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Abstract

Total wind energy generation all over the world has grown exponentially in the last few decades. In
modern days, a significant share of the wind power plants is offshore in Northern Europe, which
are usually connected via Symmetrical Monopole. However, future connections are likely to be
Bipole with metallic return based HVDC-link due to the benefits in redundancy and availability.
The availability of a similar Bipole point-to-point link can be further improved by coupling the two
offshore aggregated wind power plants with a common AC interlink. Thus, enabling equal loading
of the two offshore poles in case the dedicated metallic return cable undergoes a fault. The AC-
interlink based power balance control technique can also be utilized in case of a Multi-terminal
Bipole connection when the high voltage cable undergoes a fault.

This thesis researches about the benefits of an offshore AC-interlink, in a Bipolar HVDC point-to-
point link. Two power control strategies, Power set point control and Droop control, are designed
to be tested under various possible dynamic scenarios. The primary aspect of this research is fo-
cused on the capability of offshore converters to maintain equal power loading and stable opera-
tion with the help of the AC-interlink, under the two control strategies. Tested scenarios include
black-start, real-life wind fluctuations, sudden loss in power, controlled shut-down and faults in
the AC submarine cable.

The simulation model of the point-to-point HVDC-link is designed as a Rigid Bipole, grounded
onshore side and an AC-interlink between offshore poles. The simulations are performed in the
PSCAD 4.6.3 software. These simulation models are designed to observe large AC/DC transients
and the dynamics of the control schemes. Converters are modelled as Type 4 level according to
the Cigre T B604 standard. The dynamics of the wind power plant are not included, and they are
modelled as ideal current sources. The offshore AC voltage and frequency are controlled entirely
by the offshore grid-forming converters.

The simulation results indicate that the converters can handle the power variations and usual op-
eration scenarios of the offshore wind power plants such as black start and controlled shut down.
The possible amplitude levels and time period of the perturbations in the controlled parameters
are recorded for both of the control strategies. Based on the bandwidth tuning and level of power
variations, converters can keep the current and voltage deviations within the acceptable limits of
the equipment. Operation of the Bipole HVDC link with the AC-interlink along with the designed
control strategies is beneficial, and it will increase the Levelized cost of operation.
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1

Introduction

The modern power system supports a high degree of penetration of Renewable Energy Sources
(RES). Wind power generation is one of the clean and readily available RES. Globally the wind
power generation capacity has grown exponentially from 24 GW in 2001 to 792 GW in 2020. Cer-
tain European countries have a relatively high degree of penetration of wind power plants to fulfill
their energy demands as given in [1].

Offshore wind power plants (OWPPs) are one of the primary RES in Northern Europe but often re-
quire a High Voltage DC (HVDC) connection to transfer the produced energy to the onshore power
systems efficiently over long distances. Such an HVDC connection requires a point-to-point link
between offshore and onshore HVDC converters.

Depending on the required redundancy, power ratings and onshore grid constraints, HVDC con-
verters can be connected in Monopole or Bipole configurations. Most of the modern HVDC con-
nections will have Bipole with dedicated metallic return (DMR) configuration due to the improved
availability and hence increased Levelized cost of operation.

Usually, the two aggregated OWPPs are connected to an offshore pole separately via an AC bus and
submarine cables. Under normal operating conditions, each of the wind turbine converters fol-
lows the grid-forming offshore converter and injects the produced power into the AC bus. Both
offshore converters of the Bipole work under grid-forming mode to provide the AC voltage magni-
tude, frequency and theta angle reference for the OWPPs.

Due to the natural variations in the offshore wind speeds, the variations in power generated by
the two OWPPs are inevitable. This also results in an unbalance between the power loading of the
two poles. Under normal conditions, the unbalance in active power (DC current) between the two
poles is transferred via the DMR, as shown in Figure 1.1.

3



1. Introduction 4

Figure 1.1: Schematic of offshore wind power plant Bipole with DMR export link

For the HVDC network, as shown in Figure 1.1, it is desirable that the OWPP can continue produc-
tion in case of a DMR fault.

Under DMR fault operation, the unbalance current path is interrupted, and the HV pole currents
must be equal and opposite, so slight unbalance between the OWPPs will result in unequal DC
voltage of the two poles as shown in Figure 1.2a. Unbalance in the top and bottom pole DC voltages
is not desired for the stable operation of the overall HVDC network. If these voltage variations are
higher or lower than the over-voltage and under-voltage limits of the HVDC system components,
the cables and converters may undergo faults.
One possible way to handle differences in the generation between the OWPPs, yet ensure equal
loading of the converter poles, is by distributing the combined OWPPs power equally through an
AC connection (interlink) between the poles as shown in Figure 1.2b.

A similar control scheme can also be extended under the case of HV cable fault in a multiterminal
connection between multiple OWPPs, as given in Figure 1.3. This figure shows an 1800 MW multi-
terminal connection between two OWPPs in the North Sea connecting, UK to the Netherlands.

Figure 1.3: Multiterminal connection between Norflok (UK) and IJmuiden Ver (NL) OWPPs.

In the case where an HV cable of a Bipole with DMR goes through a fault, the other HV cable and
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(a) Point-to-Point HVDC network under DMR fault without AC interlink

(b) Point-to-Point HVDC network under DMR fault with closed AC interlink

Figure 1.2: Schematic of point-to-point HVDC network and its operation under DMR fault with and without the AC
interlink

DMR can be utilized as an asymmetric Monopole connection, as shown in Figure 1.4b. However,
the DMR current rating must remain the same as the HV cable current rating. The pole connected
to the faulted cable can still export power via the multi-terminal connection to the Netherlands.
However, the amount of power is limited due to the priority access to the onshore converter ca-
pacity in the Netherlands by the IJmuiden Ver windfarms. In this situation, the AC interlink can
transfer power from one OWPP bus connected to the faulted HV pole to the other pole.

This technique increases the availability of power as both of the OWPPs can be producing power
up to the converter rating. Otherwise, one of the OWPP, i.e. connected to the faulted cable con-
nected pole, has to be shut down or curtail its power export, as shown in Figure 1.4a.

This thesis focuses on the benefit of being able to operate the offshore converter station with the
AC interlink closed, connecting both OWPP to one AC Point of Common Coupling (PCC).

In the case of a point-to-point HVDC connection, this functionality can improve availability dur-
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(a) Multi-terminal HVDC network under HV cable fault with open AC interlink

(b) Multi-terminal HVDC network under HV cable fault with closed AC interlink

Figure 1.4: Schematic of multi-terminal HVDC network and its operation under HV cable fault with and without the AC
interlink

ing a DMR fault. While in the case where offshore wind power plant is connected to an HVDC link
or multi-terminal network, the functionality can improve availability in case of an HV pole fault.
Overall, an inter-connected PCC can serve as a power exchange point to balance or to transfer
power between the top and bottom offshore poles.

In this thesis, an OWPP with two aggregated generating OWPPs (each of 900 MW) is considered,
which is connected to the onshore grid through a point-to-point Bipole link. Each OWPP is sep-
arately connected to one pole of the Bipole connection with an array voltage of 66kV . Complex
control strategies are required for the poles attached to the OWPPs and AC interlink to function
under DMR fault. By designing a PSCAD simulation model that includes the whole system under
consideration, the performance of the HVDC connection with the designed control strategies can
be tested. After developing the model, it is to be tested under different scenarios such as steady-
state operation, faults and dynamic changes in the generation. Finally, through the above analysis,
the impact of such a control strategy on the equipment rating can be assessed.
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The remainder of this thesis has the following structure. Chapter 2 presents the previous research
work, HVDC system background and brief description of the guidelines considered to develop the
simulation model for this thesis.

Chapter 3 give details about the control scheme and PSCAD modelling of the point-to-point HVDC
network as shown in Figure 1.2b.

Chapter 4 presents the various possible scenarios and records the performance of the control
strategies under each scenario. The impact of the control strategies over the HVDC-link and its
equipment is recorded based upon the simulation results. After analysis of the system under dif-
ferent scenarios, the results and discussion are presented in Chapter 5.





2
Background Research

2.1. Literature Review
Multiple offshore HVDC connections are under planning and development to transfer power over
long distances with a Bipole configuration due to its multiple benefits [2]. But, under DMR fault
the Bipole (Rigid Bipole) will suffer from divergence in the converter sub modules energy and volt-
age under unbalance of power between the top and bottom poles.

