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Abstract—Compared with conventional offshore wind farm
with ac collection and high-voltage dc (HVDC) transmission
system, the offshore wind farm with all dc system shows
advantages with characteristics of higher power density, lower
costs and higher efficiency in many analyses. This paper proposed
a novel all dc system for the offshore wind farm collection and
integration. The presented dc system is composed of several
medium-voltage (MV) dc collection systems and a dc transmission
system. A novel Modular lIsolated DC/DC Converter (MIDC)
topology is proposed for the MV dc collection system to raise the
medium dc voltage to a higher level, while realizing the Maximum
Power Point Tracking (MPPT) of the connected wind generators.
Thorough comparisons of three DC/DC converter candidates are
carried out, and the LLC resonant converter is found to be the
optimal Sub Module (SM) of the MIDC. Furthermore, a two-layer
control system for the MIDC is developed to obtain current and
voltage sharing while achieving the MPPT of the wind generators
in the meantime. A time-domain simulation model consists of 160
SMs is developed by using PSCAD, and a prototype with 9 SMs is
built for the experiments. The feasibility of the proposed pure dc
system is verified by both the simulation and experimental results.

Index Terms—Offshore wind farm, modular isolated DC/DC
converter, power collection and transmission, HVDC.

I. INTRODUCTION

VDC may be the only feasible solution for power
integration of the offshore wind farms that far away from
the coastline [1-6]. The conventional collection and
transmission system use bulky line frequency transformers to
raise the voltage and decrease transmission losses. As the power
rating of the offshore wind farm continues to grow, there is a
dramatic increase in the cost of the platforms for line frequency
transformers and the converter station. Moreover, it is
extremely difficult to build the converter station platform, to
transport and install these heavy and bulky transformers at sea
[7], [8]. To overcome these drawbacks, the pure dc system has
been proposed for the collection and transmission of the
offshore wind farm, which exhibits lower costs, higher
efficiency and higher power density than conventional ac
collection system [9-13].
As the most important equipment in the pure dc system, the
DC/DC converter has been studied by many researchers, and a
variety of converter topologies have been proposed. In [14] and

[15], the efficiencies of multiple conventional DC/DC
converter topologies have been compared, including the hard
switched Full Bridge (FB) converter, the FB converter with
phase-shift control, the Single Active Bridge (SAB) converter,
the Dual Active Bridge (DAB) converter, the series resonant
converter, the parallel resonant converter and the LCC resonant
converter. According to the results shown in [14] and [15], the
FB converter with phase-shift control and the LCC resonant
converter behave the characteristic of the lowest power losses
among these topologies. The series and parallel connection of
IGBTs is unavoidable when applying the above-mentioned
conventional topologies in the offshore wind farm. Hence, the
voltage and current sharing problem will limit their applications.

The modular DC/DC converter seems to be a smart choice
for high voltage and high-power applications since the rated
voltage and power of a single converter is limited [16], [17].
The Multilevel Modular DC Converter (M2DC) is proposed in
[18] and a comprehensive study of the efficiency of this
converter is done in [19]. Analysis in [8] demonstrates that the
M2DC is not suitable for the scenario where high voltage gain
is required. Therefore, it is not well suited for offshore wind
farms. In [20], [21] and [22], three different modular DC/DC
converters are proposed, which use the DAB converter, boost
single switch converter and FB converter with phase-shift
control as the SMs, respectively. The boost single switch
converter does not have galvanic isolation between its low-
voltage side and high-voltage side, resulting in decreased
reliability of the offshore wind farm. There is galvanic isolation
of DAB converter. However, the power transmission in an
offshore wind farm is unidirectional most of the time, therefore,
using DAB converter as the SM of the modular DC/DC
converter is uneconomic and will cause additional power losses.

Although the modular DC/DC converter for offshore wind
farm applications have been studied in many literatures, a
systematic analysis of the SM topology is still rare. To ensure
good performance, the topology of the SM should meet the
following requirements:

(1) A unidirectional topology is more suitable for the SM
since the power transmission in the offshore wind farm is
unidirectional under normal operation.

(2) For safety and reliability considerations, a transformer-
based galvanic isolation topology is desirable for the pure dc
systems.



(3) The input voltage of the modular DC/DC converter will
follow the variation of the output voltage of the wind turbine
generator if a diode-based rectifier is connected between them.
Hence, the SM should accommodate a fairly wide input voltage
range.
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Fig. 1. The structure of the proposed pure dc system. (a) Full offshore DC
wind farm. (b) Configuration of Power Generation and Voltage Conversion
(PGVC) unit.

