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ABSTRACT 
 
This paper will address the effects of switching 
230 kV utility capacitors on Saudi Aramco 
Safaniya electric distribution system.  
Specifically, the effects on the voltage and the 
current waveforms will be discussed.  The study 
revealed that the overvoltage stresses associated 
with switching of the capacitors are within the 
withstand capability of the transformer 
insulation.  However, the current transients could 
be of significant magnitude that can lead to mis-
operation of the cable differential protection.   
 
INTRODUCTION 
 
Switching of capacitors may lead to high 
transient overvoltage stresses that can negatively 
affect sensitive customer loads such as electronic 
converters, protective relays, and variable speed 
drives [1].  The magnitude of the overvoltage 
stress can reach 2.0 per unit depending on 
system configuration, switching instant, and the 
amount of damping load [1,2,3].  The highest 
overvoltage occurs when a capacitor is switched 
on at the voltage crest (peak value) while the 
capacitor voltage level is zero or negative.  Since 
the voltage across capacitors cannot change 
instantaneously, the system voltage first dips 
instantaneously to the capacitor initial voltage 
and then shoots to a higher value causing 
overvoltage stress on the system. The 
overvoltage stress is a combination of the natural 
and the power frequency components, and the 
former decays fast at a rate determined by the 
time constant of the system [1].    
 
The overvoltage transients are normally 
accompanied by current transients that can lead 
to mis-operation of the protective relays and 
isolation of loads unnecessarily. In this case, an 
electromagnetic transient study using the 
Electromagnetic Transient Program (EMTP) has 
been conducted on Saudi Aramco Safaniya 
industrial distribution system to determine the 

overvoltage stresses and the associated current 
transients.  A simplified representation of the 
power system is shown in figure (1).   
 
The study was initiated after irregular mis-
operation of the pilot wire differential protection 
of the 69 kV submarine cable connecting 
Safaniya Gas Oil Separation Plant 4 (GOSP-4) to 
GOSP-3 had occurred during switching of utility 
53.3 MVAR capacitors (C1 and C2).   The 
differential protection mis-operated three times 
over a one-year period despite daily operation of 
the utility capacitors.   
 
SAFANIYA POWER  
SYSTEM CONFIGURATION 
 
Safaniya electric distribution system is fed from 
Saudi Electric Company  (SEC) via the main 
utility 230 kV Safaniya Switching Substation 
(SSS).  In order to support the voltage during 
heavy loading at SSS, SEC installed two 230 kV 
capacitor banks 53.3 MVAR each (C1 and C2). 
 
SSS feeds substation 10 (S10) inside Safaniya 
GOSP-1 via two 1.029 km, 230 kV overhead 
circuits.  S10 is the main distribution substation 
of the system under study. 
 
S10 feeds substation 12 (S12) through two 2.05 
km, 230 kV, high-pressure oil filled (HPOF) 
cables which in turn feed four transformers.  
Two of the transformers are rated 230/13.8 kV, 
60/80 MVA each, and they feed mostly motor 
loads.  The other two are rated 230/69 kV, 
100/133 MVA each, and they supply Safaniya 
Offshore GOSP-4 (SOG4) via 54.5 km of 69 kV 
submarine cable divided into two sections.  The 
first section is 26.7 km long and connects S12, 
69 kV switchgear, to Safaniya Offshore GOSP-3 
(SOG3).  The second section is 27.67 km long, 
and it connects SOG3 to SOG4 69 kV system, 
which feeds two transformers rated 69/13.8 kV, 
75/100 MVA each. 



Fi
gu

re
 1

:  
Si

m
pl

ifi
ed

 S
in

gl
e 

Li
ne

 D
ia

gr
am

 o
f S

af
an

iy
a 

In
du

st
ria

l D
is

tri
bu

tio
n 

Sy
st

em
  

 
 

  2
  
 
 



In addition, S10 feeds substation 11 (S11) 
through two 1.34 km, 230 kV HPOF cables that 
terminate into two transformers rated 230/13.8 
kV, 50 MVA each.   Similarly, substation 14 
(S14) is connected to S10 via two 0.185 km, 230 
kV HPOF cables.  S14 has six transformers rated 
230/13.2 kV, 100/133 MVA each, two of which 
are of three winding type.       
 

