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1. INTRODUCTION

With a rapid growth in wind power generation, lightning hazard to wind turbines (WTs) has come to
be regarded with more attention. Due to their great height, distinctive shape, and exposed location, WTs are
extremely vulnerable to lightning stroke. After a WT s struck by lightning, high lightning current flows
through the WT and causes considerable damage to electrical equipment inside the WT structure and wind
turbine nacelle results stop of the generator operation and probably expensive repairs [1].

In order to decrease downtime, repairs and blade damaged. Protecting the blade is very important
and well-designed lightning protection is a necessity for this equipment so Modern wind turbine blades are
made of insulating materials such as glass fibre reinforced plastic (GFRP) as a common material or wood
epoxy. The lightning protection of wind turbine blades can be classified as receptor, metallic cap, mesh wire,
and metallic conductor as reported in IEC-61400-24 standards.

In general, the problem of lightning protection of wind turbine blades is to conduct the lightning
current safely from the attachment point on the blade to the hub and then to the ground.

However another serious problem known as "back-flow surge™ which not only causes damages to
the wind turbine that has been struck but also the other turbines that have not. The back-flow surge
phenomenon has been defined as the surge flowing from a customer’s structure such as a communication
tower into the distribution line. High resistivity soil often makes Surge Arresters (SAs) at tower earthing
systems operate in reverse and allow backflow of surge current to the grid. The phenomenon of surge
invasion from a wind turbine that is struck by lightning to the distribution line in a wind farm is quite similar
to the case of “back-flow surge” [2].

Due to significant influence on the wind farm behavior under lightning, the transient response must
be either accurately measured which very expensive and time consuming or reliably predicated by
simulations which allowing for parametric studies and optimization. Up till now the predominant approach
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for simulating transient due to lightning is based on the representation of the wind farm components by their
equivalent circuits. Performance of wind farm under lightning requires accurate modeling of its components.
So in this paper wind farm is implemented using high frequency models components as SA, Transformer and
ground electrode to integrally describe this lightning current path. Validation of these models and
computation, characteristics and hazards of back-flow surge in wind farm are analyzed using onshore wind
farm as an example.

2. DESCRIPTION OF THE INVESTIGATED ONSHORE WIND FARM:

Figurel. Shows layout of onshore wind farm composed of two identical wind power generators.
Boost transformers for the generators are installed in vicinity of the wind turbine towers. All boost
transformers are connected to the grid via grid-interactive transformer by overhead distribution line. Surge
arresters are inserted to the primary and secondary sides of the boost and grid-interactive transformers.
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Figure 1.Wind farm model [2]

3. MODELING OF THE ELECTRIC COMPONENTS OF THE ONSHORE WIND FARM USING
ATP/EMTP:
In this section, the detailed high frequency modeling of the electric components of the onshore wind
farm using the ATP/EMTP is demonstrated. These components include Transmission line (TL), transformers,
power system grid and surge arresters.

3.1. Lightning Model:

In order to simulate the impact of lightning current on power system or its components with
convenience, the lightning current in the mode of mathematical function is usually represented. After the
long-term speculation and research by many researchers, the approximate mathematical function was
proposed. A current function model called Heidler is now used widely [3, 4, 5]. A 400 Q lightning path
resistance was parallelly connected to simulate natural lightning. Equation (1) represent the lightning current,
waveform of 51kA-2/631ps is used in this study as shown in Figure 2. The waveform of Heidler lightning
current is simulated by ATP/EMTP software.

. (t/z)° e

t) =1 2
' [t/ z)? +1]e ™)
Where

lo: the peak of current
71, 12: time constants of current rising and dropping
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Figure 2. The Waveform of 51ka - 2/631us Lightning Current

3.2. Wind Turbine Generator:

Table 1 gives the required data for modeling the generators of the wind turbines, transmission line
and transformers.

Table 1 a, b, c. Wind Turbines, Transformers Data and connected line data [2]

Wind Turbine Model(Synchronous Generator- Y connected)

Voltage (line rms) 0.660 [kV]
Rated power 1.0 [MVA]

Leakage reactance 0.1[H]
Frequency 60.0 [Hz]

Transformer Model (Boost, Grid-Interactive)

Connection method Y /A, Y /A
Voltage (line rms) 0.660/6.6 [kV], 66.0/6.6 [kV]
Rated power 1.0 [MVA], 10.0 [MVA]
Leakage reactance 0.15 [p.u]

Copper losses 0.005 [p.u]
No-load losses neglected

Line Model (values at 60 Hz)

positive / zero phase resistance [€/Km] 0.00105/0.021
Positive / zero phase inductance [mH/Km] 0.83556/2.50067
Positive / zero phase capacitance [nF/Km] 12.9445/6.4723

3.3. Wind Turbine Blades and Towers:

The down conductor in the blade and the wind turbine tower have been considered as a lossless
transmission line and they were estimated according to following experimental equation [4, 5, 6, 7], where
the down conductor and the tower often were treated as a cylindrical conductor. Equation (2) represents the
characteristic impedance of tower and the blade.
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Where, Z is the surge impedance, r and h are the cylinder radius and height, respectively. The wind
tower is taken as an iron vertical conductor of 60 m height and 3.0 m radius.