Among the multiple DC/DC converter topologies, the FB
converter with phase-shift control and the LCC resonant
converter under Discontinuous Current Mode (DCM) have the
lowest power losses [14], [15], [22] while meeting the above
requirements of the SM topology. Thus, these two topologies
are taken into consideration in this paper. Besides, the LLC
series-parallel resonant converter exhibits some excellent
features, such as zero voltage and zero current switching, and
high efficiency in a wide output power range [23]-[25].
Furthermore, it is also suitable for the scenario where the SM
has a fairly wide input voltage range. For these reasons, the
LLC topology operating in Continuous Current Mode (CCM)
is considered as well.

In this paper, the abovementioned three candidates are
compared thoroughly, and the LLC resonant converter is found
to be the optimal topology of the concerned MIDC.
Accordingly, a novel pure dc system is proposed for the

offshore wind farm collection and integration based on the
MIDC. The MIDC is aiming to boost the terminal voltage of the
wind turbine generator to the transmission level while realizing
the MPPT of the wind generators. Different from other papers
merely focusing on the modular DC/DC converter, this paper
takes the output characteristics of the Permanent Magnet
Generators (PMGs) into consideration during the design of the
MIDC parameters and the corresponding control system. A
two-layer control architecture is proposed to realize the current
and voltage sharing of the MIDC and the MPPT of the wind
generators. Finally, a PSCAD simulation model with 160 SMs
is developed, and an experimental prototype with 9 SMs is built
to verify the proposed topology and control strategy.

Il. SYSTEM CONFIGURATION

The structure of the proposed pure dc system is shown in Fig.
1(a), which is comprised of several PGVC units, an HVDC line
and a voltage source inverter. The PGVC unit consists of
several PMGs and an MIDC, as shown in Fig.1 (b). In the
concerned system, the offshore wind farm consists of 50 PMGs
equally divided into 10 units, with each unit consisting of five
adjacent MV 8-MW PMGs and one 40-MW MIDC. The PMGs
in each unit are connected to the MVDC bus through their
corresponding diode rectifiers, while the output side of the
MIDC is connected to the HVDC bus shown in Fig. 1(a). To
decrease the harmonic magnetomotive forces of the PMG, dual
three-phase PMG is used, which has a 30< displacement
between its two sets of three-phase stator windings [26]. The
MIDC boosts the MVDC to 400 kV for long distance power
transmission. As shown in Fig. 1(b), the MIDC consists of 160
SMs equally divided into 20 groups with each group consisting
of 8 SMs. The 20 SM groups are connected in parallel at the
input side and in series at the output side. A small smoothing
inductor is used at the input side of the SM group to filter the
high-frequency harmonics of the input current. Within each SM
group, 8 SMs are connected in series both at the input side and
output side in order to reduce the voltage ratings of the IGBTs
and diodes of each SM.

Compared with the voltage source converter, the diode
rectifier of the PMG has advantages of lower cost, higher
efficiency and higher reliability. Considering that the PMGs in
the same unit are adjacent, thus the wind speeds at the locations
of these PMGs are similar. Consequently, the MPPT of the
wind generators in the same unit can be realized by proper
control of the MIDC.

The proposed system shows some other advantages, such as:
1) The transportation and installation cost of the offshore

devices are reduced significantly as the proposed system
eliminates the bulky and heavy line frequency transformer.
Furthermore, the MIDC does not need any specialized
platform and can be installed on the platform of the wind
turbine because of its small size and light weight.

2) The novel structure of the proposed MIDC offers numerous
merits, including high reliability, easy-to-realize
redundancy as well as standardized design and production.
As each single SM does not need to withstand very high
DC voltage, 1.7 kV IGBTs can be used without series
connection, which results in higher operating frequency of



the SM. The volume and weight of the medium-frequency
transformer in the SM can thus be reduced.

3) The losses in the collection grid of the pure dc system is
much lower compared with the conventional offshore wind
farm since the MIDC is very close to the PMGs in its unit.
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Fig. 2 Conventional offshore wind farm HVDC transmission system

An economic comparison is made between the proposed
system and the conventional offshore wind farm HVDC
transmission system, shown in Fig.2. Since many AC/DC and
DC/AC converters are employed, it is really difficult to
compare the switch counts and losses comprehensively. As a
rough comparison, the capacity of the wind turbine is taken as
an index, which is assumed to be P and the wind turbine number
is k. Since both the topology in Fig.2 and the proposed one in
this paper are full power conversion system by power
converters, the rated converter capacity is equal to the total
wind turbine capacity. Thus, the converter capacity comparison
can be made comprehensively. As well, other aspects including
the fundamental frequency transformer, medium frequency
transformer and offshore platform are analyzed. The detailed
comparison results are shown in Table I, where it can be seen
that the proposed topology needs only kP power capacity of
converters without offshore platform.

