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ABSTRACT ARTICLE HISTORY

The future ‘SuperGrid’ may requires the benefit of both offshore AC network and multi-terminal Received 28 January 2019
DC grid. AC cable limits the power transfer capability from the larger offshore wind farm, how- ~ Accepted 20 June 2019
ever, HVDC transmission system is economical viable for large power wind farm integration KEYWORDS

with the grid. Another approach to develop the offshore network infrastructure is by forming
an offshore AC grid connecting several offshore wind farms. Then, this offshore AC network is
connected with different onshore grid using HVDC system. This enhances the trade among the
countries as well as provide an economical solution for wind energy integration. In this article,
operational and control concept of voltage source converter is presented to integrate an offshore
AC grid with an offshore DC grid. The article presents the control principle of offshore AC network
frequency and voltage with respect to active and reactive power distribution in the AC network.
Later, the principle of multi-terminal HVDC system is discussed with respect to power distribution
using DC voltage droop control. Power distribution criteria are defined with respect to operator
power-sharing requirement and network stability. In the end, a hybrid AC/DC offshore grid is

Voltage control; offshore AC
hub; offshore DC hub;
frequency control; power
distribution

modelled and simulated in MATLAB/SIMULINK to validate the distribution criteria.

1. Introduction

An efficient, economical, and reliable offshore wind
power plant transmission system has utmost impor-
tance for the development of the future “SuperGrid”
[1]. The selection between high voltage alternating cur-
rent (HVAC) or HVDC transmission for the offshore
wind power plant connection predominantly depends
on its distance from the shore and the installed capac-
ity [2]. For the long distances, HVDC transmission
system has preference over HVAC cables since the lat-
ter has higher losses and requires additional reactive
power compensation. The oftshore wind power plants
located within the distance of 60 km from the shore
are individually connected with the HVAC cables [3].
Longer connection also possible using HVAC cables
by having multiple intermediate AC compensating sta-
tions [4,5]. The oftfshore wind power plant integration
with the offshore AC hub is economically suitable if
it has distance less than 20km. This benefit reduces
as the distance increase, and it provides no econom-
ical advantage beyond 40 km [6]. The received power
at the offshore AC hub can be transferred to shore via
VSC-HVDC transmission system either using point-
to-point or multi-terminal (MT) configuration [7].
Hlustration of offshore AC and DC hub concepts are
shown in Figure 1. Wind power transfer using point-to-
point VSC-HVDC transmission system from offshore
AC hub offer advantage of not installing DC circuit
breaker, and the power can be distributed to different

countries. Further, the size of an offshore converter of
a single HVDC transmission line is not required to
be equal to the net power of the wind power plants.
Though, the combined power of all offshore convert-
ers should be equal to the net wind power [8]. The
network configuration shown in Figure 1(a) may pro-
duce unnecessary losses in the offshore converters and
AC cables while transferring power from one coun-
try to another. To avoid these losses, a VSC-based
MT-HVDC transmission system is suitable for energy
trade between countries [9].

A stable operation of the DC network requires that at
least one of the converters must control the DC voltage
which is typically done by onshore converters. For the
multi-terminal direct current (MTDC) network, there
are several voltage control strategies proposed in the lit-
erature such as centralized DC slack bus control, voltage
margin control, and distributed voltage droop control
[10]. Example of master-slave and voltage margin con-
trol characteristics are illustrated in Figure 2. The mas-
ter—slave control has two main limitations. Firstly, the
capacity of the master converter must be equal to the
sum of the slave converters. Secondly, a communication
system is required in order to make any slave converter
to master in case the master converter become mal-
function. The reliability of this control principle is very
low and highly depends on the communication sig-
nal. In order to increase the reliability, more than one
converter requires to be set to control the DC voltage
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Figure 1. lllustration of offshore AC and DC hub configuration. Rectifier Inverter
(a) Offshore AC Hub and (b) offshore DC Hub ®)

with some voltage set-point margin [11,12]. The char-
acteristic curve of the voltage margin control is shown
in Figure 2(b). In this scheme, master converter has
main responsibility to control the DC voltage in normal
condition and others are working in constant current
mode. In case of exceeding master converter power lim-
its, the voltages in the network start rising and reaches
voltage threshold limits at the slave converter busbar,
hereby enforcing slave converter to regulate DC voltage
instead of current. In this control scheme, it is impor-
tant that the master converter voltage set-point must be
less than the slave converter threshold limit. As a dis-
advantage, the voltage margin control only allow fixed
power sharing and it needs several control loops which
make the voltage regulation slower [13].

