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Abstract: In this paper, a study of the lightning phenomenon and its harmful effect on Aqaba
Thermal Power Station (ATPS), located in the south-western border of Jordan, is presented
using the Electromagnetic Transients Program – Alternative Transients Program (EMTP-
ATP). This study has been arisen due to an installation need of appropriate lightning arresters
(LAs) for the 15/410 kV step-up transformers of the ATPS to eliminate the destructive effect
of lightning. The simulation is carried out for two cases, once without using LAs and once
more with using them. Two scenarios are applied for each of these cases, once when lightning
strikes the primary side of the transformer and once more when it strikes the secondary
side. The results obtained by the simulation indicate the necessity of LAs installation. This
study, with using the EMTP-ATP program, is done for the first time with additional details
that help researchers, designers, and engineers to get a broad overview of the ATPS in order
to protect it against lightning.
Key words: basic insulation level BIL, EMTP-ATP program, lightning, lightning arrester
LA, metal oxide varistor MOV

1. Introduction

An electrical surge or a spike is a temporary very short rise in voltage or current that can
appear on power systems. A lightning strike is one of the reasons that cause high-magnitude
electrical surges and is one of the primary causes of blackouts, related to probabilistic failures [1].
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A single bolt of lightning can generate about 200 MV [1]. A destructive surge can be initiated and
propagated over power lines not only due to lightning that strikes a power line or its supporting
towers, but also nearby lightning strikes can induce a surge of 30 kA or more in power lines [2].

About 80% of lightning flashes contain multiple strokes. Three to five strokes are common.
Typically, the individual strokes are separated by 40 to 50 ms. Strokes subsequent to the first are
called subsequent strokes. Peak currents of the subsequent stroke are typically 10 to 15 kA, while
currents of the first stroke are typically near 30 kA. The current rise times (measured between
10% and 90% of the peak value) of subsequent strokes are generally less than one microsecond,
whereas rise times of the first stroke are some microseconds. Fig. 1 shows curves representing
a typical first and a typical subsequent stroke transferring negative charge from cloud to ground
[3]. Data of the most important parameters of lightning strokes collected by some researchers can
be found in [4–6].

Fig. 1. Typical first and subsequent stroke

To intercept and disperse the lightning current harmlessly to earth, lightning protection of
a power line should be used. It can be achieved by using a protective grounded conductor
above the power line so that the lightning current is shunting to ground. Lightning rods and
overhead ground wires on power lines are the most common examples of the protective con-
ductors. In addition to the structural protection of power lines discussed above, electrical and
electronic equipment connected to the power lines should be protected from the voltages re-
sulting from lightning-induced signals. This protection can be achieved by filtering out these
voltages, using isolating devices, or using surge protective devices (SPDs) called lightning ar-
resters (LAs) [3].

One of the most common LAs is the metal oxide varistor (MOV). It is a voltage-dependent
resistor that is made from metal oxide particles. When the voltage level in the power line is at the
rated voltage, the MOV has a very high resistance and it conducts very little current. If the voltage
level approaches breakdown, the MOV’s resistance decreases and begins to conduct current. At
voltages above the breakdown, the extra current is diverted to ground.
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Several researches dealt with analysis and simulation of lightning and its effect on power lines.
Researchers in [7] evaluated several methods (by using overhead ground wire and surge arrester)
of decreasing the outage rate caused by lightning strikes directly to distribution lines. Analysis for
the lightning overvoltage performance of substations are performed in [8–9], considering various
critical parameters, such as the installation position of the arresters, the grounding resistance, and
the length of the underground cable that connects the transmission line with the transformer. In
[10], study of the lightning overvoltage protection of large power transformers is presented, where
the main focus has been put on the earth grid. A review of the most important models for metal
oxide surge arresters can be found in [11], where the models are used to estimate the lightning
performance of transmission lines.

In this paper, the effect of lightning on 15/410 kV transformers, which are located in Aqaba
Thermal Power Station (ATPS), is modeled and simulated using the Electromagnetic Transients
Program- Alternative Transients Program (EMTP-ATP) ver. 6.2. The study has been arisen due
to the installation need of appropriate LAs for the step-up transformers of the ATPS to eliminate
the destructive effect of lightning. The simulation is carried out for two cases, once without using
LAs and once more with using them. This study, with using the EMTP-ATP program, is done for
the first time with additional details that help researchers, designers, and engineers to get a broad
overview of the ATPS in order to protect it against lightning.

