phase shunt reactor is modeled as a 

nonlinear inductance with serially connected resistance 

RCu=146.5 mΩ, representing copper losses and parallel 

connected RFe=133.3 kΩ, representing iron losses. Magnetic 

coupling among the three star connected phases is represented 

with zero sequence inductance L0=257 mH which provides a 

path for the zero sequence current [7]. Equivalent 110 kV 

network is represented with positive (R1=265 mΩ, L1=7 mH) 

and zero (R0=216 mΩ, L0=5,7 mH) sequence impedances, 

determined from single-phase and three-phase short circuit 

currents: o1.838.331 −∠= kAI sc , o1.837.313 −∠= kAI sc .  

B.  Uncontrolled Energization 

By uncontrolled energization the following instants of pole 

closing were considered: tA=15 ms, tB=13 ms and tC=17 ms. 

Figures 3 and 4 show shunt reactor voltages and currents, 

respectively. The highest inrush current happened when 

switching occurs at an instant near the voltage zero-crossing in 

phase A, since it results with the maximum DC component of 

current.  
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Fig. 3.  Shunt reactor voltages in case of reactor uncontrolled energization 

 

 

 
Fig. 4.  Shunt reactor currents in case of reactor uncontrolled energization: 

IAmax= 3455 A (3.10 p.u.), IBmax=-2982 A (2.68 p.u.), ICmax=-2494 A         

(2.24 p.u.) 

 

Conducted simulation shows that transient inrush current 

with amplitude of 3.10 p.u. and high DC component can last 

up to 3.5 seconds (Fig. 5). This could cause difficulties, such 

as unwanted operation of the overcurrent relay protection.  
 

 

 
Fig. 5.  Shunt reactor current in phase A in case of reactor uncontrolled 

energization 

 

Zero sequence current occurs in case of uncontrolled reactor 

energization (Fig. 6) as a consequence of asymmetry. This may 

cause the false operation of relay protection, used for detecting 

single phase-to-ground faults. 
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Fig. 6.  Zero-sequence current in case of reactor uncontrolled energization 

Imax=-2052 A (1.84 p.u.)  

C.  Controlled Energization 

Figures 7 and 8 show shunt reactor voltages and currents in 

case of controlled energization at optimum instants of circuit 

breaker poles closing at peak voltages (tA=10 ms, tB=6.66 ms 

and tC=13.33 ms). 
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Fig. 7.  Shunt reactor voltages in case of reactor controlled energization 
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Fig. 8.  Shunt reactor currents in case of reactor controlled energization, 

IAmax=-1260 A (1.13 p.u.), IBmax=1090 A (0.98 p.u.), ICmax=1123 A (1.01 p.u.)  

 

The current in phase A (Fig. 8) is slightly larger than in the 

other two phases, due to the appearance of the DC component, 

which is caused by initial magnetic flux in the core limb of that 

phase at the moment of energization. This initial magnetic flux 

is a part of a magnetic flux from the phase B, which is firstly 

being switched on (Fig. 9). The final distribution of the 

magnetic flux in the reactor core is shown in Fig. 10. Due to 

the air gaps utilized in shunt reactor core there are no severe 

saturation effects [8].  
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Fig. 9.  Magnetic flux in case of reactor controlled energization  

 

 
Fig. 10.  The distribution of the magnetic flux in the five limb core of shunt 

reactor - phase A (1), B (2) and C (3)  

 

Conducted simulation shows that amplitudes and DC 

components of inrush current (Fig 11) and zero-sequence 

current (Fig 12) are significantly lower in case of controlled 

switching.  As a consequence, successfuly controlled switching 

reduces the mechanical and electromagnetic stresses of the 

high voltage equipment and also prevents the unwanted 

operation of relay protection.  
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Fig. 11.  Shunt reactor current in phase A  
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Fig. 11.  Zero-sequence current, Izmax=1122 A (1.01 p.u.) 
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III.  TRANSIENTS CAUSED BY SWITCHING UNLOADED 400 KV 

TRANSMISSION LINE 

A.  Measurements of switching transients 

The measurements of switching transients caused by 

uncontrolled switching of the 231 km long line were 

performed. Figures 12 and 13 show recorded TRV and phase 

voltages on line side in case of switching-off line by circuit 

breaker equipped with grading capacitors. 
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Fig. 12.  Recorded TRV in case of regular switching-off: UL1= -686 kV    (2.08 

p.u.),UL2=-657 kV (1.99 p.u.), UL3=641 kV (1.94 p.u.) 

