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Abstract

This paper introduces the use of a diode-based HVdc rectifier for the integration of a large off-shore wind power
plant into an existing HVdc voltage source converter-based grid by means of an uncontrolled rectifier. Optimal HVdc
voltage droop gains have been proposed to minimize the power line losses. The proposed control system allows for
the wind power plant to energize the complete HVdc grid, in order to contribute to service restoration in the case of
a black-out. The system exhibits good response to wind power plant black-start operation, rectifier breaker trip and
reclosure, and short-circuit ride through at the on-shore ac-grid. The technical feasibility of the proposed topology has
been validated by means of detailed PSCAD simulations using frequency dependent parameters for cable modeling.
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1. Introduction

One of the European energy goals is to maximise wind energy in electricity mix [15] and to reinforce the grid
infrastructure, specially through off-shore HVdc grids according to European Horizon 2020 LCE-5 action. In this
sense, the integration of large wind power plants (WPP) in HVdc grids has been the subject of active research during
recent years. Different alternatives have been object of study, including the use of HVdc Voltage Source Converters
(VSCO) [20, 19, 25], HVdc Current Source Converters (CSC) [14, 10, 29] or a combination of the two [26]. Recently
the world’s first multiterminal VSC HVdc system (+160 kV) has been put into operation for WPP integration to HVdc
grids [31].

Diode-based rectifiers for unidirectional HVdc links have been suggested in the past as an alternative to increase
efficiency and system reliability [21, 16]. Specifically, diode rectifiers have been proposed for the connection of single
unit generators to HVdc grids with Line Commutated Converters (LCC) in order to achieve reduced losses, decreased
complexity and enhanced reliability [7].

Previous author’s work has shown that a diode-based HVdc rectifier is a feasible solution for the point-to-point
connection of large off-shore WPP using inverter stations based on Line Commutated Thyristors (LCT) [5, 6] or on
VSCs [4]. These topologies use the wind turbine front-end converters to control the off-shore ac-grid voltage and
frequency, as well as the power delivered to the HVdc link. Moreover, the wind turbines converters also contribute to
current limitation during faults.

The main innovations of this paper when compared to author’s previous work are: 1. HVdc voltage droop con-
trol, minimizing cable losses, 2. Cable modeling with distributed parameters, for fast transient simulation, 3. New
scenarios, as WPP start-up with with cable and VSC capacitor charging, and cable pole-to-ground fault.

The diode-based HVdc rectifier integration to HVdc grids must overcome some significant challenges: network
restoration issues, compliance with grid codes and control strategies to ensure the power flow inside the network [11].
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Figure 1: Diode-based rectifier for the connection of the 400 MW off-shore WPP to the HVdc grid and three 400 MW VSCs.

This paper will asses the technical feasibility integration of WPP and VSC stations in HVdc grids. This is accom-
plished in both quasi-steady state (energization) and transient (faults) modes. The proposed system has four bipolar
terminals connected to a radial HVdc grid with metallic return: three VSCs and one WPP connected through diode
rectifiers. During normal operation, two of the VSCs control the direct voltage of the HVdc grid by means of voltage
droop control. The droop constants are chosen to minimize the HVdc grid losses and, although this technique has
been already proposed in [27, 2], the control does not need communication between stations.

The most challenging system faults are those in the HVdc-grid due to the free-wheeling diodes of the VSCs.
Research has been made about short-circuit faults in the HVdc link [12], including fault location [30] and protection
[9, 13]. The contributions of this paper are the analysis of the pole-to-ground fault taking into account the grounding
of the bipolar system, and the system operation at reduced power after the fault.

The proposed control strategies are validated by means of detailed PSCAD/EMTDC simulation of different sce-
narios: HVdc link energization, WPP rectifier trip and reclosure, pole-to-ground fault, and three-phase on-shore
short-circuit with grid support.

