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Abstract—This paper introduces the control of the parallel
operation of two VSC-HVDC links interconnecting an offshore
wind farm. The aim of the study is to propose and validate
a control system that allows the parallel operation of two
VSC-HVDC links by controlling the currents injected by the
VSC converters. The currents set points are established by a
voltage controller in order to maintain constant voltage and
frequency in the capacitor of the output filter and therefore
within the offshore wind farm (OWF). It is demonstrated that
the decoupled control of the d-q component of the voltage
at the capacitor allows achieving the direct control of voltage
and frequency, respectively. The voltage and frequency control
(VFC) is implemented by orienting the capacitor voltage toward
a synchronous axis that is generated within the controller
and therefore is not subjected to any grid disturbance. Both
converters collaborate therefore in maintaining constant voltage
and frequency, achieving in this way the parallel operation of the
converters. The validation of this approach is demonstrated by
simulation where the OWF and the VSC-HVDC rectifier have
been modeled. Simulation results demonstrate that the proposed
control system allows the parallelization of the converters while
maintaining constant voltage and frequency within the OWE,
even during transient faults.
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I. INTRODUCTION

Offshore wind farms present a number of benefits com-
pared to traditional onshore wind farms. Amongst the most
relevant, the following can be highlighted: the availability of
higher wind speed, the ease of transporting of very large
structures (allowing larger wind turbines) and the limited
available inland locations to install new wind farms in some
countries (mainly in Europe). Offshore generation facilities
can be connected to the main 50 or 60 Hz AC grid using
transmission systems based on High Voltage Alternating
current (HVAC) or High Voltage Direct Current (HVDC)
[1, 2]. The choice between these technologies depends on
the cost of the installation, which depends in turn on the
transmission distance and power rating. The proliferation of
Offshore Wind Farms (OWFs) is promoting the development
of HVDC systems more complex in terms of operation and
control. The existing ones are based on simple point-to-point
connections, but the natural evolution is to meshed topologies
to further enhance the reliability and economical operation of
HVDC grids [3]. Likewise, VSC-HVDC stations are evolving
to more reliable and flexible configurations.

VSC-HVDC stations connected to OWFs should provide
voltage and frequency control on the AC offshore network
[4, 5]. Typically, only a single converter is used to connect
the AC grid to the HVDC link using a symmetrical monopole
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configuration [6]. In the case of connecting new power
plants in the area of existing wind farms, two options can
be considered. The first one is to construct a new AC/DC
substation with an independent DC link, interconnecting both
VSCs through an AC line [7]. The second option consists of
connecting in parallel these two VSCs to a common AC bus
as an extension of the existing substation. This configuration
works effectively as two independent point-to-point VSC-
HVDC links, enhancing the system reliability [6]. Each VSC
can operate at different active power level and they can
also be connected to different buses of the main AC grid,
increasing the reliability.

Such VSC configurations present some technical chal-
lenges regarding voltage and frequency control, active and
reactive power sharing and fault ride-through for faults in the
offshore AC grid [8]. The main problem is the need to coor-
dinate a plurality of power converters which are imposing the
voltage and the angle of the offshore grid. Several researchers
have been investigating this problem for offshore grids with
only one VSC-HVDC rectifier [9], arriving to the conclusion
that careful analysis is needed and that the overall control
structure needs to be simplified to prevent system resonances
and oscillations. This problem has actually been experienced
in some real projects in the North Sea. This issue in systems
comprising several VSC-HVDC rectifiers can be theoreti-
cally addressed without relying on communications, using
Conventional Droop Control (CDC) laws [10], synchronous
generator emulation or virtual synchronous machines (VSM)
[11, 12, 13] and power synchronization control [14]. While a
non-communications solution has undoubtable academic in-
terest, and it can be certainly used whenever a communication
failure occurs, the use of fast communication systems can
provide enhanced performance and faster dynamic response.
If the system with a single VSC-HVDC rectifier is likely
to experience resonances, this risk is substantially increased
if more rectifiers are added, together with additional dis-
tributed control loops. Therefore, the present paper suggests
a centralized control approach, using communication systems
which will be already existing in the system. Whenever the
two VSC-HVDC converter stations are installed in the same
or neighboring physical platforms, the option of integrating
the controllers and perform a centralized control has several
advantages. An integrated and direct control will be simpler
than the alternative options using distributed communication-
less controllers. The application of the proposed concept will
minimize the risk of overall system unstability, which is
very important when distributed controllers are used. In fact,
stability is one of advantages of the proposed control system
over conventional droop control, even more in the case of two
converters with different ratings. Basically, the fact that there



is only one central voltage controller, guarantees the stability
of the voltage and frequency independently of the converter
data. Furthermore, as the converters are connected to two
different DC buses, homopolar currents cannot circulate.