The paper is structured as follows. Sections 2 and 3 present lightning flash and lightning
arrester models, respectively. Section 4 is devoted to the technical data of the ATPS and its
modeling using the EMTP-ATP program. Section 5 discusses simulation results. Finally, section 6
concludes the paper.

2. Lightning flash model

A 10/350 µs one-stroke lightning flash with amplitude 30 kA is simulated in the EMTP-ATP
program using a Heidler type-15 [12], which is defined by the function:

i(t) = Amp ·

(
t/Tf

)n
1 +

(
t/Tf

)n · e−t/τ, (1)

where Amp is the peak value of the lightning stroke, Tf is the front duration, τ is the stroke
duration, where the amplitude fell to 37% (tail time), and n is the factor influencing the rate of
the rise of the function (steepness). The lightning stroke is shown in Fig. 2 and its parameters are
tabulated in Table 1.

Table 1. Values of Heidler type-15 surge function

Amplitude [kA] Tf [µs] τ [µs] n T-start [ms] T-stop [ms]

30 10 350 2 20 20.35
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Fig. 2. The lightning stroke (30 kA)

3. Lightning arrester model

In this paper, a conventional model which is offered by the EMTP-ATP program is used. It
can be simulated by the MOV Type-92 component [12]. It is a non-linear exponential resistor
for which the voltage-current (V-I) characteristic can be represented by an arbitrary number of
exponential segments, each of them defined by Equation (2) [13].

i = p
(
v

Vref

)q
, (2)

where i and v are the arrester current and voltage, respectively. p and q are the constants of the
device. Vref is the arbitrary reference voltage that normalizes the equation and prevents numerical
overflow during exponentiation.

The LAs supposed to be used in this paper are similar to two types of Siemens LAs described
as follows:

– Type 3EP5, with porcelain housing, class 3, maximum system voltage Us (24 kV), rated
voltage Ur (21 kV), continuous operating voltage Uc (16.8 kV). This type is used for the
primary side (15 kV) of the transformer as discussed in section 4.

– Type 3EP6, with porcelain housing, class 5, maximum system voltage Us (800 kV), rated
voltage Ur (580 kV), continuous operating voltage Uc (464 kV). This type is used for the
secondary side (410 kV) of the transformer as discussed in section 4.

The two types have been successfully tested to the latest ANSI/ IEEE Standard C62.11-1999.
The characteristics of the arresters are listed in Table 2 for the closest values of both voltage levels
(15 kV and 410 kV). Fig. 3 shows the residual voltage curves of the arresters, where the residual
voltage is chosen for 8/20 µs. Table 3 shows further additional data [14].

The maximum continuous operating voltage (MCOV or Uc) is an alternating current (AC)
rating and should in all circumstances be higher than the maximum line-to-ground voltage of the
system to which it will be applied. In some circumstances, due to higher temporary overvoltage
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Table 2. Electrical characteristics of 3EP5 and 3EP6 arresters

Type Uc [kV] Ur [kV]

Residual voltage at specified discharge current [kV]

30/60 µs 30/60 µs 30/60 µs 8/20 µs 8/20 µs 8/20 µs 8/20 µs
0.5 kA 1 kA 2 kA 5 kA 10 kA 20 kA 40 kA

3EP5 16.8 21 40.3 41.3 43.3 47.4 50.4 55.9 63.5

3EP6 464 580 1 083 1 116 1 148 1 233 1 305 1 422 1 553

Fig. 3. Residual voltage curves of 3EP5 and 3EP6 arresters

Table 3. Additional data of 3EP5 and 3EP6 arresters

Characterstic 3EP5 3EP6

Long duration current impulse [A] 1 100 2 000

High current impulse [kA] 100 100

Nominal discharge current [kA] 10 20

Rated short-circuit current [kA] 40 65

Energy absorption capability [kJ/kVr ] 8 14

(TOV) conditions, the MCOV may need to be increased on the arrester, but it should never be
decreased below the steady-state line-to-ground voltage of the system.