TABLE |
COMPARISON OF THE PROPOSED TOPOLOGY AND THE CONVENTIONAL ONE
Conventional
Topology Proposed Topology
AC/DC converter 2kP kP
DC/AC converter kP 0
DC/DC converter 0 kP
Fundamental
need /
frequency transformer
Medium frequency / need
transformer
Offshore platform need /

I11. CoMPARISONS OF DIFFERENT DC/DC CONVERTER
TOPOLOGIES

In this section, the FB converter with phase-shift control, the
LCC and LLC resonant converters are compared in detail.

A. Circuits and their corresponding parameters of three
DC/DC converters

The circuit diagrams of the concerned three topologies are
shown in Fig.3. The main circuit parameters of these topologies
are designed according to [27] and [28] and listed in Table Il
and Table 11, respectively. For all these three topologies, the
transformer core is comprised of two C-cores and the
METGLAS alloy 2705M is chosen as the material.
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Fig. 3. Circuit diagrams of the DC/DC converters. (a) FB converter using
phase-shift control. (b) LCC resonant converter. (c) LLC resonant converter.

TABLEII
MAIN PARAMETERS OF THREE DC/DC CONVERTER TOPOLOGIES IN FIG.3
FB LCC LLC
Input voltage 0.39-1 kV 0.39-1 kV 0.39-1 kV
Output voltage 2.5 kV 2.5 kV 2.5 kV
Input power 0.008-0.25 MW  0.008-0.25 MW  0.008-0.25 MW
Frequency 5 kHz 0.45-5.12 kHz 3.01-5.17 kHz
Cin 200 pF 250 pF 250 pF
Cout 5 uF 100 pF 100 pF
C=25 uF C=9.2 uF
Other L=7.5 pH coH ks
Cy=3.4 uF L=76.2 uH
parameters Ln=5 mH
L=9.7 uH L,=381.1 pH
TABLE 11
PARAMETERS OF THE MEDIUM-FREQUENCY TRANSFORMERS IN FIG.3
FB LCC LLC
Current density 6 A/mm? 6 A/mm? 6 A/mm?
Number of turns 3;30 8;80 14;32
Turn Ratio 1:10 1:10 1:2.3
Core Volume 0.0147 m® 0.1413 m® 0.0191 m?®

B. Comparison of topologies

In this subsection, the component stresses, component counts
and losses are compared for the topologies. To compare the
component stresses of the three topologies, simulation models
based on PSCAD/EMTDC are built, and the simulation results
are given in Table IV.



TABLE IV
COoMPONENT STRESSES OF THREE DC/DC CONVERTER TOPOLOGIES IN

FiG. 3
FB LCC LLC
IGBT module peak current 1.085 kA 2 kA 0.45 kA
IGBT module RMS current 0.67 kA 0.84 kA 0.21 kA
IGBT module peak voltage 1kv 1kv 1kV
Rectifier diode peak current ~ 0.109 kA 0.199 kA 0.186 kA
Rectifier diode RMS current ~ 0.067 KA 0.084 kA 0.084 kA
Rectifier diode peak voltage 9 kv 2.5 kv 2.5 kv

Due to zero voltage turn-off switching in all three converters
and as can be seen from Table 1V, IGBT modules rated at 1.7
kV can be used in all three converters. According to the
simulation results in Table 1V, Infineon FZ1200R17HE4 rated
at 1.7 kV and 1.2 kA, FZ2400R17HE4 B9 rated at 1.7 kV and
2.4 kA and FF450R17ME4 rated at 1.7 kV and 0.45 kA are
chosen as the IGBT modules for the FB converter, the LCC
resonant converter and the LLC resonant converter,
respectively. For the rectifier diodes, Infineon DZ800S17K3
with voltage and current ratings of 1.7 kV and 0.8 KA is used
for all the topologies. To accommodate the diode peak voltages
of the output rectifier listed in Table IV, three DZ800S17K3 in
series connection are required for the LCC and LLC converters,
and ten DZ800S17K3 for the FB converter. Table V shows the
component counts for the topologies.

According to the designed parameters and selected
components above, the concerned winding and core losses,
semiconductor conduction and switching losses are obtained
through PLECS-based simulations. Fig.4 shows the efficiencies
of the three topologies and Fig.5 shows the breakdown of the
losses.

