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Abstract—Conventional offshore wind integration systems use
33kV or 66kV AC cables to collect wind energy and employ high
voltage direct current (HVDC) transmission technology to deliver
wind power to onshore grids. This scheme suffers from high costs
for collection systems and offshore platforms when the capacity
of offshore wind farms increases. This paper proposes a hybrid
AC/DC collection and HVDC transmission concept for the large-
scale offshore wind integration system. Wind farms near the
offshore converter platform are integrated using AC collection
cables, while the remaining wind farms are integrated using DC
collection cables. The AC and DC collection cables infeed to the
offshore converter platform, which features a three-terminal hy-
brid AC/DC/DC hub. The system layout and operating principle
of the hybrid AC/DC collection and HVDC transmission system
are introduced in detail. The control strategy and parameter
design of the hybrid AC/DC/DC hub are presented. An economic
evaluation comparing conventional AC collection and HVDC
transmission schemes is conducted. It is indicated that the
proposed integration concept can reduce the operating power
capacity and power loss of the offshore converter, enhancing the
economic efficiency of the overall integration system. Finally, the
effectiveness of the proposed integration technology is validated
in a 2000MW offshore wind power integration system by PSCAD/
EMTDC simulation analysis.

Index Terms—HVDC converter, HVDC transmission, hybrid
collection, offshore wind integration, wind energy.

I. INTRODUCTION

HE utilization of offshore wind power is an important ap-

proach to promoting green energy transition. According

to the Global Wind Energy Council, 130 GW offshore wind

is expected to be installed worldwide in 2023-2027, with an
average annual installation of nearly 26 GW [1].

For remote offshore wind integration, HVDC transmission

based on modular multilevel converters (MMCs) has been
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widely acknowledged as a feasible technical solution [2].
Compared with HVAC transmission, HVDC transmission pro-
vides unlimited transmission distance, larger capacity, and
lower operating loss. However, with the increase in offshore
wind farm capacity, the cost of offshore platforms will in-
crease significantly. To reduce the cost of offshore step-up
transformer platforms, Borwin 5-6 and Dogger bank projects
use 66 kV AC cables to directly connect offshore wind farms
to the offshore converter platform. Reference [3] compares
the economy of the two collection schemes. It is pointed out
that removing the 33 kV/220 kV step-up transformer platforms
saves the cost by 15%. Nevertheless, with the increasing scale
of offshore wind farms, the total length of the AC collection
network will be hundreds of kilometers, resulting in large
reactive charging currents, high operating power loss and high
cost [4].

To reduce the collection network cost, references [5] and [6]
proposed DC collection and HVDC transmission technology
for offshore wind farms. In early studies, DC collection ap-
proaches can be categorized into series and parallel structures
of DC wind farms [7]-[9]. The series structure raises the DC
collection voltage by implementing DC wind turbines (WTs)
in serial connection [10]. However, the DC WTs close to
high-voltage collection cables should withstand high insulation
requirements. The parallel structure provides high operation
ability but needs to construct a high-ratio offshore DC/DC
converter station for cascade voltage boost [11], [12].

Various high-power DC/DC converters have been proposed
to connect the medium voltage DC (MVDC) collection system
with the HVDC transmission system, including the modu-
lar isolated LLC DC/DC converter [13], the modular dual-
active-bridge (DAB) isolated DC-DC converter [14], and the
thyristor-based modular DC/DC converter [15]. Additionally,
to avoid the construction of the offshore DC/DC converter
platform, [16] introduced a modular isolated DAB DC-DC
converter-based series-connected offshore wind farm, where
the DAB converter is installed in the nacelle of WTs. However,
the insulation issues for the DAB converters close to high-
voltage collection cables still exist. The conversion efficiency
of DAB is generally restricted due to high turn-off loss. Refer-
ences [17], [18] proposed the multi-functional DC collector for
all-DC offshore wind power systems, envisaging centralized
and grouped configurations of DC collectors. However, when
the transmission capacity is large, the number of cascaded
SMs becomes very large, leading to high control complexity
and low reliability. Notably, the aforementioned approaches
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did not test the feasibility of large-scale offshore wind farms,
i.e., 2000 MW and above.

This paper proposes a hybrid AC/DC collection and HVDC
transmission concept for large-scale offshore wind farms to ad-
dress these challenges. Wind farms near the offshore converter
platform are integrated using AC collection cables, while wind
farms in distant locations utilize DC collection cables. The
main contributions of this paper are as follows:

e A hybrid AC/DC collection and HVDC transmission
topology for large-scale offshore wind farms is proposed,
offering lower operating power loss and reduced invest-
ment costs compared to existing integration technologies.

o A design method for the DC voltage and power ratios
of the hybrid AC/DC collection and HVDC transmission
system is presented, ensuring maximum operating effi-
ciency for the AC/DC/DC hub.

o Two control strategies for the AC/DC/DC hub are pro-
posed. Both can provide sound grid-forming capabilities
for AC and DC wind farms.