3.4. Transmission Lines and cables:
The overhead lines are considered and represented by single-phase positive wave impedance (i.e.
Surge impedance) with the light velocity.

Z,=+L/IC Q (3)
V=—oe— m/s (4)

Where, C and L are the capacitance and inductance of line, respectively, Z, is the surge impedance and
v is the propagation velocity [3, 8].

3.5. Transformer:

In order to study the transient involving frequencies up to a few kHz, stray capacitance of
transformer coils must be added to the transformer model. Capacitances are actually distributed, but lumped
parameters at the winding terminals for the total capacitance can be used with reasonable accuracy in this
case [3, 8, 9]. However, the transformer capacitances are often difficult to be determined. Transformer
capacitance is represented by Cy, C_ and Cy as shown in Figure 3 Where, Cy is the capacitance of high
winding to ground, C_ is the capacitance of low winding to ground and Cy_ is the capacitance between high
and low windings. Normally the C_and Cy_ are greater than Cy. This is because the fact that the high voltage
calls for more separation between windings and between windings and core. The present work considers
these capacitances as in a table 2 [3].

Figure 3. High Frequency Transformer Model.

Table 2. Typical Capacitance of Transformers (Capacitance in nF) [3]

Transformer Core Type
MVA Ch ChL C.

1 1.2-14 1.2-17 3.1-16
1.4-16 1-18 3-16
1.2-14 1.1-20 5.5-17
2.7-11 3.5-17 8-16

10 4-7 4-11 8-18

25 2.8-4.2 2.5-18 5.2-20
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3.6. Surge Arrester:

Surge arrester devices play an important role for mitigating the overvoltage due to lightning,
switching. Under both normal and abnormal conditions, the arrester handles its operation based on its
nonlinearity, i.e. V-l characteristics [9].

A simplified model was derived from IEEE model [10, 11]. The model circuit is shown in Figure 4.
This model is composed by two sections of nonlinear resistances usually designated by A, and A; which are
separated by inductance L; and Lo. A parallel resistance R, (about 1 MQ) is added to avoid the numerical
instability of the combination of the current source and nonlinear elements. This model has the same
operating principles as the IEEE model. The main advantage of this model is that the parameters were
determined using only the electrical data and did not take into consideration any physical characteristics of
the surge arrester [12].

Lo L

§ R, ﬂAc LH{Q‘

Figure 4. Pinceti and Giannettoni model

In case medium and high voltage levels the inductances L; and L, in the model are in uH and
calculated using:

I_,L=1Ur‘l/T2—Ur8/20Un (5)
4 ur8/20

LO— 1 Ur’.l./T2—Ur8/20Un
12 ur8/20 (6)

In case low voltage levels the inductances L; and L, in the model are in uH and calculated using:
L,=0.03 U, @)
Lo=0.01 U, (8)

Where UN is the arrester rated voltage in kV, Url/T2 is the residual voltage at 10 kA fast front
current surge (1/T2 ps). Ur8/20 is the residual voltage at 10 kA current surge with 8/20 ps time parameters.

The nonlinear characteristics of the two elements A, and A; are based on the pu data published in
[13] and the corresponding nonlinear characteristics of A, and Al are shown in Figure 6.

1.4 | Ukv] 1.2 |.U.Ikv]
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1.0 0.8
0.9 LIkA] 0.7 LIKA]
0.0 5.0 10.0 15.0 20.0 0.0 5.0 10.0 15.0 20.0
a. Ao non-linear characteristics. b. A; non-linear characteristic.

Figure 6. Surge Arrester Elements Nonlinear Characteristics.
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The surge arrester model is simulated and tested using ATP/EMTP circuit shown in Figure 7
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Figure 7. ATP/EMTP Circuit for Surge Arrester.