The arrester must be connected as close as possible to the equipment, but due to the layout
requirements, the arrester may not be installed near the power transformer. The distance between
the transformer and the point where the arrester is connected L1 may vary from 0 to 40 m [15].
In this study, L1 is chosen to be 15 m. The length of the conductor that connects the line with
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the arrester L2 may vary from 1 to 3 m. L2 is chosen to be 3 m in the study. Finally, a grounding
conductor of length L3 = 5 m is connected between the arrester and the ground via a 1 Ω resister.
All these connections are modeled by an inductance of 1 µH/m.

4. ATPS modeling using the EMTP-ATP program

This paper presents a study of ATPS transformer protection from lightning. The ATPS is
a 650 MW power station located on the south-western border of Jordan. It consists of five steam
turbines units (5 × 130 MW). The studied case corresponds to a part of the ATPS (units No. 3, 4
and 5) as shown in Fig. 4. Each of these units has a 3-phase 50 Hz generator rated at 160 MVA,
15 kV. The generators (labeled G3, G4, and G5) supply a 400 kV network (labeled BB1 and BB2)
through 15/410 kV step-up transformers (labeled GTR 3, GTR 4, and GTR 5). The transformers
are located outside in open air and connected to the network by 30 m long underground cables.
The 400 kV transmission line represents the connection between the ATPS and Amman South
Substation (ASS) in Al Muqabalayn town, which is about 320 km long. 15/6.6 kV step-down
transformers (labeled UAT 3, UAT 4, and UAT 5) are used only for internal purposes related to
the operation of the units themselves. It is good to mention here that units No. 1 and 2, which are
not used in this study, supply a 132 kV network.
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Fig. 4. The three units in the ATPS, which supply a 410 kV network
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The effect of lightning on the power system shown in Fig. 4 will be applied only on unit
No. 3 at the transformer GTR 3. Two cases will be analyzed, the first one before using LAs and
the second one after their use. Each of these cases will have two scenarios concerning lightning
contact locations, described as follows:

– Scenario (1): Lightning strikes directly phase A at the primary side of the transformer
GTR3.

– Scenario (2): Lightning strikes directly phase A at the secondary side of the transformer
GTR3.

The models discussed in the previous sections (2 and 3) are applied to these scenarios.

4.1. Technical data required for modelling

In this section, technical data of the generator and the transformer contained in unit No. 3 are
collected and presented (units No. 4 and 5 have identical data as No. 3). Also, data concerning the
400 kV transmission line, as well as the underground cable between this line and the transformer,
are presented.

4.1.1. The generator

The generator in unit No. 3 is a Y-connection synchronous generator type WX21Z-092LLT,
manufactured by ABB Power Generation Ltd. Its rated power, voltage, and power factor are
160 MVA, 15 kV, and 0.85, respectively [16]. This generator is represented by the SM59 model
in the EMTP-ATP program [12], with input data shown in Table 4. The voltage magnitude is
calculated as in Equation (3) [17].

Vamp =
√

2/3 × 15 kV = 12.247 [kV]. (3)

SMOVTP and SMOVTQ (Table 4) are proportionality factors used only to split the real power
and reactive power, respectively among multiple machines in parallel during initialization. No
machine in parallel corresponds to SMOVTP = 1 and SMOVTQ = 1.

4.1.2. The transformers

In the ATPS unit No. 3, the used transformer is a step-up 15/410 kV 30BAT01 manufactured
by ABB. It is an outdoor transformer with 3-legged stacked core. The step-down 15/6.6 kV trans-
former is used only for internal purposes as mentioned earlier. Both transformers are represented
by the SATTRAFO model in the EMTP-ATP program with input data shown in Table 5 [18, 19],
where RP and LP are the resistance and inductance in the primary winding, respectively. RS and
LS are the resistance and inductance in the secondary winding, respectively. Stray capacitances
representing a high frequency transformer model [20] are added as shown in Fig. 5 (section 4.2).

4.1.3. The underground cable

The underground power cable used to connect the transformer described in the previous
section to the 400 kV transmission line has the technical data tabulated in Table 6 [21]. This cable
can be modeled in the EMTP-ATP program by the JMarti component [12].
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Table 4. Technical data of the generator

Voltage Voltage phasor
magnitude Frequency [Hz] angle phase A Number of poles SMOVTP

[kV] [deg.]