2. System description

2.1. Wind power plant and HVdc terminals

The proposed system consists of a HVdc grid with four terminals, fig. 1. One of the terminals is a diode-based
rectifier connected to an off-shore WPP with eighty 5 MW-rated wind turbines. The WPP is modeled using five
(i =1,2,..5) wind turbine clusters, fig. 2, of 5, 40, 80, 120 and 155 MW. Each wind turbine has a permanent magnet
synchronous machine direct drive generator. The generator is connected to the Point of Common Coupling PPCy
through the full scale back-to-back converter and the wind turbine transformer Tw;. The table in the Appendix shows
the system parameters. The uncontrolled rectifier shown in fig. 3 connects the WPP to the HVdc grid at PCCy
using submarine cables. Zgg represents the capacitor and filter banks of the rectifier and Tgr; and Tg, are the rectifier
transformers. The rectifier is a bipolar 12-pulse diode-based type. Ly is the rectifier smoothing reactor. The breaker
BKR disconnects the WPP from the rectifier transformer and the breaker BKg; disconnects only the positive pole.

The subscripts p and m stand for positive and negative poles respectively and are removed in normal operation as
the system is balanced, e.g. Eg = Eg, + Eg,, will be the voltage between poles.

The other three terminals of the HVdc system consist of three (j = 1,2, 3) identical bipolar VSCs connected
to the on-shore ac-grid at PCC;, fig. 4. Each terminal has two step-up transformers Ty;. The on-shore ac-grid is
modeled with a simple Thevenin’s equivalent (Zg; and Vs¢;) but with the challenge of weak ac-grid parameters as
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The midpoints (MP) of the bipolar terminals are connected to each other through a metallic return. This configu-
ration is similar to that in Crete island [17] where the system can operate at reduced power after a pole to sheath fault.
All the midpoints are grounded, that is, connected to earth. The sheaths of the cables are also grounded at both ends.

2.2. HVdc submarine cable

Fig. 5 shows the cross-section of the HVdc link submarine cable. The simulation of fast electromagnetic tran-
sients requires frequency dependent parameters for cable modeling. Cable parameters are calculated by dedicated
cable-constants (CC) support routines using cable geometry and material properties data. The input data needs some
preparation due to the differences between the real cable design and that represented by the CC support routines, e.g.
the insulation relative permittivity includes the influence of the two semiconductor layers [22] which are around the
insulation (not shown in this figure).

Table 1 shows the parameters for a 150 kV 200 MW submarine cable installed at moderate climate [1] and the
corresponding MV metallic return. The gaps in manufacturer data were filled with data based in [24] and [8].

All cables are 50 km length except the one that connects VSC; with PCCy, fig. 1, which is 100 km length.
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Figure 4: VSC j (j = 1,2, 3) terminal connected to the on-shore PCC; and ac-grid j.
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Figure 5: HVdc submarine cable cross section.

Table 1: HVdc XI.PE Submarine Cable Parameters

Layer Material Radius (mm) p0mQm) € u
pole return
Conductor Copper 182 182 17.6 1
Insulation XLPE 332 272 25 1
Sheath Lead alloy 36.2  30.2 220 1
Inner jacket PE 38.8  32.8 23 1
Armor Galvanized steel 43.8  37.8 180 10
Outer cover PP 48 42 22 1

3. Wind power plant and voltage source converter controls

3.1. Wind power plant and voltage source converter power controls
The different system voltages are set as follows during normal operation. The on-shore ac-voltages Vs ; are set
by the on-shore ac-grids represented by V. The HVdc 4rid voltages E;; and Ey are set by VSC1 and VSC3 using
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Figure 7: HVdc cables in steady state.

a voltage droop control. Finally, the off-shore ac-voltage Vr is clamped to the HVdc link voltage through the diode
rectifier.

The wind turbines limit their front-end active currents Iy, ,; in order to operate at optimum power tracking. When
these currents are not limited, e.g. during WPP sudden disconnection, they control the off-shore ac-grid voltage Vg,.
Moreover, the off-shore ac-grid frequency is controlled by the front-end reactive currents ly,;. A detailed description
of these controls and the proper current sharing between the wind turbines can be found in [6].

The on-shore VSC2 operates generating the active and reactive powers following their references. The reactive
power reference changes from normal operation to grid support when a short-circuit occurs at PCC,. The power
controls are achieved by inner current (Iy4, and Iy, ) control loops, fig. 6. A detailed description of the control loops
can be found in [3].

