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Abstract

In this paper the electromagnetic transients in electrical .power systems are described,
analyzed, and investigated. The cable-based networks are the main concern of this
investigation. Several transient phenomena are described theoretically and demonstrated by
means of simulations performed both in simple and complex systems. ‘The EMTP-ATP is
used for the simulation . Some of the phenomena are Very unlikely to occur and have an
uncertainty associated with them, while others can be predicted with a high degree of
certainty. Some depend only on the cable and equipment directly attached to it, while others
depend on the cable and surrounding area.

For all these reasons, one cannot immediately say which phenomena should be prioritized
when performing an insulation co-ordination study. The application of the countermeasures
depends on the phenomenon that must be minimized. However, some of the countermeasures
intensify some phenomena while at the same time minimizing others. The energisation of
cables in all its different variants; ideal energisation, energisation in weak grids, and
energisation of cables in parallel are discussed. The energisation of a cable in a weak grid
poses an interesting challenge, because of the high overvoltages associated to the
phenomenon. Another interesting analysis is the one make on the energisation of cables in
parallel. The de-energisation of a cable is another transient phenomenon that needs to be
investigated. )
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Introduction

Interest towards using underground
cables in power transmission has increased
considerably. There are significant
differences between cables and overhead
lines (OHL). While transients in OHL are
often caused by lightning, in cables can be
caused by breaker operations [1].

There are a large number of phenomena
associated with a cable
connection/disconnection that may result in
overvoltages, but the type of studies carried
out should depend on the cable and network
characteristics, as some phenoména are likely
to happen only under specific conditions.

The impact of a cable in a power grid
must be assessed for both normal and fault
operations, being typical the performance of
insulation  co-ordination  studies ~ when
installing a cable [2].

The simulation of cable energisation is
normally always performed as it may result
in temporary overvoltage and/or slow-front
overvoltages. Examples of phenomena that
may occur during cable energisation are:

e Switching overvoltage, of which

magnitude and duration are associated . . _ )
- across a load like a-\trans,former when hit by a

with the switching instant and cable

length [3 - 6].
e Due to the interaction between a cable
and a transformer, resonance

overvoltages are also associated with a
cable energisation.  Energisations of
cables are especially dangerous when the
transformer inrush current matches the
system resonance frequency [5, 6].
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o Depending on the reactive power
compensation level and the switching
instant, the current flowing intothe circuit
breaker may not have zero crossing for
some time after the switching instant,
making it impossible to open the circuit
breaker without risking to damage it.

_This phenomenon goes by the name of
zero-missing [7].

e The energisation of cables in parallel with
an already energised cable may result in
high-frequency inrush  currents, a
phenomenon similar to the energisation
of capacitor banks in parallel [2].

Besides the occurrence of unwanted
situations associated with the energisation of
a cable, there are undesirable phenomena
during a cable disconnection. Typically, a
cable de-energisation is unlikely to originate
any substantial overvoltage, but it may
represent a serious risk to the system if a
restrike in the circuit breaker occurs.

The consequence of a restrike in hybrid
cable-OHL is presented in [8] and [9]. The
surge impedance for OHL is typically 300-
400 Q while it is less than 40 Q for cables.
The lower surge impedance may result in the
higher time derivative of the transients. This
is because the time constant for the voltage

step voltage propagating along a transmission
line (cable or OHL), depends proportionally
on the surge impedance of the cable and the
capacitance of the load.

In some cable lines a shunt reactor is
directly connected to the cable, being
disconnected together with the cable [10].
For all these reasons, one cannot immediately
say which phenomena should be prioritized
when performing an insulation co-ordination
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study.The application of the countermeasures
depends on the phenomenon that must be
minimized. However, some of the
countermeasures intensify some phenomena
while at the same time minimizing others.

The Alternative Transients Program
(ATP) is considered to be one of the most
widely used universal program system for
digital simulation of transient phenomena of
electromagnetic as well as electromechanical
nature in electric power systems. With this
‘digital program, complex networks and
control systems of arbitrary structure can be
simulated. ATP has extensive modeling
capabilities and additional important features
besides the computation of transients [11].

The ATP program predicts variables of
interest within electric power networks as
functions of time, typically initiated by some
disturbances. Basically, trapezoidal rule of
integration is used to solve the differential
equations of system components in the time
domain. Non-zero initial conditions can be
determined either automatically by a steady
state phasor solution or they can be entered
by the user for simpler components.