12.247 50 0 2 1

AGLINE [A]RMVA [MVA] RkV [kV] Value of field current RA [pu]
SMOVTQ 3-phase line-to-line which produces rated Armaturevolt-ampere voltage armature voltage on resistancerating d-axis

1 160 15 1243 0

XL [pu] Xd [pu] Xq [pu] Xd’ [pu] Xq’ [pu]
Armature Direct-axis Quadrature-axis D-axis Q-axis
leakage synchronous synchronous transient transient

reactance reactance reactance reactance reactance

0.13 1.619 1.539 0.195 0.225

Xd” [pu] Xq” [pu] Tdo’ [s] Tqo’ [s] Tdo” [s]
D-axis Q-axis D-axis Q-axis D-axis

subtransient subtransient transient transient subtransient
reactance reactance time constant time constant time constant

0.12 0.2 8.166 7.1 0.022

Tqo” [s] Xo [pu] RN [pu] XN [pu] XCAN [pu]
Q-axis Zero-sequence Real part of Imaginary part of Canay’s

subtransient reactance neutral grounding neutral grounding characteristic
time constant impedance impedance reactance

0.07 0.067 0 0 0.13

HICO DSR DSD FM
[million kg-m2] [(N.m)/(rad/sec)] [(N.m)/(rad/sec)] Time constants MECHUN

Moment of Speed-deviation Absolute-speed based on 0: English units
inertia self-damping self-damping short circuit 1: Metric units
of mass coefficient coefficient measurements

0.0156 0 0 3 1

Table 5. Technical data of transformers

Power Voltage Connection RP RS LP LS
[MVA] [kV] [Ω] [Ω] [mH] [mH]

Step-up 160 15/410 Ynd 11 0.003 1.06 0.469 350

Step-down 14 15/6.6 Y-Y 0.168 0.033 5.36 1



Vol. 69 (2020) Lightning protection for power transformers of Aqaba Thermal Power Station 653

Table 6. Technical data of the cable

Manufacturer Type Nominal cross Number of Conductor
section [mm2] cores material

ABB
Low-Pressure Oil

1 000 1
Annealed

Filled (LPOF) copper

Conductor outer Conductor Insulation Armour Armour
diameter [mm] insulation material thickness [mm] material thickness [mm]

Carbon black
42.5 paper and 27.5 Lead alloy 3.8

metalized paper

Overall diameter
of completed Length [m] Resistance R Inductance L Capacitance C

cable [mm] [Ω/km] [mH/km] [F/km]

118 30 0.0236 0.39 0.23

Rho: Resistivity mu: Relative mu(ins): Relative eps(ins): Relative
of the conductor permeability of the permeability of the permittivity of the

material the conductor insulator material insulator material
[Ωm] material outside the conductor outside the conductor

1.7E–8 1 1 2.7

4.1.4. The transmission line
The 400 kV overhead transmission line between the ATPS and ASS is 320 km long. It is

a double circuit 3-phase line with 2 × 600 mm2 cross sectional area aluminum alloy conductors
per phase. The spacing between the twin-bundled conductors is 50 cm. Also, the line is with two
No. 7 AWG aluminum clad steel overhead earth wires [22]. The parameters and the location of the
conductors on the tower are given in Table 7. The transmission line is modeled in the EMTP-ATP
program by the LCC module as the 3-phase JMarti type [12]. The ground resistivity (Rho) is
assumed to be 100 Ωm and the frequency (Freq. init) at which the line parameters are calculated
is 0.005 Hz.

Table 7. The parameters and the location of the conductors on the tower

Phase Resistance Reactance Outer radius Horiz VTower VMid
no. [Ω/km] [Ω/km] [cm] [m] [m] [m]

1 (2×) 0.0496 0.3 1.608 ±8 44.29 32.14

2 (2×) 0.0496 0.3 1.608 ±11.3 33.29 21.14

3 (2×) 0.0496 0.3 1.608 ±8.8 23.79 10.64

0 (2×) 0.05 0.43 0.353 ±6 52.05 42

In Table 7, Horiz is the horizontal distance between the conductor and the tower center,
VTower is the vertical conductor height at the tower, and VMid is the vertical conductor height
at the mid-span.
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Another crucial elements in a study of lightning overvoltage protection could be modeled
by means of surge capacitance [23], such as the following elements appearing in Fig. 5: circuit
breakers (CB: 50 pF), current transformers (CT: 200–800 pF), power transformers (1–6 nF) and
capacitive voltage transformers (CVT: 4.4 nF).