TABLEV
CoMPONENT CouUNTS OF THREE DC/DC CONVERTER TOPOLOGIES IN
FiG. 3
FB LCC LLC
Number of IGBTs 4 4 4
Number of rectifier diodes 40 12 12
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Fig. 4. Efficiencies of three DC/DC converter topologies in Fig. 3

In comparison with LLC and LCC resonant converters with
Pulse Frequency Modulation (PFM), designing the transformer
of the FB converter with phase-shift control is easier due to its
constant operating frequency. As shown in Table Ill, the
transformer of the FB converter has the smallest core volume
and area product among the three topologies. However, there is
a large smoothing filter inductor at the output of the FB
converter, which increases its total volume and weight. The
peak current of the IGBT module and the peak voltage of the
rectifier diode are high. Hence, the current rating of the IGBT
module and the number of rectifier diodes are also high
accordingly, resulting in a higher total cost. Additionally,
according to the analysis in [16], the FB converter in this

scenario cannot realize soft switching in its lagging leg switches.
Therefore, the semiconductor loss of this topology is higher
than that of the other two topologies, as shown in Fig.5.
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Fig. 5. Losses of three DC/DC converter topologies. (a) FB converter using
phase-shift control. (b) LCC resonant converter. (c) LLC resonant converter.

The LCC resonant converter is operated in DCM. Although
the DCM ensures IGBT modules soft switching all the time, it
also leads to a large resonant current in the resonant tank, which
will cause high semiconductor conduction losses and high
transformer winding loss, as shown in Fig.5 (b). The IGBT
module used for the LCC resonant converter has the highest
current rating among all three topologies, resulting in
significantly higher component cost. Moreover, as shown in
Table 111, the core volume and area product of the LCC resonant
converter transformer are much larger than that of the other two
topologies. Based on the above analysis, a conclusion can be
drawn that the LCC resonant converter under DCM is not
suitable for the MIDC.

The LLC resonant converter is operated in CCM. Though the
PFM is used for both LLC resonant converter and LCC resonant
converter, the operating frequency range of the LLC resonant
converter is narrower. The core volume and area product of the
LLC resonant converter transformer are slightly larger than



those of the FB converter transformer. However, the large
smoothing inductor used in the FB converter output filter is not
required for the LLC resonant converter. As shown in Table IV,
the peak and RMS currents of the IGBT module of the LLC
resonant converter are much smaller than those of the other two
topologies, which can reduce the component cost. The
semiconductor conduction loss and winding loss of this
topology are lower as well. The IGBT module can realize zero-
current turn-on switching and nearly-zero-voltage turn-off
switching all the time. Taking all of these into consideration,
the efficiency of the LLC resonant converter can be very high.
As shown in Fig. 4 and Fig. 5 (c), within most of the operation
range, the efficiency of the LLC resonant converter is much
higher than that of the other two topologies. As a conclusion,
the LLC resonant converter operated in CCM has lower cost,
smaller volume and higher efficiency compared with the FB
converter with phase-shift control and the LCC resonant
converter operated in DCM. Therefore, the LLC resonant
converter is chosen as the SM topology of the MIDC.

IV. CONTROL SYSTEM

In this section, a two-layer control architecture is developed,
which is comprised of one top-layer controller and 160 bottom-
layer controllers corresponding to the 160 SMs. The top-layer
controller is used to regulate the input current sharing among
the SM groups, while ensuring the MPPT of the wind
generators. The bottom-layer controller is used to regulate the
input voltage sharing within each SM group. The configuration
of the two-layer control system is shown in Fig. 6.

Top layer
controller
|
Bottom Bottom Bottom
layer layer e e layer
controller| |controller controller
1 2 160

Fig. 6. Configuration of the two-layer control system for the whole system.

A. Operation curve-voltage gain VS operating frequency

The voltage gain versus operating frequency of the LLC
resonant converters within the whole output power range of the
wind generator is critical for the proper design of its control
algorithm.

The voltage gain of the LLC resonant converter can be
written as [28]

(%)Jm(m—l)

& -0+ iDE -nm-nQ°
lon W, o,

M — Voiij :‘ ‘ (l),

nv.

tVin_ij

where M is the voltage gain, w is the operation angular
frequency, wo and w, are the resonant angular frequencies
determined by Ly, Ls and Cs, m is the ratio between Ly+Ls and
Ls, neis the turn ratio of the medium-frequency transformer, V_jj
is the output voltage of the j SM in the i" SM group, Vin_j is
the input voltage of the j" SM in the i SM group, i=1, 2,..., 20,
=1, 2,..., 8. Q¢ is the equivalent quality factor, which is

determined by the input power of the LLC resonant converter
[28]. Based on the parameters listed in Table I, Fig. 7 shows the
voltage gain curves of the LLC resonant converter for different
Q¢ with f,=6 kHz, m=6, where f, is the resonant frequency
corresponding to wo.
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Fig. 7. Voltage gain curves of LLC resonant converter.