In this paper the electromagnetic
transients in electrical power systems are
described, analyzed, and investigated. The
cable-based networks are the main concern of
this investigation. Several transient
phenomena are described theoretically and
demonstrated by means of simulations
performed both in simple and complex
systems. ATP is used for the simulation.
Some of the phenomena are very unlikely to
occur and have an uncertainty associated with
them, while others can be predicted with a
high degree of certainty. Some depend only
on the cable and equipment directly attached
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“to it, while others depend on the cable and

surrounding area.

The energisation of cables in all its
different  variants; ideal energisation,
energisation in weak grids, and energisation
of cables in parallel are discussed. The
energisation of a cable in a weak grid poses
an interesting challenge, because of the high
overvoltages associated to the phenomenon.
Another interesting analysis is the one make
on the energisation of cables in parallel. The
de-energisation of a cable is another transient
phenomenon that needs to be investigated.

2. Transients Phenomena

A short description of the different
phenomenon associated with the use of
cables is provided in this section. Switching
overvoltages, zero-missing phenomenon,
energisation of cables in parallel, cable and
shunt reactor disconnection, and cable de-
energisation are discussed. Furthermore, the
categorization ~and the summary are
introduced for the phenomena.

2.1 Switching Overvoltage

A cable energisation may originate a
transitory overvoltage, Wwhose amplitude
depends on the moment in which the cable is
connected. If the circuit breaker is closed
when the voltage at its terminals is zero, the
overvoltage is minimum, ideally zero, but if
the connection is made for a peak voltage, the
overvoltage is maximum [6].

The reason for this difference is the
charging of the cable's capacitance and the
energy oscillation between the cable's
capacitance and inductance. To Dbetter
understand this phenomenon it will be
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explained using a simple LC series circuit
shown in Fig. Ta. The resulted voltages and
current are illustrated in Fig. 1b.

A cable consists of distributed
capacitance, inductance and resistance. Thus,
a cable's energisation wave form is. initially
similar to the energasation of an LC circuit,
but with damping due to the resistance.

Vin _L_C_B.
. v YY) Ve
c

0.105 0.110 0115 0.120 0.125

(b) Voltages and current for circuit in (a)

Fig. 1: Energisation of a simple LC circuit

2.2. Zero-Missing Phenomenon

occur ~ when
compensating for more thap 50% of reactive
power of a cable using shunt reactors and is
characterized by having a current not
crossing zero point during several cycles after
energizing the cable reactor system, which
may be hazardous to the system [2].

Zero-missing can

When a shunt reactor is energized, both
an AC and decaying DC current component
appear. The decay of the DC current
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component disappears depending on the
cable and shunt reactor resistances and its
initial value depend on the voltage value of
the shunt reactor and the shunt reactor
inductance [2]. The circuit shown in Fig. 2a
is used to explain the phenomenon. The
resulted voltages and current are illustrated in
Fig. 2b.

If the reactive power compensation ratio
is higher than 50%, the AC current
component in the shunt reactor is larger than
the AC current component in the CB, and the
DC component in the CB may be higher than
the AC component. In this situation the
current does not Cross Zze€ro during ‘several
cycles, and zero missing phenomenon 0Ccurs.

Generator | 1 CB Luc
éid |V -

2.950 2075 2.160 3.245 3330 3415 "3.500

(fila casa258.pi; x-ver t) G:iE4A -BZA TGiE4D EHBB  GiE4C -ESC (s]

) Zero-missing currents for 70% shunt
compensation
Fig. 2: Energization of a Cable-Shunt Reactor
system
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2.3. Energisation Of Cables In
Parallel

The energisation of cables in parallel can
be regardedas similar to the energisation of
capacitor banks in parallel [1]. When
energising capacitor banks in parallel, the
energisation of the second capacitor bank
results in a higher resonance frequency and
amplitude of the inrush current when
compared with the energisation of the first
capacitor bank [5].

Fig. 3a shows an example of the
‘ phenomenon. When the circuit breaker in the
second cable is closed, the energy stored in
the capacitors of the already energised cable
is transferred to the capacitors of the cable
being energised, as indicated by the arrows.

The amplitude and frequency of the
inrush current are influenced by the cable
lengths and the short-circuit power behind the
busbar, both increasing when the short-circuit
power decreases.

