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Further Study on a PWM
Current-Source-Converter-Based Wind Energy
Conversion System Considering the DC-Link Voltage

Qiang Wei”, Bin Wu ¥, Fellow, IEEE, Dewei Xu

Abstract—Previous research on the series-connected pulsewidth
modulation current-source-converter-based offshore wind energy
conversion system is conducted without considering the effects
of the independent control of offshore converters and the cables
connected between offshore converters and between offshore and
onshore converters. In the present work, a further study on the
system is conducted taking these factors into consideration. First,
the equivalent circuit of the system is derived, based on which two
items are selected to evaluate the performance of the system: the
dc-link current and the dc-link voltage. Second, both the dc-link
current and the dc-link voltage are derived and analyzed, and the
worst case is quantitatively and qualitatively defined. Third, the
performance of the system with dc filters is investigated. Finally,
both simulation and laboratory-scale experiments are provided.

Index Terms—Current-source converter (CSC), dc filter, dc-link
current, dc-link voltage, offshore wind energy conversion systems.

I. INTRODUCTION

FFSHORE wind power is attracting increasingly attention

because of the considerable wind resources, higher and
steadier wind speeds, and minimized environmental effects [1].
Apart from considering reliability and efficiency as the main
requisites for all onshore systems, footprints and weights are
particularly important for offshore systems [2]. Based on the
connection methods of wind turbines in offshore wind farms,
existing configurations can be mainly classified into two cat-
egories. One is the parallel-connected configuration, which is
already implemented in practice, such as ABB and SIEMENS
[31, [4]. The biggest challenge for this configuration is the very
bulky and costly offshore substation required to house all the
step-up transformers and converters [4]. The other is the series-
connected configuration. By directly connecting the output of
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each turbine unit to reach a high-voltage direct-current (HVdc)
level, the offshore substation can be eliminated, thus giving
significant cost savings. Therefore, the series-connected config-
uration is gaining increased attention in the literature [5]-[16],
though not implemented yet.

Series-connected configurations can be classified into
voltage-source converter (VSC) [5]-[9] and current-source con-
verter (CSC)-based configurations [10]-[13]. One main concern
about the VSC-based configuration is the dc-link voltage, which
must be controlled as a constant under any conditions. For ex-
ample, when one or some of the turbine converters is failed
and bypassed, the left healthy ones must have the capability of
withstanding the constant dc-link voltage. This means either a
dedicated redundancy design or an overrated design is needed
for each offshore converter to ensure safety operation and power
injection to the grid. The CSC-based configuration, on the other
hand, does not have the above issue, and its dc-link voltage
is variable according to different input wind speeds [10]-[13].
In addition, it features reliable short-circuit protection, so it is
considered a highly promising configuration for offshore wind
systems [1].

So far, a few works have been done for CSC-based series-
connected offshore wind farms [10]-[17]. Popat et al. [13] pro-
posed a medium-voltage (MV) CSC-based configuration, where
a number of pulsewidth modulation (PWM) MV CSCs are con-
nected in series at both offshore and onshore sides. The bulky
low-frequency transformer connected between the generator and
the offshore converter for galvanic insulation is a concern for
this configuration because of the limited space either in the na-
celle or in the tower of the turbine [13]. To mitigate this issue, a
modular medium-frequency transformer (MFT)-based configu-
ration is recently reported [14]. The MFT-based configuration
preserves all the advantages of CSCs and features potentially
smaller size and weight and higher reliability, thanks to the use
of the modular MFT-based converter.

However, the previous works [13], [14] did not consider the
effects of the independent control of offshore converters and the
cables connected between offshore converters and between off-
shore and onshore converters, which is not allowed in practice.
In the present work, a further study on the system is conducted
taking these factors into consideration. First, the equivalent cir-
cuit of the system is derived and analyzed, based on which two
items are selected to evaluate the performance of the system: one
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Fig. 1. MFT-based offshore wind farm configuration [14].

is the dc-link current used for system control and the other is the
dc-link voltage that determines the system insulation level. Sec-
ond, both the dc-link current and the dc-link voltage are derived
and analyzed, and the worst case and its condition are quantita-
tively and qualitatively defined. Third, a dc filter is introduced
to each offshore converter to lower the dc-link voltage and the
system with dc filters is analyzed, and a case study on the design
of the dc filter and the dc-link inductor of the system is illus-
trated. In summary, compared with previous works [13]-[17],
the main contributions of the present work are the following: the
worst case of the dc-link voltage and the dc-link current of the
CSC-based system considering the above-mentioned factors is
investigated and defined, and a solution is given.