The remainder of this paper is organized as follows. Sec-
tion II depicts the topology and operating principle of the
hybrid AC/DC collection and HVDC transmission system.
Section III details the parameters of the system’s design.
Section IV presents two AC/DC/DC hub control strategies. In
Section V, the economic evaluation of the proposed topology is
conducted. Simulation verifications of the proposed topology
under normal operation, power curtailment and single-type WF
operations are provided in Section VI. Finally, conclusions are
drawn in Section VIL

II. TopoLOGY OF HYBRID AC/DC COLLECTION AND
HVDC TRANSMISSION SYSTEM

A. Topology Structure

The topology of the hybrid AC/DC collection and HVDC
transmission system for large-scale offshore wind farms is
shown in Fig. 1. It mainly consists of offshore DC wind farms,
DC collection network, offshore AC wind farms, AC collection
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network, offshore three-port AC/DC/DC hub, HVDC subma-
rine cables and onshore MMC station.

Given that the large-scale wind farms occupy a large sea
area, the wind farms close to the offshore converter platform
are integrated using AC collection cables, while the remaining
remote wind farms are integrated using DC collection cables.
In the proposed integration system, the AC wind farms are
collected directly to the point of common coupling (PCC) via
the 66 kV AC collection cables and connected to the AC port
of the AC/DC/DC hub. The DC wind farms use multiple DC
WTs in series and parallel connections to form a group of
WT clusters. The clusters are connected directly to the DC
ports of the AC/DC/DC hub through MVDC collection cables.
Then, the wind power is delivered to the onshore MMC station
through the HVDC submarine cables.

The AC WTs adopt direct-drive permanent magnet syn-
chronous generators (PMSG), while the DC WTs are modified
from a PMSG by connecting an AC/DC converter [17]. All
offshore wind farms use high-capacity WTs with a rated
capacity of 10 MW. The output voltage of AC WTs is boosted
from 3.15 kV to 66 kV. The output voltage of DC WTs is &
20 kV.

The AC/DC/DC hub is the key equipment used in the
proposed integration system. Its topology is shown in the red
dashed box in Fig. 1. It mainly consists of three MMCs in
parallel connection at the AC terminals and a series connection
at the HVDC terminal. The AC/DC/DC hub contains a DC
input port, an AC input port and a DC output port. The DC
input port is connected with the MVDC collection network
through the DC terminal of MMC2. The AC input port is
connected with the 66 kV AC collection network through AC
terminals of MMCI1-MMC3. Then, the total wind power is
transmitted via the DC output port.

B. Operating Principle

Denote the transmitted power of the DC wind farms as
Pycwt and the power of the AC wind farms as P,cyf. The DC
output voltages of MMCI1-MMC3 are Vyrmcis Vmmcz and
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Fig. 1.

Topology of the offshore wind integration system using hybrid AC/DC collection and HVDC transmission.
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Vamcs, respectively. The HVDC link and MVDC voltages
are Vg1 and Vo, respectively. As shown in Fig. 1, the DC
and AC voltages of the AC/DC/DC hub satisfy:

Vaer = Vmmer + Vumez + Vaimes (D
2V/2 2V/2
m1Varmct = WVSL maVarmcz = stz
2v2
m3Vamcs = WVSB )

where Vg1, Vgo and Vgs are the AC side voltages of MMCl,
MMC2 and MMC3, respectively. m;, mo and ms are the AC
modulation ratios of MMC1, MMC2 and MMC3, respectively.
The range of modulation ratio m is generally 0.8 < m < 1.

The relationship between the AC side voltage of the MMC
and the PCC voltage is expressed as:

Vs1 = E1Vpca, Vs2 = k2Vpcec, Vss = k3Vpcc 3)

where Vpcc is the voltage at PCC. ki, ko and ks are the
voltage ratios of the high voltage (HV) side windings to the
low voltage (LV) side windings of the interfacing transformers
of MMCI1, MMC2 and MMC3, respectively. The configura-
tions of MMC1 and MMC3 are identical. Their interfacing
transformers are also of the same type. Therefore, k1 = k3.
Additionally, their rated DC voltage levels are also the same.

Ignoring the operating power loss of DC collection subma-
rine cable, Virmc2 is equal to Vco. Taking the power flow
direction shown in Fig. 1 as the positive direction, the DC
currents can be expressed as:

ow
Idc =
! Vdcl
Pacw Pycw
Lgep = S = —dowt @
Vac2 Vamc2
P cwf ow
hunvicz = lac2 — Iger = VJMC A
2 cl

where 1.1 is the current of the HVDC submarine cables. .o
is the current of the DC collection network flowing through
the AC/DC/DC hub. Iyivcs is the current of the DC side of
MMC?2. Py is the total power of the AC and DC wind farms.
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To analyze the power characteristics and rated capacity of
the AC/DC/DC hub, define the DC voltage ratio n between

Vie2 and Vyep as:
VMmMe2

Vdc2
n= = ,0<n<1 5
Vdcl Vdcl

Define the active power ratio o between Pycwr and Py as:

_ Pdcwf
ow

Based on (1)—(6), the power of each MMC can be calculated
as follows. From (7), the operating power of MMCI1 and
MMC3 is related to Py and n. Moreover, Pyivicr and Pyinvics
are always greater than 0, indicating that MMC1 and MMC3
always operate in rectifier conditions. Meanwhile, it can be
seen in (8) that the operating power of MMC?2 is related to
P.¢ and n, o. With different values of n and oo, MMC2 can
operate in the rectifier or inverter conditions.