The arrester model is tested to match the manufacture's data sheet [14] under switching and
lightning characteristics. 440kV ~ SA with L; and L, are equal 0.07uH [6] used in low voltage side boast
transformer. A discharge current 8/20 ps, 5 kA and 25 kA for nominal and maximum conditions respectively
are injected to the surge arrester. The error of residual voltage rather than the manufactured data is found
0.22% at the nominal discharge current and -1.7% at the maximum discharge current. This error is computed
as (Ups-Up)/Up, where Ups is simulated residual voltage (the simulated voltage protection level). The

injected current, the residual voltage and the absorbed energy are as shown in Figures 8 and 9 for nominal
and maximum discharge currents, respectively.
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Figure 8. Injected nominal and maximum discharge current and resuidual voltage.
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Figure 9. Absorbed Energy under Injected Nominal and Maximum Discharge Current.
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The MV surge arrester protecting boost transformer with L; and Ly are 0.0952 pH and 0.286 pH
respectively [6].from test as shown in Figure 10 find errors within acceptable limits

Protection level (kV)

22

40

20
18
16 -
14
12
10-
8
6

4

A A

&
= ‘//

A
,———-:/l
.

—a— Residual voltage(data sheet)
—a— Residual voltage (simulation)
—&— Error%

*—k—%k

*—
ST/

*

30

20

10

— 7T 1 T~ 1 1~ 1 "~ 1T * 1 T "1
BKA 10KA 1kA 25kA 5KA 10kA 20kA  125A  500A

1/2us 1/2us8/20us 8/20us 8/20us 8/20us 8/20us 30/60us 30/60us
Impulse current

Figure 10. MVSA Validation
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The HV surge arrester protecting grid transformer with L; and Ly are 1.62pH and 0.54pH

respectively. From test as shown in Figure 11 find errors within acceptable limits

Protection level (kV)

40

160
150
140 ]
130 ]
120
110
100 -
90
80
70
60
50
40 ]
304
20
10 ]

: . ; . — T . T . T
— |
— \
3 7943
—w— manufactur data

—o— simulated
—k— Error%

- 35

30

25

20

15

10

T T T T T T T
5kA 10kA 20kA 500A 100A 2000A
8/20us  8/20us 8/20us  30/60us  30/60us  30/60us

Impulse current

Figure 11. HVSA Validation

3.7. Vertical ground rod modeling:

Grounding systems behavior is well understood at power frequency. However, during lightning
strokes the grounding systems performance might be different. The waveform of the lightning current has a
major influence on the dynamic performance of ground electrodes. While high lightning current intensity
improves the dynamic grounding performance due to ionization of the soil. In case of high lightning currents
the electric field at the ground electrodes might become larger than the electric strength of the soil. Which
can cause breakdown and sparks discharge in the soil. This phenomenon improves the grounding system

0410113
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performance so its ignoring always gives inaccurate results. On the other hand, due to the frequency
dependent phenomena, the grounding performance might be much worse during fast front lightning current
pulses. This can deteriorate the efficiency of the protection. Grounding system of a wind turbine plays a
critical role, since overvoltages caused by lightning strikes and other faults has to be successfully dispersed
into the ground. So, it is important to get an accurate model of the wind turbine grounding system. In this
paper the behavior of the wind turbine under lightning strikes has been studied using two different models for
the grounding resistance [15]. The first model is the linear model of grounding resistance which is based on a
constant value for the grounding resistance i.e. low voltage, low frequency [16]. The constant resistance Ro
of the model is estimated in ohm based on the rod dimensions and the soil parameters [15]:

o o4
R, =L {In" -1
0 27 a (9)

Where, p is the soil resistivity (Q.m), L is the electrode length (m) and a is the electrode radius (m).

The other model is based on the nonlinear performance of the grounding resistance with high
currents i.e. high voltage, high frequency [16]. The nonlinearity nature of the ground resistance can be
represented by a nonlinear resistance, RT, whose value is given as [15];

Rt=R, — For(i < 1g)
thi_ — For(i>1g)

/1+ II
g (10)

Where, i is the current through the rod (kA), and Ig is the critical current for soil ionization (kA)
which is given by:

_E*p
2
2R, 11)

Where, Ej is the critical soil ionization gradient.

4. MODEL VALIDATION:

In this study, the wind power generator modeled as a synchronous machine for simplicity. The
grounding model at each wind tower is simulated as three separated ground electrodes, where each electrode
simulated as 10 Q resistance. There is no connection between the grounding systems for wind turbines. The
distribution line is assumed as overhead line and simulated as transposed distributed line parameters. The
lightning stroke is taken as striking wind turbine (WT#1) as shown in Figure 12.