II. CSC-BASED WIND ENERGY CONVERSION SYSTEM

Fig. 1 shows the recently proposed MFT-based configura-
tion for the series-connected CSC-based offshore wind farm
[14]. In the offshore wind farm, a number of MV turbine units
are connected in series to reach an HVdc level. The perma-
nent magnet synchronous generator (PMSG) with low cost of
maintenance is employed. The generator-interfaced converter
consists of a low-cost and robust passive rectifier and a mod-
ular MFT-based converter. In the onshore station, a number of
MYV CSCs are connected to form a centralized dc—ac converter
connected to the grid through multiwinding transformers. The
transformers, here, are to provide galvanic isolation and voltage
step-up if required. The dc-link inductor Lg. is used to smooth
the dc-link current. Generally, there are two control objectives:
one is independent offshore converter control including maxi-
mum power point tracking, generator speed control, and voltage
balance control of the modular MFT-based converter, and the
other is onshore control consisting of dc-link current control
and reactive power control. The control of offshore and onshore
converters is decoupled. See [14] for more details.

Fig. 2 shows the topology of a traditional CSC [18], and Fig. 3
shows the topology of the modular MFT-based converter [14].
The modular MFT-based converter plays two roles. First, it is for
generator control. The primary objective for the generator-side
converter is to obtain the maximum power input from varying
wind speeds, which can be achieved by regulating the modular
converter. Second, it is used for galvanic isolation. In a series-
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connected configuration, the wind generator that is farthest from
the grounding must be capable of withstanding the full trans-
mission level, which is impractical for generator, while the MFT
helps solve this issue. An MFT is smaller in size and weight than
a low-frequency transformer, and this is particularly important
for offshore applications as the space either in the nacelle or in
the tower is limited. Furthermore, a modular design of the MFT
helps reduce the burden of manufacturing as one transformer
carries only one part of a megawatt-level power. The modular
design of the converter also contributes to the choice of low-cost
low-voltage switching devices instead of high-voltage ones.

III. SYSTEM INVESTIGATION CONSIDERING CABLES

Compared with previous works [13]-[17], two items are se-
lected to evaluate the performance of the system considering
the effects of independent control of offshore converter and the
cables connected between offshore converters and between off-
shore and onshore converters: one is the dc-link current used
for system control, and the other is the dc-link voltage used for
system-insulation-level determination.

A. Equivalent Circuit of Offshore Converters

Fig. 4 shows the key waveforms of one offshore MFT-based
converter, where conventional phase-shifted modulation is used.



5380
(pu) |
ool P 7] A
/! Bl
de -1
1
Vdcﬁm
0
Fig. 4. Output voltage of the MFT-based converter #m.
1
d=09 08 d=09
3 1 0.6
= 0.4
N 0.2
0 o LTI, A
0 1/2400 2/2400 3/2400 4/2400 1(s) 0 2f 4f 6f 8f 10f 12f 14f 16f 18f 20f
(2 (®)
Fig.5. Pulse-wave voltage source. (a) Time domain. (b) Frequency domain.

As shown in Fig. 4, the output voltage of each offshore converter
Ude_m 18 @ pulse wave [14].

Therefore, each offshore turbine unit can be replaced with
a voltage source driven by a pulse wave vge_m, as illustrated
in Fig. 4. In practice, to achieve maximum power point track-
ing, different generator speeds are needed upon different wind
speeds, thus generating different terminal voltages of the gener-
ators and different magnitudes of vg._, as well. Second, in the
series-connected CSC-based configuration, the dc-link current
is flowing through all the converters. The one with lower wind
speed generates lower power and lower torque/current of the
generator, so the resultant duty cycle of the offshore MFT-based
converter is smaller. Third, each offshore converter is controlled
independently, giving different initial phase angles of vg._; (unit
#1) and vq._y, (unit #m). Therefore, vgc1 (unit #1) and vge_m
(unit #m) cannot be guaranteed to be identical in terms of mag-
nitude, initial phase angle, and duty cycle because of the possibly
different wind speeds and independent converter control [14].