,0<a<l (6)

Vier — Wi P,
Pumct = Pumcs = Vet Taer = —2 . MMC2 . f
dcl
B % 1—n
= 7dclpw — Py >0 .
2 f 2 £ (7N
Pymce = VM2 Imvcz = Vammez (Taer — Tdae2)
PWf Pdcwf VMMCZ
=W _ _ Poi— Pr.
e (Vdcl Viaea Vel f dewf
= (n - a)ow (8)

where Pyvici, Pvvcsz and Pyves are the power of MMCI,
MMC2 and MMC3, respectively.

Taking the two cases n < « and n = o as examples,
the power directions of the AC/DC/DC hub are illustrated
in Fig. 2. In Fig. 2(a), when n < «, part of the power
from the DC input port flowing through two conversion
paths-DC/AC (MMC2) and AC/DC (MMC1 and MMC3),
amounting to |n — «|Py¢. It is first rectified by MMC2,
then inverted by MMC1 and MMC3. The remaining part,
which is Pycws — |n — «|Pyt, is transmitted directly to the
DC output port through the DC side of MMCI1 and MMC3.
Directly transmitting power leads to lower power loss and
higher transmission efficiency. Meanwhile, the power from the
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Fig. 2. AC and DC power directions in two situations: n < candn =a. (a) n < a. (b) n = .



AC input port (Pacwt) 1s entirely transmitted to the AC side of
MMC1 and MMC3 and then rectified to the DC output port.

In Fig. 2(b), when n = «, accrording to (8), Pymcoe =
0. In this case, the power from the DC input port (Pycws) 1S
fully transferred to the DC output port via the DC side of
MMCI1 and MMC3. Compared to the conditions in Fig. 2(a),
the transmission efficiency of the AC/DC/DC hub is higher due
to the avoidance of the secondary power conversion process.
While the power direction from the AC input port is the same
as shown in Fig. 2(a).

III. PARAMETER DESIGN OF HYBRID AC/DC
COLLECTION AND HVDC TRANSMISSION SYSTEM

A. Power Ratio and DC Voltage Ratio Design

From (7) and (8), the operating power of MMC:s is related to
n and . Summing up the operating power of MMCI1, MMC2
and MMC3, the total operating power of the AC/DC/DC hub
is calculated as:

P 2Punvict + Punvicz = (1 — @) Py, n> o
b 2Pumct — Pumvcoz = (1 —2n+a)Py, n<a
)

where P, is the total operating power of the AC/DC/DC
hub.

According to (9), the power ratio between P, and Pyf
in different operation scenarios is plotted on the blue surface
of Fig. 3. To visually compare the values of P, and P,
plot the yellow reference surface Phu,/Pwt = 1. The top of
the reference surface indicates Py, > Pyt, and the bottom
indicates Ppup < Pyt. The above two surfaces intersect at the
line n = 0.5a.

1) When n > 0.5, Py, < Pys. The total operating
power of the AC/DC/DC hub is lower than the power of the
sending end MMC in the existing AC collection and HVDC
transmission system (equals P,¢), which can effectively reduce
the operation loss.

2) When n < 0.5a, Pyub > Pyt. The demand for the rated
capacity of the AC/DC/DC hub will increase. This results in
a higher cost for the offshore converter station.

0.5 0.5
B Primary surface
(a)

Fig. 4.
characteristics of MMC1. (b) Power characteristics of MMC2.
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Fig. 3. Relationship of power ratio between Py, and Py for different
operating scenarios versus power ratios « and DC voltage ratios n.

3) For the same power transmission condition, the closer n
and « are to 1, the smaller the total operating power of the AC/
DC/DC hub is.

Therefore, there exists an optimal range for the DC voltage
ratio n and the power ratio o

n > 0.5a (10)

To further explore the optimal values of n and «, the effect
of n and o on the operating power characteristics of each
MMC is analyzed. Fig. 4 shows the plots of the operating
power characteristics of MMCs under different operating sce-
narios based on (7) and (8).