 

SYSTEM MODELING 
 
SEC network is modeled by its thevenin positive 
and zero sequence equivalent short circuit 
impedances.     The two 53.3 MVAR capacitor 
banks C1 and C2 at SSS are included in the 
model.  The banks are single-phase type and 
connected phase to ground. 
 
Due to their short length, the overhead lines and 
the HPOF cables are represented by the lumped 
sequence model.  However, the 69 kV submarine 
cables connecting SOG3 and SOG4 to S12 are 
represented by their distributed sequence model.  
Since the length of each section is around 26 km, 
the susceptance parameters of these cables 
become important to account for the high 
charging capacitance and the wave traveling 
time. 
 
The transformers are modeled by their leakage 
impedances and core saturation characteristics.  
The manufacturer’s saturation characteristics of 
S12 and SOG4 transformers are applied.  The 
saturation characteristics of S11 and S14 
transformers could not be found in the records 
and they are therefore approximated. 
 
A snap shot of the loads at SSS, S14, S11, S12, 
and SOG4 was obtained from the Supervisory 
Control and Data Acquisition (SCADA) system 
and assumed constant throughout the study.  This 
is reasonable as the system under study feeds 
industrial loads that are almost constant.  
 
MODEL VERIFICATION 
 
To verify the model, S12, 69 kV voltages were 
measured through voltage transformers during 
the two possible scenarios of switching SSS 
capacitors, i.e. switching C1 while C2 is off, and 
switching C2 while C1 is on.  The capacitors 
were switched at arbitrary instants.  The 
switching instants were then calculated and used 
in the EMTP to simulate the same switching.  
The measurements were then compared with the 
simulation results. In figures (2) and (3), the 

measurements and the simulation results are 
shown for switching C1 while C2 is off and 
during switching C2 while C1 is on, respectively.  
The figures show a minor variation between the 
actual measurements and the modeled results. As 
a result, the EMTP model can be used to 
simulate switching scenarios with a reasonable 
accuracy.    
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Figure: 2 Voltage Profile of S12 69 kV,
Phases A, B, C, During
Switching C1 While C2 Off.
DY RESULTS 

two possible scenarios of capacitor 
hing were simulated to determine the 
iated overvoltage and current distortions.  
 scenarios were timed at the peak of phase A 
ge with zero initial voltage conditions of the 
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Voltage Profile 
 
Where C1 and C2 are connected, SSS 
experiences a voltage dip on phase A that 
reaches almost 100% during switching C1 while 
C2 is off.  Since voltage across capacitors cannot 
change instantaneously, SSS voltage must dip to 
the zero initial condition of C1.  The simulation 
results are shown in figure (4).  Phase A then 
undergoes an overvoltage that reaches almost 
133% of its steady state value.  It is the 
combination of the power and the natural 
frequency components.  However, phase B 
experiences no overvoltage, as its value, during 
switching, is only 50% of its peak, which results 
in less natural frequency voltage component.  In 
addition, the voltage rise caused by the natural 
frequency oscillation is offset by the 
superimposed decreasing power frequency 

waveform.   However, the two components add 
up in phase C leading to a slight overvoltage.    
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SOG4 experiences the highest overvoltage 
(155%) due to the partial reflection of the 
voltage wave at the end of the 69 kV, 54.5 km, 
submarine cable.  The voltage waveforms are 
shown in figure (5). 40
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 Figure 4:  Voltage Profile Of SSS 230 kV 

When Switching C1 On  
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Figure: 3  Voltage Profile of S12 69 kV,
Phases A, B, C, During Switching
C2 While C1 On. 
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 Figure 5:  Voltage Profile Of SOG4 

When Switching on C1  
 
In the case of switching C2 while C1 is on, SSS 
undergoes less voltage dip, only 50% of its peak.  
The voltage then shoots up to 117%, as shown in 
figure (6).  The presence of C1 during switching 
C2 restrains SSS voltage to dip to the zero initial 
voltage condition of C2.    
 
