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Investigation of Novel DC Wind Farm Layout
During Continuous Operation and Lightning Strikes
Mohammad E. M. Rizk, Member, IEEE, Sayed Abulanwar, Member, IEEE, Abdelhady Ghanem, Member, IEEE

and Zhe Chen, Fellow, IEEE

Abstract—This paper proposes a novel layout for a grid-
connected DC wind farm (DCWF) and investigates the perfor-
mance under continuous operation and direct lightning strikes
particularly for high soil resistivity. The DCWF employs internal
dc grid that supplies generated power to the host AC utility
through high voltage direct current (HVDC) transmission link.
The proposed layout ensures sustainability of power supply
against potential interruptions of DCWFs either during normal
conditions or lightning incidents to comply with grid codes
regulations. During continuous operation, the proposed layout
safeguards the entire DCWF cables against flow of return cur-
rents to avert derating of conductor ampacity. Besides, protects
WT nacelle switchgear and entire interface converters against
hazards of surge currents. Furthermore, an effective grounding
system design is proposed to introduce a low impedance path for
system return currents, minimize voltage drop across grounding
impedance and thus maximize DCWF delivered power to the
grid. A detailed system that sufficiently represents models of
system cables, grounding network and interface converters is
built to verify the proposed scheme significance. The obtained
results assure the capability of proposed layout to cease return
currents via cable sheath during continuous operation and pro-
vide superior mitigation of lightning-associated transient voltages
and currents.

Index Terms—DC wind farm, HVDC, Lightning strikes,
grounding system, cable sheath.

I. INTRODUCTION

INCREASING global wind power penetration entails new
typologies that can handle different technical challenges

and meanwhile alleviate its potential impacts on intercon-
nected power system. Recently, extensive research on DCWFs
is carried out, motivated by the rapid development of bulk
power electronic converters and offshore wind power plants
(WPPs) [1]–[3]. Such high power converters enable wind
turbine generators (WTGs) provide dc power directly into
grid via high-voltage direct current (HVDC) transmission
systems [4]. DC grid is a better alternative to conventional
ac counterpart where, medium frequency transformers operate
at higher frequencies than ac grid frequency, which requires
smaller transformer dimensions [5]–[7]. Besides, the required
dc cables can transfer more power with reduced weight and
size. Hence, DCWFs are foreseen highly profitable especially
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for offshore platforms where size, weight of installations are
crucial to offer reduced overall system cost [1], [8].

Owing to their distinctive shape, remarkable height and
open-air nature, wind turbines (WTs) are extensively prone
to recurrent direct lightning strikes [9]. Such strikes not only
cause damage to WTs blades and structure, but also to low-
voltage control circuits and surge arresters [10]. More than
50% of WT common failures caused by lightning strikes
are due to low-voltage control and communication circuits
breakdowns [11]. Such challenges may lead to increased
WTGs downtime that would increase operation cost and
indeterminacy of wind farms (WFs) power generation. Hence,
lightning protection measures are imperative to safeguard WTs
physical structure, human operators and maintain WFs grid
connected to fulfill grid code obligations.

Typically, multipoint sheath grounding is recommended to
avoid serious voltage buildup along the cable length with
electromagnetic transients. During normal operation in al-
ternating current WFs (ACWFs), the generated three-phase
currents are balanced through the cable cores, so, almost no
current returns through the grounded cable sheath. On the
other hand, grounding the cable sheath in DCWFs imposes
the core current to return via the sheath which not only
derates conductor ampacity, but also degrade both inner (main)
and outer insulation layers of the cable. This is because the
ampacity of the cable sheath is considerably lower than that
of its core. Therefore, the current returns typically through the
ground in DC systems.

Grounding system is crucial to effectively protect WT
physical structure, nacelle switchgear and control cabinets
against transient overvoltages via providing a low impedance
path (below 10 Ω at low frequencies) into earth for surge
currents [11], [12]. However, due to growing demand on wind
energy, WFs may be sited at suboptimal territories having high
soil resistivity that raises serious concerns about the grounding
system efficacy [13], [14]. Poor grounding system (i.e., high
grounding impedance) causes serious ground potential rise
(GPR), and subsequently detrimental electrical stresses on
power system apparatus and humans [?]. In this context, return
dc currents result also in a considerable voltage drop across the
local grounding system (LGS) of each WT. Consequently, the
delivered power to the grid decreases drastically that represents
wasteful DCWF layout.