Figure 4(a) shows the operating power characteristics of
MMC1 (MMC3). It can be seen that the operating power of
MMC1 (MMC3) is always greater than 0. Meanwhile, when
the DC voltage ratio n increases, the operating power of
MMCI1 decreases, resulting in lower power loss. The operating
power characteristics of MMC?2 is depicted in Fig. 4(b). When
n > a, Pvivce > 0 and MMC?2 operates in rectifier condition.
When n < a, Pymcz2 < 0 and MMC2 operates in inverter
condition. When n = a, Pyivice = 0. At the same time, the
power loss of MMC?2 is 0, and the power loss cost of MMC2
is greatly reduced.

In conclusion, the rated power and rated DC voltage of the
AC/DC/DC hub should be designed as:

I Reference surface

(b)

Relationship of the MMC operating power under different operating scenarios with different power ratios o and DC voltage ratios n. (a) Power
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(1)

Besides, n and « should take the maximum values in
the feasible region. Take an example of a 2 GW offshore
wind power integration scenario. The voltage of the HVDC
submarine cable is £ 500 kV. According to existing DC
voltage levels of the MVDC systems, the DC voltage level
of the MVDC network is + 100 kV [19]. Based on (11), the
rated power of the offshore AC wind farms is 1600 MW, and
the rated power of the offshore DC wind farms is 400 MW.

n=«uo

B. Requirement of AC/DC/DC Hub Capacity

The rated capacity of the AC/DC/DC hub should meet the
system’s full power operation demand. According to equation
(7) and (11), the rated capacity of MMC1 and MMC3 should
be designed by:

1-n Putn — PacwN

2
where Syivic1 and Syvces are the rated capacity of MMCl1
and MMC3, respectively. Py¢n is the rated power of all wind
farms. Pgcwen 1S the rated power of DC wind farms.

When only the AC wind farms operate, & = 0. According
to equation (8), the operating power of MMC2 is expressed
as follows. The operating power of MMC?2 is greater than 0,
indicating that it operates in rectifier conditions.

Svmct = Smmcs = Putn = (12)

Pynvice

= (n — @) Pyt = nPacwin = M(Putn — PacwiN)
1
=n <nPdcth - Pdcwa> =(1—n)Piewin >0 (13)

where P,.y N is the rated power of AC wind farms.

When only the DC wind farms operate, « = 1. The
operating power of MMC?2 is calculated as follows. It is
obvious that the operating power of MMC?2 is less than 0,
indicating that it operates in inverter condition.

Pyivic2 = (n— @) Pyt = (n — 1) Paewen <0 (14)

To cover all possible operating conditions, the rated capacity
Svmcz of MMC2 should be chosen as the maximum of the
absolute values of (13) and (14). Since (13) and (14) are
mutually opposite in sign, their absolute maximum values are
the same. Therefore, the Syvce is designed as follows:

Snvicz = (1 — 1) Pacwin (15)

Therefore, the total rated capacity of the AC/DC/DC hub is
calculated as follows. It is observed that the rated capacity of
the AC/DC/DC hub is less than the total rated power of AC
and DC wind farms.

Shub = Smmc1 + Smmcz + Sumcs
= Pytn — nFPycwin < Pytn (16)

where Spyup is the total rated capacity of the AC/DC/DC hub.
Based on the 2 GW integrated scenario described in the
previous subsection and as indicated by (12), (15), and (16),
the rated capacities are as follows: Syivc: = Swmmcs =
800 MVA, SMMCQ = 320 MVA, and Shub = 1920 MVA.

IV. CoNTROL DESIGN OF HYBRID AC/DC COLLECTION
AND HVDC TRANSMISSION SYSTEM

A. Type I Control

Based on (1)—(3), the relationship between the PCC voltage
of AC wind farms and the DC voltages is expressed in
(17). It is indicated that an alternative way is to control the
PCC voltage of AC wind farms by Vamic1 and Viyrmes. The
onshore MMC station regulates V.1 with DC voltage control,
providing a stable DC voltage (V1) for the AC/DC/DC hub.
Therefore, MMC?2 can be used to regulate the DC voltage V2
to integrate with DC wind farms, while MMC1 and MMC3
operate in grid forming (GFM) mode.

4v/6k;

Vece = Vel — Vmmcz
3m1

Figure 5 depicts the control diagrams of MMC1-MMC3. In
Fig. 5, V4 and V, are the dg-axis components of the PCC
voltage. Iy and I, are the dg-axis components of the AC
current of MMCs. Vj. is the DC voltage of MMCs. @ is
the reactive power of MMC. my and m, are the dg-axis
components of the AC modulation ratio of MMCs. L is the
sum of the transformer inductance and the arm inductance. f
and w are the frequency and angular frequency of the Vpcc,
respectively. 6 is the phase-angle reference of the trigger pulse.

Vvmcr + Vumcs = (17)

[dref
12 Current controller
f=50Hz, 0 aref Slave GFM converter
o
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N Trigger
—
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=2
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q
R =
I/qrcl\

V-F controller

Trigger
Trigger| pulse

logic

(b)

Fig. 5. Control diagrams of MMC1-MMC3. (a) GFM control of MMC1 and
MMC3. (b) DC voltage control of MMC?2.