 

 

-0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05
-400

-300

-200

-100

0

100

200

300

400

Vrijeme (s)

N
a
p
o
n
 n

a
 N

M
T
 (
k
V
)

 
Fig. 13.  Recorded phase voltages on line-side after regular switching-off 

UL1=360 kV (1.09 p.u.), UL2= 351 kV (1.06 p.u.), UL3= -348 kV  (1.06 p.u.) 

B.  Model Description 

Model for the analysis of switching the 231 km long 400 kV 

unloaded transmission line [9] is shown in Fig. 14.  

The equipment in high voltage substation was represented 

by surge capacitances, whereas transmission lines, busbars and 

connecting leads by a frequency depending line model [10]. 

The phase transpositions of the transmission lines have been 

taken into account. The MO surge arresters were modeled with 

nonlinear U-I curves for switching overvoltages.  

The model of CB with two breaking chambers for switching 

the transmission line 2 is shown in Fig. 15. 
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Fig .15.  Model of circuit breaker with two braking chambers 

 

The capacitance between the open contacts of breaking 

chambers is 10 pF and inherent earth capacitances were taken 

into account as depicted in Fig. 15. 

 

The equivalent networks were represented with a voltage 

source in series with sequences impedances, which are 

obtained from short circuit currents in case of switching state 

prior to a fault (Table II).  
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Fig. 14.  Model for analyzes of circuit breaker switching no-load 400 kV transmission line in EMTP-RV 
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TABLE II 

SHORT CIRCUIT CURRENTS IN 400 KV SUBSTATION 

Connections: I3ph (kA/°) I1ph (kA/°) 

Transmission line 1 (86.3 km) 
3.4/-85.5 2.4/-82.2 

3.4/-85.5 2.4/-82.2 

Transmission line 2 (231 km) 2.4/84.8 1.8/-80.0 

Transmission line 3 (91.5 km) 4.1/-84.9 3.3/-79.9 

Transmission line 4 (152 km) 3.9/84.9 3.0/-80.1 

Power transformer 

TR 1 (400/110 kV) 
1.2/-81.5 1.3/-84.8 

Power transformer 

TR 2 (400/110 kV) 
1.1/-81.5 1.3/-84.8 

Total: 19.5/-84.7 15.6/-81.6 

C.  Switching-off unloaded 400 kV transmission line  

When an unloaded line is regularly switched-off the electric 

arc distinguishing occurs at current natural zero-crossing. Fig. 

16 shows phase voltages on line-side after regular switching-

off. Voltage is highest in the phase which is firstly switched-

off due to the electromagnetic coupling of the other phases and 

due to Ferranti effect.  
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Fig. 16.  Phase voltages on line-side after regular switching-off 

 

Since the capacitor voltage transformers are installed on 

both sides of the line the discharging of trapped charge is slow. 

Such discharging depends on weather conditions, mainly on 

humidity. So, the trapped charge has a very significant 

influence on CB transient recovery voltage (Fig. 17).  
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Fig. 17.  TRV in case of regular switching-off: UL1=758 kV (2.32 p.u.), 

UL2=713 kV (2.18 p.u.), UL3=692 kV (2.12 p.u.) 

 

Besides the peak value of TRV the voltage distribution 

between breaking chambers is very important for CB dielectric 

stresses during switching operations. Simulation results show 

pretty unequal voltage distribution between breaking chambers 

in phase L1 where the maximum peak of TRV occurs (Fig. 

18). 
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Fig. 18.  Distribution of CB recovery voltage between breaking chambers 

 

The voltage distribution between the breaking chambers 

could be improved by installing the grading capacitors, which 

are especially important in cases when switching-off relatively 

long lines. Further analyses show the influence of grading 

capacitors of 500 pF on voltage distribution. Simulation results 

show significant improvement of voltage distribution and 

reduction of TRV amplitude (Fig. 19).  
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Fig. 19. Distribution of CB recovery voltage between breaking chambers in 

case with grading capacitors  

 

Fig. 20 shows the comparison of calculated TRV peak 

values in cases with and without grading capacitors.  
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Fig. 20.  Calculated TRV when switching-off unloaded 400 kV line     
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The CB should withstand the maximum voltage of 823 kV    

(2.4 p.u.) across the open contacts [11]. Compared to this, the 

computed value of recovery voltage is only 10 % smaller    

(758 kV/2.2 p.u.). However, the greatest part (nearly 80 %) of 

TRV stresses the breaking chamber closer to the substation. 