Fig. 3b and 3c show the results of the
energizing of two cables of equal length in
parallel. Fig. 3b shows the current in the first
cable to be energised and Fig.3c the currents
in both cables during the energisation of the
second cable. The magnitude and frequency
of the current are both larger for the
energisation of the second cable. V

._A.__ o o e

} &
i i
ﬂ[

(a) Equivalent circuit for the energisation of cables in
parallel
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(c) Currents in the sending ends of Cable A and
Cable B during the energisation of Cable B

Fig. 3: Energization of Two Parallel Cables

2.4. Cable-Shunt Reactor

Disconnection

When a cable is disconnected the energy
stored in the cable has to be dissipated,
which may take several seconds, because of
the low cable resistance and high
capacitance. The disconnection of a cable is
similar in many ways to the disconnection of
a capacitor,

Fig. 4a shows the single-line diagram
of the RLC circuit used to simulate a
capacitor switch-off. A capacitor’s current
leads the voltage by approximately 90°.
Thus, when a capacitor is disconnected, it
is fully charged and has a voltage at its
terminals of 1 pu. The capacitor's energy
is damped through the resistor, and as the
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resistor value is usually low when
compared with the capacitance, the

complete de-energisation of the capacitor .

can take a long time [5].

Veos{pt) IC

(2) The RLC circuit

charge

L\WM&'!W&W:‘M‘V'@%‘%‘H(V"fllnjll-\w%

0.52 074 (2] 118 o] 140

(c) Cable voltage

Fig. 4: Capacitance Switching off

If the cable is connected to a shunt
reactor and they are de-energised together,
the voltage is no longer a decaying DC
component, but a decaying AC component
oscillating at resonance frequency, as
shown in Fig. 4c. In this situation, no
overvoltage is expected, but this is because
mutual inductances between the shunt
reactor phases were not taken into
consideration

2.5. Cable De-energisation — Restrike '

The disconnection of HV underground
cables may, if unsuccessful, cause a restrike
in the circuit breaker, resulting in the
correspondently high overvoltages,
potentially damaging the cable and nearby
equipment. '

Due to the hlgh cable capacitance,
voltage damping is slow, resulting, in a
voltage of approximately 2 pu at the circuit
breaker terminals half a cycle after the
disconnection. In case of restrike in that
instant, it is theoretically possible to attain an
overvoltage.

Restrikes can also take place in hybrid
cable-OHL lines. During re- energisation of
a hybrid line there are reflections and
refractions in the cable-OHL junction point,
and if the restrike occurs in the cable end
CB, the voltage is magnified in the junction
point resulting in a larger overvoltage [6].

2.6. Phenomena Categorization

The IEC standards define the overvoltages
into four different types [2]:

Temporary overvoltage (TOV) which are
charactetized by their amplitude, voltage
shape and duration and may. have a loﬁg
duration, up to one minute. These
overvoltages can be caused by faults,
switching conditions, resonance conditions
and non-linearity.

Slow-Front Overvoltages (SFO) -which are
characterized by their voltage shape and
amplitude, they have a front duration of up to
some milliseconds and are oscillatory by
nature. These are caused by line energisations
and de-energisations, faults, switching of
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capacitive/inductive elements or lightning
strokes.

- TFast-Front Overvoltages (FFO) which are

mainly associated with lightning strokes and
are characterized by the standard lightning
impulse wave.

. Very-Fast-Front Overvoltages (VFFO) which

are associated with GIS switching operations
and SF6 circuit-breaker re-ignitions.

3. Analysis of the Transient Phenomena

‘A real system is used for analysis of
transient phenomena. The system is picked
from [2] and manipulated for investigation
purposes. ATP is used to simulate the
studied power systems.

3.1. System Description and Modeling

The system is a 215 MW wind farm.
The cable connection consists of two land
cable sections with a combined length of 57.7
km and a 42 km submarine cable. To
compensate for the reactive power production
of the cables an 80 MVAr shunt reactor is
installed 2.3 km from the connection point
between the land and submarine cable.
Additionally two reactors of 40 and 80
MVAr are installed in 150 KV side of the
substation.  Finally, a 400 MVA
autotransformer is used to commect the 150
KV side to the 400 kV transmission grid in
the substation. A single. line diagram of the
system is presented in Fig. 5.

The land cable connection consist of
three single phase aluminum conductor
cables each having a cross section of 1200
mm? and a rated voltage of 165 kV. Fig. 6
shows the cross-section of the 150 kV land
cable and the submarine cable, respectively.
Tables 2 to 5 gives the prepared and
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manipulated parameters for ATP for system
land cable, submarine cable, transformer, and
shunt reactor, respectively. The system
model in ATP is presented in Fig. 7.

lorerez | 2m 23k 1 KAWL oeng
[a———— [ 5._——.‘
B 10K | seacdlel |landi 1 Jandectle 10KV 400KV

| & I (g S )

IR
]

a0 }-k
G'L'ﬁlxmj
P Ky ]
, ] CHL 16 kd
heg 150KV =
R OH. 18 km.
tykbegird 160 &/ p—————
B 10KV