Then, the Fourier series equation of the output voltage of each
offshore converter vy, in per unit is expressed as

Viem (t) = iy + @ Y cos {2mnf(t+ Aty )} (1)

n=1

where d,,, is the duty cycle of v4c, for unit #m, a,, , (0 <
amn < 1) are magnitude coefficients of the n-order component
of vgc_m, and At,, represents the initial phase angle of v4._,. Note
that At,, can be any possible numbers, while it can be modified
to fall into the range of 0 < At,, < 1f, which corresponds to
the period of the fundamental component [14].

For example, the time- and frequency-domain waveforms of
Vge.m under the rated condition are illustrated in Fig. 5. The
duty cycle under the rated condition is around 0.9, and the
fundamental frequency (f) is 2400 Hz [14].
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TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS
Items Simulation Experiment
st [ pu SI pu
System Rating
Nominal Power 5SMW 1.0 720 W 1.0
Grid/Load Voltage 4160 V 1.0 120V 1.0
Rated DC-link Voltage (Vac 1) 25kV 1.0 120V 1.0
Rated DC-link Current (Z,.) 200 A 1.0 6A 1.0
Number of Offshore Converters 5 NA 3 NA
Number of Onshore Converters 5 NA 1 NA
Cables Parameters
Length of Cable Between Oft- | km 0m
shore Converters (Ic »)
Length of Cable Between Off-
shore and Onshore Converters 50 km 150 m
(le_r)
Resistance Per Unit Length 0.2 ohms/km 3 ohms/km
Inductance Per Unit Length 1.4 mH/km 0.15 mH/km
Capacitance Per Unit Length 0.142 pF/km 0.12 pF/km
DC Filter and DC-link Inductor
DC-link Inductor (L) 175mH | 0.65pu 30 mH 0.68 pu
DC Filter_Inductor (Lgc ) 6 mH 0.13 pu 5 mH 1.1 pu
DC Filter_Capacitor (Cyc ) 50 uF 0.32 pu 60 uF 0.4 pu
Cable
)
+ Fl Z. +
Vde_m (t) Vdcim' (t) Z[
Fig. 6. Configuration of a cable.

B. Equivalent Circuit of Cables

As shown in Fig. 1, single-core submarine cables are used
between series-connected offshore converters and between off-
shore and onshore converters. The key parameters of the cables,
such as the length, the capacity, the insulation level, and other
parameters, such as capacitance, inductance, and resistance, de-
pend on a number of factors: the configuration of the offshore
wind farm [19], height of the wind turbine, system rating, dc-
link current, and dc-link voltage [20], [21]. Here, in the present
work, the length of the cable between two adjacent offshore
converters is set to 1 km, while the one between offshore and
onshore converters is set to 50 km for example. All the related
parameters are listed in Table 1.

Fig. 6 shows such a configuration, where Z; is to emulate the
impedance of the load and Z, is the characteristic impedance of
the cable. According to the well-known principle of the trans-
mission line, the typical characteristics of the voltage reflection
coefficient are [22] as follows.

1) If Z; = oo (open circuit), I'; = 1, which means the peak

value at the end of the cable will be doubled.

2) If Z; = 0 (short circuit), I'; = —1.

3) If Z; = Z. (matched impedance), I'; = 0. In this case,

there is no voltage reflection in the end of the cable, and
the voltages at both ends are same in magnitude.
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Fig. 7. RLC-section-based single-core cable.

From the frequency-domain perspective, the single-core dis-
tributed parameter cable can be approximately modeled by cas-
cading a couple of identical RLC sections shown in Fig. 7,
where the resistance, inductance, and capacitance are uniformly
distributed along the cable [22].

An approximation of the maximum frequency range repre-
sented by the RLC line model is given by the following equation
[23]:

Nv

fmax = E (2)

where N is the number of RLC sections, [, is the cable length,
and v is the propagation speed, that is,

1
Lcableccable

v = 3)
For example, for a 1-km cable having a propagation speed
of around 70 000 km/s [calculated based on (3)], the maximum
frequency range represented with a single RLC section is ap-
proximately 8.75 kHz, while the number for two RLC sections
is 17.5 kHz. As shown in Fig. 5, the main harmonics are located
at below 48 kHz, so a five-RLC-section model can be used for
well modeling the 1-km cable. Similarly, the 50-km cable con-
nected between offshore and onshore converters needs at least
250 RLC sections to represent a frequency of 48 kHz.
Therefore, from the frequency-domain perspective, the volt-
age at the end of the cable v} ,, (¢) shown in Fig. 7 with respect
to the one at the beginning of the cable (vg._m) can be defined as