The unbalance will lead to either an increase or decrease from the normal operating voltage. An
increase will lead to additional stress on equipment and premature ageing. Costly additional in-
sulation strength would be required to enable this. While, a decrease will lead to a loss of control-
lability; lower DC voltage will reduce the Q control capability on the AC side. Moreover, if the DC
voltage is less than the AC voltage, the converter valve will become an uncontrolled diode rectifier.

Rigid Bipole configuration based HVDC links are scarce. Nordlink [3] is planned to connect Nor-
way and Germany grids via a point-to-point Rigid Bipolar link. Such a connection is only possible
between two onshore grids where the power-flow on each pole can be easily balanced as they are
both connected to the same strong AC grid, without an AC side inter-connection at the PCC.

Article [4] presents a control strategy for Rigid Bipole by regulating power input at the point of
common coupling (PCC) of the two AC side connections of the converters via real-time communi-
cation strategies in a point-to-point HVDC link between two onshore grids. However, in the case
of OWPPs, control of power transfer is not possible at the PCC as the two OWPPs are isolated from
each other. Hence an AC side interlink is added between the two converters which will serve to
balance power, which can be controlled via the converters.

2.2. MMC-VSC Technology
In order to develop efficient and robust HVDC connections, Modular Multi-level Converter-Voltage
Source Converter (MMC-VSC) technology has been developed, which has higher controllability
than existing Line-Commutated Converter (LCC) based stations [5]. The ability to create an AC
voltage offshore, i.e. grid-forming functionality, means that VSCs are the technology of choice to
connect the OWPP. Half Bridge VSCs are able to operate under the opposite current direction and
hence facilitate power exchangeability between two point-to-point connections. Thus, offshore
converters can inject initial power to energize the HVDC cable and converter capacitors.

9
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MMC-VSC technology enables independent control of active and reactive power at the PCC. Switch-
ing frequency losses of power electronics switches are also reduced by using insertion and bypass-
based switching of the sub-modules in MMC.

2.3. HVDC Topology
Different converter configurations exist for HVDC connections between an offshore wind park and
the onshore electric grid [6, 7].

• Asymmetrical monopole with ground return: One terminal of the converter is attached to
the HV cable while the other is grounded, and hence this configuration is characterized by
the continuous ground current.

• Asymmetrical monopole with metallic return: Both positive and neutral terminal of the
converter are connected through a metallic cable of the same current rating. The return
cable requires lower voltage rating compared to the HV cable. A ground connection is added
at the offshore site (generally) to the return cable only.

• Symmetrical Monopole: This topology has two similar positive and negative HV cables.
However, the DC side of the converters is grounded at the midpoint. Different methods of
creating such a midpoint exist such as capacitive divider, earthing transformer or converter
transformer midpoint

• Bipole: A pair of HV cables are used to connect a cascaded connection between two con-
verters.

• Multiterminal: It is used to connect converters at different locations to the same set of ter-
minals via cables.

The Bipole with DMR can continue to transfer half of the power as per the rated capacity via one
pole when the other pole or HV cable is not operating due to maintenance or fault [8]. This can
be done by using bypass switches across the pole under fault condition. Thus, Bipole has 50%
redundancy which is a significant advantage over the Monopole connection which has no redun-
dancy. The Bipole HVDC connection also has lower stress over the AC equipment as the power to
be transferred is shared among the two poles compared to one pole as in the case of a Monopole
connection.

In addition to the above-mentioned characteristics of symmetric and asymmetric HVDC connec-
tions, the symmetric poles have two HV cables working at opposite voltage polarity. Therefore,
there is no DC stress on the converter transformer. On the other hand, as the asymmetric poles are
connected to a HV and a MV cable there is a DC stress on the converter transformer, equal to half
of the DC voltage.

2.4. Bipole
All OWPP HVDC connections to date have been implemented as symmetrical monopoles, but fu-
ture projects, such as IJmuiden Ver, will have a Bipole configuration.
However, Bipole connections have a more complex control mechanism and higher construction
cost.
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Based upon the return connection, Bipole can be characterized into three categories:

• Rigid Bipole: A Bipole with no return path, such a connection requires power balance be-
tween both the poles, otherwise the DC voltage of the poles will get unbalanced. Rigid Bipole
is usually operated between grid to grid HVDC connections. The neutral bus between the DC
side of the two converters of one terminal is floating [4].

• Bipole with ground return: In case of power unbalance between the poles the ground cur-
rent is present. Due to environmental damage caused by the ground current and set regu-
lations by the governments, this method must be avoided. Additionally, to create a ground
offshore, an electrode is required, which will undergo corrosion as it functions. A separate
electrode will require regular maintenance and will also be expensive.

• Bipole with DMR: Due to the presence of DMR the poles can operate under unbalanced
loading conditions. Such a connection can be utilized to connect an OWPPs as the pole
loading is not controllable.

Figure 2.1 shows multiple Bipole point-to-point and multiterminal configurations being used and
the major implications of each of them [6, 9].

2.5. Rigid Bipole

Rigid Bipole configuration, as shown in Figure 2.1, has no return path and works with only two
HV cables, positive and negative. This project focuses on Bipole with DMR, but where the DMR
experiences a fault. Hence the Bipole has to function as Rigid Bipole while being connected to the
OWPPs. As mentioned in Figure 2.1, Rigid Bipole poles cannot function in case of a slight power
imbalance without varying the DC side pole voltages. Figure 2.2 shows various configurations of
connections between different AC grids (grid supporting or grid following) and the Rigid Bipole
HVDC poles and it summarizes the basic operating principles for the link to work.
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Figure 2.1: Various possible Bipole configurations and their implications
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Figure 2.2: General configurations of connection between Rigid Bipole and different AC components
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2.6. Converter control modes
The VSC converters used in HVDC connected OWPP can work in two major control modes, i.e. grid
forming or grid following. Each mode employs a similar outer (Voltage control) and inner (Current
control) loop strategy. However, the parameters being controlled, and the references in each mode
are different. The Phase Locked Loop (PLL) output θ is shifted by π/2 so that the D axis current (Id)
can regulate the DC voltage (Vdc) or the Active Power (Pac), and the Q axis current (Iq) can regulate
the Reactive power (Qac) or the AC voltage (Vac). While the inner control defines the pulses given
to the internal power electronic switches. The current reference signals for the inner controller are
generated by the outer control loop. As shown in Figure 2.3, the outer control loop generates the
references of Id and Iq, based upon the controlled parameters, for the inner control loop [5].

Figure 2.3: General Pac/Vdc and Qac/Vac control scheme diagram

2.6.1. Grid Forming converters
In general, the offshore converters are operated under this mode to maintain the AC voltage and
frequency at the offshore AC bus. Usually, grid forming converters work under island mode. The
OWPP generates power while being synchronized to the AC voltage. The offshore converter con-
trols the D axis current, and Q axis current together to maintain the frequency and AC voltage of
the offshore AC grid [10].

Under Island mode of operation, the offshore converter has to Black start, which is an additional
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benefit of the VSC implementation as LCC configuration does not have this capability [11]. This
mode is employed when the wind power plant is not connected to an onshore grid directly [12].
Hence the converter has to establish and maintain the AC side voltage, frequency and power-angle
(theta) based upon its reference values, as shown in Figure 2.4.

Figure 2.4: Island mode control scheme with Pac and Qac Droop characteristics

The control scheme shown in Figure 2.4, has no current control (limit) loops as it is designed to
have fast control over the AC voltage and frequency directly. However, in the case of transient and
fault situations, to avoid overcurrents additional current limiting methods such as DQ component
limitation, vector amplitude limitation and virtual impedance-based limitation need to be utilized
[13]. In this thesis, a virtual impedance-based current limitation method is used. A virtual resis-
tance is added to the model, the virtual resistance remains zero in usual operation (Iac < Ithr eshol d )
and tuned value in case of overcurrent situations, as shown in Figure 2.5.