As shown in Fig. 7, not only e but also Q¢ has an influence
on the voltage gain of the LLC resonant converter. Since the
PMG is connected to the MVDC bus through a diode-based
rectifier, the input voltage of the SM varies with the PMG rotor
speed. Assuming that the control system can realize voltage
sharing at the output side of the SMs, and the output voltage of
the SM is almost unchanged, as a result, the voltage gain of the
LLC resonant converter varies with the rotor speed. Moreover,
the input power of the SM also varies with the rotor speed
because the MIDC regulates its input power according to the
rotor speed to realize the MPPT control of the PMG. The
variation of the SM input power is similar to the variation of Q®,
because Q¢ is determined by the input power. Therefore, not
only M but also Q¢ varies with the rotor speed, which means
that the position of the SM operating point is changing from one
voltage gain curve to another. To get a precise operation curve
of the LLC resonant converter, a detailed analysis is performed
in the following part of this section.
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Fig. 8. Equivalent circuit of the PMG with the rectifier.

The equivalent circuit of the PMG with two sets of three-
phase windings is shown in Fig.8, where e, is the generator
internal voltage, Ls is the synchronous inductance, us is the
terminal voltage, is is the AC side current, Iy is the DC side
current and Vi, is the DC side voltage. Assuming that the MIDC
can realize the MPPT of the wind generators, the generator
internal voltage and the output active power of a non-salient
PMG are [29]

& =N,oy (2
P, =k, @ =V,I @3),

in " dc
where ny is the number of pole pairs, wr is the rotor speed, s is
the excitation flux linkage generated by the permanent magnet,
Pg is the active power output and Ko is the optimum power

opt



coefficient. According to (2) and (3), Ps can be expressed as
kopt
3 3

npy/f

Assuming that the voltage and current sharing of the MIDC

can be guaranteed, the input power of the SM is
P' i NGPG /(NgroupNsm) (5)'

in_ij

e @).

P, =

where Piq_jj is the input power of one SM, Ng is the number of
PMGs in one PGVC unit, Ngroyp is the number of the SM groups
and Ngn is the number of SM in one SM group.
Substituting (4) into (5) yields:
Nk

G opt 3
e (6).
3 vs
Ngroup Nsmanf
According to the analysis in [28], Q¢ can be expressed as

e _ L, 7°’m
Q \/78n 2(m-1)Vv? i

where n is the transformer ratio. Substituting (6) into (7) yields:
o = 7°mN .k L.C,

G opt
8n*(m-1)V;
where

in_ij —

Pin_ij (7)'

3 3
e; = Ae; (8),
_ij groupNsmnpl//fC

p/a mNGkothLC
8n (m- 1) i groupNsmnpn//fc

As shown in Fig.8, the synchronous inductance of the PMG
can be seen as the commutation inductance of the diode
rectifier. Assuming that the DC current is continuous, the
voltage of the MVDC bus is expressed as

6\/§ 6n o L
in — € — P Idc (9).
T V4
According to (2), (3), (4) and (9), Vi, can be rewritten as

V,

Vv, :%(BM/B2 —4Ce?)e, (10),
where
B — 6\/§ 6kopt Ls
T’ 7rnp1)//f

Therefore, the input side voltage of the SM can be expressed

as
Vi =V I Ny, = ﬁ(s + /B2 -4Ce?)e, (1),

The voltage gain of the SM is
Vo 2N_V

M = o_ij sm ¥ o_ij

NV, i (B+B2—4Cel)e,

At steady state, A, B and C are constants. It is known from (8)
and (12) that not only Q¢ but also M is determined by es. Based
on the values of e, the values of Q® and M can be calculated.
For any values of Q¢ the LLC resonant converter should be
operated on the right side of the voltage gain curve to ensure
soft switching of the IGBTS. For this reason, there is a one-to-
one relationship between the values of Q¢ and the values of M.

(12).

The operation curve of the LLC resonant converter in Fig.9,
plotted according to the values of Q¢ and M, shows that the
voltage gains of the SM decreases with increasing operating
frequency.
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Fig. 9. Operation curve of the LLC resonant converter.

B. Controller design

Based on the above analysis, the bottom-layer controllers of
one SM group are designed as shown in Fig.10, where Vmret i iS
the reference value of the input voltage of the SMs in the i" SM
group, lin jj is the input current of the j" SM in the i SM group
and frer jj is the reference value of the frequency of the j" SM in
the i SM group. As shown in Fig. 10, the reference values of
the input voltage of the SMs in the same group are identical,
which is generated by the top-layer controller. Hence, the input
voltage sharing of the SMs in the same SM group can be
achieved.

V. ’ fret _ij

smref _i

Fig. 10. Configuration of the jt" SM bottom-layer controller in the it group.
P

ref _g

a,
—» MPPT —>»{ I/N_,(—
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PI1 L -
+
Vin/Nsm

Fig. 11. Configuration of the it" top-layer controller.