A decentralized control system such as droop con-
trol increases the controllability and reliability in the
system. The principle of the DC voltage droop control
is similar to the frequency regulation in the AC system.
In the scheme, the change in DC power received by the
converter proportionally changes the DC voltage. For
a stiff voltage control, the net power in the offshore DC
grid can be shared among onshore converters by adjust-
ing the slope of the droop values. Also, the network
can be operated even if one or more onshore converters
malfunction [14].

Figure 2. The characteristic curve of master-slave and volt-
age margin control principle. (a) Master-slave principle and (b)
voltage margin principle

The realization of a “SuperGrid” at the North and
Baltic Sea may require the benefits of both offshore AC
collector system and MTDC network. An offshore AC
network allows the centralized collection of offshore
energies located at long distances, and the MTDC net-
work can provide the mean of transferring this collected
energy at different onshore grids and enable the trade
between them [15]. In such a network, energy trade
can be performed by converters in the offshore AC grid
and onshore converters of MTDC network. In order to
establish effective control of power flow in the network,
additional criteria is required to calculate the control
parameters for both offshore and onshore converters.

In this article, the frequency and AC voltage droop
schemes is applied in order to control the power flow
in the offshore AC grid. The droop gains selection cri-
teria is proposed to distribute the power among the
offshore grid converters. The power distribution in the
MTDC system is achieved by selecting the desire pro-
portional gains of DC voltage control of onshore con-
verters. The steady-state criteria for onshore converter
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DC voltage is also proposed which calculate the control
values according to the trade requirement. In the end,
the simulation and analysis of hybrid AC/DC grid is
performed to check the effectiveness of the propose
criteria.

2. Control principle of offshore grid

In a stand alone network such as an offshore AC net-
work, the offshore VSCs of HVDC transmission line
energize the network and behave like a slack source
[16,17]. The voltage and frequency droop schemes
are suitable in order to operate the parallel connected
VSCs. The advantage of droop scheme is to have mul-
tiple slack sources in the network and the communi-
cation between VSC-HVDC transmission systems is
not required for power sharing during normal opera-
tion as well as in the failure of any transmission system
[8]. Furthermore, the droop gains also offer an addi-
tional degree of freedom to control the reactive power
in the offshore AC network. The grid-forming control
system of offshore VSC is shown in Figure 3. The sys-
tem is based on vector control method which consists
of inner current and outer voltage control loops [18].
An overview of cascaded VSC control system is given in
Figure 4. The inner current closed loop provide the fast
current dynamic response. The reference signal for the
current loop is generated by outer voltage control. The
outer voltage control loop maintain the desired volt-
age level at the controlling busbar. The detail of inner
and outer control loop parameters selection procedure
are given in [19,20]. The controlling busbar is the filter
bus in the converter substation as shown in Figure 3.
The network level control is implemented locally in
each VSCs control system which consists of frequency
and voltage droop schemes. The frequency and voltage
impose by i VSC can be defined as (1).

wr_i = wo + kr_i (po_i — pi)
ur_i = uo — ku_i (q0_i — qi) (1)

Here, w, ; is the imposed frequency of i" VSC, wy and
ug are the rated frequency and voltage value, k¢ ; is the
frequency droop gain, k;, ; is the voltage droop gains,
pi and g; are the actual active and reactive power of the
i™" VSC, u, ; is the imposed voltage of i VSC, py_; and
qo_; are the initial active and reactive power operating
point.

The power sharing can either be done by power
set-points or droop gains value. The impact of both
techniques on the system is addressed in [21,22]. The
comparison of active power sharing technique is illus-
trated in the Figure 5. The power sharing control using
set-point produce better frequency and power transient
response, however, the power will flow from one con-
verter to others when there is no wind power infeed.
Power exchange between countries with this scheme

koiir

- kopﬁr +—5

wc (ts+1)

T (6(1)
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i, | T L
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Figure 3. The grid-forming control of the offshore converter for
parallel operation of VSC-HVDC transmission systems.