Figure 2.5: Virtual Impedance based current limitation added to the Island mode control scheme

2.6.2. Grid Feeding/Following converters
Typically, the Onshore converters and converters within the wind turbines are operated under this
mode as they are responsible for feeding power produced by the wind turbines into the connected
power system without regulating the AC side voltage. Grid feeding converters require a connection
with a grid forming converter that maintains a stable AC voltage. In this mode, the D and Q axis
currents both control the injected active and reactive power, respectively [10].

2.7. Secondary Control methods
Upper or Outer level control is related to the voltage/power (output) of the system. The secondary
loop controller works to maintain system-level stability without communication between differ-
ent terminals and regulating the outer-loop reference parameters. This control is done via droop
control of electrical parameters around the pre-defined set points. Droop control is not a control
mode, but it is a control scheme which regulates the reference parameters in order to balance the
available and demand power to maintain a stable operation of the power system[14].

Power-Frequency (Pac-Freq) droop control methods [15],[16]:
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• Droop Control: Droop control specifies a linear characteristic between the parameters being
controlled (Pac and Freq). Each converter in a multi-terminal connection may have its own
droop characteristics and work together to maintain system frequency and to balance the
active power.

• Dead band control: In this control method, a combination of voltage margin and droop con-
trol strategy is applied. The converter works on a constant power for a specific range of
frequency and follows a droop characteristic outside this range [15].

• Undead band control: Undead band control utilizes a combination of different linear droop
characteristics with different slopes for steady-state and unbalanced operation [17].

Figure 2.6: Various control methods employed in an AC side connection between converters

Figure 2.6 shows various control methods being utilized in the AC inter-connected converters. A
standard operation set-point is selected by the cross-section of the characteristic of each converter,
and all the converters follow this set-point to feed in or fetch power out of the system.

In addition to the Pac-Freq droop, a similar reactive power-AC voltage (Qac-Vac) curve is also re-
quired to balance the reactive power loading of the converters. To achieve, better and faster control
a Power-DC voltage (P-Vdc) droop characteristic can also be added to the DC voltage controlling
converter[17].

2.8. VSC Converter Tuning
Most of the control loops employed in the modern Power systems are based on simple Proportional
and Integral (PI) gain controllers with Anti-windup functionality. The major drawback of the PI
controller is its inherent inability to track a sinusoidal signal due to its non-unity gain while track-
ing a non-zero frequency signal. Therefore, a Proportional and Resonant filter (PR) gain-based
controllers are used in order to track a sinusoidal signal in the control loops.

However, as the focus of this thesis is over high-level control rather than the transient and un-
balanced operation of the system, the PSCAD HVDC link model is based on a balanced 3-phase
operation (without negative sequence currents) and uses D-Q axis-based control loops. The con-
trol loops are always tracking a linear (zero-frequency) signal, and hence they are based on simple
and efficient PI controllers.
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PI controllers in the VSC are tuned by using the phenomenon of modulus optimum and symmetri-
cal optimum. Table 2.1 summarizes the tuning criteria of the PI gains used in different controllers
in the HVDC link model. The modulus optimum works by finding and cancelling the dominant
time constant within the controlled system with other minor time constants. Such a scheme is
used for the inner-control loops to attain fast response from the control loops.

While for the outer control loops, the symmetrical optimum based optimized and stable approach
is used. Symmetrical optimum maximizes the phase margin of the system so that system can tol-
erate more delays. Outer-loops are supposed to work to reject disturbances and to control the
system in an optimized manner. The PI controller bandwidth and gains are calculated based on
the equations mentioned in [18] and [5].

Secondary-loop based droop controller gains are calculated by complex system-level analysis. Com-
plete mathematical modelling of the HVDC link is tedious and not a priority for this thesis, and
hence droop gains are calculated heuristically.

Controller PI tuning criteria
Current controller (Inner loop) Modulus optimum: fast response
AC voltage controller Symmetrical optimum: optimum regulation
DC voltage controller Symmetrical optimum: optimum regulation
Active and Reactive power controller Symmetrical optimum: optimum regulation
Droop controller Heuristic approach

Table 2.1: Summary of the tuning criteria employed to calculate PI gains of different controllers.

2.9. Converter Modelling methods
According to Cigre TB604 document, different levels of modelling methods can be employed to
form a PSCAD converter model [19].
Types of models:

• Type 1: Full physics-based model: These models contain mathematical differential equa-
tions for each component. These models are too complex to simulate and hence should be
avoided for a full power system-based model.

• Type 2: Full Detailed model: In this kind of modelling, the nonlinear behavior of switches is
considered for each stage of switching.

• Type 3: Models based on simplified switchable resistances: All the switches and diodes are
replaced by a corresponding on and off resistances.

• Type 4: Detailed equivalent circuit model: These models use equivalent circuit techniques
to represent a large number of nodes and hence contain a Thevenin/Norton equivalent of
the converter by using resistances values of Type 3.

• Type 5: Average value Models based on switching functions: both AC and DC side compo-
nent attributes are modelled as controlled current or voltage sources with some harmonics
present due to the switching procedure. However, the inner balancing of the capacitors and
other controls are assumed to be completely accurate.
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• Type 6: Simplified average value model: The AC/DC sides component’s attributes are mod-
elled as controlled voltage and current sources but without any non-ideal behavior (harmon-
ics). The phasor domain can be used to implement such simulations. Hence it is suitable for
a vast AC/DC grid.

• Type 7: RMS Load-Flow models: These models uses the steady-state output values of the
converters to implement load flow analysis. Transient behaviors of a system cannot be stud-
ied via these models.

Table 2.2 summarizes the above definitions into an objective format. Knowledge of these mod-
elling techniques is essential to decide the most suitable model for a given application.

Table 2.2: Summary of different model types of VSC

Type Use

1
· Individual circuit/converter sub-module design analysis
· Not suitable for Power systems

2

· IGBTs replaced by an ideal switch with non-ideal diodes (series and anti-parallel),
but the protective circuit for freewheeling diodes are missing.
· Accurate analysis of current and switching but not losses within switches
· Used to validate a simplified model or to see the abnormal operation of Sub-module

3
· Same no. of nodes and components as in Type 2
· Switches represented by on/off resistances.
· Not suitable for semiconductor transients

4

· Represent diodes & IGBTs as two-state resistance (depending upon
gate signal and current direction)
· Reduction of nodes via equivalent circuit
· Used for EMT studies (AC/DC sides)
§ Design or tune low-level control
§ Validate Avg value models

5

· Avg Value models include voltage/current controlled source replicating
average response of components
· Includes modulation techniques
· Large transients on AC sides
· High-level control (Low-level control considered ideally working)

6
· Large time scale approximation (steady-state)
· Phasor models (no harmonics and sinusoidal)

7 · Load flow analysis
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Modelling of control strategies and HVDC

point to point link

3.1. Power balance control strategies under DMR fault
This section centers on system-level control methods. Figure 3.1 shows an example of an MMC
converters based Rigid Bipole HVDC link. Terminal 1 and 3 are situated on the offshore side. Ter-
minal 2 denotes the onshore grid connection.

Figure 3.1: MMC based HVDC Rigid Bipole model

Due to the absence of DMR, the Rigid Bipole power flow control scheme requires a fast response
to handle the power variance dynamically. Under the dynamic wind conditions, the power sup-
plied from the two similar OWPPs cannot be identical. Slight power variations will influence the
HV cable currents, and the control scheme must adjust the control parameters according to this
variation.

It should be noted that the control strategies, as mentioned below, are only active under unbal-
anced conditions. As unbalance between the power produced by the OWPPs is depending upon
the wind conditions and hence is not temporary. However, via the control schemes, the unbalance
in converter loading can be adjusted by changing the AC interlink loading. Therefore, in steady-

19
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state, the converter loading is automatically balanced as per the new power unbalance between
the two OWPPs.

3.1.1. Power set points control
One of the offshore converters works in P/Q control mode while the other works in island mode,
as described in section 2.6. The power set-points of the P/Q control mode converter are altered,
and the extra power flows through the AC interlink between the converters. This technique en-
sures equal loading of the converters by transferring the difference in the OWPPs generated power
through the AC interlink, as shown in Figure 3.2.

Figure 3.2: HVDC system operation under DMR fault with Power set-point control

Power set-points control varies the reference power levels given to the offshore converters. A multi-
meter monitors power flow due to the wind generation in terminal 1 (T 1) and terminal 3 (T 3). A
new set point is generated by calculating the mean of the generated power references from T 1 and
T 3. Figure 3.3 presents a simple PSCAD implementation strategy for this technique.