The top-layer controller is aimed to realize the MPPT of the
wind generators, while achieving input current sharing among
the SM groups. As shown in Fig. 1, the PMGs in the same
PGVC unit are connected in parallel through diode rectifiers.
Therefore, the rotor speeds of the PMGs in the same PGVC unit
are very similar to each other during normal operation. The
average value of the rotor speeds is used for the MPPT control
of the PMGs. Fig. 11 shows the configuration of the top-layer
controller, where wray s the average value of the rotor speeds.
Prer is the reference value of the MIDC input power, which is
obtained according to the MPPT curve of the wind generators.
Pref ¢ IS the reference value of the SM group input power, A Ve i
is the power controlling component of Vmeet i, lin_iand Pin i are
the input current and input power of the i" SM group,
respectively.

In the top-layer controller, AV i is used to realize the input
power sharing of the SM groups, while Vin/Nsm is used to realize
the input voltage sharing among the SMs in one SM group. The




reference value of the input voltage of the SMs in the i"" SM
group is therefore given by

Vsmref_i :Vin / Nsm -AV (13).

It can be seen from Fig.11 that AVye ; is increased when the
input power of the SM group Pi,_; is smaller than its reference
value Prer g, causing Vsmreri to decrease. According to the
bottom-layer controller shown in Fig.10, the operating
frequency fre i of the SM is then decreased. Since the voltage
gain of the SM will increase with the decrease of the operating
frequency as shown in Fig.9, the output voltage of the SM will
increase accordingly. Therefore, the input power of the SM
group is increased. Conversely, when the input power of the SM
group is larger than its reference value, AV i is decreased,
which will decrease the input power of the SM group. Through
a PI regulator, the input power of each SM group can track the
same reference value Py g, Which means that the input power
sharing of the SM groups is realized. Since the inputs of the SM
groups within one PGVC unit are connected to the same MVDC
bus, the input power sharing control is equivalent to the input
current sharing control. As Pre ¢ is obtained according to the
MPPT curve of the wind generators, the MPPT control of the
wind generators is also realized. It is worth mentioning that the
controller parameters in Fig.10 and Fig.11 are designed by
simulation-based trial and error method and detailed controller
design is a future scope of research. The specific controller
parameters are shown in Appendix | Table A. II.

ref _i

TABLE VI
DeTAILED PARAMETERS OF MIDC FOR SIMULATION
items values
Rated power 40 MW
Rated input voltage 8 kV
Rated output voltage 400 kV
Number of SM groups 20
Number of SMs 160
Number of SMs in one SM group 8
Smoothing inductance 100 pH

According to the analysis in [30], the output voltage sharing
of the input-series-output-series system can be realized
automatically as long as the control system achieves the input
voltage sharing. Therefore, the output voltage sharing of the
SMs in one SM group can be realized as long as the bottom-
layer controller achieves the input voltage sharing of the SMs
within its group. Literature [30] also indicates that the output
voltage sharing of the input-parallel-output-series system can
be realized automatically as long as the control system achieves
the input current sharing. If one SM group can be seen as one
unit, the MIDC can be seen as an input-parallel-output-series
system. Therefore, the output voltage sharing among the SM
groups can be realized as long as the top-layer controller
achieves the input current sharing among the SM groups. In
other words, the output voltage sharing of all the MIDC SMs
can be realized automatically as long as the top-layer controller
achieves the input current sharing among the SM groups and
the bottom-layer controllers achieve the input voltage sharing
among the SMs in their SM groups. As a result, it is unnecessary
to design an additional controller to realize the output voltage
sharing of the MIDC.

V. SIMULATION RESULTS

To verify the effectiveness of the control system, an MIDC
model with 160 SMs is built in PSCAD/EMTDC, and the
circuit diagram of the simulation model is shown as Fig.12. As
the main purpose of the simulation model is to investigate the
characteristics of the MIDC, the onshore voltage source
converter is substituted by a DC voltage source. The five 8-MW
PMGs in one PGVC unit are aggregated into a 40-MW PMG.

Source

40MW 12-pulse 160 submodules
Fig. 12. Circuit diagram of the simulation model

Detailed parameters of the MIDC are listed in Table VI, while
the parameters of the PMG and HVDC line are shown in
Appendix I.

A. Steady state performances

Fig. 13 shows simulation results of the PGVC unit under the
rated operating condition. The periodic fluctuations of Vi, and
lac shown in Fig.13 result from the harmonics generated by the
diode rectifier. Thanks to the use of the dual three-phase PMG,
the fluctuations of Vi, and lgc are limited within 1.6% and 5.5%
of their rated values, respectively.
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; 100 101 102 1.03 1.04 1.05

T 100 101 102 103 1.04 1.0

1.00 1.01 1.02 1.03 1.04 1.05
fime (s)
Fig. 13. Steady state performances of the MIDC.