Vaem () = [H (527 f)| vacm () LH (527 f )
= Idm nVdcom (t + Atm + At(:,m) (4)

where |H (jw)| and ZH (jw) are the gain and phase of the
transfer function of the RLC section model shown in Fig. 7.
For simplicity, Hy,, is used to represent the gain of the n-
order component for vg._n, At,, is defined as same as before,
and At._, represents the delay in phase. Note that At._, is
proportional to the length of cable (I._,) given a type of cable,
that is,

l c.m
. (5)
v

At(:,m =

Then, combining (1) and (4) gives the output voltage of each
offshore converter considering the effect of cable

vélc,m (t)=dm +Hp 0 n ZCOS {2mnf(t+ At +Ate)}-
n=1
(6)
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Equivalent circuit of the system by placing the dc-link inductor on-

C. Performance Investigation of the System

Depending on where to place the dc-link inductor, two dif-
ferent equivalent circuits are derived.

1) Case A: DC-Link Inductor Placed at the Onshore Station:
The equivalent circuit of the system is shown in Fig. 8. The ca-
bles between adjacent offshore converters (I._,, ) and between
offshore and onshore converters (I. 7 ) are represented with dif-
ferent numbers of RLC sections, as mentioned previously. The
onshore grid-connected series-connected CSC is equivalent to
a pure resistor [?j,q under the condition of unity power factor.
The offshore turbine—generator—converter unit #m is replaced
with a pulse-wave voltage source, that is, v4._m, as mentioned
previously.

Compared with conventional studies [22], [23], where the
equivalent circuit can be represented as the one shown in Fig. 6,
the equivalent circuit derived in the present study is much more
complex and has the following two unique features.

1) The offshore converter output voltages [V 1 (t), Vaca (1),

.« Viaem(t) shown in (1)] are pulse-wave voltages and
are different in magnitudes, initial phase angles, and duty
cycles because of the possible different wind speeds at
each turbine and independent control of each offshore
converter.

2) Apart from the undersea cable (I, 7 shown in Fig. 8) be-

tween offshore and onshore converters, the cables (Cable
#1, 2, ..., m) connected between two adjacent offshore
converters must be considered as well, and their effect on
the offshore converter output voltages [Vic_1(¢), Va2 (),
v ooy Vaem(0)] is illustrated in (6).

Obviously, the equivalent circuit of the present work shown
in Fig. 8 is not equivalent to the one in traditional works shown
in Fig. 6, and then, the maximum peak value (and its condition)
of the voltage at the end of the transmission line (v4._7 shown
in Fig. 8) of the system shown in Fig. 8 cannot be received
just by the well-known principle of the transmission line, as
mentioned in Section III-B because the above-mentioned two
more factors must be considered. Therefore, how to find the
answers considering these factors is worth investigation.

To find the maximum peak value of the dc-link voltage of the
system, the equivalent circuit shown in Fig. 8 is simplified, as
shown in Fig. 9, with the help of superposition. The impedance
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of the dc-link inductor (Lq.) and the equivalent resistor (Rjaq)
of the CSCs in series at those frequencies (the fundamental fre-
quency is 2400 Hz) is much larger than that of the cable, which
is about 100 €2; thus, the transmission line can be considered
open circuited.

As shown in Fig. 9, the voltage at the end of the transmission
line, vq._7, 1S expressed as

m

Ude.T (t) = Z Ugc,m (7)

m=1

where v]].,, is each offshore converter (#m) output voltage at
the end of the transmission line. As shown in Fig. 9, the phase
angle of v}, . consists of three parts: the initial phase angle
of vgem (Aty), the phase shift on the cable between offshore
converters (At._n ), and the one on the cable (transmission line)
between offshore and onshore converters (At ).

Substituting (6) into (7) yields (8) shown at the bottom of this
page.