Simplified models for WTGs and their control structures are
usually adopted when investigating lightning strikes impacts
on WFs [10]. This paper presents a detailed model for WTGs
and their control in a grid-connected onshore DCWF to
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provide insight into transient voltages and currents of WTG.
A novel DCWF layout is also proposed and investigated
under regular operation and lightning strikes considering poor
grounding system. The novel layout integrates benefits of
multiple solid grounding the sheath (to suppress lightning-
transient overvoltages) and also opening the sheath from one
end (to remove return path of WTG currents through sheathes
during continuous operation).

The major contributions of this paper are: 1) Safeguarding
DCWF entire cables from excessive currents flowing in the
sheathes that can cause frequent interruptions, which to the
best of our knowledge, has not been addressed before. 2) A
proposed layout reliant on installing surge arresters over
horizontal and vertical cables sheathes of the entire DCWF to
force WTG currents to return through grounding system rather
than cable sheath and meanwhile mitigate sheath overvoltage
incurred by lightning strike; 3) An effective grounding system
design is presented and validated for higher soil resistivity to
ensure human safety and vital equipment using a network of
counterpoises connecting local grounding of each WT and/or
converter; 4) Detailed model that properly characterizes not
only for WTG realistic models and controls but also the
transient behavior for practical grounding configuration and
arresters; and 5) The proposed scheme is suitable for other
WTG and can be applied for offshore platforms to protect
entire cables from excessive sheath currents.

Different schemes are also investigated to evaluate the
significance of the proposed scheme in providing a proper
regular operation and an effective protection against lightning
strikes as well. The rest of this paper is organized as follows,
Section II introduces description of the proposed protection
scheme with control structure. Time-domain simulations that
verify the proposed scheme is provided in section III. Section
IV concludes the paper.

II. PROPOSED PROTECTION SCHEME STRUCTURE

This section presents the proposed layout which incorpo-
rates design and modeling of surge arresters, effective ground-
ing system and WTG control structure.

A. System Description and Modeling

Fig. 1 depicts the proposed structure of a grid-connected
DCWF via an HVDC transmission system. The DCWF con-
sists of two identical strings employing full-scale permanent
magnet synchronous generators (PMSG) WTs, each is rated
at 5 MW with 50 MW net capacity. Each WTG comprises
PMSG, full-scale active rectifier to regulate the generated
power and a dc/dc converter that maintains the WTG dc link
voltage constant, V ∗

dc,i = 5 kV irrespective of the delivered
power. The whole WTs deliver their power through vertical
single-core cables through their towers, and attached via
radially paralleled underground single-core dc cables to the
dc/dc collector side converter (CSC) which is devoted to
regulate the collector voltage at nominal value, V ∗

cc = 30 kV.
The DCWF harvested power is transmitted via 500 km HVDC
link with a rated voltage, V ∗

hvr = 300 kV dictated by a dc/ac
two level pulse-width modulated (PWM) grid-side converter

(GSC) which can also regulate the exchanged reactive power
with the grid to attain a desired power factor. Since high power
dc/dc converters are key equipment for realization of DCWF,
parallel connected single active bridge (PCSAB) unidirectional
dc/dc converter configuration is adopted in this paper. Such
converters request smaller filtering inductors and are favorable
for DCWFs especially for offshore scenarios due to high fault
current tolerance, lower maintenance cost [1]. Details about
such converters modeling, control and design are found in [2].

The grounding system employs a network of counterpoises
extending above underground cables and connecting LGSs of
WTs as shown in Fig. 1. Those counterpoises reinforce the
entire grounding system, render a low impedance path for
surge currents. Thus, minimizing GPR, avoiding considerable
power loss, and maximizing the DCWF efficiency signifi-
cantly. Despite using counterpoises, a greater portion of cur-
rent returns through multipoint grounded sheath as compared
to counterpoise owing to its lower characteristic impedance;
this overheats the cable sheath and thereby impairs the cable.
Accordingly, it is proposed to install two groups of sheath-
connected arresters that are (SAvs and SAhs) on the vertical
and underground cables as shown in Fig. 1. Primarily, these
arresters protect the cable during regular conditions via forcing
currents to return through grounding network rather than cable
sheath. Moreover, provide a protection for the cable against
lightning incidents by damping transient overvoltages upon
the cable sheath. Thus, maximizing DCWF cables lifetime and
reducing potential interruptions for all conceivable conditions.
SAvs ceases each WTG current to return through its vertical
cable sheath during normal operation, and discharges surge
currents irritated by lightning strikes into the grounding sys-
tem. SAhs restrains surge voltages evoked by lightning currents
on the underground cable sheath to protect both outer and
inner insulation. Core-connected arresters (SAc) is typically
installed at each WT hub and CSC to alleviate surge voltages
impact on vertical cables and power converters.