Voltage and Current Reference

Power Reference Modulation
Nile\zslr k| Reference Outer Inner Signal Switching
Control Controller Controller Logic

Figure 4. Overview of cascaded voltage source converter
control.

produces additional losses in offshore converters and
offshore AC cables which is not desirable and can be
avoided through other export network topology such
as multiterminal HVDC system.

Different droop gain value can be assigned to dis-
tribute the power among offshore converters. The
change in the network frequency and the active power
of i VSC can be calculated using (2). Where, 7 is the
total number of grid-forming VSCs in the offshore AC
grid, and p; is the total active power sum of all the active
power flowing through each grid-forming VSCs.

E‘n—'l’s (2)

1
j:zl kr_j

Here, the condition given in (3) is applied.

pi=

Po1=po2=-=poi=0
kf_1 #+ kf_z F o F£ kf_i #0 (3)

Unlike frequency, the VSCs control busbar voltages
are not linked with the common bus and each VSCs
bus voltage converge to different equilibrium point.
Without voltage droop characteristics, VSCs maintain
the respective bus voltage level at the predefined value
and the power flows through them according to the
impedance of the network. It is clear that the VSCs have
to balance the reactive power in the offshore AC net-
work which depends on the grid power flow. However,
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Figure 5. Comparison of active power sharing techniques. (a)
Using set-points and (b) using droop gains

the contribution of reactive power balancing by each
VSC can be controlled using voltage droop scheme.
Similar to the active power sharing control, the reac-
tive power sharing is controlled using voltage droop
gain instead of reactive power set-point as expressed

by (4).

urj=uo+kyi-q " qoi=0 (4)

2.1. Active power sharing in offshore AC grid

The selection of frequency and voltage droop gains
for the steady-state operation depends on the opera-
tional requirement and the long-term voltage stability.
The main operational requirement is the ability to con-
trol the power distribution among the VSC-HVDC
transmission systems which could be an operator
specification.

Let, the active power of VSC is expressed as a factor
o of the total power (p;) in the offshore AC grid. The
active power of each VSCs can be expressed as (5) for n
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grid forming VSCs.
pP1 =01 ps
P2 =0 Ps
Pn =0y - Ps. (5)

Also, it is known that the total power must be equal
to the sum of the VSCs power, thus (5) can be simplified
as (6).

ps=pr+p2+---+pu
ps = (Z%‘)PS
i=1

n
Z%‘:l VeeR:0<a<l1 (6)
i=1

In order to satisfy condition given in (6), the nth VSC
sharing factor must be defined as (7).

n—1
oy, =1-— Z(xi (7)
i=1

The condition of the nth VSC active power can be
defined as (8) by substituting (7) in (5).

n—1 n—1 n—1
b (z) ] ( : z) Sh=0 ®
i=1 i=1 i=1

For n—1 VSCs, the distribution factor must be defined
in order to determine the droop values. This can be
achieved by defining the relationship between the dis-
tribution factor and the droop values by comparing (2)
with (5). Thus, the distribution factor of any ith VSC
can be written as (9).

1 1

T (9)

o

1
< ky_j

~
Il

2.2. Reactive power sharing in offshore AC grid

Consider B as the reactive power distribution factor
then the reactive power of each grid forming VSCs in
the offshore AC network can be expressed as (10).

q1 = B1- gs
92 :,32‘%
Qn:ﬂn'% (10)

Here, gs is the sum of the reactive power flowing
through each grid-forming VSCs. Also, the reactive
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power sharing condition given in (11) must be satisfied.
n
G=q+q@+-+q=) di
i=1

Y Bi=1 VBen:0<p=<1 (11)

i=1

Unlike frequency droop scheme, the relationship
between reactive power sharing factor () and the
voltage droop gains (k,) cannot be explicitly defined
because of not having a common link between the
VSCs control busbars. However, the computation of
voltage droop gains can be done with the common vari-
able i.e reactive power. Thus, the condition for reactive
power sharing of i VSCs can be defined as (12) for
n grid-forming VSCs in the offshore AC network by
substituting (11) into (10).

n
(1—B)gi—Biy q=0 (12)
=1
Note that n—1 reactive power distribution factor (8)
is required to be defined in order to satisfy (11), also
one system function would be redundant if it is defined
by (12) for all grid-forming VSCs. Furthermore, the
busbars voltages are not considered in the selection of
droop gains.