One of the main objectives of the top-layer controller is to
realize the input current sharing among the SM groups. The
input currents of the first, third and fifth SM groups are shown



in Fig. 13, which verifies the effectiveness of the top-layer
controller. Fig. 13 also depicts the input voltages of the first
SMs in the first, third and the fifth SM groups, which proves
that the input voltage sharing within the SM group can be
achieved by the bottom-layer controller. According to the
analysis in Section IV, once the top-layer controller achieves
input current sharing among the SM groups and the bottom-
layer controllers achieve input voltage sharing within the SM
groups, the output voltage sharing of all the SMs can be realized
accordingly. The output voltages of the SMs shown in Fig.13
validate the theoretical analysis.

B. Transient performances
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Fig. 14. Transient performances of the PGVC unit.

The transient performances of the system are illustrated in
Fig. 14. At the beginning, the wind velocity is 12 m/s. At t=3s,
the wind velocity decreased to 6 m/s, kept constant for 3s, and
then increased to 10 m/s. During the whole process, the input

power sharing of the SM groups and the voltage sharing of the
SMs are well controlled by the presented control system.
Meanwhile, the input power P¢ of the MIDC can follow its
reference value P quickly without overshoot. Since Pres is
generated according to the MPPT curve of the wind generators,
the MPPT of the wind generator is realized as well.

VI. PROTOTYPE AND EXPERIMENTAL RESULTS

A. Experimental system configuration

To verify the feasibility of the system proposed in this paper,
a multi-terminal dc experimental system containing an MIDC
prototype with 9 SMs is built, as shown in Fig. 15. A total of
six PGVC units are emulated. One PGVC unit shown in Fig.
1(b) is built by a power amplifier and an MIDC prototype, while
other five PGVC units in the offshore wind farm are represented
by a Voltage Source Rectifier (VSR). The onshore DC/AC
converter is represented by a Voltage Source Inverter (VSI).
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Fig. 15. Configuration of the experimental system. (a) Configuration of the
multi terminal DC experimental system. (b) Configuration of the PGVC unit.
As shown in Fig. 15, the VSR ac side and VSI ac side are
connected to the same 380V ac bus through two ac inductors
(Laca and Lac2) and two isolation transformers (Transformer 1
and Transformer 2), while their DC side contains four
capacitors and a small resistor (R.) representing the DC
transmission line. The PGVC unit consists of a power amplifier



and an MIDC. A mathematical model of the PMG and its diode-
based rectifier is implemented by using the NI CompactRIO,
which is also used as the top-layer controller of the MIDC
prototype. The NI CompactRIO will output an analog voltage
signal according to the mathematical model. Then the analog
signal will be amplified by the power amplifier whose output is
connected to the input of the MIDC. The mathematical model
of the PMG and its diode-based rectifier that built in the NI
CompactRIO is described in the following Appendix II.
Detailed parameters of the experimental system are listed in
Table VII and the prototype of the system is shown in Fig. 16
and Fig. 17.

TABLE VII
DETAILED PARAMETERS OF THE EXPERIMENTAL SYSTEM
items values
Rated power 1 kW
Input voltage range 30~135V
Rated output voltage 750 V
Rated frequency 50 kHz
MIDC
Number of SM groups 3
Total number of SMs 9
Number of SMs in one SM group 3
Smoothing inductor 1mH
Rated power 110 W
Input voltage range 10~45V
Rated output voltage 83.3V
Operating frequency range 25~50kHz
Input side capacitor of SM 100 puF
M Output side capacitor of SM 940 pF
Series resonant capacitor of SM 0.68 uF
Series resonant inductor of SM 15pH
Parallel resonant inductor of SM 96 uH
Ratio of transformer 1:1.8
Rated Power 2.55 kW
Power
Amplifier Rat.ed out voltage 170V
Gain 100 VIV
Rate AC side line-line voltage 380V
VSR Rated DC side voltage 750 V
and Rated frequency 50Hz
VSI AC inductor 0.5mH
DC side capacitor 1200 pF

B. Control system of the MIDC prototype

Fig. 18 shows the configuration of the two-layer control
system of the MIDC. As it has been mentioned before, the top-
layer controller, NI CompactRIO by National Instruments, is
used to realize the input current sharing of the SM groups and
the MPPT of the wind generator. The NI CompactRIO consists
of an embedded real-time controller, a reconfigurable FPGA
card and multiple 1/O modules. TMS320F28335 DSP by Tl is
used in the bottom-layer controller, which realizes the input
voltage sharing within each SM group. The input voltage
reference value Vsmret i IS generated by the top-layer controller
for each SM group and then transmitted to the bottom-layer
controllers through a 16-bit high-speed 1/0 bus.
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Fig. 16. Hardware system: (a) The SM hoard. (b) The MIDC prototype, power
amplifier and monitoring devices.
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Fig. 18. Configuration and implementation of the MIDC control system.