B. WT Tower and Lightning Return Stroke Models
WT tower is represented by distributed parameters model

due to its considerable height where the per unit length
parameters are given by (1) assuming a vertical cylinder [15].

LT = µo

2π ln ((h/r) − 1)
, CT = 2πεo

ln ((h/r) − 1)
(1)

LT and CT are respectively the per-unit length inductance
and capacitance in H

m and F
m ; the tower height is h = 90 m and

r = Dt+Db

4
is its mean radius where the diameters at the tower

top and bottom are respectively Dt = 4 m and Db = 6 m [16].
Fig.2 shows the current waveforms at the lightning channel

base that are expressed by Heidler’s function, given by (2),
for both first and subsequent strokes, denoted by (FRS) and
(SRS). Table I gives their Heidler’s coefficients [17], [18]. The
lightning channel impedance is assumed to be 800 Ω [19].

IRS(t) =
K

∑
k=1

(Iok/ηk) ⋅ exp(−t/τ2k) ⋅ (t/τ1k)nk

1 + (t/τ1k)nk
(2a)

ηk = exp (− (τ1k/τ2k) ⋅ (nk ⋅ τ2k/τ1k)−nk) (2b)
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Fig. 1. DC Wind farm layout with proposed protection scheme.

TABLE I
HEIDLER’S COEFFICIENTS FOR FRS AND SRS

FRS SRS
k 1 2 3 4 5 6 7 8 1 2

I0k (kA) 6 6 5 5 8 17 17 12 10.7 6.5
nk 2 2 3 5 9 30 2 14 2 2

τ1k (µs) 2 3 3.5 5 6 7 70 12 0.25 2.1
τ2k (µs) 100 76 10 30 26 23.5 200 26 2.5 230

Fig. 2. Current waveforms of FRS and SRS with their time-derivatives.

C. Grounding System Model

For normal operation of DCWFs, power delivery and volt-
age levels are significantly influenced by the grounding system
design because of the returning currents. Moreover, the proper
design of the grounding system is essential to ensure an
effective protection against lightning overvoltages in WFs, in
particular with high soil resistivity [13], [20]. In this study,
DCWF grounding system comprises LGS at each WT, CSC,
and GSC as well as a grid of counterpoises connecting the lo-
cal grounding systems of the entire WF and the CSC together.

Two values of soil resistivity, ρ1 = 500 and ρ2 = 2000 Ωm are
considered to investigate the influence of ρ on both normal
operation and lightning electromagnetic transients in DCWFs.
The relative permittivity of soil is considered as εr = 10.

1) Local Grounding System (LGS): The LGS comprises
nine vertical grounding electrodes that are circularly arranged
on a diameter of 10 m as shown in Fig. 1. The length and
radius of each electrode are respectively 6 m and 2 cm. Fig. 3a
shows the equivalent circuit utilized to represent the transient
behavior of the LGS [21]. The LGS is simulated using the
finite-difference time-domain (FDTD) method where the SRS
current is injected into the LGS and the resulting GPR is
computed. Afterwards, the parameters Lg , Cg , and Rg that
well match the FDTD-computed GPR are determined to be
0.1 µH, 4 nF, and 19.8, 67.6 Ω for ρ1, ρ2, respectively
[22], [23]. The SRS is used to determine the equivalent circuit
parameters owing to its higher di/dt and consequently higher
frequency content as compared to the FRS current waveform.
Figs. 3c, 3e compare DC and transient models of the LGS with
the FDTD simulation. Parameters Lg and Cg are eliminated
in the DC model. It is obvious from Fig. 3 that the transient
model well conforms to FDTD simulations as compared to the
DC model, in particular with higher ρ.

2) Counterpoise: The counterpoise is a bare buried wire
under a depth of 0.5 m connecting the LGSs in the entire
DCWF as shown in Fig. 1. Since the counterpoises length is
in terms of hundreds of meters, the traveling time of propagat-
ing lightning-electromagnetic pulses through them should be
considered. Consequently, a distributed model for the counter-
poise is implemented in this study where the per unit length
parameters of the counterpoise shown in Fig. 3b are given
by (3) [21]. The current dispersion into earth depends mainly
on Gcp of the counterpoise. However, EMTP software doesn’t
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support the distributed Gcp. Therefore, the distributed rcp, Lcp,
and Ccp are divided into small segments whereas the Gcp is
divided on those segments (equivalent to multi-Π model.) To
validate this approach, the counterpoise is simulated using the
FDTD method where the SRS current waveform is injected
and voltage buildup is computed at 100 m away from the
injection point. Figs. 3d, 3f illustrate the computed buildup
voltage considering different segments, namely, 100, 50, and
25 m. As shown, the 25 m segment matches the FDTD-
computed results well. Lengths of counterpoises are shown in
Fig. 1 whereas their radii are selected according to the current
returning through each section.

rcp =
ρ

Acp
, Lcp =

µoA0

2π
, Ccp =

πε

A0
, Gcp =

π

ρA0
(3)

where A0 = ln ( 2`√
2ad
) − 1, ` ≫ a, d; ρ, Acp, `, a stand for

counterpoise resistivity, cross-section area, length and radius
respectively. d is the burial depth, ε is the soil permittivity.