It is difficult, if not impossible, to calculate the value of (8) in
the full operation range, as there are quite a number of uncertain
variables. However, only the maximum peak value under the
rated condition needs to be considered in practice. Therefore,
it is necessary to find the possible maximum peak value of
(8) under the rated condition. Under the rated condition, all the
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Fig. 10.  Further simplified equivalent circuit of the system.

wind speeds at turbines are same and maintained at 1 p.u., which
means that the magnitudes and duty cycles of all the pulse-wave
voltages vg._m are same at 1 p.u. The initial phase angles (At,, ),
on the other hand, cannot be guaranteed to be identical because
of the independent control of the offshore converter, as analyzed
earlier. Besides, the time delay (phase shift) on the cable At _,,
is known once the cable is fixed, and so does for A¢. 7. And
the gain for the n-order ac component H,, ,, depending on the
characteristics of the cable shown in Fig. 7 can also be estimated
with the help of MATLAB-based simulation. To sum up, all the
variables in (8) can be known or estimated except the initial
phase angle At,, for vge_n.
Then, the maximum value of (8) occurs at the condition of

(t + Atl + Atc,l + At(:,T)
(t + Aty + At o + —|—At,zj)
- = (t + Atm + At(::m + Atc,T) (9)

"

when the voltages at the transmission line v ,,

Reorganizing (9) gives

are in phase.

(Atl + Atc,l) = (AtQ + Atcj) == (Atm + Atc,m)

(10)
which means that when the difference in initial phase angles
between vge_,m and vg. 1, that is, Aty,—Aty, is equal to the dif-
ference on the corresponding cables, that is, At. n,—Atc 1, (8)
receives its maximum value. On this basis, the equivalent circuit
can be simplified further, as shown in Fig. 10, where Uéc,m is
defined as same as that in Fig. 9.

As shown in Fig. 10, which is same as that in Fig. 6, the
maximum peak value of the voltage at the end of the cable v/[_
is two times of that of vq4._,, under an open circuit. Therefore, the
resultant maximum peak value of the de-link voltage (Vge.r) is
two times of the rated value.

Vde T (t) =dy + Hy a1, Z Ccos {27T7’Lf(t + At; + At + +Atc,T)}

n=1

o
Vdea

+dy + Hy a9, Z Ccos {27mf(t + Aty + At o + +Atc,T)}

n=1

I
Vdc2

00
+oo A dp + Hy o Z COoS {Qan(t + Aty + Aty + +Atc,T)} (8)

n=1

"
)
Yaem
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The dc-link current, on the other hand, is not affected. Those
ac components of the offshore converter output voltage shown
in Fig. 5 produce significantly high inductive reactance on the
dc-link inductor. Thus, the resultant ac current in the dc-link
current is too small that can be neglected.

To sum up, the maximum peak value of the dc-link voltage
when placing the dc-link inductor at the onshore station is two
times of the rated value under the condition of (10). The dc-link
current is not affected.

2) Case B: DC-Link Inductor Evenly Distributed at Offshore:
Another design is evenly placing the dc-link inductor at each
offshore converter, that is, Ly. m = Lg./m. However, such a de-
sign is not allowed from the circuit perspective. As shown in
Fig. 11, the pulse-wave voltage source connected with inductor
and the transmission line is equivalent to a voltage source seeing
from the onshore CSCs. This equivalent voltage source is then
connected in parallel with the capacitor at the output of the CSC,
which is not allowed.

D. DC Filter and DC-Link Inductor Design

To avoid the possible two times of the rated value of the dc-
link voltage, a dc filter is added to each offshore converter, as
shown in Fig. 12. The dc filter helps remove the ac components
from the pulse-wave voltage v4._m and keeps its dc component.
Then, the problem introduced by the cables is solved. Note that
the operation principle of the system with dc filters is different
from VSC-based configurations [5]-[9]. In VSC-based config-
urations, the dc-link voltage should be controlled as a constant
under any conditions, and it should also be evenly distributed
among the dc-link capacitors. Here, as shown in Fig. 12, the
voltage across the capacitors, Ve rm, is decoupled with each
other and depends on the varying wind speeds at the turbine.
Therefore, there is no voltage-balancing issue among series-
connected dc-filter capacitors.
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The dc-link inductor L4, can be designed by the voltage—

second balance principle, that is,
AId(:

V;ic,T) - de Al
where V.1 is the average dc-link voltage, Al is the rated
dc-link current ripple, Vic_on 1S the voltage across the onshore
CSCs, which is clamped by the grid voltage during operation
[17], and At is the dwell time of the selected vectors of onshore
CSCs. Different modulation schemes have different dwell time
calculations [24]-[26]. In this work, the typical three-segment
sequence is used [24]. Note that because the voltage—second
balance principle and the calculation of (11) are mature, they
not repeated here.