D.  Energization of unloaded 400 kV transmission line without 

trapped charge 

Energization and auto-reclosure of long transmission lines 

can cause undesirable overvoltages in the transmission 

network, so special overvoltage mitigation measures are 

employed to meet the insulation coordination considerations. 

The most common practice has been to use metal-oxide surge 

arresters and circuit breakers equipped with closing resistors, 

but this solution is relatively expensive. 

Worst case of uncontrolled energization at peak voltage in 

all phases is analyzed. Figure 21 shows voltages at the end of 

transmission line without surge arresters in case of 

uncontrolled switching. 
 

 
Fig. 21.  Voltages at the end of transmission line without surge arresters in 

case of uncontrolled switching 

 

Figure 22 depicts voltages at the end of transmission line 

with surge arresters Ur=342 kV in case of uncontrolled 

switching.  

 

 
Fig. 22.  Voltages at the end of transmission line with surge arresters in case 

of uncontrolled switching 

 

Table III shows the comparison between uncontrolled and 

controlled switching regarding the amplitudes of switching 

overvoltages at the end of the unloaded line. It can be seen that 

switching overvoltages are significantly lower in case of 

controlled switching.  
 

 

TABLE III 

SWITCHING OVERVOLTAGE AMPLITUDES AT THE END OF UNLOADED LINE 

IN CASE OF ENERGIZATION WITHOUT TRAPPED CHARGE 

 

Voltage amplitude (kV) 

Uncontrolled switching Controlled switching 

UL1 UL2 UL3 UL1 UL2 UL3 

Without surge 

arresters 
752 803 723 

392 401 397 
With surge 

arresters 
634 630 632 

 

Controlled energization at optimum instants of circuit breaker 

poles closing at voltage zero-crossing is simulated. Figure 23 

shows voltages at the end of the line for this case.   

 

 
Fig. 23.  Voltages at the end of transmission line in case of controlled 

switching 

E.  Auto-reclosure of unloaded 400 kV transmission line  

In the case of transmission line with a capacitive potential 

transformers connected at both ends, no leakage path exists for 

the trapped charge. Figure 24 shows voltages at the end of 

transmission line without surge arresters in case of 

uncontrolled switching.  

 

 

 
Fig. 24.  Voltages at the end of transmission line without surge arresters in 

case of uncontrolled switching 

 

Contact closing occurs at voltage peak on the source-side of 

the opposite polarity to the trapped charge. This represents the 

most severe case of uncontrolled auto-reclosure. 

Figure 25 shows voltages at the end of transmission line 

with surge arresters in case of uncontrolled switching. The 

optimum instant of circuit breaker switching is the voltage 

peak on the source-side of the same polarity as the trapped 

charge (Fig. 26). 
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Fig. 25.  Voltages at the end of transmission line with surge arresters in case 

of uncontrolled switching 

 

 
Fig. 26.  Voltages at the end of transmission line in case of controlled 

switching 

 

Table IV shows the comparison between uncontrolled and 

controlled switching regarding the amplitudes of switching 

overvoltages at the end of the unloaded line. It can be seen that 

switching overvoltages are significantly lower in case of 

controlled switching.  
 

TABLE IV 

SWITCHING OVERVOLTAGE AMPLITUDES AT THE END OF UNLOADED LINE 

IN CASE OF AUTO-RECLOSURE  

 

Voltage amplitude (kV) 

Uncontrolled switching Controlled switching 

UL1 UL2 UL3 UL1 UL2 UL3 

Without surge 

arresters 
1027 1115 1363 

386 375 368 
With surge 

arresters 
663 671 609 

IV.  CONCLUSION 

This paper describes switching transients caused by 

uncontrolled and controlled switching of high-voltage circuit 

breaker. Switching of shunt reactor and no-load transmission 

line was analyzed using EMTP-RV software.  

Amplitudes and DC components of inrush currents and 

zero-sequence current are significantly lower in case of reactor 

controlled switching compared to uncontrolled switching.  

Switching-off, energization and auto-reclosure of unloaded 

400 kV transmission line was presented. Controlled switching 

generates significantly lower overvoltages.  

As a consequence, controlled switching reduces the 

mechanical and electromagnetic stresses of the high voltage 

equipment and also prevents the unwanted operation of relay 

protection. 
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