Lg

Rg Cg

(a)

GcpCcp

rcp Lcp

(b)

(c) (d)

(e) (f)

Fig. 3. Grounding system model and validation. (Left column: LGS; right
column: counterpoise.) (a), (b) Circuit model; model validation with SRS
current waveform at ρ =: (c), (d) ρ1 = 500 Ωm, and (e), (f) ρ2 = 2000 Ωm.

D. Cables and overhead line Models

Fig. 4 shows the single-core cable used in the DCWF as
vertical cables through the WT towers or underground cables
between WTs and the CSC (30 kV cables.) The underground
cables are placed under 1m depth as shown in Fig. 1. Those
cables are modeled using the frequency-dependent model in
PSCAD/EMTDC software. Cables dimensions are obtained
from [24] and given in Table II. As implied from Table II,
the single core cables are selected based on the voltage level
(determined by the main insulation thickness, thins1 ) and also
the current capacity of each cable section (determined by the
cross-section area of the core, Ac). The thickness of both semi-
conductor layers shown in Fig. 4 has been determined from

Dco, thins1 and Dins1 . HVDC link between CSC and GSC
is 500 km overhead line with multiple transmission towers
distanced by 400 m. Five towers are only considered from
both CSC and GSC because of the great length of the line.
The height and radius are respectively 38 m and 2 cm for the
power line; 52 m and 8 mm for the shield wire whereas they
are also modeled using the frequency-dependent model. The
transmission towers are modeled following [16].

Core

Main 
InsulationSheath

Outer Insulation Semi-conductor layers
As

Ac

Do
2

Dins1
2

thins1

Dco
2

Fig. 4. Configuration of the Single-core cable used in the DCWF.

TABLE II
GEOMETRIC DIMENSIONS OF SINGLE-CORE CABLES IN DCWF

Cable Section Ac Dco thins1 Dins1 As Do
(mm)2 (mm) (mm) (mm) (mm)2 (mm)

WT1
2
1 → WT1

2
2
∗ 95.0 11.2 8.0 28.8 25.0 37.0

WT1
2
2 → WT1

2
3 185.0 15.8 8.0 33.4 35.0 42.0

WT1
2
3 → WT1

2
4 400.0 23.2 8.0 40.8 35.0 51.0

WT1
2
4 → WT1

2
5 630.0 29.8 8.0 48.0 35.0 58.0

WT1
2
5 → CSC 1000.0 37.9 8.0 56.1 35.0 67.0

∗ The vertical cables extending through the WT towers are the same as both
underground cable sections from WT1

2
1 to WT1

2
2 .

∗ WT1
2
1 refers to WT11 and WT21.

E. Surge Arrester Model

Typically, arresters are frontline protection against transient
overvoltages. They comprise discs of Zinc-Oxide that have
nonlinear (V-I) characteristics. The arrester operating voltage
is proportional to the number of discs. At normal voltage lev-
els, the current flowing through arresters is almost zero while
it sharply increases when voltage exceeds allowable levels;
thus suppressing transient overvoltages. As aforementioned,
two distinct arresters of different operating voltages according
to where they are connected are incorporated. In the WT hub,
SAc is connected between the core of vertical down-cable and
the grounded WT tower as shown in Fig. 1. Moreover, SAhs
is connected between the underground cable sheath and the
grounding system while SAvs, is installed between the bottom-
end of the vertical cable sheath and the grounding system as
shown in Fig. 1. Fig. 5a shows the transient model that has
been proposed in [25] and adopted to represent both SAs and
SAc. The (V-I) characteristics of the nonlinear resistors A0 and
A1 are shown in Fig. 5b for both core and sheath arresters (SAc
and SAs). In addition, L0 and L1 are calculated as given by
(4) where Ro is assumed by 1 MΩ. The electrical data for SAs
and SAc are given in [26] as follows 1) rated voltage: Un =
5 and 37.5 kVrms; 2) operating continuous voltage: Uc = 4
and 30 kVrms; 3) residual voltages for a steep current impulse
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of 10 kApeak and 1 µs rise time and T2 tail time: Ur(1/T2) =
13.2 and 99 kVmax; and 4) residual voltages for a lightning
current impulse of 10 kApeak and 8/20 µs: Ur(8/20) = 12
and 90 kVmax, respectively. These data are used to determine
the model parameters as elaborated in [25]. The rated energy
of arrester is estimated by 10 kJ/kV of operating continuous
voltage at 40 oC.