The reactive power flow of the VSCs changes the
controlling bus voltage level, and the difference between
these bus voltages may generate additional reactive
power. The required reactive power sharing can be
achieved at high gain as well as at lower, however the
interaction between VSCs control busbars would be
large at high voltage droop gains. The impact of the
voltage droop on the network can be understood by
analysing the change it causes in the reactive power at
the load bus.

Consider that a load bus is directly connected with
a VSC control bus. The reactive power flow equation
of the load bus can be expanded for the branches that
are connected with the VSC control bus (i.e filter bus)
as (13).

z—1

qi— u Z Um {gim SIN(ASj) — by cos(Adp) }

m=1

m#£i
— wu; {gi sin(ASy) — bcos(A8)} =0 (13)

Substitution of the voltage droop equation given in (4)
into (13) yield (14).

z—1

Q= Y tmhim — why (o + k_iqi) =0 (14)
m=1

m##i

z—1

Q= Y umhim — wighy; — wiky_iqihy; =0 (15)
m=1
m#i Aqy_i

ku?i:()

Here, z is the total number of AC busbars in the
offshore AC network, [ is the load bus connected
with the ith VSC, i is the VSC control busbar
index, hyy, = gim Sin(Adpy,) — by, cos(Adyy,), and hy; =
81 Sin(Ady;) — by cos(Ady;).

The first three terms in (15) are the reactive power
mismatch without voltage droop scheme at the load
bus. The droop gain add the reactive power (Agy ;)
at the load bus as the function of VSC reactive power.
In case of one grid-forming VSC in the network, this
additional reactive power largely impact on the net-
work voltages since there are no sources available other
than cable capacitance to absorb it. The voltage droop
scheme is not required to be applied for single grid-
forming VSC in the offshore AC network. However, the
multiple grid-forming VSCs in the offshore AC network
can exchange this additional reactive power (Agy ;) for
balancing and to reduce its impact on the network volt-
ages. To achieve this, the criteria given in (16) can be
applied to determine the droop gains.

Agk 1+ Aqk 2+ -+ Agk =0

n oy
DO wkyiqihi =0 Vil:izl  (l6)

i=1 [=1

Here, y is the total number of busbars that is connected
with ith VSCs reference bus, # is the total number of
grid-forming VSCs in the offshore AC network, k, ;
and g; are the voltage droop gain and reactive power
of ith VSC.

3. Control principle of MT-HVDC network

In the MTDC system for the oftshore wind integration,
all the onshore side VSCs can be set to control the DC
voltage. Usually, the DC resistance in the network is
relatively small even for long cables [23,24]. The DC
voltage control using proportional-plus integral (PI)
regulator in the MTDC system makes VSCs react as
voltage sources connecting in paralle] at the common
bus with very low equivalent resistance. This could
cause large active power flow among them and lead sys-
tem into instability. Thus, a proportional (P) control
can be applied instead of PI regulator for DC voltage
control. A proportional controller does not enforce the
bus voltage at the given set-point rather the error in the
voltage from the set-point enable the balancing of the
network through multiple VSCs.



3.1. Onshore VSC control for MTDC network

The onshore substation and its control system is shown
in Figure 6 for MTDC network. The feed-forward net-
work current input (I;) should not be included in order
to control with only voltage feedback signal to avoid
conflict between VSCs in MTDC configuration. The
closed loop transfer function can be derived from the
stability model of the DC voltage control of a VSC given
in Figure 6(c).

G(s)U,(s) + (tis + 1) I;(s)

UGs) = .
CacTis? + Cges + G(s)

(17)

Here, 7; is the time constant of the current closed loop,
Cyc is the DC capacitance, G(s) is the DC voltage con-
troller, U, (s) is the voltage set-point, I;(s) is the network
current, and U(s) is the output voltage. Note that the
closed loop transfer function given in (17) represents a
single VSC DC voltage control dynamics. The stability
conditions of only one VSC controlling DC voltage in
the DC network are t; > 0 and k,p_g. > 0. Using (17),
the steady-state DC voltage equation of a VSC can be
determined by setting all the derivatives to zero,i.e s —
0.