Similarly, the filter inductor L4, of each dc filter is

Al
At
where Vi rm = Vier/m under the rated condition, Az is the
duty cycle under the rated condition, that is, 0.9 as mentioned

earlier, and V., and Al are defined as same as before.
Once the filter inductor Lg._p, is fixed, the capacitor Cy._, can
be received based on

(Mlc,on - (1 1)

(‘/dc,m - Vdc,Tm) = de,m (12)

1

_ 13
2m de,m, Cdc,m ( )

f filter =
Note that the cutoff frequency of the dc filter (ffyer) is de-
signed based on the worst case, that is, when one of the resonant
frequencies of the cable model shown in Fig. 7 is just locating
at the fundamental frequency (2400 Hz). For example, for the
50-km cable, the gain for the fundamental component (2400 Hz)
is around 40 dB (100 times higher), as shown in Fig. 13. Thus,
the attenuation of the dc filter at 2400 Hz should be at least
40 dB (100 times lower) in order to cancel the above possible
amplification on the cable. On this basis, the cutoff frequency
frier 18 selected to be 300 Hz. Note that a smaller attenuation
of the dc filter at 2400 Hz, 20 dB (ten times lower), for ex-
ample, contributes to a smaller filter capacitor, but leads to an
increase in the peak value of the dc-link voltage, which is not
favorable in practice. In summary, the dc filter parameters are
Lgem = 0.13 p.u. and Cy. 1, = 0.32 p.u., and the dc-link induc-
tor is Lgc.m = 0.65 p.u. under a 15% current ripple.
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IV. SIMULATION AND EXPERIMENTAL INVESTIGATION

The performance of those control objectives of the system,
such as the optimized generator speed control and voltage bal-
ance control of the offshore converters, the power balance con-
trol, and reactive power control of the onshore converters, and/or
the performance of the grid-side current, total harmonic distor-
tion, for example, are affected by the dc-link current rather
than the dc-link voltage or the cables and have been thoroughly
reported in the previous works [14]-[17], [24], [25], thus not
repeated here. Instead, the performance of the dc-link voltage
and the dc-link current is the focus.

A. Simulation Investigation

The simulation model is built based on MATLAB/Simulink.
The diagram of the simulated system is shown in Fig. 14, where
five turbine—generator units and five CSCs are used, and they
are operating under the rated condition. As mentioned earlier,
the length of the cable between adjacent offshore converters is
set to 1 km, and the length of the cable between offshore and
onshore converters is 50 km. The control scheme is the same as
that reported in previous work [14], thus not repeated here.

Fig. 15 illustrates the simulated performance of the dc-link
voltage and dc-link current under the condition of (10). The
initial phase angles for vqc_1, Vgc2 - - ., and vq_5 are purposely
set to 0, Aty, Ats ..., and Aty to meet the condition of (10).
Ats is the time delay on the cable connected between vy 1 and
V4.2, While At is the time delay on the cable between vy 1 and
Vge_5- As shown in Fig. 15, the peak value of the dc-link voltage
is two times of its rated value. The dc-link current, however, is
not affected.

Fig. 16 illustrates the simulated performance of the dc-link
voltage and the dc-link current without the condition of (10). The
initial phase angles for v 1, Vgc2 - - ., and vq. 5 are purposely
set to be same, 0, for example. As shown in Fig. 16, the peak
value of the dc-link voltage is only 1.6 times of its rated value,
which is lower than that in the case of Fig. 15. The dc-link
current is not affected. Note that the case shown in Figs. 15 and
16 are only two possible cases of all the possibilities. Fig. 15
shows the worst case, which needs to be considered in practice,
while Fig. 16 shows one of other possible cases. It is difficult,
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if not impossible, to present all the possible cases, since the
initial phase angle for each converter voltage vg._,, could be any
number ranging from 0 to 1/2400 as mentioned earlier, leading
to infinite combinations for an m-turbine system.
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Fig. 17 shows the dc-link voltage and dc-link current with a dc
filter, where the attenuation coefficient at 2400 Hz is 40 dB. The
peak value of the dc-link voltage is around 0.44 times of the value
without the dc filter, thus giving significant cost saving on system
insulation. Fig. 18 shows the dc-link voltage under a different dc
filter design, and its attenuation coefficient at 2400 Hz is 20 dB.
This dc filter also contributes to lowering the peak value of the
dc-link voltage, but with a higher number compared with that in
the case of Fig. 17. Obviously, the reduction in the peak value
of the dc-link voltage is more preferred due to the significant
cost savings on the high-voltage insulated cables rather than on
the dc filter capacitor.