L1 =
(Ur(1/T2) −Ur(8/20))

4 ⋅Ur(8/20)
⋅Un , L0 =

L1

3
(4)

A0Vsa Ro

Isa

A1

L0 L1

(a) (b)

Fig. 5. Surge Arrester: (a) equivalent circuit, and (b) IV characteristics.

F. WTG Model and Controls

Detailed modeling and control of variable-speed WTs is
extensively studied [27], [28], so a brief description is intro-
duced. Normally, WT is controlled to attain maximum power
point tracking (MPPT) by continually adjusting rotor speed
to maintain optimal tip-speed ratio λopt in response to wind
speed variation. Hence, maximum captured power is given by
(5) where, A is the blades swept area, R is the blade radius,
Cp is rotor aerodynamic coefficient [27].

Pmax =
A ⋅R ⋅Cp−max

2 ⋅ λ3opt
⋅ ω3

r (5a)

Cp = 0.22 ⋅ (116 ⋅ σ − 0.4 ⋅ β − 5) ⋅ exp(−12.5 ⋅ σ) (5b)

σ = (λ + 0.08 ⋅ β)−1 − 0.035(β3 + 1)−1 (5c)

The model of salient-pole PMSG without dampers is given
by (6) in a rotating dq synchronous reference frame [28], [29].

mdVdc,i

2
= Rsisd + (Lmd +Lls)i̇sd − ωr(Lmq +Lls)isq (6a)

mqVdc,i

2
= Rsisq + (Lmq +Lls)i̇sq + ωr((Lmd +Lls)isd + ψf)

(6b)
2J

P
ω̇r = (Tm −

3P

4
((Lmd −Lmq)isd + ψf)isq) (6c)

where, md, mq stand for machine-side converter modulating
signals, Vdc,i PMSG dc link voltage, Rs is the stator resistance,
Lm, Lls are mutual and leakage inductances, isd, isq direct
and quadrature stator current components, ωr is the electrical
rotor speed, ψf is the permanent magnet flux, P is the number
of machine poles, J is the lumped inertia of WT and rotor and
Tm is the WT mechanical torque.

Each PMSG employs two respective converters, i.e., full-
scale active rectifier to regulate the machine for various wind

speeds and wind generator dc/dc converter WGC to deliver
the captured power to the dc collector. As dc/dc converters
are essential portion of DCWF, system dc converters are
modeled as PCSAB unidirectional dc/dc converter to provide
high dynamic performance during transients [1], [2]. A control
structure of the DCWF and HVDC converters is depicted in
Fig. 6a. The dc link voltage of each PMSG, Vdc,i is regulated
by its respective WGC via acting on its output dc current idc,i,
where the controller output determines the switching signal of
the converter. Similarly, CSC dictates the dc collector voltage
Vcc via controlling its dc output current icc. The HVDC
receiving-end voltage Vhvr is manipulated by GSC which also
regulates the exchanged reactive power with the grid through
manipulating grid side idqg currents to achieve a desired power
factor according to grid code regulations. Fig. 6b shows a
linearized block diagram of voltage control of each dc/dc
converter that obtains the optimal parameters of PI controller
using symmetrical optimum design approach [1], [2]. Hence,
each converter input capacitance can be determined so as to
restrict the peak capacitor voltage overshoot in response to
step change of its respective input current.

CSC

PWM

WGCi GSC

V*
Vcc icc

Vdc,i

idc,i

V*
Vhvr

idg

Vcc

iccidc,i

wLg
je

Vg

PLL

ig

je
idqg

Vdc,i Ci

PWM
SPWM

PI

Q*
iqgQg


je

Vdqg

Calc.

Qg

cc

hvr

g

w

wLg

i*dg
PI

PI
i*qg

PI

PI PI
i*cc

PI

V*dc,i

i*dc,i

PI



HVDC

(a)

kp+ki/s
+Vdc

* Vdc

Td s +1
n 1/Cs

+

idc

Delay

idc*

(b)

Fig. 6. Controller structure (a) Interface converters control structure, and (b)
Linearized input voltage dc converter controller.