U(s) = Ur(s) + Ii(s) . G(s) = kop_de

kop_dc

U(@s) = Ur(s) —

Lic(s) " Ii(s) + Lic(s) = 0

op_dc
(18)

It is clear from (18) that the DC voltage control now
exhibit a droop characteristic. The U-I characteristic
of the three onshore VSCs DC voltage control is shown
in Figure 7. The proportional gain for the DC voltage
control act as a slope (droop gain) of the U-I curve.
By selecting the appropriate gains, the current or power
distribution among VSCs can be controlled [25]. Note
that the illustration of the U-I characteristic is ideal and
the resistance of the DC network is neglected. The DC
cable resistance also affects the power sharing criteria
therefore an optimum power flow (OPF) algorithm is
required to determine the steady-state operating point
and the desire droop gains [26].

3.2. DCvoltage droop gain selection criteria

The DC voltage droop gains can be selected within
the stable operational range based on the DC network
power flow solution and the steady-state power sharing
criteria. The steady-state solution of the DC network
can be found using current flow equation. Using (19),
the load bus current injection can be defined as:

n
L= Gy(Ui—U) (19)
—
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Figure 6. Onshore VSC substation and its control scheme for
MTDC network. (a) Onshore VSC Control, (b) DC voltage con-
trol with proportional regulator, and (c) stability model of DC
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Figure 7. U-/ characteristic of onshore VSCs DC voltage control
to operate MTDC network.

Here, I; is the current injected at the i DC bus, n is
the total number of the DC busbar in the network, U;
is the voltage of i DC bus, Uj is the voltage of j"
DC bus, and Gj; is the conductance between DC bus
node i and j.

The VSC controls the DC voltage therefore its bus-
bar can be designated as slack or reference bus pos-
sessing the droop characteristics. The DC slack bus
voltage equation can be defined by using VSC control
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equation i.e.
Uk = Uy — myly (20)

Here, k is the index of the DC bus connected to the
onshore VSC, Uy is the rated DC voltage, m is the slope
of the U-I characteristic of k" VSC, and I is the k"
VSC current.

The total power in the DC network is required to be
distributed among all onshore VSCs. Thus, the current
of the k™ VSC can be written as the sharing factor of the
total current.

I = Xiltor (21)

Here, x is the current sharing factor of k™" VSC, and I,
is the sum of all the VSC current that has droop char-
acteristic. For any z converters controlling DC voltage,
I;ot can be calculated as

z
Lot = Y _Ij (22)
j=1

By substituting (22) in (21), the current sharing
equation can be defined for any kth DC voltage con-
trolling VSC as given in (23). Furthermore, the sharing
factor must satisfy the condition given in (24).

z
A= x) Ik —xk Y =0 (23)
j:l
ik
z
Z xi=1 (24)
=1

4. Analysis of hybrid AC/DC grid

The power sharing criteria is a steady-state operational
requirement, and an optimal power flow algorithm is
required to find the network voltage, current, power,
and desire droop gain values. The upper and lower
boundaries of the state variables must be defined by
considering their stable operational range. The bound-
ary limits of the droop slope can be determined by
dynamic and stability analysis of the MTDC system
[27]. In order to analyse and illustrate the operation
and control of hybrid AC/DC oftshore grid, the network
shown in Figure 8 is simulated in Simulink environ-
ment.

In the network, three wind power plants are con-
nected together with HVAC cables to form offshore
AC collector system. The fourth wind power plant is
located far from both onshore grids and the collec-
tor system; therefore, it is interlinked with the HVDC
system. Three onshore grids are connected with the off-
shore AC collector system via MT-VSC HVDC trans-
mission system, and an onshore grid is interconnected
with the AC collector system via VSC-HVDC system
in the point-to-point configuration. All the VSCs have

Off-VSC-1
100 MW

100 km

\
\

\ On-vsC2
85 km 1\ 100 MW Grid-2

WPP-2
90 MW

6 km

—— ACBus -

. .
e fon-vsc-4

—— AC Cable
DC Cable| /100 MW

Figure 8. Integration of offshore AC and DC networks.