This paper presents a direct control of a double VSC
HVDC link connected to the same offshore AC collection
grid. Unlike distributed control methods, this direct control
uses only a centralized voltage and frequency controller.
Current references are sent to each VSC, which are auto-
matically parallelized through their own current control loop,
while sharing active and reactive power between different
converters. In the direct control, slow power controllers are
eliminated which allows reducing bandwidths of voltage
and current controllers and therefore make possible the use
low frequency switching strategies without compromising the
stable operation of the system.

The paper is organized as follows. A system description
of the OWF connected to the double VSC-HVDC link is
shown in Section II. In Section IIl a systematic approach
to the VSCs modeling is presented. In this section the
inner control-loops (voltage and current controllers) and the
outer power controllers have been integrated in the model.
Besides, its state equations have been obtained in a common
reference frame. Section IV presents the fundamentals for
the direct control of a double VSC station. In Section V
the system stability is studied by analyzing the eigenvalues
for different parameters. To evaluate the performance of
the direct control, time-domain simulation studies in PSIM
software are presented in Section VI.

II. SYSTEM DESCRIPTION

Figure 1 shows the transmission system of an OWF con-
nected to the main AC-grid at two different buses through
two independent HVDC links. The rectifier station of the
OWF comprises two VSCs connected to a common offshore
grid bus. The common bus collects the power generated by
the OWF and transmitted through AC export cables from
the OWF substation. This configuration is known as multi-
infeed connection [9]. One of the advantages of this topology
is that the wind farm can be enlarged without limiting its
rated capacity to the rating of a single HVDC connection.
On the other hand, it leads to a more reliable connection
as it can keep the offshore wind power transmission to the
main grid even if one of the HVDC links fails. Furthermore,
it allows a staged progress of the DC connection by different
developers [9, 15]. Both VSCs rectifiers are interconnected
in the common bus with their corresponding output high-
frequency filters, used for the implementation of the proposed
voltage and frequency control scheme. The electrical data of
the system components is detailed in Section VII.

For simulation purposes the offshore wind farm is mod-
elled as a PQ bus, where the active power is just a function of
the wind velocity driving the turbines and the reactive power
is the result of load flow with the reactive power adjusted in
each wind turbine [16, 17].

III. PARALLEL VSC STATION MODEL

The AC-side of VSCs can be generally represented by
a three-phase AC voltage source connected to the system
through an interfacing reactor modeled by an inductance
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Figure 1: Multi-infeed VSC-HVDC connection of an offshore
wind farm

L and a resistance R [18, 19, 20]. In case of modular
multilevel converters (MMC) L and R are half of inductance
and resistance of the arm reactor [21]. The total capacitance
connected at PCC (Point of Common Coupling) is repre-
sented by C, which comprises the capacitance of both high
frequency filters, which are considered purely capacitive at
the fundamental frequency [22] (see Figure 2).

Hierarchical control systems on MMC can be classified
into two levels: upper level (voltage and power control) and
lower level (submodule and arm control) [23, 24]. In this
paper only upper level control is investigated, low level con-
trollers such as balancing capacitor algorithm (BCA), second-
harmonic circulating current suppression controller (CCSC)
and nearest level modulation (NLM) [25, 26, 27] are assumed
to be correctly implemented. Additionally, the modelling of
the MMC in the DQ reference includes a variable series
capacitor, C'ysprc, that depends on the modulation index [28].