III. CASE STUDIES

A. Continuous Operation

Fig. 7 depicts structure of the proposed scheme at WT15

where arresters (SAhs,SAvs) are installed on sheathes of both
vertical cables, and horizontal underground cables to ensure
cables protection against lightning incidents at the WT hub.
The sheath of the vertical cables is connected to the sheath
of the underground cables via SAvs whereas the sheath of
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the underground cables are grounded via SAhs. For scheme-
1, those SAhs,SAvs are short-circuited while they are open-
circuited for scheme-2. Table III summarizes structure of all
investigated schemes at different locations in the DCWF to
verify the effectiveness of the proposed scheme (scheme-3).
Fig. 8 illustrates DCWF performance at WT15 during con-
tinuous operation for different practical operational schemes.
As the voltage is controlled at the CSC, all schemes almost
behave similarly and the voltage is maintained at the reference
set value (Fig. 8a) even with different soil resistivities. Owing
to the fact that the characteristic impedance of the cable
sheath is lower than that of counterpoise, in scheme-1, most
of the current returns through the sheath as shown in Fig. 8c.
On contrary, Fig. 8c shows also that zero sheath-current is
guaranteed either due to opening sheath termination (scheme-
2) or connecting SAhs,SAvs to the sheath ends (schemes-3).
On the other hand and without counterpoise, the DCWF entire
voltage rises during normal operation owing to the higher
grounding resistance for schemes-2 and 3 while scheme-1 is
unaffected as shown in Fig. 8b. This is owing to the solidly
grounded sheath which permits the flow of return current as
seen in Fig. 8d. The considerable voltage drop across the high
grounding impedance particularly for ρ2 reduces the DCWF
generated currents as shown in Fig. 8d resulting in remarkable
power loss. It is worth to mention that without counterpoise,
the only return path for the WT generated current ich is the
LGS for schemes-2 and 3 as shown in Fig. 8d. Accordingly,
a considerable GPR arises on the LGS of CSC because of
the returning currents. This potential rise triggers the SAhs
connected to sheath ends at the CSC side for scheme-3
as shown in Fig. 9; this SAhs draws a higher continuous
current especially for ρ2 which deteriorates it. Fig. 10 shows
ich for schemes-2 and 3 without counterpoise where both
schemes experience identical behavior except for WT11 with
scheme-3. This is due to the current flowing through the SAhs
connected at the CSC returns to both WT11 and WT21 owing
to solidly grounding the sheath at their terminals (see Fig. 1).
Additionally, it is clear that ich is significantly lower without
counterpoise for ρ2 as compared to ρ1 for both schemes which
dramatically reduces the net delivered power to the grid.

+ -
WTG SAc

CSCSAc

LGS LGS
SAvs SAhs

SAhs

Horizontal underground cable

Vertical down-cable Counterpoise

Grounded WT tower

The upper end of the vertical cable 
sheath is solidly grounded through the 

WT tower.

SheathCore

+

-

Fig. 7. Structure of sheathes connections of proposed scheme at WT15

TABLE III
INVESTIGATED SCHEMES FOR CABLE SHEATH GROUNDING

Scheme Underground cable Sheath ends at WT1
2
2 → WT1

2
5
∗

sheath end at CSC underground cable vertical down-cable

1 solidly grounded solidly grounded solidly grounded
2 opened opened opened
3 grounded via SAhs grounded via SAhs connected to SAvs
4 grounded via SAhs grounded via SAhs opened
5 grounded via SAhs opened connected to SAvs

∗ At WT1
2
1 , sheath ends of underground cables are solidly grounded for the

whole schemes.

B. Influence of Horizontal and Vertical arresters

Despite schemes-4,5 can effectively provide proper normal
operation as scheme-3, their performance during lightning
incidents will be deficient. Fig. 11 reflects system performance
following a lightning strike at WT15 under schemes-3,4,5.
As seen, the proposed scheme (schemes-3) provides superior
mitigation of transient underground core as well as sheath
voltages that could be destructive for cable insulation and
also transient currents at the CSC. The depicted results reveal
the effectiveness of SAvs and SAhs employed in the proposed
scheme. Thereafter, system response to lightning strikes will
be examined in light of scheme-3 against schemes-1,2 which
are common practices for protection from surges.