Figure 3.3: Power reference control strategy for active and reactive power set-points in PSCAD

3.1.2. Droop characteristic control
Both offshore converters work as grid forming converters (island mode) with droop characteristic
control to balance the voltage and power, as shown in Figure 3.4. Power/frequency (P/f) Droop
characteristic is added to the control scheme of the converters while they both work as a slack bus,
i.e. grid forming converters. Under island mode, the reference frequency to the voltage-controlled
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oscillator (VCO) is altered as per the loading of the converter [20],[21].

Figure 3.4: HVDC system operation under DMR fault with droop characteristic control

The converter loading is balanced based upon the stiffness of the P/f relationship or droop char-
acteristic. The frequency reference is decreased as the Power reference increases and vice versa.
The VCO creates a theta angle of the slack bus, with droop control this angle is adjusted such that
the AC voltage vector lags when the converter loading decreases as given in equation 3.1 from [20].
Thus, power flows through the interlink between the converters on the basis of voltage vector, from
leading to lagging voltage vector converter. Depending upon converter ratings, the droop constant
can be adjusted, the converter with larger droop constant carries lower power as given in equation
3.2. However, here as the objective is to balance power between two parallel converters, the droop
constant is set to be equal. Figure 3.5 shows the implementation model of the droop control strat-
egy in PSCAD.

fr e f = f0 −dr p ∗ (Pr e f −Ppu) (3.1)

Ploadi ng = dr p1 ∗P1 = dr p2 ∗P2 (3.2)

Figure 3.5: P/f droop control strategy implementation in PSCAD
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3.2. HVDC link modelling
Cigre PSCAD 4-terminal example model, as shown in Figure 3.6, is selected as a base reference
model. The prime reason for selecting this model is that it is open-source and based on Type 4
modelling, which is ideal for AC/DC side large transient analysis, as mentioned in table 2.2. The
selected model is composed of two converter stations, either side of the HVDC transmission lines
connected via a Bipole configuration.

Figure 3.6: Cigre PSCAD four-terminal reference model

The four-terminal HVDC network is composed of two 900MW OWPP on the offshore converter
stations, which are connected to a Rigid Bipole configuration. As described in section 2.5, since
the network is considering a particular case of a fault in the DMR cable, there are only two HV DC
cables, and the DMR cable is not considered. In Bipole, converters are connected to the onshore
AC grid with a 250/66kV transformer, AC filter and AC breaker. The DC network work at the volt-
age of 525kV , transferring power from the OWPPs to the onshore grid network via 200 km long DC
cables. Refer to table 7.1 for the summary of the ratings of the equipment used in the HVDC link.

3.2.1. Cables
The 400 km long three-conductor DC transmission line, as shown in Figure 3.6 is replaced with
two-conductor (HV) DC cables. The cables are derived from the Tennet Promotion Project PSCAD
Library. This cable configuration consists of three conducting and three insulating layers. A brief
description and main functions of the layers are provided below, as given in [22].

• The central conductor transfers the electrical power and consists of multiple conducting
strands. The current carrying capacity, in general, is directly proportional to its cross-sectional
area.

• The first Insulating layer is added to avoid the flow of electric charges from the conductor
surface to the ground or neighboring cable conductor. The conductor surface not being
uniform may result in irregular charge accumulation on it. Two semi-conducting screens
are added to cover either side of the first insulation layer to avoid partial discharge between
the conductor and the insulating layer.

• The second conducting layer or sheath protects the internal insulation from any physical
damage at the same time it carries the ground current in case of faults and usually grounded
at one point of the cable length. It also works as a metallic shield from outside disturbance.
For safety reasons, it’s always grounded at least at one point in the entire cable length.
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• Sheath jacket or outer sheath is a non-conducting covering of the sheath. It also serves as
protection of inside cable against external physical forces and chemical reactions.

• The metallic Armor layer is added as the cable is employed under sub-marine conditions.
Usually, non- magnetic materials are used for its construction to avoid magnetic losses in
the AC conductor cables. The resistance of the armor is in parallel to the sheath conductor,
and hence its resistance is adjusted (while choosing the material) accordingly to the sheath
resistance required to reduce the losses. However, in the case of DC cables, there are no
actual magnetic losses.

• The outer covering layer provides increased thermal resistance to the cable and reduces heat
transfer from the conductor. This technique helps to reduce the conductor rating, and ma-
terial for the outer covering is selected based on its thermal resistance required.

Figure 3.7 shows the radial cross-section and dimensions of the components selected cable
in detail. A horizontal distance of 0.5m is placed between the two negative and positive
cables.

Figure 3.7: PSCAD Tennet Promotion model library cable dimensions and properties.
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3.2.2. Converter

Half-bridge MMC based VSCs are used across the HVDC link to transfer power between aggregated
OWPPs and onshore grid. The MMC uses general configuration composing of sub-modules, arm
inductance in two top and bottom arms, which together compose a leg, as shown in Figure 3.9.
Three such legs are required for a three-phase AC network connection.

Figure 3.8: Simplified half-bridge MMC sub-module

Each half-bridge sub-module composes of a capacitor and two switches (IGBTs), which work to by-
pass (Off state) and insert (On state) the capacitor as in Figure 3.8. In case the capacitor is inserted,
the direction of current passing through the capacitor defines whether the capacitor is charging or
discharging. Current in the direction of capacitor charge orientation discharges the capacitor and,
in the opposite direction, charges it.

Since there are multiple existing sub-modules and capacitors in a high voltage converter, a balanc-
ing technique is employed to ensure there exists a similar state of charge in each of the capacitors.
Sub-modules in the upper and lower arm are controlled via insertion indices to be bypassed or
inserted.
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Figure 3.9: MMC single-phase leg operation

MMC produces the required reference voltage via the wave-shaping and carrier-based modulation
technique. Mainly, three approaches are used to create a sinusoidal waveform, Nearest level con-
trol (NLC), Level shifted carrier (LSC), and Phase shifted carrier (PSC) wave control.

In NLC, no carrier wave is used, and the insertion indices are calculated via finding the nearest
approximate value of the reference voltage to the possible output voltage within the MMC as per
the given number of cells. This method is more straightforward in terms of calculation but requires
further control techniques to balance the charge in all the sub-module capacitors, which requires
more computation. Sorting and selecting algorithms are involved to avoid divergence in capacitor
voltages.

LSC applies different carrier waveforms for individual control (cell) level. The amplitude of the ref-
erence voltage is divided by the number of cells, and each part is assigned by a carrier waveform.
This method of PWM also suffers from the unbalancing of capacitors since some cells (depending
upon their position) are inserted more frequently. Similar to the NLC method, LSC requires addi-
tional balancing algorithms and computation.

PSC method works by assigning different carrier waves for each cell, which differ in phase to each
other, but unlike LSC, the amplitude remains the same. This way, each sub-module is inserted at
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a similar frequency and hence maintain a balance in terms of capacitor voltage level. Balancing
is slower as it is natural and does not employ any external control algorithms, but it is simple to
operate. MMCs in this PSCAD model employs the PSC PWM technique due to fewer computation
requirements.

is = it − ib (3.3)

ic = it + ib

2
(3.4)

vs = vt − vs

2
(3.5)

vc = vt + vb

2
(3.6)

In order to control the circulating currents, an offset voltage equal to the circulating voltage (vc ),
which is an imaginary control parameter, is added and subtracted to the upper and lower arm
voltage references, respectively. Since the circulating currents producing circulating voltage is half
of the sum of the upper and lower arm as in equation 3.6 voltages, this action puts vc to zero. The
circulating currents are calculated for each phase via the relation, as given in equation 3.4. Then
vc is calculated for the individual phase by multiplying ic with controlled gain (PI controller). This
mechanism is employed to ensure that the circulating currents are minimum and balanced in all
three-phases. Three phase ic , if balanced, are cancelled out at the artificial neutral point present at
the top and bottom nodes of the MMC leg of each phase. This point carries voltage and non-zero
conducting currents while serving as a neutral point for the circulating currents.

3.2.3. AC side equipment
Offshore and onshore converters are connected to the OWPPs and onshore grid respectively via
AC line and control/safety equipment. Figure 3.10 displays an overview of connected equipment
between each OWPP and converter.