The DC-side of VSCs is represented by a core-screen
coupled 7 model for a pair of DC cables [29, 30] as shown
in Figure 3. The inverter station is operated in constant DC
voltage mode to allow the transmission of power from the
rectifier station.
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Figure 2: Model of the parallel VSC station

According to Figure 2, the AC-side dynamic equations
of currents z;, and voltages on the series capacitors v,
expressed in a synchronous DQ reference frame rotating at
constant frequency wy, are:

di . . .
w=Ly—® o+ jwoLyiy + Ridy +vee + e (1)

. dv :

i = Cumc, ﬁck + jwoCMMCy Ve ()
being the subscript & the converter number, k¥ = 1, 2. Like-
wise, the dynamic equation of the voltage on AC capacitor
connected at PCC is represented as:

d
iy — (g +1i5) = Cd% + jwoCu 3)

where the current vectors of each VSC and the wind
farm are, i, = ixp + jirg and iy p = twrp + JiWFQ,



respectively. The voltage vector at the PCC bus is represented
as u = up + jug and the internal voltages of each VSC as
e, = exp + jerQ

The internal voltages e;p and ey are obtained as a result
of the control action depending on the DC voltages Vi,
according to [31]:

1
erQ = ikaVkr 4

where myp and myq are the DQ modulation indexes ob-
tained by the Park transformation of the phase modulation
signals of each VSC. Likewise, the series capacitor Cysar¢
can be expressed as a function of these modulation indexes
[32] as

€kD = 5MkD Vier

64Carm
8 —3(mip + mZQ)

Cunmc, = Q)

In Equation (5) the capacitance of each arm Cl,.,, is
calculated as the equivalent capacitor of n-numbers of cells
connected in series on each arm [33]. By taking real and
imaginary parts, (1)-(3), and rearranging terms, the deriva-
tives of the state variables at the AC-side are expressed as:

di . . 1
Ly, dktD :_RkaD+WOLkle+UD_UckD_imkDVkr (6)
di , . 1
Ly, dth =—Ryirq *woLklkDJruQ*vckQ*ikaVkr (N
dv )
Cyvmcy % =it + woChMC, VekQ 8)
Ve .
Cyvmcy T;CQ = 1kQ — woCMMC,VekD ©)
duD . . .
CW = woCuq +iwrp — (i1p + i2p) (10)
du . ) .
CT;Q = —woCup +iwrg — (l1g +i2g0)  (11)

where currents iy pp and iy g can be expressed in terms
of: a) external inputs Py and Qw ¢ and b) DQ-components
of voltage at the common bus up and ug

2 Pwrup + Qwrug

IWFD =
3 u? + u?Q

(12)

) 2 Pwrug — Qwrup
= — 13
WrQ 3 u% + u2Q (13)

Assuming that the power transmitted from the internal
voltages is equal to the DC power of the rectifier
3 . .
Vierdyr = 5(61@%[) + exQing) (14)
the DC current of each VSC rectifier [, can be calculated
in terms of m;p and myq as

Iy = —(Mkpikp + MkQirg) (15)

1

On the other hand, Figure 3 shows the core-screen coupled
7 model for a single DC cable. The state variables of this
model are the DC voltage of the rectifier, Vj,, the core
current, .., and the screen current, I...
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Figure 3: DC cable model

Applying the first Kirchoff law, the voltage rectifier dy-
namics is obtained as:
dVir
= 2(Ir — Tico) —
dt (Ter = Teo)
being Cicp and Gi.p the parallel capacitance and conductance

of each cable, respectively. The state equations of the DC
coupled inductance are represented as:

Chrev

GrebVier (16)

dlgco dlgse
cho Llco dk +Mkcs dk =0. 5(Vkr Vk:i>_Rk:coIk:co
dl, dlI (7
kco ksc
Vsc M, cs +L sc =-R scI sc 18
k hes kse ™ ksclk (18)

From Equations (17) and (18), the currents’ derivatives of
core and screen can be obtained as follows:

dl1co
Lk,csTkt = Lkchkco - Mk'csvksc (19)
dIy,
Lies =" = =MiesVico + LicoVise (20)
where Lics = LgcoLkse — M2,

Replacing the expressions of Vi, and Vi on Equations (19)
and (20), the derivatives of the DC currents can be expressed
in terms of the rectifier current I, and the DC voltage of
the inverter V}; as:

dlkeo 1 1
chs dkt _Lksc(ivkr_5Vki_choIkco)+MkcstscIksc
dl, 1 =
chs ksc Mkcs( Vkr*7Vki*choIkco)*chORkscIksc
dt 2 22)

By linearizing the system, the state space model is
obtained, which has sixteen state variables: Ax =
[Aup, Aug, Aigp, Airg, Avekp, AVerq, AVir, Aljco,
Alysc)T, two external inputs [APy rp, AQw rg]” and four
control variables, two for each VSC [Amyp, Aka}T.