3.2. HVdc grid voltage droop control

The on-shore terminals VSC1 and VSC3 control the HVdc grid voltages Ej; 3 using the inner current (Iy413)
control loops shown in fig. 6 and described in [3]. Therefore they will evacuate the active power injected to the HVdc
link by both the WPP and the VSC2. In this paper, the power sharing between VSC1 and VSC3 is made choosing the
currents Iy, 3 in order to minimize the power losses in VSC1 and VSC3 HVdc cables. From fig. 7:

Irac = Ivact + Ivaco + Ivacs ()
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Figure 8: Power losses at HVdc cable as a function of Iy4.1 and (Irge — Ivac2) = 0.2,0.4,..1 (pu).

then the power losses as a function of Iy, are:
2 2
Pioss143 = Rily . + R3(URae — Ivact — Ivac2) (3)

where R 3 are the dc-resistances of submarine cables from the VSC1,3 to PCCy. The current Iy 4. that minimizes the
above expression is:

R
> (Iae = Ivaea) 4)

Ivactmin = R TR
1+R;

From equations (2), (3) and (4), fig. 8 shows graphically that a minimum value exists for different values of (Igg. —

lyac2).
In a similar way:

Ry

e = Tyae 5
R3+R1(Rd Vdc2) ©)

I Vdc3,min =
and for each operating point, the minimum power losses are guaranteed if:

R;
Ivaer = = Iyae 6
vaer = g lvacs (6)

The desired currents are set using voltage droop control:
Lyge1 3 = karoop1 3 (Ens = Eniow1 3) (7
where the direct voltages are:
Ey =Rislvacis + En; )]
From equations (6), (7) and (8), minimum losses requires:
Ry karoopt (Exr = Egjow1) (1 + kdmopsR3)
R~ karoops (Eg — Eqiows) (1 + kdruolel)

®
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Figure 9: HVdc voltage droop control equations (7).

In this paper no communications are needed between the two terminals to minimize the HVdc cable power losses at
each operating point of the HVdc grid. This is achieved by choosing Ejj,,1 = Efiow3, Which yields:
Ry
kdroopl = R_lkdroop3 (10)

that is, equation (6) is satisfied for every operating point when kg,,,1,3 are selected according to (10).

With Ejp1 = Epnows = 0.975 pu, direct voltage values will be close to 1 pu because of the voltage droop controls
of VSC1,3, ﬁg 9. Note that Iy .1 + Ivaes = Irae — Ivacr =0to 1 pu.

Finally the inner control loop current references Ij,;, ; can be obtained by power balance in VSC1,3 neglecting
losses:

Enslyges =3WVvaizlyg s + Vvgrslvg 3) (11

4. System performance

The proposed system model and control techniques have been validated using PSCAD simulations. The base
power of the HVdc system is 400 MW and the base voltages are 2/33 kV for the wind turbine transformers (Tw;),
33/61 kV for the diode-based rectifier transformers (Tg; and Tg»), and 75/400 kV for the on-shore VSC transformers
(Tv;). The table in the Appendix shows the system parameters.

Submarine cables have been modeled in PSCAD by using the “Frequency Dependent (Phase)” model together
with “Cable Constants Coax Cable Data” which uses data from Table 1. This model is based on fitting the matrices
for propagation and the characteristic admittance in the phase domain, [23], and is accurate for fast transients, e.g. the
scenario of section 4.4.

This section analyzes the system performance under different scenarios. Except when noted, the results are shown
in pu and the default reference values are as follows: wy = 50 Hz, V;,, = 1.1 pu which, together with Iy current
limits, ensures that the WPP operates in current control mode, Qg, = 0 pu except when grid support is needed, and
P, = 0 pu to highlight Ps; and Pg3 power sharing due to the voltage droop control.