WT#2 WT#1 Tr

Figure 12. Lightning hit WT#1 [3]
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4.1. Effect Of Frequency Dependant Surge Arrester and Transformers Model on Back Flow Current
Overvoltages:

In this work, The backflow current-overvoltages is evaluated using different transformer and surge
arrester models in the time domain as well as frequency domain using Fast Fourier Transform (FFT)
considering onshore wind farm. Case#1 Simple model of SA consists of only one non linear element with
characteristics and Power frequency transformer model as shown in figure 13.

Figure 13. Atpdraw Circuit of Two Wind Turbines with Simple Model

Case#2 frequency dependent transformer model and frequency dependent model of SA is a
combination of non linear elements and linear inductances which provides dynamic behavior during
lightning. The SAs are used at low, medium and high voltage levels in the wind farm as shown in figure 14.

i

Figure 14: Atpdraw Circuit of Two Wind Turbines with Freq. Dependant Model

Figures 15 to 18 show the voltage waveforms, peak value, and frequency spectrum oscillation
comparison at different locations of the wind farm. In different two cases, i.e. Simple and frequency
dependent model, It is observed that the peak magnitude of the generated overvoltage at WT#1 generator
terminal reach to 200kV, at (WT#1) boost transformer secondary side reach to 186kV, at (WT#2) boost
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transformer secondary side reach to 25kV and at grid reach to 28kV in different models. It is clear that small
change in peak value of overvoltages under simple and frequency dependant model. But from frequency
content point of view, it can be seen that the amplitude voltage at different frequencies when using simple
model is higher than that when using frequency dependant model. This can be attributed to the fact that the
reflecting traveling waves at junction of the boost transformer of WT#2 and at the junction of the grid-
interactive transformer are decreased due to the presence of the capacitors in the frequency dependant model.
On the other hand, the frequency dependent model considers very high impedance at high frequencies.
Therefore, for a better surge analysis of wind farm, the capacitance between winding of transformer model
must be taken to get accurate transient results.
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4.2. Effect of Vertical Ground Rod Modeling:

In this work, each wind turbine is grounded using three vertical rods each rod has a length of (3 m)
with diameter of (2.54 cm). Assuming that the spacing between these rods is large and enough to neglect the
interaction between them. The soil parameters are taken as p=100 Q.m, er=8 and pr =1 [14]. Figures 19 to 27
show comparison of voltage wave forms and GPR with varying grounding model (constant resistance and
non linear resistance). The results show that the ground model is significant effect on the maximum GPR and
overvoltage peak value. The GPR and overvoltage peak value is low when the soil ionization effect is
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considered (nonlinear resistance model). This can be attributed that when the lightning current through the
grounding rods exceeds the critical value, i.e. 1g=5.5KA, the grounding resistance is decreased where the
current in the grounding rods is high. On the other hand, the maximum value of the GPR is high when using
the constant resistance. This is because that the soil ionization is not considered in this model. Therefore, the
soil ionization effect is an important factor and should be considered for transient studies especially in
lightning study.

500 2500 : ; . . ;
" A
0 o] ' |
3004
15000
Constant resistance g
2004 2
/ 4
Non linear resistance § 100004
1004 /
E000 4
— I
A0 f j
W o om0k 0@ o o 0wl o OOCD - EO0TEE 00T SO0 1000073 SO0 3413 TN 5
o R uEnoy )
(file modehvind1.pM; x-var f) v000ZA  v:XDO0BA ElectoEk ConEpsd TOP, The OUpI Frocesord
a. Waveforms Comparison @WT#1 Under b. Frequency Spectrum Comparison @WT#1 Under
Different Ground Model Different Ground Model

Figure 19. Overvoltage and Frequency Spectrum @WT#1

60

iy Constant resistance
50+

404

“woltage (W

Nan linear resistance

-2 T r T r T r
0.00 02 0.04 .06 .08 010 02 e o

(file modehwind11.pld; x-vart) v 00044 v:XDDI0A EIRCIOEK COMEpED TOR, The CUUI FIDCES:0E
a. Waveforms Comparison @W1t#2 Under Different  b. Frequency Spectrum Comparison @Wt#2 Under
Ground Model Different Ground Model