IV. VOLTAGE AND FREQUENCY CONTROL

The objective of the control system is to maintain constant
voltage and frequency within the AC grid of the OWF by the
parallel operation of the VSC converters. For such purpose,
the capacitance of the high frequency filters is used. It is
demonstrated that the control of the D-Q axis components of
the capacitor voltage will lead to the voltage and frequency
control of the AC grid, which in turn is achieved by control-
ling the active and reactive current flowing into the capacitor
[34, 35].

The VFC is based on the orientation of the voltage vector
at the capacitor terminals along a synchronous reference axis
(D axis), according to Figure 4. The rotational speed of
the synchronous reference axis is the reference frequency of
the system, i.e. 50 Hz. As long as the control is able to
maintain the voltage vector orientated along the synchronous



reference axis, the frequency is kept constant. By controlling
the magnitude of the voltage vector, the voltage magnitude
is also kept constant. The capacitor voltage vector Equations
(10)-(11) are used to derive the control strategy for the
voltage and frequency control.
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Figure 4: Voltage vector in a synchronous reference frame

In steady state, the capacitor voltage vector is aligned
along the synchronous reference axis and therefore up = |u|
and ug = 0. Therefore, Equation (10) indicates that by
keeping constant voltage across the capacitor, the OWF
active current is equal to the VSCs active current, as ug = 0,
while Equation (11) stands that the OWF reactive current is
equal to the VSCs reactive current plus the capacitor current
(woCup).

Figure 5: Voltage and frequency control scheme

In conclusion, by keeping constant voltage across the
capacitor and keeping the terminal voltage vector aligned
along the synchronous reference axis, instantaneous active
and reactive power balance between the OWF and the VSCs
is achieved. With such principles, the control system is quite
simple: there are two control channels. The first one to obtain
constant voltage (up = |u|) and the second one to obtain
constant frequency (ug = 0).

In Figure 5, the reference voltage is compared to the D-
axis component of the actual voltage vector while the Q-
axis component of the actual voltage vector is compared
to zero. The reference D-axis orientation is obtained by
integration of the desired frequency wy, as shown in Figure
7. It should be noted that in Figure 5 the cross-coupling
terms of Equations (10) and (11) have been compensated
to enhance the dynamics of the control system. From the
previous principles, the control of the magnitude and angle
of the voltage vector are related to the control of the active
and reactive power balance, respectively.

Moreover, the power balancing control has to be achieved
by the VSCs active and reactive power control, as the OWF
active power is a function of the wind velocity, and therefore
can not be used in the proposed control scheme. Therefore,
in Equations (10) and (11) the control of the voltage DQ-
components is achieved through the control of the active and
reactive current drawn by the VSC rectifiers, respectively.

With these relationships, in the control scheme of Figure 5,
the control of the voltage magnitude is carried out by the
D-component of the rectifiers current vector ¢p, while the
control of the frequency is carried out by the Q-component
of the current vector 7. An increment of the rectifiers
active current will produce an increment in the capacitor
voltage while an increment of the rectifiers reactive current
will produce a (negative) increment of the voltage vector
rotational speed, that can be used to keep it aligned towards
the reference axis. On the other hand, the current control
of the VSC converters is well-established in the literature
and it is based on the decoupled DQ control through the
VSC internal voltage DQ components, respectively (Figure
6). In Figure 6, in order to improve the dynamic response
of the current control loop, the cross-coupling terms of
Equations (33) and (34) have been compensated, as well as
the grid voltage and the voltage drop in the equivalent MMC
capacitor. To improve the dynamics of the system this voltage
drop is affected by the damping factor k¢ as will be explained
in the following section.