L Keeso CHL 841
1 rgnas UKV
2EMY S 9__

Fig. 6: Cross-section of (a) the 150 kV land cable and
(b) the submarine cable

Table 2: Shunt Reactor Self-Impedance (The
80 MVAR /170 kV Shunt Reactor)

Phase | , Phase Phase

. A B C
Resistance [Q] 0.755 0.927 0.551
Inductance [H] 1.144 1.144 1.143
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Table 3: Land Cable Parameters

Conductor outer radius 20.75 mm

Insulation outer radius 40.85 mm
tnsulation relative permittivity 2.95
Outer insulation relative permittivity 2.3

Table 4: Submarine Cable Parameters

Conductor outer diameter 30.5 mm
Insulation diameter 69.5 mm
Insulation screen thickness 75.5 mm
Longitudinal water barrier thickness 0.6 mm
Ehase screen diameter 84.9 mm

Table 5: Transformer Parameters

Power [MVA] 119.44
Voltage [kV] 33/150
Leakage reactance [pu] 0.99487
Air core reactance [pu] 0.42
@ne to release flux clipping [s] | 0.7

Fig. 7: The Systern Model in ATP

3.2. Simulation Results

The cable system is firstly energized by
closing one of the breakers at point C, B, or
A and the transient phenomena is
investigated. Fig. 8 illustrates the voltage
and current waveforms when the system is
energized at point C, i.e. the sending end of
the sea cable. From Fig. 8a, it is seen that the
transient over voltages are shown at the end
of the sea cable, at the 80 MVA shunt
reactor, and at the end of the land cable, as
expected. The overvoltage is 1.4 pu at the
sea cable, 1.17 pu at the shunt reactor, and
1.3 pu at the end of the land cable. Fig. 7b
shows the currents. It is clearly seen the DC
components and the small shunt reactor
current.

w]

200+

1504
1004
50+
04

-s04 Land Cable

1 3 Sea Cable T T sl 7

(a) Voltage waveforms

Shunt reactor

Sea Cable v\j\u \

. Land Cable

T T v T T
8 8 10 12 14 (ws] 18

(b) Current waveforms

o
N
>

Fig.8: Energisation the System at Point C
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Fig. 9 illustrates the voltage and current
waveforms when the system is energized at
point of coupling of sea cable and land cable,
i . the receiving end of the sea cable. It is
seen that the transient OVer voltages are
shown at the shunt reactor and at the end of
the land cable. The overvoltage is 1.66 pu at
the shunt reactor and 1.63 pu at the end of the
land cable.

Land cable

s ofes o008 0410 TTs  oaz0  o4zs  0.%0 sl 0435

Fig.9: Voltage Waveforms when Energising at
Coupling Point of Sea and Land Cables

Fig. 10 illustrates the voltage when the
system is energized at point B, i.e. the shunt
reactor. It is seen that the transient over
voltages are shown at the shunt reactor and at
the end of the land cable. The overvoltage is
1.55 pu at the shunt reactor and 1.7 pu at the
end of the land cable.

A 1and cable

-250.0-4——
0.095

0.100 0.105 0110 0.118 0.120 0125 (8] 0.130
1 X004, N X0

(flla CaseOlim.pld xvart) v.X0038A  v:IR032A NA

Fig.10; Voltage Waveforms when Energising at Point
B
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~ Fig. 11 illustrates the voltage waveforms

when the system is energized at point A, ie.
the receiving end of the land cable. Itis seen
that the transient over vyoltages are shown at
the shunt reactor and at the end of the land
cable. The overvoltage is 2.3 pu at the shunt
reactor, 2.34 pu at the end of the land cable,
and 1.7 pu at the energized system.

Land cable

0.090 0.095 0.100 0.105 0110 oS 5] 020

Fig.11: Voltage Waveforms when Energising at Point
A.

4. Conclusions

In this paper the electromagnetic
transients in electrical power systems are
described, analyzed, and investigated.
Several transient phenomena are described
theoretically and demonstrated by means of
simulations performed both in simple and
complex systems. The EMTP-ATP is used
for the simulation. The cable-based networks
are the main concern of this investigation.
The energisation of cables in all its different
variants; ideal energisation, energisation in
weak grids, and energisation of cables in
parallel are discussed.

The corresponding risks -due to the
transient phenomena are introduced through
simple separate cases and through a real
system. The energisation of the system at
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critical points shows that the resulted
overvoltages must be undertaken.

The energisation of a cable in a weak
grid poses an interesting challenge, because
of the high overvoltages associated to the
phenomenon. So, the authors propose to
extend deeply this investigation in weak

grids.
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