4.2. Modeling the lightning effect on the ATPS
Using all of the models described in sections 2, 3, and 4, the EMTP-ATP program model of

the lightning effect on the ATPS can be assembled as shown in Fig. 5.
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Fig. 5. The EMTP-ATP model of lightning effect on unit No. 3

The effect of lightning is applied only on unit No. 3 at the transformer GTR 3, as mentioned
previously. In the next section, the results of this effect will be discussed before and after using
LAs according to the scenarios mentioned at the beginning of section 4.

5. Results and discussion

Before presenting and discussing the results of the study, the transformer basic insulation level
(BIL) should be taken into consideration. It is a certain level to which the transformer is capable
to withstand surge voltages without damage. According to [24], the BIL for 15 kV is 95 ∼ 110 kV
and it is 1425 ∼ 1675 kV for 500 kV (900 ∼ 1175 for 345 kV). In this study, the BIL is taken
from the transformer datasheet as 1425 kV for the high voltage winding and as 125 kV for the
low voltage winding.
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It is important here to set correctly a time step (∆T) in simulation settings in the EMTP-
ATP program to get satisfied and clear results, mainly when the peak voltages due to lightning
overreached the BIL of the transformer. In this simulation, ∆T was set to 10−6 seconds.

The results of the two cases mentioned in section 4 are discussed as follows:
Case (1): Without using the LAs.
Scenario (1): Lightning hits phase A at the primary side of the transformer.
Fig. 6 and Table 8 show the voltages of the phases at the primary and secondary sides of the

transformer when scenario (1) of case (1) is applied. It is very clear that the maximum voltages
of the 3 phases (A, B and C) at the primary side reach very high values (A: 4.2 MV, B: 2.1 MV,
C: 1.8 MV), which exceed the BIL (125 kV). The secondary side of the transformer is also
affected by the lightning flash as shown in Fig. 6, but the maximum voltages of the three phases
(A: 1 MV, B: –0.557 MV, and C: –0.527 MV) are still under the BIL (1425 kV). The values in
bold in Table 8 indicate overreaching of the transformer BIL.

(a) (b)

Fig. 6. 3-phase voltages at the primary side (a) and secondary side (b) (scenario (1) of case (1))

Table 8. Maximum voltages due to case (1)

Transformer side BIL [kV]

Maximum voltage [MV]

Scenario (1) Scenario (2)

Phase

A B C A B C

Primary 125 4.2 2.1 1.8 –0.717 0.430 –0.460

Secondary 1 425 1 –0.557 –0.527 –7.68 4.05 –2.58

Scenario (2): Lightning hits phase A at the secondary side of the transformer.
Fig. 7 and Table 8 show the 3-phase voltages at the primary and secondary sides of the

transformer when scenario (2) of case (1) is applied. It is noted that the maximum values of the
voltages at the primary side (A: 717 kV, B: 430 kV, C: 460 kV) are all over the BIL (125 kV).
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Similarly, the maximum values of the voltages at the secondary side (A: –7.68 MV, B: 4.05 MV,
C: –2.58 MV) exceed the BIL (1.425 MV).

(a) (b)

Fig. 7. 3-phase voltages at the primary side (a) and secondary side (b) (scenario (2) of case (1))

Case (2): With using LAs.
According to the results in case (1), it is necessary to install the LAs, described in section 3,

to avoid the destructive effects of lightening. By observing Fig. 8, Fig. 9 and Table 9, it is obvious
that the values of maximum voltages are significantly reduced due to the LAs use and are within
the BIL rating. When scenario (1) of case (2) is applied, the value of maximum voltage of phase
A at the primary side is about 97.23 kV as shown in Fig. 8, while maximum voltages of phases B
and C are negligible in comparison with the BIL value. This is indicated by sign (–) in Table 9.
At the secondary side, all phases have also maximum voltages that are negligible in comparison
with the BIL value.