Figure 6: Inner current control loop scheme

With the aforementioned control system, there is only one
voltage and frequency controller and both converters are
automatically parallelized through the current control loops,
i.e, both converters operate synchronously without employing
the well-known droop control technique. Moreover, both
converters participate on maintaining constant voltage and
frequency within the offshore grid. The participation factors
can be adjusted independently, if needed, by adding some
weights to the current reference of each converter. These
participation factors would establish what percentage of the
total current has to be supplied by each converter. The
participation factors allow a very flexible operation of the
VSCs. If one of the VSC participation factors is zero it means
that it is not participating in the voltage control, while the
other is assuming the whole voltage control (participation
factor equals one). Moreover, the VSC not participating in
the voltage control, can then have an independent control
reference for active and/or reactive power. Finally, Figure
7 shows a schematic representation of the overall control
system. Note that a phase-locked loop (PLL) is not needed,
because the whole control is oriented to a synchronous axis
obtained directly from integration of the desired angular
frequency and therefore the angular position is not subjected
to any measurement noise or grid disturbance.

V. CONTROLLED SYSTEM STABILITY ANALYSIS

In this section the complete state space model of the double
VSC station will be derived from equations obtained in
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Figure 7: Overall control system scheme

Section III by adding the dynamic equations of the proposed
voltage and current proportional+integral controllers, Pl and
Plc, in Figures 5 and Figure 6, respectively. In the current
controllers Pl the internal voltage of each VSC converter is
obtained by the expression:

kc

e =u—jwo Lty — 4 (14-k¢)—kc (i —1) T

(if—i)dt

(23)
where k¢ and T are the current controller proportional gain
and integral time constant, respectively, and the compensating
terms have been added. Likewise the damping factor k¢
has also been considered in order to avoid low frequencies
oscillations produced by the dynamics of the series capacitors
expressed by Equations (8) and (9). By separating into
real and imaginary parts and using the modulation indexes
definitions from Equation (4):

2 . . .

mpp=——> (up+woLrirg vekp(1+ke) ke(ifp ixp) kcVipD)
Vkr

(24)
2

mko=w(ﬂo wolpikp verq(ltke) kclikg k@) koYeq)
b

(25)

where the new state variables are yxp and yrq given by:

dvp . , dyx . .
TC dt = Z;D — kD TC dtQ = E;Q — ZkQ (26)

Similarly, the voltage controller Pl input is the voltage
error, while the output is the current reference given by:

iy = jwoCu — ky(u* —u) — - / (u* —w)dt (27

where k, and T, are the voltage controller proportional gain
and integral time constant, respectively, and the compensating
cross terms have been added. By separating into real and
imaginary parts:

i;D = wOCuQ — kv(ui—) — U,D) — kvqf)D (28)
E':.Q = —quUD — kv(uc*? — UQ) — kv(ﬁQ (29)
where the new state variables are ¢p and ¢g given by:

Tddi ¥ T@ZUB—UQ (30)

Vot

= 1u u
v dt D D

On the other hand, the compensation of the voltage drop in
MMC equivalent capacitor leads to the following dynamic
equations:

1
VekD = /(i + WoVekq)dt (3D
Cunmek

i
VekQ = /(C& — WoUekp)dt (32)
MMCk
Then, by taking into consideration that a perfect compensa-
tion is achieved, Equations (33) and (34) are modified by
adding the current controller response as:

di . . :
Ly dZD = —Ryixp + kc(ikp — ikp) + kcYep — kcvern
. (33)
) . % .
Ly dZQ = —Rypirgtkc(ikg—irg) thcrg—kcverg (34)

In conclusion, including the voltage and current control
loops the set of dynamic equation can be represented in the
state space by the following twenty two state variables Ax =
[AUD': AUQ: Aqu: AQSQ, AikD: AikQ: AFYRD) AFYJCQ: AvckD:
Averg, AVir, Aleo, Alks]¥,  two  external  inputs
[APwrp, AQwrg]T and four control variables, two
for each VSC [AmkD,Aka]T. Six new state variables
have been added to the state space model obtained in Section
III: two representing the states of the voltage controller ¢p
and ¢g and four more representing the state of the current
controller of each VSC 7 p and kg . In order to assess the
dynamics and stability of the overall system the eigenvalue
analysis is performed in the base-case scenario given in the
Appendix.