Figure 20. Overvoltage and frequency spectrum @WT#2

Towards an Accurate Modeling of Frequecy-Dependent Wind Farm Components Under... (M. A. Abd-Allah)


mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1

ISSN: 2252-8792

7
k]
Constant resistance
55+
40

Non linear resistance

0088 0132 0176 [mg 0220

004
a. Waveforms Comparison at Grid Under Different
Ground Model

Figure 21. Overvoltage and Frequency Spectrum At Grid

0.000

pr
10000 T - e e e s
£
0
a
3
>
T
QIIII\III\; -;_.....\\_..._A:._H‘ Ly
0 100000 400000 S00000 600000
Frequency(e)
Electrolek Conoepts® TOR, The Culput Frocesson®

b. Frequency Spectrum Comparison at Grid Under
Different Ground Model

600 250
[kV]
5004
| S S
4004
Constant resistance vsoo
3004 ¢
Non linear resistance e
o
200 £ o0 | 1. Constant resistance_
g
1004
B0 o A
N
o L1 I :
-100 T T T T T T T T T 0 00000 500000 900000 1200000 1500000 1800000
0.00 0.02 0.04 0.06 0.08 [ms] 0.10 Frequency(He)
(file modetwind11 pid; x-var t) vIX0138 w0136 Elecioiek Conceptsd TOR, The CutputProcessond

a. GPR Waveform Comparison @WT#1 under
Different Ground Model

b.Frequency Spectrum Comparison @WT#1 under
Different Ground Model

Figure 22. GPR Waveform and Frequency Spectrum @WT#1

Wl - : : : :
304 Constant resistance F : 1 : :
/ e oo Fomommmmmee- Foomeemmeeee- Foommommoees
- | | | |
P T bereeeeeneees e eeememene S A
k o \ | | |
o I ' 1
% Constant resistance :
10 b : : : :
7 000 - === Non linear resistance ---------- IL ------------- : -------------
) 1 1 1 1
o Non linear resistance : : : :
o : : A A
-0 r r r r r 0 600000 1200000 1800000 2400000 000000
0.00 0.02 0.04 0.08 0.08 010 [msl g1z Fequency(r)
ElecioEk Concept® TP, The OUlput Protessond

{file modetwind11.pld; x-var 1) w0040 w137
a. Gpr Waveform Comparison @W1t#2 Under
Different Ground Model

b.Frequency spectrum comparison @WT#2 under
different ground model

Figure 23. GPR Waveform and Frequency Spectrum @WT#2

IJAPE Vol. 3, No. 2, August 2014 : 90 — 104


mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1
mailto:a.@WT#1

IJAPE ISSN: 2252-8792 a 103

60

2000
(k)
504 . . . : :
Constant resistance 40:!0._. '“'“"“i"“"“'“i""“"“'i‘ """""" i """""" i """"""
40 /
I T S S S S S
i Non lingar resistance [ ' '
% i Constant resistance ! ! !
5 [ . : : : :
204 2 2000l e e
g / ; ; : : :
104 i Mon linear resistance | | |
e I L A YO O T N S
10 0 ; : S : LA-;-\.A._A L uf:h_u o
000 003 008 009 0z g 015 ¢ F e T
{file modetwindi1.p; x-var f) v w0128 Elechok Concep el TOR, The Qulput Frocessard
a. GPR Waveform Comparison At Grid Under b.Frequency Spectrum Comparison At Grid Under
Different Ground Model Different Ground Model

Figure 24. GPR Waveform and Frequency Spectrum at Grid
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5. CONCLUSION

Validation of surge arrester in LV, MV and HV ABB data sheet using ATP/EMTP has been
investigated. The impact of the Pinceti and Giannettoni surge arrester and winding stray capacitance
transformer model has been carried out. The impact of the soil ionization model has been presented.
Performance of wind farm consisting of two wind turbines has been evaluated under lightning strokes.This
investigation has been carried out in time domain as well as frequency domain using FFT. All components of
the system, under study, are simulated by using ATP/EMTP. The main conclusions obtained from the results
are;

In case of the lightning stroke strikes the blade, cause GPR. The increase of the GPR can conduct
backflow current to the distribution system. It generates overvoltage on the thunderstruck and neighbor
turbines. This can cause damage to the wind farm electrical components.

It is clear that small change in peak value of overvoltages under simple and frequency dependant
model. But from frequency content point of view, it can be seen that the amplitude voltage at different
frequencies when using simple model is higher than that when using frequency dependant model, due to the
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presence of the capacitors in the frequency dependant model. On the other hand, the frequency dependent
model considers very high impedance at high frequencies. Therefore, for a better surge analysis of wind
farm, the capacitance between winding of transformer model must be taken to get accurate transient results.

The nonlinearity behavior of the grounding resistance can be attributed to the decrease in the
grounding resistance within the increase in surge current through it. Therefore, the soil ionization effect is
important and should be considered for transient studies especially lightning study.
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