(a) (b)

(c) (d)

Fig. 8. Normal operation results at WT15. (Left column: with counterpoise;
right column: without counterpoise.) (a), (b) Vch; (c), (d) currents

(a) (b)

Fig. 9. Scheme-3 sheath arrester at CSC results during normal operation
without counterpoise: (a) ρ1 = 500 Ωm , (b) ρ2 = 2000 Ωm

C. System Behavior Under Lightning Strikes

Figs. 12-18, demonstrate system behavior under FRS to
WT11, WT15 of string 1 considering both ρ values. Subsequent
to the surge incident at the tower, voltage swell over the
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(a) (b)

(c) (d)

Fig. 10. String1 WT generated currents during normal operation without
counterpoise. (Left column: ρ1; right column: ρ2.) (a), (b) Scheme-2; (c), (d)
Scheme-3

(a) (b)

(c) (d)

Fig. 11. Typical results for lightning strike at WT15 for ρ1: (a) Vc , (b) Vsh,
(c) Vcc and (d) icc

vertical cable core engages hub arresters to discharge; the peak
voltage detected over all WTs, Vch, is shown in Fig. 12. The
voltages of the non-struck string also increases causing the
entire WF arresters to operate as seen in Fig. 13. Consumed
energy Esa under scheme-2 is higher especially for ρ2. In
addition to Fig. 13, Table IV also demonstrate the values
of Esa consumed in SAc. The hub arresters (SAc) suppress
surge voltages in their vicinity. Nevertheless, voltage at the
underground cable, Vc in the entire WF seriously increases
as depicted in Fig. 14. The worst situation results for FRS to
WT11 where voltage reaches ≈ 300 kV at the struck tower
and ≈ 119 kV at WT21 (nearest to WT11 due to vertical
counterpoise) which would be ruinous for cables insulation.
Consequently, higher transient core currents, ic arise as seen
in Fig. 15 that exceeds 7 kA at the struck WT15, ρ2. How-
ever, schemes-1,3 provide effective mitigation as compared to
scheme-2 due to introducing a discharging path to the ground.

Sheath voltages, Vsh measured at each junction between
WT vertical and underground cable are illustrated in Fig. 16.
As the lightning directly strikes the grounded tower, sheath
voltage is considerably affected under scheme-2 as compared
to schemes-1,3. As seen, voltage over the sheath reaches values
close to 400 kV for ρ2 and 175 kV for ρ1 considering scheme-
2 for strike at WT11. Grounding the sheath (scheme-1) ensures

minimal sheath transient voltage, yet, permits flow of return
currents as previously discussed. Conversely, scheme-2 yields
lower surge currents in the sheath compared to that in schemes-
1,3 at the onset of lightning incident as illustrated in Fig. 17.
However, these transient currents are rapidly attenuated owing
to multipoint sheath grounding (schemes-1) and establishing
grounding channel due to sheath-connected arresters (scheme-
3) which also effectively relief sheath buildup voltage. Fig. 18
shows Esa of the suggested horizontal and vertical SAs (SAhs,
SAvs). Beside Fig. 18, Table V demonstrates the consumed
energy for sheath-connected arresters SAs. Generally speaking,
Esa is much lower than the thermal capacity of these arresters
as inferred from Subsection II-E. Accordingly, proposed SAs
lifetime will be longer, so that scheme-3 offers fairly quick
payback. Besides, Fig. 18b, 18d implies that profile of Esa

of the non-struk string is highest at WT25 and lower at
WT21 irrespective of strike location. This can be attributed
to the lower surge impedance of sheath compared to that of
counterpoise, thus most of the surge current flows radially via
the sheath from the struck WT to the other WTs in the same
string towards CSC.

Consequently, Scheme-3 is inevitable to protect system
cables against flow of excessive currents via sheathes which
can ruin cables insulation during continuous operation. Also,
ensures minimum sheath build up voltage following lightning
strikes especially when ground resistivity is poor.

(a) (b)

(c) (d)

Fig. 12. Waveforms of Vch. (Left column: ρ1; right column: ρ2.) (a), (b)
FRS to WT11; (c), (d) FRS to WT15.

IV. CONCLUSION

This paper proposes an effective novel design of grid-
connected DCWF and analyzes the performance under both
regular operation and lightning strikes in light of poor ground-
ing systems. Typically, multipoint sheath grounding in AC
systems is a common practice for long cables to ensure
minimal potential over cable run during lightning invasion.
In DCWFs, such a practice (scheme-1) allows the generated
currents to constantly flow via sheath thus exceeding conductor
ampacity and destroying the cable. While opening cable sheath
termination (scheme-2) can adequately cancel flow of return
current through it, serious transient voltages emerge during
lightning incidents. A layout that combines benefits of both
schemes is proposed in this paper. The central premise of
the suggested layout relies on connecting sheath-connected
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(a) (b)

(c) (d)

Fig. 13. Esa of hub arresters SAc. (Left column: string-1; right column:
string-2) (a), (b) FRS to WT11; (c), (d) FRS to WT15.

TABLE IV
ENERGY CONSUMED, Esa IN (KJ) FOR SAC AT WT HUB.