For this base-case the eigenvalues are computed and pre-
sented in Table 1. Frequency and damping ratio are also
given, as well as the dominant states according to their par-
ticipation factors [36]. This table shows that all eigenvalues
have negative real parts indicating stable operating condition
for the base-case scenario. Eigenvalues A;2 and Az 4 have
the highest frequency oscillation modes and are sensitive
to the state variables of the capacitor and filter inductor.
Eigenvalues for the DC cables are all overdamped (A7 to
Ao and Aq516). Eigenvalues Ay 12 and Aq3 14 present low
frequency oscillations modes produced by the voltages on
the series capacitors. Specifically, the mode corresponding to
eigenvalues A3 14 present a small damping ratio 0.04. In fact
this mode has a negative real part because a damping factor
has been included in the control. The modes of eigenvalues
A12 and Ag 4 are strongly dependent on the voltage and
current control loop bandwidths. In a high power VSC control
the conventional switching frequency is around 2-3 kHz,
and even lower for voltage-balancing algorithms [37]. On
the other hand, in order to guarantee a proper response, a
sample rate up to 10 times the envisaged bandwidth is used.
The usual practice in power electronics control is to select
a sampling frequency equal to the switching frequency or
higher when over-sampling approaches are taken. In the case
of MMC, the effective frequency observed is much higher
than the switching frequency, due to the multilevel nature of
the converter [38]. Choosing an inner loop 3 times faster than
the outer loop [39], the inner current control loop bandwidth
has been set at 1888 rad/s (300 Hz) and the outer voltage
control loop bandwidth at 683 rad/s (108 Hz). On the other



Table I: Base-case eigenvalue analysis

i Eigenvalues Frequency =~ Damping ratio  Dominant states Participation factors
(rad/s) (Hz) (p.u.) (>0.1)

A1,2 -1830+j3822 608 0.43 Up,i1D, 42D 0.47,0.23,0.23

A3,4 -780+j3392 540 0.22 uQ,t1Q,12Q 0.47,0.23,0.23

As -2420 1D, 12D 0.38,0.38,

A6 -2420 11Q, 12Q 0.37,0.37

A7 -1778 Iise, I2sc 0.33,0.33

Ag -1778

Ao -571 Ise, Iico, Vir  0.20,0.15,0.13

A1o -571 Iosc, Ioco, Vo 0.20,0.15,0.13

A11,12 -2294j352 56 0.54 UleD, U2eD>s 0.20,0.20
UleQ U2cQ 0420,0420

A13,14  -11£j292 47 0.04 UleD, U2eDs 0.23,0.23
Ule@, U2cQ 0.23,0.23

A1s -101 Tisc, Iosc 0.33,0.33

A6 -101

A17 -13 Y1DsY2D 0.27,0.27

/\13 -13 Y1Q-72Q 0423,0423

A1g,20  -7EjS 0.75 0.82 Y1DsY2D 0.25,0.25
Y1Q:72Q 0.25,0.25

A21 -1.7 oD 0.95

A22 -2.4 PQ 0.95

hand, Figure 8 shows the A1 2 and A3 4 eigenvalues loci as a
function of the WF active power for different values of the
AC capacitance, C=0.1, 0.15, 0.2 p.u. This figure shows that
while eigenvalues A; » become more stable, eigenvalues A3 4
move toward the unstable side of the plane. Note that for a
low capacitance, eigenvalues A3 4 can become unstable for
high power. It is also worth noting that this instability is due
to eigenvalues sensible to the Q component of the voltage
and current and hence to the frequency control.
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Figure 8: Eigenvalues A; 2, A3 4 loci as a function of AP, C

The control of modern MMC-VSC requires low switch-
ing frequency strategies to provide more efficient converter
stations [40, 41]. These strategies can lead to the design of
voltage and current control loops with low bandwidth and
can result in a poor dynamics and low stability margins
when power controller blocks are incorporated into the VSC
control structure, like droop control techniques. Although
the individual voltage and current controller are designed to
be stable, their interaction with the slow dynamics of the
power controller block (active and reactive droop control
and its corresponding secondary controllers) can affect the
system stability, resulting in a narrow range of stable op-
eration. The stability of power droop controllers is highly
affected by the gain of the droop. This means that frequency
error is limited by the control stability. The conventional
droop control introduces low frequency dominant modes of
operation in comparison with the voltage and the current
controllers whose operational modes are more sensitive to

higher frequencies [42]. For this reason, the dynamics of
the direct control of voltage and frequency at PCC improves
the performance of the conventional droop control. This is
possible because the two VSC are connected to the same
PCC bus.