To facilitate the calculation and analysis, all control pa-
rameters are per-unit values. The subscript ‘ref’ indicates the
reference value of the corresponding parameter.

Figure 5(a) shows the GFM control of MMC1 and MMC3.
Since MMC1 and MMC3 share the same AC bus, one MMC
will be a master GFM converter, while the other MMC
operates as a slave GFM converter, following the output of the
V-F controller. In Fig. 5(b), the target of DC voltage control
is to maintain Vy.o stable. Q.o is set based on the system’s



reactive power demand. The surplus reactive power can be
shared by the MMC operating with GFM control.

B. Type Il Control

Referring to (1)—(3), the relationship between the PCC
voltage and the DC voltages can be expressed as:

2v/6ks
3m2

To integrate with AC wind farms, an intuitive way is
to adopt GFM control for MMC2. According to (18), the
effectiveness of grid forming control (Vpcc) relies on the
stability of the DC voltages of Vaymvic: and Vames. Thus,
MMCI1 and MMC3 are designed to control their respective
DC voltages. MMC?2 is designed to control the AC voltage
and frequency at PCC to provide a stable voltage for the AC
wind farms.

VMMc2 = Vece = Vaer — (Vamcr + Vaves) (18)

V. EcoNOMIC EVALUATION

To further evaluate the economics of the proposed topology
in this paper, this section compares the cost of the existing AC
collection and MMC-HVDC transmission system (Scheme I)
with the hybrid AC/DC collection and HVDC transmission
system (Scheme II). The topologies of the two schemes are
shown in Fig. 6.

HVDC

AC wind farms
(a)
AC/DC/DC
hub

HVDC

AC wind farms

Fig. 6. Comparison of offshore wind power integrated topologies. (a) Topol-
ogy of AC collection and MMC-HVDC transmission (Scheme I). (b) Topology
of the proposed approach (Scheme II).

As shown in Fig. 6, the differences in the components
cost of the two schemes include the offshore wind farms, the
collection submarine cables and the offshore converter station.
In Fig. 6(a), Scheme I includes AC wind farms, AC collection
cables, and MMC station. In Fig. 6(b), Scheme II includes
AC and DC wind farms, AC and DC collection cables, and
the AC/DC/DC hub.

In addition, according to the analysis above, the operating
power loss of the AC/DC/DC hub for the same transmission
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capacity is significantly less than the required MMC rating.
Therefore, the power loss cost will also be considered.

The cost of wind turbines, collection cables, offshore con-
verter station and operating power loss for two large-scale
offshore wind power integration topologies are calculated as
follows.

A. Wind Turbines

The offshore wind farms of the two schemes use PMSG
with a capacity of 10 MW. The cost of PMSG WTs is:

Cowr = nywCuw Py (19)

where Cowr is the total cost of WTs. n,, is the number of
turbines. C,, is the per-kilowatt cost of a single turbine. Py is
the installed capacity of a single turbine. Including the step-up
transformer inside the turbine, a 66 kV AC turbine costs CNY
3950 per kW, and a + 20 kV DC turbine costs CNY 4200 per
kW [3].

B. Collection Cables

The initial investment cost of the collection cables is:

Ceab = 1111 Ceap_ac + n2l2Ccab_bDc (20)

where C',, is the total cost of collection cables. Cean_ac 1S
the per-kilometer cost of AC collection cables. Ccap,_pc is the
per-kilometer cost of DC collection cables. n1 and ny are the
circuit numbers of AC and DC collection cables, respectively.
Iy and [y are the cable lengths from the AC and DC wind
farms to the AC/DC/DC hub, respectively. In Scheme 1, [; =
20 km. In Scheme II, /; = 10 km and /5 = 40 km.

Given that a 66 kV AC collection cable can connect six
10 MW WTs, in Scheme I, n; = 34 and ny = 0. While in
Scheme II, n; = 27 and ny = 2. The cost of 66 kV AC cables
is CNY 2.6 m per km. And the cost of + 100 kV DC cables
is CNY 2.2 m per km [20].

C. Offshore Converter Station

The cost of the offshore converter station is [20]:

Ccon - Bc + []- + fc(NT - 2)”/2351\/ (21)

where C.., is the total cost of the offshore converter station.
B. and V_ are the base cost (CNY 225 m) and variable cost
(CNY 0.981 m per MVA) for offshore platforms, respectively.
fe is the cost factor of converter number per platform, which
is 0.2. N is the transformer number per converter, which is
taken as 1. Sy is the converter’s rated capacity. In Scheme I,
SN = Swtn = 2000 MVA. Meanwhile, in Scheme II, Sy =
Shub = 1920 MVA.

D. Operating Power Loss

The cost of operating power loss is usually calculated in
terms of annual value (annual loss cost). The differences in
operating power loss between the two schemes are mainly in
the offshore converter station and the collection cables.