(a) (b)

Fig. 8. 3-phase voltages at the primary side (a) and secondary side (b) (scenario (1) of case (2))

For scenario (2) of case (2), the voltages at the primary side have negligible values in
comparison with the BIL value as shown in Fig. 9. At the secondary side, the voltage of phase
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(a) (b)

Fig. 9. 3-phase voltages at the primary side (a) and secondary side (b) (scenario (2) of case (2))

Table 9. Maximum voltages due to case (2)

Transformer side BIL [kV]

Maximum voltage [kV]

Scenario (1) Scenario (2)

Phase

A B C A B C

Primary 125 97.23 – – – – –

Secondary 1 425 – – – 1 424 797 –813

A has a value close to the BIL value (A: 1424 kV), but still within it. This is also applied to the
other phases at the secondary side (B: 797 kV, C: –813 kV).

These results indicate the ability of the LAs to immediately reduce lightning effect on the
power system. Here, it must be taken into account that the results depend on choosing the suitable
LAs and their placement across the system.

Finally, the energy dissipated by the arresters according to both scenarios of case (2) is shown
in Table 10. For scenario (1), only the arrester 3EP5 at the primary side of the transformer

Table 10. Maximum dissipated energy by the LAs for case (2)

Type
Arrester capability

[kJ/kV]

Dissipated energy [kJ]

Scenario (1) Scenario (2)

Phase

A B C A B C

3EP5 8 133.13 – – 4.526 0.083 0.80

3EP6 14 – – – 7.37 × 103 20 20
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is significantly affected by the lightning as shown in Table 10 and Fig. 10 (referring to the
affected phase A). The maximum dissipated energy by 3EP5 reaches the value 133.13 kJ, which
is sufficient to cause arrester failure since the thermal energy absorption capability of this arrester
is 8 kJ/kV. Thus, a higher energy class arrester is required in this case. The sign (–) in Table 10

Fig. 10. The energy dissipated by the arrester 3EP5 for phase A (scenario (1) of case (2))

Fig. 11. The energy dissipated by the arrester 3EP5 for the 3 phases (scenario (2) of case (2))

(a) (b)

Fig. 12. The energy dissipated by the arrester 3EP6 for phase A (a) as well as phases B and C (b)
(scenario (2) of case (2))
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indicates neglected value in comparison with the capability of the arrester. For scenario (2), both
arresters 3EP5 and 3EP6 are affected by the lightning as shown in Table 10, Fig. 11, and Fig. 12.
The maximum dissipated energy by the arrester 3EP5 at the primary side of the transformer is
within the thermal energy absorption capability of this arrester. On the other hand, the maximum
dissipated energy by the arrester 3EP6 at the secondary side of the transformer reaches the values
7.37× 103 kJ, 20 kJ, and 20 kJ for phases A, B, and C, respectively, which are over the capability
of the arrester 3EP6.

6. Conclusion

The effect of lightning on the ATPS 15/410 kV power transformers and their protection
from lightning is studied using the EMTP-ATP program. The ATPS generators, transformers,
underground cables, and the 400 kV transmission line are modeled according to their technical
specifications. The results show the destructive impact of lightning on the power transformer
without using LAs, where the maximum voltages induced by the lightning flash exceed the
transformer BIL, as shown in Fig. 6, Fig. 7 and Table 8.

The study indicates the necessity of installing LAs to both sides of the power transformer.
This can be clearly seen in Table 9, where the maximum value of the voltage at the primary side
of the transformer is reduced, after the LA installation, from 4.2 MV (for phase A as the worst
case – scenario (1) of case (1)) to 97.23 kV, which is within the BIL value (125 kV). Similarly, the
maximum value of the voltage at the secondary side of the transformer is reduced from –7.68 MV
(for phase A as the worst case – scenario (2) of case (1)) to 1424 kV, which is also within the BIL
value (1425 kV).

Finally, according to the results concerning energy absorption issue, as shown in Table 10,
a further study can be made to compare different arrester models that are more suitable for the
system protection without causing arrester failure due to its thermal energy absorption capability.
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