4.1. System energization and support to service restoration
Smooth system energization can be done using the energy from the WPP because the rectifier terminal can operate
in current control mode. The elements to energise are the capacitor and filter banks of the rectifier, the submarine cable
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Figure 10: System energization using the WPP.

capacitance and, what’s more important, the VSC capacitors without the need of limiter resistors. Fig. 10 shows the
system response during energization. The reference V., ramps up from 0 pu to the value Vpyo that ensures full
charging of VSC capacitors, e.g. Eg = 1 pu which according to [18] is:
_ mEr %300
3V6BN  3V6 x4 x61/33

VEao =0.9104 pu (12)

Smooth system response is obtained because from ¢t = 0 to # = 1.05 s the active currents /,,4; are limited so the rectifier
terminal is in current control mode. Therefore the ac-grid voltage Vg4 can not follow its reference until + = 1.05 s
when the Iz, current decreases to O pu as the HVdc link and VSC capacitors are already charged. This figure also
shows the good current sharing between the five wind turbine clusters. After system energization the active currents
I,4; keep an small value because of rectifier filter losses, and reactive currents /,,,; must absorb the reactive power
from the rectifier capacitor and filter banks.

The wp glitches from ¢ = 0.11 to 0.14 s are not relevant as the corresponding voltage Vg, is very low, less than
0.003 pu.

4.2. HVdc rectifier breaker trip and reclosure

The WPP will be disconnected if the breaker located between the rectifier transformer and the filter banks (BKg)
is suddenly opened. The system response to the breaker trip at rated power and reclosure is shown in fig. 11.
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Figure 11: System response to rectifier breaker trip and reclosure.

At ¢t = 50 ms the breaker is opened and the current /r, is reduced to about O pu and so does the WPP production.
However the current /r, increases to about 0.3 pu to absorb the reactive power generated by the rectifier capacitor and
filter banks. During the disconnection the WPP control is able to follow both references V},, and wy.

The voltage Vi, shows a 1.4 pu overvoltage during 2 ms due to the fast change in the front-end currents (Iy,;)
which is similar to that in /r4. This overvoltage must be mitigated by surge arresters in the capacitor and filter banks.

The WPP power Pr shows a negative value of 0.32 pu during less than 2 ms when the breaker opens. The
equivalent energy of 90 kJ must be dissipated in the back-to-back brake resistors of the wind turbines.

At ¢ = 250 ms the breaker is closed and the WPP production is smoothly increased again to its rate power.

4.3. VSC2 short-circuit with reactive power injection

When a three-phase short-circuit occurs at the on-shore PCC,, the voltage Vs, is suddenly reduced, fig. 12. As
a consequence of it, the VSC2 can not evacuate power and Pg, decreases from 0.5 pu to O pu. Then all the WPP
production is evacuated through VSC1 and VSC3.
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Figure 12: System response during short-circuit at PCCj.

For protection purposes, a Voltage Dependant Current Order Limit (VDCOL) reduces the current limit |Iy2|may
as a function of the measured value of Vs, fig. 13. Moreover, to provide grid support during the short-circuit, the
control of the reactive power Qg is considered as a priority, so the current limit is distributed as follows:

IVqZ,max = |Iyalmax (13)

amax = Avalax = I (14)

The VDCOL mechanism in VSC2 reduces the current |Iy;|, thereby decreasing Iy4.» to O pu and isolating the short-
circuit from the HVdc link. Because of this, during the short-circuit the HVdc voltage control droop is able to keep
the dc-voltage close to its rated value. Also the off-shore ac-grid voltage and frequency are under control. The result
is that the WPP production is not affected by the short-circuit.

When the voltage Vs, starts rising, VSC2 injects reactive power (Qs,) for grid support purposes. The VSC2
control can be programmed according to the code grid that applies. The VDCOL ensures the smooth VSC2 restoration
to the initial state; see the current Iy, and the power Pg, ramps in fig. 12.
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4.4. Pole-to-ground short-circuit analysis

Fig. 14 shows the fault current path for a pole-to-sheath short-circuit. Rgg, Rgs and Rg; are the resistances of the
connections between ground and MPg, sheath and MPy;, respectively. Note that there are four fault currents as there
are four radial terminals connected to PCCy.