Table 1. Network voltages and cables parameters for com-
bined AC and DC grid.

Voltage  Resistance  Inductance  Capacitance
kv Q/km mH/km uF/km
AC Bus (offshore) 150.0
AC Bus (onshore) 220.0 - - -
AC Cable 150.0 0.06 0.44 0.14
DC Cable 150.0 0.019 0.0001 0.35

the same rated active power i.e 100 MW, and the rated
apparent power is 112 MVA. The network voltages and
cables parameters are given in Table 1.

The offshore VSCs “Off-VSC-17, “Off-VSC-2”, and
“Off-VSC-3” are operating in the grid-forming mode
with frequency and voltage droop schemes as explained
in Section. 2, and their substation configuration is based
on Figure 3. The net maximum active power in the off-
shore AC network is 240 MW. The active power sharing
is considered as equal among the offshore VSCs, thus
all of them have same frequency droop gainsi.e ks | =
kf » = kf 3 = 0.0002 p.u. The voltage droop gain for
“Off-VSC-17, “Off-VSC-2”, and “Off-VSC-3” are cal-
culated as k, ; = 0.001, k, » = 0.001p.u and k, 3 =
—0.001 p.u respectively. The offshore VSC “Off-VSC-
4” is also operated in grid-forming mode but without
frequency and voltage droop scheme, and it substa-
tion configuration is same as shown in Figure 3 with
kf74 = ku_4 =0.0 p-u.

The onshore VSC “On-VSC-1” is controlling the DC
voltage solely since it is connected in the point-to-point
configuration and its substation configuration is same
as shown in Figure 6 but with PI control scheme. The
PI control parameter selection procedure are explained
in detail in [28]. Furthermore, the onshore VSCs “On-
VSC-2”, “On-VSC-3”, and “On-VSC-4” are forming
a MTDC network therefore they are controlling the
DC voltage with droop characteristics as explained in
Section 3. With equal active power sharing criteria



Table 2. MTDC network operational scenarios and voltage con-
troller gains.

X1 X2 X3 Iw w2 w3 kop,l kop,z kop,3
(pu)  (pu) (pu)  (p.u) (p.u) (p.u)

033 033 034 088 088 088 42736 78391 575.05

among the VSC in offshore AC collector network, the
net maximum active power in the MTDC network is
260 MW. It is also considered that the onshore VSCs
in MTDC networks are sharing active power equally
at the rated power. The proportional gains value of the
DC voltage control and DC current flow values are give
in Table 2. Furthermore, each wind power plants is an
aggregate model and the type IV wind turbines are con-
sidered in the analysis which can control the active and
the reactive power independently. Since this article do
not focus on the wind turbine dynamics, the further
detail on the wind turbines model is not discussed [29].

The operation of the offshore grid is analysed by
applying step change in the wind power generations. All
the wind power plants have 0.98 inductive power factor
in order to support the network voltages. For analy-
sis, WPP-1, WPP-2, WPP-3, and WPP-4 wind power
generation are changed from zero to maximum at 3.0 s,
6.0, 9.0, and 12.0 s respectively. The responses of the
active and reactive power flow of VSCs in the offshore
AC network are shown in Figure 9. The results are in
the per unit of rated apparent power i.e 112 MVA, and
generator oriented sign convention is applied. The net
active power in the offshore AC network formed by
“Off-VSC-17, “Oft-VSC-2”, and “Off-VSC-3” is greater
than a single offshore VSCs active power transmission
capacity. The frequency droop scheme enable the con-
trol over the active power distribution among them.
The active power response shows that the power dis-
tribution among these VSCs is equal according to the
power sharing criteria. After 10.0s, each offshore VSCs
in the AC collector network are receiving 0.7143 p.u
active power. The WPP-4 is not connected with the AC
collector network thus “Off-VSC-4” is receiving the full
wind power generation i.e 0.9 p.u. Although the wind
power plants are absorbing the reactive power (induc-
tive) from the network, the VSCs in the offshore AC
network requires to flow inductive reactive power as
shown in Figure 9(b). This is due to the offshore AC
cable capacitance which is comparatively higher than
the onshore AC cables. The reactive power can be man-
aged in the offshore AC network by both offshore wind
power plants and VSCs. On the other hand, the “Off-
VSC-4” is flowing capacitive reactive power since the
AC cable connected with WPP-4 is not long.