Figure 3.10: Onshore AC side connection and equipment

A star-delta transformer is used to convert the AC voltage level to the compatible AC voltage of the
converters. The star side serves as a grounding connection. Lower harmonics are also cancelled
due to the star-delta phase shift. Depending upon the higher voltage level and hence the insula-
tion level required, the star-delta side is chosen to reduce the cost of the transformer winding. The
insulation level and number of turns in the transformer required for the delta side is higher.



27 3. Modelling of control strategies and HVDC point to point link

A multimeter is connected to analyze the real-time power transfer and voltage levels, which are
also required for the converter control schemes. An AC filter is connected in parallel to cut-out the
specific frequency voltage components present in the AC line. Disturbance in load or input power
or voltage control errors can cause non-sinusoidal voltages in the AC line.

Figure 3.11: Onshore AC side breaker and pre-insertion Resistance

A master breaker is connected in series to the AC line, which works to cut-off the series connec-
tion between the converter and AC equipment under sudden fault or non-operational conditions.
A parallel branch containing series-connected auxiliary AC breaker and pre-insertion resistance
is added to avoid in-rush current when the system is suddenly put into operation. Pre-insertions
resistor avoids large inrush currents that run to charge the converter-capacitors and other equip-
ment as the converters are not performing any control operations. Later, after the initial high am-
plitude transient is passed, the master breaker is closed, and the auxiliary breaker is turned open.
This way, power flow is shifted from the auxiliary to the master breaker. However, the parallel line
containing auxiliary breaker and pre-insertion resistance is not required on the offshore side as the
wind power plants are steadily ramped up after the cable and converter capacitance are charged,
and a stable DC voltage is established.

3.2.4. On-shore Strong Grid

Onshore converters, shown in Figure 3.1, are not controlling or influencing the grid side AC volt-
age. The D-axis control mode is maintaining the DC pole voltages while the Q-axis control mode
is controlling the flow of reactive power. A high and robust inertia grid connection is required to
ensure stability under unbalanced or transient conditions.

Faults or even transient variations in supplied power can influence the onshore grid AC bus volt-
age and frequency. Therefore, a high capacity voltage source is attached to the onshore AC bus. A
modelled strong grid is taken from the PSCAD Tennet Promotion project power source library. This
model contains multiple different capacities (strong, moderate, weak and custom) based voltage
sources, as shown in Figure 3.12. It is also possible to simulate the system with a different grid
capacity to view the effects of grid capacity on the control scheme.
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Figure 3.12: On-shore grid connection from Tennet Promotion PSCAD model power source library.
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3.3. Offshore Wind Power Plant modelling
In simple words, OWPP convert the wind energy into electrical energy via large turbine blades that
rotate the generators. They can be modelled as wind dependent power source.

The 3-phase generators present in the PSCAD main library are all voltage source which supplies
specific power depending upon the line impedance. However, this project requires a current source
alike power source, which does not influence the AC voltage at the offshore AC bus. Voltage is in-
stead controlled and maintained via an island mode operating offshore converter. Another voltage
source in series to the bus will cause control issues if not synchronized.

A conventional but sophisticated way to model OWPP is to connect wind energy-dependent volt-
age source to another VSC HVDC network, which is synchronized with the AC bus voltage. The
converters can also be controlled to feed-in the set reference power to the offshore AC bus. Never-
theless, this method is complicated and increases the simulation computation time. Since the aim
of this research is focused on the HVDC system and converter control scheme rather than the dy-
namics of OWPP, this elaborate modelling scheme can be replaced by a more straightforward and
faster model. A voltage-controlled instantaneous 3-phase current source is used to model OWPP,
as shown in Figure 3.13.

3.3.1. Aggregated synchronized power controlled current source

Figure 3.13: Voltage-controlled 3 phase current source modelled in PSCAD

Current references given to the two OWPPs, as given in Figure 3.1 are controlled separately to
model unbalance in wind power generation.
Current sources must be synchronized to the offshore AC bus voltage to avoid excess reactive
power inserted into the system. The phase-locked loop (PLL) mechanism is employed to ensure
synchronous operation. PLL block generates a reference angle T het apl l . T het apl l is utilized to
generate synchronized voltage references in the ABC to DQ axis and its inverse block. To ensure
stable operation of the system, the current sources are only ramped up to the set magnitude after
a stable AC voltage is established by the grid forming offshore converter. Figure 3.14 shows the
modelling of the blocks, as mentioned above in PSCAD.



3. Modelling of control strategies and HVDC point to point link 30

Figure 3.14: PLL block and synchronized voltage reference generation.

At last, using equation 3.7, this voltage reference is multiplied by a gain specific to each OWPP to
get current references, as shown in Figure 3.13.

ir e f = M agw f 1 ∗ vr e f (3.7)

3.3.2. OWPP structure and Reactive Power

The reactive power demand of an OWPP depends over the cable length and cable capacitance per
unit length, which is used to connect all the wind turbines together to the offshore substation. As
given in [23], multiple configurations are possible to connect the wind turbines via cables such as
radial, multiple ring or star. Radial architecture-based connection of wind turbines is as an opti-
mized yet simple solution for such a connection.

This thesis assumes a radial connection for both of the 900MW OWPPs. Each wind turbine is as-
sumed to be rated 10MW , hence in total 90 wind turbines are to be connected to each OWPPs. As
shown in Figure 3.15, the substation is connected to the wind turbines via ten strings of submarine
AC cables and each string of cable is connected to nine wind turbines.
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Figure 3.15: OWPPs architecture: Radial connection of wind turbines to the 66 kV substation

A capacitor bank is added to the OWPP to mimic the reactive power demand of the cable, which
is used to connect the aggregated wind turbines to the generator, as shown in Figure 3.13. As per
[24], 66kV rated submarine cable has capacitance from 0.2uF /km to 0.3uF /km and for 900MW
OWPP with 10MW rated wind turbines, total cable length of 120km to 160km can be assumed.
To imitate the maximum reactive power demand, 160 km of cable length and 0.3uF /km of cable
capacitance is selected as reference ratings for the submarine cable between each wind turbine
and the substation. Capacitor bank rating is calculated assuming the AC bus voltage of 66kV as
66MV ar .
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Analysis of point to point link

This section combines the system as described in section 3.2 with the power balance strategies
from section 3.1 to inspect the system behavior under steady-state and transient unbalanced con-
ditions. Figure 7.1 in Appendix 7.1.2 shows the PSCAD simulation model of onshore and offshore
segments of point-to-point link used during the analysis.

Possible unbalance scenarios considering a radial layout:

• Energization of array cables (upward step change in reactive power)

• Wind generation fluctuations

• Controlled shutting down of one turbine or string

• Sudden loss of turbine or string due to fault

• Fault in the cable connecting OWPP and converter

4.1. Energization of array cables

As mentioned in section 3.3.2, within the OWPP, the wind turbines are connected to the main 66kv
substation via submarine cables. The submarine cables are charged before the wind turbines start
generation. The string cables connecting wind turbines are energized step-by-step for this simu-
lation, the step is assumed to be two strings (20%) per second, as shown in Figure 3.15. During
this process, the wind turbines are not in operation, and converters have to cover the active power
losses within the offshore grid equipment. This reactive power is provided by the connected off-
shore converters, as shown in Figure 4.1.

33
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Figure 4.1: Step-energization (reactive power loading) of top and bottom OWPP

4.1.1. Power set points control

Power set points control strategy is able to inject required power to the OWPPs for initial cable
energization while maintaining a stable DC voltage, as shown in Figure 4.2. However, as only one
converter is controlling power flow and OWPPs are not supplying any power, there is a difference in
the offshore converters power loading, which causes 10kV DC voltage unbalance between top and
bottom offshore poles. The converter working under island mode has to cover the losses of both
converters. This causes a constant power flow through the AC interlink from the island mode oper-
ating converter to the converter operating under power control mode. The island mode converter
is also able to maintain a stable AC voltage and frequency, as shown in Figure 7.2 in the Appendix
7.2.1.
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(a) Active power losses of top and bottom OWPPs and converter

(b) DC voltage of top and bottom offshore poles

Figure 4.2: Active power losses of the equipment and DC voltages of offshore poles under power set points control
while cable energization

4.1.2. Droop control
Under droop control converters are able to inject required power to the OWPPs. As, both the
converters are following identical control scheme there remains no irregular unbalance between
the DC voltages of the top and bottom offshore poles, as shown in Figure 4.3. Both the island
mode converters cover their own active power losses while maintaining a stable AC voltage and
frequency, as shown in Figure 7.3 in the Appendix 7.2.1.
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(a) Active power losses of top and bottom OWPP and converter

(b) DC voltage of top and bottom offshore poles

Figure 4.3: Active power losses of both equipment and DC voltages of offshore poles under droop control while cable
energization



37 4. Analysis of point to point link

4.2. Wind generation fluctuations
To examine the performance of the control strategies and HVDC link under real-life wind fluctua-
tions, Hornsdale wind warm and Hornsdale wind farm 2 in South Australia are selected for gener-
ation references1.