If the midpoints of the VSCs were floating then fault currents would be reduced but, at the same time, the midpoint
voltages to ground would increase too much. PSCAD simulation shows that in VSC1 the peak of the fault current
Liiode,1p 1s reduced from 10.1 pu to 3.9 pu but the peak voltage increases from 0.02 pu to 0.64 pu. Another option is
to connect the midpoints of the VSCs to ground through a surge arrester. In this case the peak voltage decreases to
0.14 pu but the peak current increases to 7.5 pu. In this paper the midpoints of the terminals are connected to ground
as it is shown in Fig. 14, but a fast HVDC breaker like the one tested in [9] must be added to avoid the large fault
currents.

The VSCI response to the pole-to-sheath short-circuit is shown in fig. 15. The detection of the sharp Ej;,, voltage
reduction will trip the ac-breaker with a delay of about 100 ms. This voltage does not reach 0 pu due to the ground
and cable resistances. The negative pole keeps its voltage (Ej 1,,) close to 1 pu because the fault current paths are the
metallic returns and ground connections, fig. 14.

The energy reduction of the VSCI capacitor is the reason for the capacitor current (/¢c;;,) peak of 6 pu. Then the
freewheel diodes of VSCI turn it into a rectifier with a short circuit at the dc side. The fault current /4,1, has a
large peak of 10.5 pu and a steady-state value of 4.5 pu which is limited by the VSC transformer impedance and the
on-shore ac-grid impedance. During the short-circuit the ac-current of phase-A of VSC1 (Iy4,1,) shows large values
and the corresponding ac-voltage is reduced to about 0.2 pu.
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5. Conclusions

This paper has introduced the connection of a large off-shore WPP to a HVdc grid by means of a diode rectifier
station. The system topology and control strategies have been validated by means of PSCAD simulations.

In order to improve transient result accuracy, the HVdc cables have been simulated in detail, by using a PSCAD
frequency dependent model based on the cable physical parameters.

The proposed topology and control strategy allows for the energization of the complete HVdc grid, to help service
restoration in the case of an on-shore black-out.

An optimal droop-based HVdc grid control has been introduced, in order to minimize cable losses without the
need of communications.

The proposed topology and control method allowed for reliable steady state and transient operation, including
HVdc rectifier breaker trip and reclosure, on-shore ac-grid short circuit and HVdc link short-circuits.

During on-shore ac-grid short circuits, the complete system behaves as a single power plant and complies with
current grid codes regarding fault-ride-through performance.

Moreover, the wind-turbine based VDCOL keeps the fault currents through the rectifier station and cable within
reasonable limits during both HVdc and on-shore ac grid faults.
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Table A.2: System Parameters
Aggregated Wind Turbines
Front-end: 5.4 kVcc, 2 kVac, 50 Hz
Twi: 2/33 kV Ry; = 0.005 pu Ly; = 0.06 pu
Rated powers: 5,40, 80, 120, 155 MW
HVdc Rectifier (based on Cigre benchmark model [28])

Capacitor Bank: Cr = 93.53 uF
ZF-low frequency filter

C, = 187.1 uF Cp =2079uF L, =4.874mH
R, =1.063Q Rp =9.357Q

ZF-high frequency filter

Cp = 187.1 uF R,=2977Q L, =0.4859 mH

Transformer Tg; and Ty,
33/61/61kV,242 MVA  Lgy = 0.18 pu Lg, = 0.01 pu
dc-smoothing reactor: Lg = 200 mH

HVdc VSCs and ac-grids
VSG;p: 150 kVee, 200 MW, 75 kVac, 50 Hz, Cyj, = 71 uF
Tvjp: 75/400 kV, 250 MVA, Ry, = 0.01 pu, Ly;, = 0.17 pu
ac-grid: 400 kV, 500 MVA, Scc=2.0 pu, 80°

Table A.3: Control Parameters
VSCs PI Controller Parameters

d-current: Kp=3.112 K; =342

g-current: Kp=3.112 K; =342
VSCs Voltage Droop Parameters

Enow1 = 146.25kV  karoopt = 0.17778 kKA/kV

Ejiows = 146.25kV  kyroops = 0.08889 kA/kV
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Appendix A. System parameters

Tables A.2 and A.3 show the values of the system and control parameters.
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