The offshore VSCs formed the AC collector network
by imposing the frequencies and controlling the volt-
ages. The response of the offshore VSCs frequencies
and voltages are shown in Figure 10. It can be observed
that the offshore AC network frequency is raised above
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Figure 9. The power response of offshore VSCs. (a) Active
power response and (b) reactive power response.

the nominal value at steady-state. This change in the
frequency enable the power distribution among the oft-
shore VSCs. On the other hand, the frequency imposed
by “Off-VSC-4” is constant since there is no other VSC
to share the active power. The energizing of the off-
shore network is mainly done by controlling the voltage
through VSC outer voltage control. Note that there
is lack of inertia in the offshore AC network since
only static devices (only VSCs) exist in it. Any sud-
den change in the power imbalance in the network will
directly impact the voltages, and VSCs voltage control
has to ensure the network stability. The response of the
offshore network AC voltages are shown inFigure 10(b).
It is clear that the VSC voltage control is robust and
the network voltage reaches the steady-state value fast
to ensure network stability i.e voltage response settling
time is 20 ms. The maximum voltage rise in the off-
shore AC network is 1.04 p.u, and the voltage rise due to
change in WPP-4 wind power is approximately 1.10 p.u.

The response of the active power flowing through
the onshore VSCs and the DC voltages at these convert-
ers busbars are shown in Figure 11. The “On-VSC-1”
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Figure 10. The response of offshore VSCs frequencies and their
corresponding busbar voltages. (a) Frequencies imposed by off-
shore VSCs and (b) AC voltages at VSCs busbars.

is injecting approximately 0.7143 p.u active power into
the “Grid-1”. The active power supply into this grid can
only be increased by altering the power sharing factor
of “Oft-VSC-1". However, the supply of active power
into other onshore grids can be controlled either by the
power sharing factor within the MTDC network or with
the increase in the MTDC network net power through
“Off-VSC-27, and “Off-VSC-3” converters. Note that
the frequency droop scheme in the offshore VSCs do
not permit the different active power flow directions
with respect to each other. In other words, all the off-
shore VSCs will supply the active power into the off-
shore AC network to compensate the network losses
when there is no wind power generation. And, they all
will receive the active power in case of wind energy
generation. This is evidence from the active power
response of Figure 9(a). The total active power losses
in the offshore AC network is 2.21 MW which is equally
shared by “Off-VSC-17, “Oft-VSC-2”, and “Off-VSC-3”
i.e 0.00659 p.u each. Such operational strategy avoid to
flow the circulating active power in the loop that can be
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Figure 11. The active power and DC voltage response of the
onshore converters. (a) Active response and (b) DC voltages at
VSCs busbars.

formed between MTDC and offshore AC network such
as around “Oft-VSC-2” and “Off-VSC-3”.

Furthermore, it can be observed from Figure 11(a)
that the active power flow through “On-VSC-2”, “On-
VSC-3”, and “On-VSC-4” at the maximum wind power
is according to the designed power sharing criteria.
Each of them are flowing 0.77 p.u of active power. As it
has been explained before that the proportional gain of
the DC voltage control of onshore VSCs not only enable
the control over the power sharing but also they must
ensure the DC network stability. The response of the
DC voltages shown in Figure 11(b) indicates that the
voltages are within the operational limits and the DC
network is stable.

5. Conclusion

Most of the offshore grid to integrate the wind power
plants is based on the radial configuration. Though it
simplify the operational control, but it has low redun-
dancy in case of fault, and provides less flexibility



to integrate multiple onshore grids. The rapid devel-
opment of high capacity offshore wind power plant
enforce to consider a hybrid AC/DC offshore grid.
A hybrid grid may have the mesh configuration as
demonstrated in the case study which can flow the
active power in the loop and causes the unnecessary
losses in the system. The proposed droop selection
method ensure that the active power must not flow in
loop that is created between the AC and DC grid. Fur-
ther, the proposed power sharing criteria ensure the
steady-state voltage stability and enable power distribu-
tion according to operator’s requirements. The simula-
tion results demonstrate that an offshore AC network
can also be connected with MTDC network with ease.
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