Therefore, switching the first capacitor leads to 
more severe voltage transients than switching 
one capacitor in the presence of another one.  
However, the overvoltage levels of both 
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switching scenarios are within the insulation 
withstanding capability of SOG4 transformers. 
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Current Profile 
 
Since phase A experiences the worst voltage 
transient as the switching scenarios are timed at 
its voltage peak, it experiences the highest 
current distortions.  Therefore, only the current 
profile of phase A will be discussed.  The 
profiles of the other phases are shown for 
reference. 
 
As shown in figures (7) and (9), the capacitance 
charging current of the 69 kV submarine cable 
sections connecting S12 to SOG3 and SOG3 to 
SOG4, respectively, is around 140 ampere.  This 
is expected, as the charging susceptance of the 
submarine cable is 151.55 µmhos/mile.  This 
value is equivalent to a peak charging current of 
8.5 ampere/mile, and almost 145 ampere for each 
section of the 69 kV cable.  In addition, there is a 
phase shift between the currents of the sending 
and receiving ends of the submarine cables due 
to the traveling time of the power wave, the 
cable inductance, and the charging capacitance.  
The cable differential protections for S12-SOG3 
and SOG3-SOG4 cable sections must be set 
higher than the charging currents and the phase 
shift must be considered.   
 
However, this current difference of phase A is 
increased during switching C1 and C2.  The first 
section connecting S12 to SOG3 experiences a 
transient current difference of approximately 430 
amperes during switching C1, as shown in figure 
(7).  There is less current difference increase 
when C2 is switched in while C1 is in service, as 
shown in figure (8).  This is expected, as the 

voltage transient of switching C1 is more severe 
than that of switching C2.  
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Figure 6:  Voltage Profile of SSS 230 kV 
During Switching C2 
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  Current Profile of S12 And SOG3 69
kV During Switching C1 
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  Current Profile of S12 And SOG3 
69 kV During Switching C2 

 section connecting SOG3 to SOG4 
s the worst transient current difference 
450 ampere during switching C1 and 

n in figures (9) and (10).  The wave 
at SOG4 aggravates the transient 
ifferences. The resulting current 
 are higher than the pickup setting of 
ifferential protection.  This explains 
ble section experienced three tripping 
ver one year period.  The other cable 
necting S12 to SOG3 experiences less 
sients and it is therefore less likely to 

as the switching instant occurs closer 
ssing, the current transients become 
the relay pick up setting.  No tripping 
efore be initiated.       Therefore, only 
itor-switching cases lead to mis-
f the differential protection.    
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SOLUTIONS  

  
 • Reduce the sensitivity of the differential 

protection relay by either increasing the 
pickup setting or introducing time delay 
to override the current transients.   

 
 
 
 

 
 
 
  
 • Incorporate other mitigation methods to 

reduce the current transients associated 
with capacitor switching.  These include 
a) installing resistors in the closing 
circuit of the capacitor breaker b) 
synchronizing the closing instants of the 
breaker poles to occur at zero crossing 
of the voltage waveform.   

 
 
 
 
 
 
 
  

-1000

-500

0

500

1000

0 10
Time (ms)

Pe
ak

 C
ur

re
nt

 (A
)

SOG3, Phase A
SOG4, Phase A

20

 Due to its easiness, the first solution has been 
implemented and the pickup has been increased  
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Figure 9:Current Profile of SOG3 And 
SOG4 69 kV During Switching C1 
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above the transient current differences.  Since 
then, no more relay operations have been 
experienced. )
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Figure 10: Current Profile of SOG3 And 
SOG4 69 kV During Switching C2

 
ONCLUSIONS Grebe, Thomas E. "Application of distribution 

system capacitor banks and their impact on 
power quality", IEEE Transactions On Industry 
Applications,  Vol. 32, No. 3, pp. 714-719, 
May/June 1996.  

• The overvoltage stresses associated 
with switching of C1 and C2 at SSS are 
within the withstand capability of the 
transformer insulation.    

• Depending on the switching instant, the 
current transients associated with 
capacitor switching could be higher 
than the differential relay pickup 
settings, which can lead to unnecessary 
tripping of both submarine cable 
sections.  

• The worst transients occur at SOG3-
SOG4 cable due to the wave reflection.  
Consequently, only this cable section 
has been unnecessarily tripped. 
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