(Esa−ρ1 / Esa−ρ2)
∗

FRS WT11 WT15

Scheme 1 2 3 1 2 3
WT11 0.65 / 2.3 4.1 / 10.5 0.5 / 2 0.1 / 0.5 1.2 / 1.9 0.05 / 0.3
WT12 0.23 / 1.2 3 / 6.4 0.2 / 1.1 0.02 / 0.1 1.4 / 3 0.02 / 0.07
WT13 0.2 / 0.9 3.5 / 7.8 0.2 / 0.8 0.03 / 0.12 1.1 / 3.4 0.03 / 0.07
WT14 0.07 / 0.38 2.7 / 7.4 0.07 / 0.3 0.05 / 0.12 1.4 / 3.1 0.06 / 0.11
WT15 0.03 / 0.11 1 / 3.3 0.04 / 0.11 0.44 / 0.8 7.3 / 14.3 0.34 / 0.7

WT21 -∗∗ 0.4 / 3 - 0 / 0.1 0.54 / 1.1 -
WT22 - 0.04 / 0.2 - - 0.5 / 1.3 -
WT23 - 0.05 / 0.4 - - 0.6 / 2.4 -
WT24 - 0.16 / 1.4 - - 0.4 / 1.5 -
WT25 - 0.1 / 1.2 - - 0.7 / 1.3 -
∗ Esa is presented as x1/x2 where x1 and x2 are Esa computed for ρ1
and ρ2, respectively.
∗∗ (-) means Esa is less than 0.01 (kJ) for both ρ1 and ρ2.

(a) (b)

(c) (d)

Fig. 14. Waveforms of Vc. (Left column: ρ1; right column: ρ2.) (a), (b) FRS
to WT11; (c), (d) FRS to WT15.

arresters for WT vertical and horizontal underground cables
so as to assure that flow of DCWF return currents is through
grounding system rather than cable sheath. Those arresters
suppress also the seriously arose sheath voltages during direct
lightning incidents that is likely destructive for cables insu-
lation and interface converters. To counteract the high soil
resistivity, the entire grounding system of DCWF is boosted

(a) (b)

(c) (d)

Fig. 15. Waveforms of ic. (Left column: ρ1; right column: ρ2.) (a), (b) FRS
to WT11; (c), (d) FRS to WT15.

(a) (b)

(c) (d)

Fig. 16. Waveforms of Vsh. (Left column: ρ1; right column: ρ2.) (a), (b)
FRS to WT11; (c), (d) FRS to WT15.

(a) (b)

(c) (d)

Fig. 17. Waveforms of ish. (Left column: ρ1; right column: ρ2.) (a), (b)
FRS to WT11; (c), (d) FRS to WT15.

by counterpoises network to render a low-impedance discharge
path for surge currents. Furthermore, the proposed scheme
can also be applied to offshore DCWFs and other WTG
types. A detailed system that appropriately mimics models of
cables, grounding system and WTG converters is constructed
to assess the efficacy of the proposed scheme. Obtained results
have demonstrated the capability of the proposed scheme to
cease flow of return currents via sheath and mitigate higher
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(a) (b)

(c) (d)

Fig. 18. Esa for SAs in scheme-3. (Left column: string-1; right column:
string-2) (a), (b) Esa of SAvs; (c), (d) Esa of SAhs.

TABLE V
ENERGY CONSUMED, Esa IN (KJ) FOR SHEATH ARRESTER SAS .

SAvs SAhs
FRS WT11 WT15 WT11 WT15

ρ1 ρ2 ρ1 ρ2 ρ1 ρ2 ρ1 ρ2
WT11 4 4.1 0.01 0.04
WT12 0.8 1.8 0.04 0.08 2.7 4.1 0.03 0.15
WT13 0.2 0.8 0.08 0.2 0.4 1.5 0.2 0.78
WT14 0.1 0.25 0.25 0.5 0.2 0.9 1.6 2.9
WT15 0.08 0.2 3.9 5.3 0.14 0.5 3.8 5.3

WT21 - - - -
WT22 0.02 0.17 0.02 0.03 0.01 0.2 0.02 0.03
WT23 0.04 0.2 0.03 0.12 0.02 0.3 0.04 0.26
WT24 0.03 0.18 0.1 0.49 0.03 0.3 0.17 1
WT25 0.05 0.17 0.3 0.53 0.05 0.25 0.6 1

transient voltages and currents during lightning compared to
other operational schemes. As the suggested arresters are
adequately away from their thermal capacity during direct
lightning strikes, the proposed scheme is thus economical on
the long-run for such platforms.
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