VI. SIMULATION RESULTS

The validation of the proposed control system for the
voltage and frequency control in an OWF with two parallel
VSC has been done by detailed simulation in PSIM. In this
section the simulation results are presented and discussed.
The simulated system consists of a 800 MW OWF connected
to the grid through two 245 kV VSC HVDC links. The
main system parameters are given in the Appendix. The
OWF has been modelled by aggregation of two equivalent
wind turbines (one for each AC line). For each WT the
front-end converter has been completely modelled, including
the current control loops and using as inputs Py and
Qw . Simulation results show the system response to various
scenarios. For the first case, starting at Pyyrp =250 MW
and Qw r =0, the OWF active power is suddenly increased
up to 500 MW at t=1 s., while at t=3 s reactive power is
increased from 0 to 25 MVAr. Figure 9a shows that the
OWEF active power step produces a transient in the voltage D-
component, i.e. voltage magnitude, while the reactive power
step hardly affects the voltage magnitude. On the other hand,
a small disturbance can be seen in the voltage Q-component,
i.e. voltage frequency, under both input steps. To be more
precise, frequency response is also presented in Figure 9a.
Nevertheless, it has to be pointed that for the proposed
frequency control scheme, the frequency measurement is
not needed, so the frequency signal shown in this section
has been obtained by means of a PLL only for displaying
purposes. The transients are quickly compensated in both
cases, which demonstrate the capability of the proposed VFC.
This figure also demonstrates that voltage magnitude and
frequency responses are practically decoupled: the active
power step mainly affects the voltage magnitude, while the
reactive power mainly affects the frequency.

On the other hand, Figure 9b shows that the incoming
OWEF active and reactive power is divided exactly by two be-
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Figure 9: Active and reactive power step changes

tween both converters, meaning that both of them participate
in the same proportion in the voltage and frequency control.
Note that for the reactive power response, the difference
between the incoming reactive power from the wind farm
and the reactive power taken by both converters is the reactive
power at the PCC capacitance. Finally, Figure 9¢ also shows
the voltage and current at the DC side of each converter.
These results show the DC voltage and current increasing as
a result of the power increasing and also the cable screen
current.

Moreover, to demonstrate the operational flexibility of
participation factors, a second simulation has been performed
where the second VSC operates under constant active and
reactive power mode, set at 125 MW and 37.5 MVAr, while
the first VSC assumes the voltage and frequency control.
Figure 10 shows the system response. The inputs are the same
as the previous case. When the OWF active power increases
and so later the reactive power, the second VSC continues
evacuating 125 MW and 37.5 MVAr, while the first converter
assumes the control, balancing active and reactive power at
the bus.

PVSC1 B

| | h |
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Figure 10: Active and reactive power at each converter and
from the wind farm

Finally, the response to a system fault has been obtained.
In this simulation the system is initially operating at full load
in steady state and at t=0.2s a fault is applied in one of the
lines interconnecting the offshore substation and the VSCs
station (see Figure 1) during 300 ms. The fault produces
a voltage sag to nearly zero, as the VFC cannot control
the voltage magnitude during the fault. Figure 11 shows the
voltage magnitude at the capacitor terminals as well as the
instantaneous voltage and the frequency in one phase. During
the fault voltage drops to nearly zero because the voltage
controller reaches saturation due to the low voltage condition
at the AC terminals. Nevertheless, frequency control is still
possible based on the residual voltage at the capacitors, as
shown in Figure 11.
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Figure 11: Voltage and frequency during the fault

"wra Twrp

Twep tweg KA
S
.