Both of these wind farms are situated in the same region and have equal power ratings of 102MW .
Thus, the Hornsdale wind farms can directly correspond to the two aggregated OWPP in the HVDC
link model. The generated power data reference (102MW ) is scaled up to the ratings of modelled
OWPP (900MW ) by multiplying with a constant value of 900/102, as shown in Figure 4.4.

The selected generation reference data is recorded with a temporal resolution of per 5mi n basis.
A data set of 16hr and 40mi n is selected which has large amount of generation fluctuations to
take a conservative approach. In PSCAD it’s difficult to simulate and analyze hourly data of wind
fluctuations. Therefore, reference data is sampled with a frequency of 10.0H z. Thus, each sec-
ond of simulation time in all the graphical data of section 4.2 represent 50mi n of real-time wind
generation fluctuations. This simulation analysis is also a conservative approach for the control
strategies as the time given to the power-balance control loops is three thousand times less com-
pared to real-life fluctuations timings.

Figure 4.4: OWPP power generation references with wind fluctuations

DC voltage waveforms as shown in Figure 7.4 and 7.5, are well regulated as per the power gen-
eration fluctuations. Both offshore and onshore pole DC voltages remain between the maximum
and minimum ratings as stated in table 7.1. Refer to Appendix 7.2.2 for other related HVDC-link
characteristics under wind fluctuations.

1Source: Anero.id
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4.2.1. Power set points control
Figure 4.5 shows that due to the wind fluctuations, power loading of the OWPP is unequal. How-
ever, the power set points based control strategy ensures equal loading of the converters.

(a) Active power loading of top OWPP and converter

(b) Active power loading of bottom OWPP and converter

Figure 4.5: Active power loading of both OWPP and converters under power set points control with wind fluctuations
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4.2.2. Droop control

From the Figure 4.6 it can be verified that the droop control based control strategy is ensuring the
equal loading of the converters during real-life wind fluctuations.

(a) Active power loading of top wind farm and converter

(b) Active power loading of bottom wind farm and converter

Figure 4.6: Active power loading of both OWPP and converters under droop control with wind fluctuations
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4.3. Controlled ramp down of wind turbine and string of the OWPP
To follow the onshore grid power demand the OWPPs adjust the power generation by turning the
wind turbines on or off. Such variations are done with ramp up or down in a controlled manner so
that the stable operation of HVDC link is not influenced. To test the HVDC link under a controlled
ramp down scenario, a sequence of operations is designed as shown in table 4.1. Maximum ramp-
up rate is limited at 350MW /s to avoid large simulation times as OWPP need to ramp-up 800MW .
Maximum ramp-down rate is limited at 90MW /s. Figure 4.7 shows, the active power loading of
the top and bottom OWPPs as per the sequence described in table 4.1.

Time (s) Operation sequence
0.2 Onshore converters De-block
0.6 Offshore converters De-block
1.0 OWPPs in operation (800MW each) with slow ramp up
4.0 Wind turbine (10MW ) attached to bottom OWPP controlled ramp down
6.0 Wind turbine string (90MW ) attached to bottom OWPP controlled ramp down

Table 4.1: Sequence of operations for controlled ramp-down of OWPP wind turbine and string.

Figure 4.7: Slow ramp down of turbines and active power loading of top and bottom OWPP

4.3.1. Power set points control
Figure 4.8 shows that, during the controlled ramp down of wind turbines under power set point
control strategy the converters are loaded equally. In appendix 7.2.3, the Figure 7.6 shows that the
onshore DC voltage is well regulated as per the ramp-up and down of power. The offshore DC volt-
ages of the two poles show unbalance initially, due to the high ramp-up rate but eventually reach
to the rated value after the ramp up. DC currents show two peaks, at 0.2s and 0.6s as the convert-
ers are de-blocked and the inrush currents flow to charge the SM capacitors and HV cables. Active
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and reactive power transferred through the interlink show that the control strategy is balancing the
converter loadings.

(a) Active power loading of top OWPP and converter

(b) Active power loading of bottom OWPP and converter

Figure 4.8: Active power loading of both OWPP and converters under power set points control with controlled ramp
down of wind turbines
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4.3.2. Droop control

Droop control strategy is able to regulate power to ensure equal converter loading of the convert-
ers as shown in Figure 4.9. Figure 7.7 from appendix 7.2.3, shows that the onshore and offshore
voltages are well regulated without any irregular unbalance between the two poles.

(a) Active power loading of top OWPP and converter

(b) Active power loading of bottom OWPP and converter

Figure 4.9: Active power loading of both OWPP and converters under droop control with controlled ramp down of wind
turbines



43 4. Analysis of point to point link

4.4. Loss of wind turbine and string of the OWPP
The wind turbines connecting submarine cables might have a fault and thus the OWPP loses a
wind turbine or whole string of wind turbines. The OWPP is not modelled with individual strings,
as shown in Figure 3.15. Hence faults within the OWPP cannot be simulated. It is assumed that
the protection equipment will be able to limit fault current and the converter control strategies
are tested only under loss of power. To test the HVDC link under a wind turbine loss scenario,
a sequence of operations is designed as shown in table 4.2. Maximum ramp-up rate is limited at
350MW /s as in the previous case. Ramp-down is done with an infinite ramp-down rate to simulate
instantaneous loss of wind turbines. Figure 4.10 shows, the active power loading of the top and
bottom OWPPs as per the sequence described in table 4.2.

Time (s) Operation sequence
0.2 Onshore converters De-block
0.6 Offshore converters De-block
1.0 OWPPs in operation (800MW each) with slow ramp up
4.0 Wind turbine (10MW ) attached to bottom OWPP lost
6.0 Wind turbine string (90MW ) attached to bottom OWPP lost
8.0 Three wind turbine strings (270MW ) attached to bottom OWPP lost

Table 4.2: Sequence of operations to simulate loss of wind turbines

Figure 4.10: Active power loading of top and bottom OWPP under loss of wind turbines

4.4.1. Power set points control
Figure 4.11 shows that, during the loss of wind turbines with power set point control strategy the
converters are loaded equally. Figure 7.8 in appendix 7.2.4, shows that the onshore DC voltage is
well regulated as per the ramp-up and loss of power. Initial DC voltage unbalance during ramp-up
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and behavior of DC currents is similar to previous scenario. Overall, HVDC-link is able to reject
disturbances and continue operation without any major DC voltage fluctuations due to the loss of
wind turbines.

(a) Active power loading of top OWPP and converter

(b) Active power loading of bottom OWPP and converter

Figure 4.11: Active power loading of both OWPPs and converters with power set points control under loss of wind
turbines
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4.4.2. Droop control

Under droop control strategy the converters are loaded equally as shown in Figure 4.12. Figure
7.7 in appendix 7.2.4, shows that the onshore and offshore voltages are well regulated without any
irregular unbalance between the two poles due to loss of wind turbines.

(a) Active power loading of top OWPP and converter

(b) Active power loading of bottom OWPP and converter

Figure 4.12: Active power loading of both OWPPs and converters with droop control under loss of wind turbines
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4.5. Fault in the cable connecting wind farm and converter
The 66kV cable connecting the OWPP and converter, as shown in Figure 3.13, may undergo fault.
In such a scenario, the breaker disconnects the faulty cable and connected OWPP from the off-
shore AC grid until the fault is subsided. As per the grid code applied on the offshore voltage, the
converters should be able to maintain certain AC voltage and frequency if the fault is for a short
duration. To consider the worst-case scenario only results of three-phase fault are included in this
report. During three phase to ground fault the impedance of the faulty cable reduces and the cur-
rents from connected equipment in the network starts to flow towards the fault. After, the fault is
subsided the converters should return to the rated parameter values and restart the usual opera-
tion. Table 4.3 describes the sequence of operation designed to simulate a three-phase fault in the
cable between top converter and OWPP.