C. Steady state performances

Fig. 19 depicts the steady state performances of the MIDC
prototype. The DC side output power of the VSR is 5 kW,
which is to emulate five PGVC units operated at rated power.
The wind speed in the PMG mathematical model is configured
as 8 m/s. Fig. 19(a) illustrates the input voltages of the first SMs
in three SM groups. Fig. 19(b) shows the output voltages of the
first SMs in three SM groups and Fig. 19(c) depicts the input
currents of the three SM groups. From Fig. 19, both the input
current sharing among the SM groups and the input and output
voltage sharing among the SMs are well achieved, which

demonstrates the effectiveness of the proposed control system.
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Fig. 19. Measured steady state performances of MIDC prototype. (a) Input
voltages of the 1th SMs in three SM groups. (b) Output voltages of all SMs.
(c) Input currents of three SM groups.

D. Transient performances

Fig. 20 and Fig. 21 show the transient performances of the
experimental system. The output power of the VSR is 5 kW,
while the VSI regulates its DC side voltage at 750 V. The wind
speed in the PMG mathematical model is increased from 9 m/s
to 10 m/s at t=30 s and then decreased to 8 m/s at t=70 s. Fig.
20(a) and Fig. 20(b) show the input voltages of the first SMs in
three SM groups and output voltages of all the SMs,
respectively. The input currents of the three SM groups are
shown in Fig. 20(c). During the whole transients, current
sharing and voltage sharing of the MIDC are well controlled.
The three curves in Fig. 21 illustrate the input voltage Vin, the
output voltage V, and the input power Pg of the MIDC,
respectively. The start-up sequence is as follow: first, charging
the high-voltage DC side to its rated value via VSI in Fig.15;
second, increasing the input voltage and input power based on
a constant rotation speed of PMSG,; third, switching to MPPT
control of the PMSG. Fig. 22 shows the start-up process of the

output voltage Vo of MIDC, which reaches 750 V after about
60 seconds.
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Fig. 20. Measured transient performances of the MIDC prototype. (a) Input
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VIlI. CONCLUSION

In this paper, an offshore wind farm with all dc collection and
transmission system has been presented. A modular isolated
DC/DC converter is proposed to boost the MVDC voltage to
transmission level while also realizing the MPPT of the wind
generators. A systematic analysis of the SM topology of the
MIDC is done, and the LLC resonant converter is chosen as the
SM for the MIDC. A two-layer control architecture consisting
of one top-layer controller and one hundred and sixty bottom-
layer controllers is developed, which achieves current and
voltage sharing of the MIDC and the MPPT of the wind
generators. Simulation and experimental results verify the
feasibility of the proposed offshore wind farm and the
effectiveness of the MIDC control system.

As the bulky line frequency transformers and large converter
station are not required, the investment cost of the offshore
wind farm is reduced significantly. As the efficiency of the
MIDC is approximately 99% within most of its operation range
and the efficiency of the diode-based rectifier is also very high,
the total efficiency of the proposed system is obviously higher
than that of the conventional offshore wind farm, which makes
it more competitive

APPENDIX |

TABLE A.l PARAMETERS OF PMG AND HVDC LINE

items values
Rated power 40 MW
Rated voltage 2.96 kV
Frequency 20 Hz
Number of poles 150
Stator resistance 0.01 pu
PMG . -
d-axis reactance of 1%t winding set 1.0 pu
g-axis reactance of 1%t winding set 1.0 pu
d-axis reactance of 2" winding set 1.0 pu
g-axis reactance of 2" winding set 1.0 pu
Field flux 1.0 pu
HVDC cable Resistance 34Q
(100 km) Inductance 12 mH

TABLE A.ll CONTROLLER PARAMETERS OF THE SYSTEM

items values
Kp1 0.0003
Kin 0.1
Kp2
Ki2
Kps 0.5
Kiz 50

APPENDIX |1

The mathematical model of the wind generator and its
corresponding rectifier can be fully described by the following
equations.

A=oRIv (14)

4= : 3 (15)
1/(1+0.08)-0.035/(5° +1)
C,=0.22(116/ % —0.45 -5)e 4 (16)
P, = O.SpERZ(%)‘Q’Cpa)f (17)
T,=P, /o, (18)
Ps =Vl (19)
T.=F, /o, (20)
g9 1 g 1)
dt
e =N,0y; (22)
6n o L

V, = 63 e, — 0 l 4 (23)

T T

where v is the wind velocity, R is the radius of the rotor, 1 is the
tip speed ratio, 4; is an intermediate variable, £ is the pitch angle,
Cy, is the power coefficient, Py is the output power of the wind
turbine, p is the air density, T is the mechanical torque, Te is
the electromagnetic torque, J is the moment of inertia.
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