B. Experimental Investigation

Laboratory-scale experiments are conducted to investigate the
performance of the dc-link voltage and the dc-link current with
and without a dc filter. However, two main constraints exist due
to the situation of the laboratory-scale setup. One is the length
of the cable. The length of the cable used in simulation is 50 km,
a minimum value for the HVdc system, which is costly and dif-
ficult for layout in the laboratory. In the present work, a 150-m
cable is used. The second limit is that the used controller pro-
cesser cannot achieve the worst-case condition shown in (10) for
a 150-m-cable-based setup. The control scheme of the system
is processed by dSPACE DS1103, and its minimum fixed step
cannot be lower than 20 us even after simplifying the control
scheme. The condition in (10), however, requires a phase shift
of 0.2 us, which cannot be obtained. Therefore, in the present
work, the setup is constructed based on the derived equivalent

verters are removed. The circuit used for experiments is shown
in Fig. 19. The control scheme of the experiment setup consists
of two parts. One is the control for the series-connected MFT-
based converter, where the traditional phase-shifted modulation
is employed. The other is the control of the CSC, where the
space-vector modulation is used. As mentioned earlier, the con-
trol scheme of the system in the present work is the same as that
in the previous work [14] and is thus not repeated here.

Fig. 20 shows the dc-link voltage before and after the 150-m
cable and the dc-link current without a dc filter. Vy. 1 refers
to the voltage at the beginning of the 150-m cable, and V. 1
refers to the voltage at the end of the 150-m cable. The peak
value of the dc-link voltage at the end of the cable is two times
of that at the beginning of the cable, which verifies that the
maximum peak value of the dc-link voltage of the system could
be two-times rated. This is the same as that in the simulation.
The dc-link current /4., on the other hand, is not affected mainly
due to the high impedance of the dc-link inductor under high
frequencies. In contrast with the case in the simulation shown
in Figs. 15 and 16, the waveform of the dc-link voltage shown
in Fig. 20 is different in shape. This is due to the different
lengths of the used cables. In the simulation shown in Figs. 15
and 16, the length of the cable between offshore and onshore
converters is 50 km, while it is only 150 m in the experiment.
The minimum frequency represented by a 150-m cable is around
250 kHz, as shown in Fig. 21. Thus, only the frequency around
250 kHz could be amplified by the 150-m cable. Fig. 22 shows
the fast Fourier transform (FFT) analysis of the dc-link voltages
before and after the 150-m cable, where mainly the harmonics
around 250 kHz are amplified through the 150-m cable. This can
verify the above analysis. To verify the above analysis further,
a simulation investigation under a 150-m cable is conducted, as
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shown in Fig. 23, where all the parameters are set as same as
those in the experiment. As shown in Fig. 23, the peak value
of the dc-link voltage at the end of the cable is two times of
that at the beginning of the cable, which again verifies that the
maximum peak value of the dc-link voltage of the system could
be two-times rated.

Fig. 24 shows the waveforms of the dc-link voltage and the
dc-link current with a dc filter. The ac components of the dc-
link voltage at the beginning of the cable (Vg 11 ) are effectively
filtered by the dc filter. As a result, these harmonics disappear
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at the end of the cable, and thus, the issue of the two-times rated
dc-link voltage is well solved. The dc-link current (I4) is well
controlled, and its rated ripple is around 13% under the rated
condition. The performance of the load currents (i) depends
on the used modulation scheme [24]-[26] and is out of the scope
of the present work.

V. CONCLUSION

This work investigates the performance of the PWM CSC-
based offshore wind system considering the effects of indepen-
dent control of offshore converters and the cables connected
between offshore converters and between offshore and onshore
converters. There are two key findings. First, apart from the
cable between offshore and onshore converters, the indepen-
dent control scheme of offshore converters and the cables be-
tween offshore converters affect the maximum peak value of the
dc-link voltage. Its maximum peak value occurs when the dif-
ference in initial phase angles (time delay) of any two offshore
converter output voltages is equal to the difference in the time de-
lay on the corresponding undersea cables (this is different from
that in conventional works, where the maximum peak value oc-
curs under only one condition, an infinite load impedance, that
is, Z; = 00). And the maximum peak value is two times of its
rated value. Second, the dc-link current is not affected. To solve
the issue of higher dc-link voltage, a dc filter is introduced to
each offshore converter, and a case study on the design of the
dc filter and the dc-link inductor is given.
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