Time (s) Operation sequence
0.2 Onshore converters De-block
0.6 Offshore converters De-block
1.0 OWPPs in operation (800MW each) with slow ramp up
4.0 Three phase fault in the cable connecting top OWPP and top converter
4.005 Fault detected and breaker opens
4.1 Fault subsided
4.2 Breaker closes

Table 4.3: Sequence of operations to simulate fault in the cable connecting top OWPP and converter

Figure 4.13: Active power loading of top and bottom OWPP under fault in the cable connecting top OWPP and
converter
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4.5.1. Power set points control
Figure 4.14 shows that, during the fault in the cable connecting top OWPP and converter with
power set point control strategy the converters are able to maintain the offshore AC voltage. Fig-
ure 7.6 in appendix 7.2.5, shows that the HVDC-link is able to recover and continue usual rated
operation after the fault.

(a) Three phase AC and RMS voltage of the offshore Terminal 1 (top)

(b) Three phase AC current of the offshore Terminal 1 (top)

Figure 4.14: Three phase AC voltage and current of offshore Terminal 1 (top) with power set point control under fault in
the cable connecting top OWPP and converter
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4.5.2. Droop control
Under droop control strategy the converters are able to maintain AC voltage and frequency during
fault as shown in Figure 4.15. Figure 7.7 in appendix 7.2.5, shows that the HVDC-link continues the
regular operation after the recovery from the fault.

(a) Three phase AC and RMS voltage of the offshore Terminal 1 (top)

(b) Three phase AC current of the offshore Terminal 1 (top)

Figure 4.15: Three phase AC voltage and current of offshore Terminal 1 (top) with droop control under fault in the cable
connecting top OWPP and converter
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Results and discussion

From the results of previous sections in Appendix 7.2, it can be concluded that the control strate-
gies mentioned in section 3.1 are able to regulate the offshore power loading and voltage of the
converters without any major fluctuations. Both tested control strategies were able to support the
initial reactive power demand of the OWPPs and black-start. Analysis done in section 4.2 shows
that the control strategies are able to handle the real-life wind variations.

5.1. Steady-state performance

As the MMC creates the DC voltage artificially, fluctuations of ±2kV remain in the steady-state be-
tween the top and bottom pole. DC voltage noise influences AC power loading and AC voltage with
a small amount of noise.

In the droop control strategy, both converters are working under the island mode scheme, which
doesn’t have any current limiting and inner current control loop. The active and reactive power
loading of the converter depends entirely on the frequency and voltage of the converter, respec-
tively. Hence, noise in the power loading of converters is present due to the fluctuations in DC
voltage and control related discrepancies within the converter. Using an offshore AC filter helps to
reduce the noise in steady-state reactive power loading but increases the ground current from the
offshore AC filter.

However, in Power set point control strategy, as one of the converters is constantly balancing the
power with the inner current control loop, the power can be controlled with improved accuracy,
and this reduces noise. Absence of an inner current control loop affects the controller performance
in tracking and maintaining the steady power loading of the converter.

Table 5.1 summarizes the major observations from the analysis of the HVDC-link during steady-
state operation.

49
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Parameter Power set point control Droop control

Pac offshore
Converters are loaded equally
in steady-state with minimal
noise (±0.5MW ).

Converters are loaded equally
in steady-state with a small
amount of noise (±1.0MW ).

Qac offshore
Converters are loaded equally in
steady-state with minimal noise (±0.5MV ar ).

Converters are loaded equally in
steady-state but with large noise (±3.0MV ar ).

DC voltage offshore No unbalance, during steady-state. No unbalance, during steady-state.

DC voltage onshore
Uninfluenced by the control strategy,
maintained at the rated value by
onshore converters.

Uninfluenced by the control strategy,
maintained at the rated value
by onshore converters.

DC current
Balanced between both poles
uninfluenced by the control strategy.
Magnitude depends only on the active power.

Balanced between both poles
uninfluenced by the control strategy.
Magnitude depends only on the active power.

Vac offshore (RMS) Remains constant Remains constant with small noise
Frequency offshore Remains constant. Remains constant.
Iac offshore Controlled by OWPP only. Controlled by OWPP only.

Table 5.1: Summary of performance of the control strategies under steady-state operation.

5.2. Dynamic state performance
Both the control strategies are able to reach a new balanced steady-state due to sudden power dif-
ference. However, converters go through slight unbalance during the transient state with the power
set points control strategy as modifying the state of operation of both inner and outer control loops
causes delay. Due to this lagging behavior, the power set points controlled offshore converters
will always have slight overshoot/undershoot in power loading depending upon the unbalance.
Droop control strategy instantaneously balances power without regulating currents and control-
ling power indirectly via AC frequency and voltage without any significant delay.

Table 5.1 summarizes the major observations from the analysis of the HVDC-link during the dy-
namic operation.

Parameter Power set point control Droop control

Pac offshore
Initial loading unbalance during transient
states due to lagging power control.

No loading unbalance during transient
states, due to rapid P/freq control.

Qac offshore
Initial loading unbalance during transient
states due to lagging power control.

No loading unbalance during transient
states, due to rapid Q/Vac control.

DC voltage offshore
Unbalance between pole voltages,
present during high ramp-up/
ramp-down rates.

No unbalance between poles voltages,
during ramp-up or ramp-down,
due to fast control action.

DC voltage onshore
Well regulated by the onshore
converters, as per the sudden changes
in power loading of poles.

Well regulated by the onshore
converters, as per the sudden changes
in the power loading of poles.

DC current Remain balanced. Remain balanced.

Vac offshore Remain constant.
Regulated as per the Qac loading of
converters.

Frequency offshore Remain constant.
Regulated as per the Pac loading of
converters

Iac offshore Controlled only the OWPP. Controlled only by the OWPP.

Table 5.2: Summary of performance of the control strategies under dynamic operation.
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From the analysis done in section 4.3, it can be concluded that during the controlled ramp-up or
ramp-down of power through the OWPP the rate must be limited up to 90MW /s to avoid any DC
voltage unbalance between poles. That means, for the assumed OWPP structure, the strings must
be activated at the rate of one string (9 wind turbines) per second (or lower) per OWPP. This max-
imum rate of 90MW /s considers maximum power output from each of the wind turbines which
considering the real-life variable wind speeds is a conservative assumption. In real-life, the OWPP
power capacity is ramped up or down with far lower rates with changes made in order of minutes.
Hence, it can be concluded that both control strategies will be able to maintain stable behavior
under controlled modifications in power generation by the OWPP in a similar HVDC-link.

During, the sudden loss of power analysis in section 4.4 under both control strategies, the offshore
pole voltages did not have any significant overvoltage (> 10kV ) with the loss of a wind turbine
(10MW ) or string (90MW ). However, under the loss of three strings (270MW ) with power set
point control strategy, the poles go through an unbalance with overshoot up to 550kV in one pole
and undershoot up to 490kV in the other pole for 0.5s. This unbalance is not present in case of
droop control strategy where both the poles go through a disturbance of 10kV for 0.5s. While in
both cases, the offshore AC voltage was well regulated, with an undervoltage up to 65kV for 0.5s.
Thus, it can be concluded that in order to sustain operation during the loss of more than three
wind turbine strings (270MW ) in one of the OWPP, the droop control strategy is preferable. The
cable ratings need not be altered as the overvoltages are well under rated 1.15pu limit.

The dynamic performance of the converters is directly influenced by the amount of unbalance in
the converter loading and controller outer-loop tuned bandwidths. For example, during the loss
of power within one of the OWPP, there exists an unbalance between the converter power load-
ings. As DC currents can’t be unequal, the direct impact is over the offshore pole DC voltages. The
impact of this scenario over onshore DC voltages depends directly upon the PI controller tuning
of onshore DC voltage controllers. If the PI tuning parameters of the offshore power controller/-
droop controller are optimally tuned, then the offshore pole loading will be balanced again. The
speed and performance of the system to reach a new steady-state depends upon the controller
bandwidths. However, the time taken to reach the new steady-state is depending on the amount
of power unbalance.