The annual loss cost of the offshore converter station is:

Clos_year = ksPTCele (22)
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where Clos_year 1S the annual loss cost of the offshore converter
station. k, is the loss cost coefficient of the offshore converter
station, which is selected as 0.8% [21]. P is the operating
power of the converter. 7' is the annual utilization hours of
offshore wind farms, which is selected as 4000 h [22]. Cye is
the cost of electricity price, which is taken as CNY 0.45 per
kWh [20].
The annual loss cost of the AC collection cables is:

C'los_ac = -Plos_acTCclc

— 3% ( Pacwf
V3Vpcc cos g

where Clos_ac is the annual loss cost of the AC collection
cables. Pios_ac 1S the operating power loss of the AC collection
cables. cos ¢ is the power factor with an approximate value
of 0.95. R, is the resistance of the AC collection cables per
unit length, which is taken as 0.0496 Q/km [3].

The annual loss cost of the DC collection cables is:

2
> RacllTCclc (23)

P, dewf

2
Clos_dc = Plos_dcTCele =2 ( > RdCZQTCeIe (24)

dc2
where Clos_gc is the annual loss cost of the DC collection
cables. Pios_dc 1s the operating power loss of the DC collection
cables. Ry is the resistance of the DC collection cables per
unit length, taken as 0.0137 Q/km [20].

Assuming that the life cycle of the large-scale offshore wind
power integrated project is 20 years, and the annual interest
rate is 5% [23], the operating power loss cost after discounting
to the present value is:

(1+7r)t -1

Clos: T(l—i—T‘)t

C’los _year (25)
where C)ys is the operating power loss cost. r is the annual
interest rate taken as 0.05. ¢ is the life cycle, which equals 20.

In the economic analysis, taking the 2 GW offshore wind
power integration scenario as an example, the results are
depicted in Table L. It can be seen from Table I that the cost of
Scheme I is higher than that of Scheme IT by CNY 1224 m. In
conclusion, the proposed integration concept can improve the
economic efficiency of the overall integration system and is
promising for large-scale offshore wind power integration. It
should be noted that the costs of HVDC transmission cables
and onshore converter stations of the two schemes are the
same. And they are not given in Table I.

VI. SIMULATION VERIFICATION

To verify the technical feasibility of the proposed topology,
a simulation model of the hybrid AC/DC collection and HVDC
transmission system shown in Fig. 1 is built in PSCAD/
EMTDC. The parameters of the model are given in Table II.

The simulation example’s AC and DC wind farms are rated
at 1600 MW and 400 MW, respectively. The DC voltage
ratings are £100 kV, £500 kV, and the AC voltage Vpcc is
66 kV. The AC collection submarine cables are modeled using
a m-equivalent circuit. The DC submarine cables are equated
by resistances [24].

TABLE 11
PARAMETERS OF THE SIMULATION MODEL

Parameters Value
Power rating (MW) 1600
AC wind Rated AC voltage (kV) 66
farms Frequency (Hz) 50
AC collection cable length (km) 270
. Power rating (MW) 400
grcm‘;”“d Rated DC voltage (kV) + 100
’ DC collection cable length (km) 80
HVDC Power rating (MW) 2000
transmission ~ Rated DC voltage (kV) + 500
Rated capacity (MVA) 800
Rated DC voltage (kV) 400
EL/IMCI Number of SM per arm 200
MMC3 SM capacitance (mF) 13
Arm inductance (mH) 60
Interfacing transformer voltage ratio (kV)  66/210
Rated capacity (MVA) 400
Rated DC voltage (kV) + 100
Number of SM per arm 100
MMC2 SM capacitance (mF) 13
Arm inductance (mH) 30
Interfacing transformer voltage ratio (kV)  66/105

A. Comparison of the Two Types of Control

1) Performance Under Normal Operation

In Fig. 7, the simulation and comparison are carried out
between type I and type II control methods of the proposed
system under normal operation. The left column shows the
simulation results of the type I control, and the right column
shows the type II control.

As shown in Fig. 7(a), the operating power of the AC and
DC wind farms are stepped linearly from O to respective rated
values (1600 MW and 400 MW) within 5 s~6 s. During
6 s~9 s, the system operates normally with a total power
(Pywt) of 2000 MW.

TABLE I
CoST COMPARISON OF TWO LARGE-SCALE OFFSHORE WIND INTEGRATION SCHEMES WITH A CAPACITY OF 2 GW

Topology Comparison objects Parameters Cost/CNY

Wind turbines Pacwt = 2000 MW 7900 m
. Collection cables Vpcc = 66 kV 1768 m

églscr?]lilse;ggn and MMC-HVDC Offshore converter station  Syivc = 2000 MVA 1795 m
Operating power loss Pyive = 2000 MW 1025 m
Total - 12488 m
Wind turbines Picws = 400 MW, Pr = 1600 MW 8000 m

Hybrid AC/DC collection and Collection cables ' Viec2 i +100 kV, Vpcco = 66 kV 878 m