0 —

20
0
I

_20 L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
time (s)

a0

p———

IN)

Figure 12: Wind farm DQ and instantaneous current during
the fault

Finally, at t=0.5s the fault is cleared. Figure 11 shows that
voltage is quickly restored based on the fast response of the
current control loop and frequency is well regulated even
during the transient. Of course, the response during the fault



and post-fault is very dependent on the so-called low voltage
ride through (LVRT) response of the wind turbines. The
OWF-LVRT response is given in Figure 12. Active current is
reduced to zero during the fault while injecting maximum
reactive current, as it is usually demanded in many grid
codes [43]. Moreover, after the fault is cleared, the voltage
is increased gradually in order to avoid overvoltage and also
transformer inrush, while WTs do not start injecting current
until a certain level of voltage is reached. This figure also
shows the OWF instantaneous current in one phase. Figure
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Figure 13: VSC DQ and instantaneous current during the
fault

13 shows the VSCs current response. As it has been stated,
during the fault the voltage controller reaches saturation.
Maximum current is then injected to the bus but it is not
enough to control the voltage. Nevertheless, on the other
channel, frequency control is still possible because it is based
on the vector orientation, which does not depend on the
voltage vector magnitude. When the fault is cleared, the
strategy implemented consists of increasing voltage gradually
in order to avoid overvoltage. As a result, current is increased
also gradually.

VII. CONCLUSIONS

This paper has presented a voltage and frequency control
system for the parallel operation of two VSC-HVDC links
connected to an offshore wind farm. In the paper, the system
state-space model was first obtained and then the principles
for the voltage and frequency control were established. The
proposed control system allows the decoupled control of
the voltage and frequency in the OWF, while allowing the
parallelization of both VSCs by setting current commands
to each converter in order to maintain constant voltage and
frequency within the OWF grid. Therefore, the parallel oper-
ation of the two converters is inherent to the proposed control
method. Moreover, it is possible to establish a constant
power operation mode in one VSC, while the other keeps
the responsibility of controlling voltage and frequency. The
proposed controller stability was studied using the state-
space model, demonstrating the stability of the proposed
VFC through eigenvalue analysis. Furthermore, a detailed
switching-model developed in PSIM has also been used to
validate the proposed control system. This validation demon-
strates the performance of the proposed control system for
controlling voltage and frequency during normal operation
and under a fault disturbance.

APPENDIX
Parameters AC side [7]

e Parameters AC: Uqe, =245 kV, Spase=500 MVA, wo=1007
rad/s

e Parameters DC: Uy ,=400 kV, Pyqs.=500 MW

e VSC transformers (T1 and T2): 500 MVA, 245/150 kV, short
circuit impedance 10% (X/R=10)

e Wind farm step-up transformers (T3 and T4): 450 MVA,
150/33 kV, short circuit impedance 5% (X/R=10)

e High frequency filter capacitance: 37.5 MVAr (245 kV)

e AC export Cables: length=10 km, L=0.2526 mH/Km,
R=0.0843 Q/km, C=0.1837 pF/km, G=0.041 pS/km

VSC Converters

e Arm reactor 15% (57.32 mH), Arm resistance 0.9%
(1.08 ), number of submodules per arm: Narm=400,
cell voltage V..;=400 kV/400=1 kV, energy storage per
submodule E,=30 kJ/MVA, Cell Capacitance: Ceey =
285 Es /6 Narmv2.,;=25mF, Arm Capacitance: Corm =
Ccell/Narm =62.5 MF (236 pu)

Parameters DC side [30, 7]

e DC cables 200 kV, 200 km

e Parameters DC cable: Core resistance R.,=0.011 m$2/km,
Screen resistance R.=0.22 m»km, Core inductance
Lco=2.6 mH/km, Screen inductance L;.=2.5 mH/km, Core-
screen mutual inductance M.s=2.5 mH/km, Core to ground
conductance G,=0.055 ©S/km, Core to ground capacitance
Cp=0.2185 pF/km,

Table II shows the parameters of the voltage and frequency

regulators as well as the damping factor chosen to ensure the
stability of the system.

Table II: Current and voltage controller parameters

Current Controller Pl
K.=0.62 p.u. (74.4 V/A)
Te=100 ms

Voltage Controller PIy-
K,=0.64 p.u. (0.0053 A/V)
T»=500 ms

Damping factor

K¢=25 p.u.
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