HVDC transmission Offsho_re converter station  Spup = 1920 MVA 1732 m
Operating power loss Py, = 1600 MW 654 m

Total

— 11264 m
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Figure 7(b) presents the DC voltages of V.1 and Vjce. Since
there is power loss in the HVDC submarine cables, it can
be observed that Vj.; is slightly higher than the reference
voltage (1000 kV) controlled by the onshore MMC station.
In type I control, since the MMC2 is designed to control the
DC voltage, Vimcze = 1 p.u. (200 kV), Vanver = Vavcs =
404 kV and V4.1 = 1008 kV. In type II control, since the
MMCI1 and MMC3 are designed to control their respective
DC voltages, Vmmc:r = Vmmces = 1 p.u. (400 kV). Besides,
Vaes = 208 kV and Vg, = 1008 kV. This indicates that the
DC voltages are well controlled by both control methods.

Figure 7(c) shows the active power of MMCs. Pynvic1 and
Pyivics are ramped from 0 MW at 5 s to about 800 MW at
6 s, while Pyivice remains nearly at 0 MW. It indicates that
under normal operation, the total power of the AC/DC/DC hub
(Phub) with only 1600 MW can provide 2000 MW power for
the onshore AC grids (Pyf), which validates the advantages
of power characteristics of the AC/DC/DC hub.

Figure 7(d) depicts the reactive power of MMCs. The
reactive power absorbed by the inductance of the AC collection
cables increases when the operating power of the AC wind
farms increases at 5 s~6 s, resulting in a decrease in the
total reactive power of MMCs (Qnyup). The distribution of
Qnup is related to the control strategy adopted by each MMC.
Under the two proposed control methods, it is regulated by the
MMC that adopted the GFM control. In type I control, Qunyp,
is regulated equally by MMC1 and MMC3. In type II control,
Qnupb is exclusively regulated by MMC2.

Figure 7(e) shows the dg axis components (Vpccq and
Vpccog) of the PCC voltage. It can be seen that Vpcca
and Vpccq are always maintained at 1 p.u. (66 kV) and O,
respectively. Fig. 7(f) shows the frequency at the PCC, which
maintains steady at 50 Hz. These observations validate that the
GFM control of MMC effectively stabilizes the PCC voltage
and frequency.

The simulation results in Fig. 7 validate the effectiveness
of the type I and type II control. Both control strategies can
provide sound grid-forming capabilities for AC and DC wind
farms.

2) Performance Under AC Short-circuit Fault

Figure 8 shows the simulation results of an AC short-
circuit fault (/') occurring at the terminal of a string of AC
wind turbines as illustrated in Fig. 1. At 7.5 s, an AC short-
circuit fault occurs, and the circuit breaker disconnects 0.1 s
later. Fig. 8(a) shows the operating active power of AC wind
farms (P,cwt). It can be observed that after the circuit breaker
disconnects, type I control allows P,..¢ to stabilize more
quickly compared to type II control. Fig. 8(b) is the RMS
value of PCC voltage. Similarly, the PCC voltage under type
I control stabilizes more quickly. Fig. 8(c) presents the DC
voltages V4.1 and Vgco. The DC voltage remains stable under
the two types of control.

In conclusion, type I control shows a minor improvement
in the AC collection network due to the larger capacity of the
GFM MMC:s. In the following sections, the performance using
the type I control will be studied as an example.
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Fig. 7. Simulation results of type I and type II control-based systems under

normal operation. (a) Active power of wind farms. (b) DC voltage. (c) Active
power of MMCs. (d) Reactive power of MMCs. (e) PCC voltage. (f) PCC
frequency.

B. Performance Under Power Curtailment

Figure 9 shows the simulation results of the proposed
system under power curtailment. The DC power Py and Pycvwt
are shown in Fig. 9(a). Initially, the system was stable and
under normal operation. From 6.5 s to 7 s, Pyt decreases from
2000 MW to 1500 MW, and Py reduces in equal proportion
from 400 MW to 300 MW. It can be noticed that n = « from
5 s to 8 s, marked with a blue area in Fig. 9(a). Meanwhile,
Pyivice = 0 as shown in Fig. 9(c). Therefore, even if the
system operates at abnormal operating conditions, it can still
satisfy Pyivice = 0, as long as Py and Pgcywt vary in equal
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Fig. 8. Simulation results of transient AC short-circuit fault occurring at the
terminal of a string of AC WTs. (a) Active power of AC wind farms. (b) RMS
value of PCC voltage. (c) DC voltage.

proportions (satisfying n = «). In addition, Py decreases
from 300 MW to 0 MW during 9.5 s~10 s. During 8 s~13 s,
Pyt reduces gradually from 1500 MW to 0 MW. Meanwhile,
the DC power changes disproportionately, resulting in Pyinvice
not equal to O.

It can be seen from Fig. 9(b) and (e) that when the operating
power of the wind farms varies, both the DC and AC voltage
are maintained at the rated value. In Fig. 9(d), since the system
adopts the type I control as an example, Qnice remains at
0. The reactive power is equally shared between MMC1 and
MMC3. Besides, with the decrease in the operating power of
the AC wind farms, Qnnver and Quvvcs increase.

Therefore, simulation results from Fig. 9 verify that the sys-
tem can adapt to the whole power operation under significant
wind power fluctuation.

C. Performance Under Single Type WF Operations

1) Only AC Wind Farms Are in Operation:

The power of AC WFs P, ¢ stepped up from O to the rated
value at 5 s (Pacwen = 1600 MW), while Py ¢ remains at 0.
The DC powers Py and Pycwr are shown in Fig. 10(a).

Figure 10(b) presents the DC voltages Vg1 (1007 kV) and
Viacz (207 kV). Since the MMC1 and MMC3 are designed
to control their respective DC voltages, Varnvic: = Vmmcs =
1 p.u. (400 kV).

As shown in Fig. 10(c), Pumc: = Pumes = 638 MW
and Pyvcz = 320 MW, which is consistent with (13). Mean-
while, each MMC operates in rectifier conditions. Combining
Qvvicr = @Quives = —31 Mvar and Qnvice = 0 Mvar in
Fig. 10(d), the rated capacity of the AC/DC/DC hub meets the

2000 MW '
— Py o= Pyeyr A
s 2000 1500 MW g dewt
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Q 400MW 300 MW
O -
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Fig. 9. Simulation results of the proposed system under power curtailment.
(a) Active power of wind farms. (b) DC voltage. (c) Active power of MMCs.
(d) Reactive power of MMCs. (e) The dg axis components of PCC voltage.

demand of operating conditions when only AC wind farms are
in operation.

In Fig. 10(e), the PCC voltage stabilizes at 1 p.u. (66 kV)
by GFM control. Fig. 10(f) shows DC currents I4.; and Iqcs.
Since the power of the DC wind farms is 0, 4.2 = 0. Besides,
Iic1 = 1.6 kA, within the capacity (2 kA) of the HVDC
submarine cables.

2) Only DC Wind Farms Are in Operation

In Fig. 11(a), when only the DC wind farms are under
normal operation during 6 s~9 s, Pycwt = Pyt = 400 MW.
DC voltage V.1 is 1002 kV and Vo is 202 kV, as shown
in Fig. 11(b). Compared with the DC voltages in Fig. 10(b),
the voltage drop between the Vy.; and the reference value
(1000 kV) controlled by the onshore MMC station is lower,
which is caused by the decrease of the operating power of the
HVDC submarine cables.

Figure 11(c) depicts the active power of MMCs. From
6 sto9s, Pumvct = Pumcs = 159 MW and Pynmce =
—318 MW, which can be consistent with equation (14). In
this case, MMC?2 operates in inverter condition. In Fig. 11(d),
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Fig. 11. Simulation results of the proposed system when only DC wind farms are operating. (a) Active power of wind farms. (b) DC voltage. (c) Active

power of MMCs. (d) Reactive power of MMCs. (e) The dgq axis components of PCC voltage. (f) DC current.

during 6 s~9 s, Qymce = 0 Mvar and Quvvicr = @Quvvcs =
75 Mvar. The rated capacity of the AC/DC/DC hub also satis-
fies operating conditions when only DC wind farms operate.
From Fig. 11(b) and (e), it can be observed that both the
AC and DC voltages are well controlled at the rated values.
Meanwhile, both the DC currents I4.7 and 149 are also within
the current capacity (2 kA) of the DC submarine cables, as
shown in Fig. 11(f).

VII. CONCLUSION

The paper proposes a hybrid AC/DC collection and HVDC
transmission concept for large-scale offshore wind power, fea-
turing a three-terminal hybrid AC/DC/DC hub. The system’s
operating characteristics are analyzed, indicating that partial
or even full power of the DC wind farms can be transmitted
directly through the DC side of MMC1 and MMC3. Thus, the
AC/DC/DC hub can have a lower operating power and higher
transmission efficiency.

A parameter design method for the AC/DC/DC hub is
introduced. It is demonstrated that when the DC voltage ratio

n equals the power ratio «, the operating power of the AC/DC/
DC hub is minimized. This approach results in reduced
operating power loss and lower investment costs. In a case
study of a 2 GW offshore wind power integration scenario,
the minimum operating power of the AC/DC/DC hub is only
1600 MW as the offshore wind farms operate at their rated
capacity. Economic analysis indicates that the total cost of the
proposed system is reduced by CNY 1224 m compared with
existing MMC-HVDC integration technologies.

Two AC/DC/DC hub control strategies are proposed and
validated. Simulation results confirm the technical feasibility
of the proposed system, validating its adaptability across the
full power operating range. However, the AC/DC fault man-
agement strategies for both onshore and offshore faults need
further investigation. Moreover, the scaled-down experiments
need to be performed in future studies.
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