5.3. Maximum mismatch and Fault
From the analysis done in section 4.4 it can be concluded that if the sudden mismatch in the load-
ing of the converters is below the limit of 270MW /s the DC voltage maximum deviation in the
offshore top and bottom poles remains between the 1.1p.u. and 0.9p.u. rating for 0.5s. Thus, the
HVDC link can continue operation as per the new steady-state without any major DC overvoltages
or overcurrents.

Under a fault, converters are required to control voltage and limit overcurrents. As mentioned
in the section 2.6 the island mode control doesn’t have any current control loop and uses virtual
impedance to reduce AC voltage magnitude to limit the overcurrents. AC overcurrent up to 48k A
exists in case of a fault in the cable connecting top OWPP and converter under the Droop control
strategy. While in case of Power set point control strategy the peak overcurrent remains lower as
shown in the section 4.5.
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Due to the current limiter in the Power controlling (top) converter in Power set point control strat-
egy, the currents can be limited more effectively. However, as both offshore converters are working
under island mode in case of Droop control strategy, it suffers from higher overcurrents peak dur-
ing a fault.

5.4. Power set point control vs Droop control strategy
Both designed control strategies are able to handle the given analysis cases and sustain the stable
operation of the point-to-point HVDC-link. Although both of them also have drawbacks and ben-
efits in terms of performance over each other when compared.

The power set point control strategy will require external communication between poles to cal-
culate reference power set points for the controllers. External communication might cause slight
communication delay, which will result in higher rise times compared to the droop control strat-
egy. Power set point has inherent behavior of initial loading unbalance in case of sudden variations
in OWPP power generation as both offshore converters are following different control strategies
(power control and grid-forming control). But, the stable steady-state performance of the power
set point control is a big benefit over droop control strategy.

Droop control strategy is able to shift to the new power loading instantaneously and thus has a
better dynamic performance. However, as the active power loading is dependent directly over the
frequency and DC voltage of the pole, noise in DC voltage influences the converter power load-
ing in steady state. The absence of the inner current loop gives faster dynamics but decreases the
control performance. Noise in offshore AC voltage induces noise in converter reactive power load-
ing. Thus, the droop control strategy has inherent noise in the converter active and reactive power
loadings. To avoid noise in the active power loading number of SM in the converters can be in-
creased to smooth the DC voltage but, small noise up to 2kV will always be present. To avoid noise
in reactive power loading, AC filters can be used offshore, which will result in the ground current.
Both of these solutions will be expensive and require higher maintenance.

The power set-point control strategy shows no unbalance in DC voltages of the two poles when
the ramp up/down rate is controlled under the set limit (90MW /s). In case of the sudden loss of
power up to 270MW in one of the OWPPs, there is unbalance in DC voltages for only 0.5s within
the set minimum and maximum DC voltage limits. Eventually, the system comes to a steady-state
and has a stable operation in an acceptable time. Considering, the real-life wind fluctuations and
possible power loss scenarios, power set point control strategy is the preferred control strategy for
a similar HVDC-link.
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Conclusion

This research aimed to find out the advantages of operating a Bipole HVDC link with an offshore
AC interlink. The AC interlink can be attached to the offshore Bipole poles in both point-to-point
and multiterminal links but, due to simplicity, only point-to-point link is analyzed. The primary
benefit of an AC interlink in a point-to-point configuration is the ability to operate under DMR
fault (Rigid Bipole) under the converter control strategies.

Two converter control strategies were proposed, Power set point control and Droop control to en-
sure equal loading of the offshore converters with the help of AC interlink in a Rigid Bipole con-
figuration. Under Power set point control, the top and bottom offshore converters follow different
control strategies controlling power balance and AC voltage. While in Droop control, both of the
converters work as a slack bus sharing the active and reactive power loading as per the droop char-
acteristics. Rigid Bipole point-to-point HVDC link was modelled with 900MW aggregated OWPPs
in PSCAD.

After testing both of the control strategies under various possible scenarios, observations were
recorded for dynamic and steady-state performances. Due to the absence of current control in the
Droop control strategy and each offshore converter controlling different parameters in the Power
set point control strategy, there are some inherent characteristics for both of the control strategies,
as reported in section 5. These characteristics and observations depend upon the initial power
unbalance and converter tuning. Due to the stable steady-state performance and fast dynamic
performance the Power set point control strategy should be the preferred choice for an AC inter-
link control scheme.

The results show the consequences of the AC interlink based control schemes over the ratings of
the power equipment, which are under the acceptable range. However, as the complexity of the
model is not detailed enough for fast transients, extensive research needs to be done in order to
substantiate the impact of the control strategies in real-life faults and transients. The modelled
HVDC link doesn’t include the protective equipment and unbalanced three-phase system control
schemes.

Overall, this thesis presents a basic guideline to increase the Levelized cost of operation of Bipole
HVDC links by attaching the offshore poles to the point of common coupling and designing suit-
able control strategies. The results show that the control strategies can be applied under vari-
ous real-life scenarios with slight overvoltages within the acceptable range. Further research is
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required to support the findings of this work for fast transients in a more detailed model.

6.1. Scope of future work
The OWPPs in this thesis are modelled as voltage-controlled instantaneous current sources. This
way, the OWPP reacts to the power changes instantaneously without any lag. However, in real-life,
each wind turbine has its own grid feeding converter connected to the turbine’s generators. These
converters control the power flow through the turbine, and hence the power variations are not
instantaneous and have their own dynamic characteristics. To include the dynamics of the aggre-
gated OWPP, active and reactive power control loops can be added to the current sources.

The OWPP can also be modelled as per the USTRAT or IEC (IEC 61400-27) wind farm standards
with different run modes (start-up, run), converters and control strategies. Thus, the project can
be extended to research about how the real-life OWPP dynamics will affect the dynamics of the
control strategies and interlink power balance dynamics. With the complete model of the OWPP
faults within the aggregated OWPP can also be tested which are modelled as just loss of power in
this thesis work.

The converters are modelled as an arm-level average model, which can be further extended to in-
vestigate the impact of converter control strategies over the IGBTs and capacitors within the MMC.
Faults within the arm of the MMC can also be tested with a higher detail converter model. In this
thesis, only fault situation in the cable connecting the OWPP and offshore converter is examined.
As the DC breakers can be added on the DC side of the poles and HVDC cable faults can also be
tested. Since Half-bridge topology cannot block a DC fault, DC breakers will help to reduce fault
currents. Other protective equipment such as surge arrestors and negative sequence current con-
trol scheme, can be added to the simulation model to have a more realistic fault response scenario.

HVDC-link remains connected to a strong onshore grid in the complete analysis. Thus, in the case
of offshore power variations and faults, the onshore grid remains at a stable frequency and AC
voltage. It will be interesting to observe how the dynamics of the control strategy change in case a
similar HVDC-link is connected to a moderate or weak grid.

The above-mentioned points are related to increasing the complexity of a point-to-point HVDC
link, but this analysis can be extended to a multiterminal connection. A bipolar multiterminal
connection can be modelled and tested in the presence of an offshore AC interlink, as described in
section 1.
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7.1. Appendix A
7.1.1. HVDC point to point link ratings

Parameter Value
OWPP rating 900 MW
Converter rating 1 GW
Offshore AC bus voltage 66 kV
Pole DC voltage 525 kV
AC system Frequency 50 Hz
Onshore strong grid rating 10 GW
DC chopper rating 1 GW
Max DC voltage1 1.15 p.u.
Min DC voltage2 0.85 p.u.
OWPP Reactive power requirement 66 MVar
Offshore transformer voltage rating 66/250 kV
Onshore transformer voltage rating 230/250 kV
Transformer leakage ractance (Xt) 0.1 p.u.
Converter submodule capacitor 15000 uF
Arm Reactor 50 mH
Number of SM in PWM 175
Total SM per arm 200
Simulation time step 250 us
Plot time step 250 us

Table 7.1: Ratings of the equipment used in the HVDC link modelling

2ENTOSE
3DC stress: V dc/2 >V ac

55



7. Appendix 56

7.1.2. PSCAD model HVDC point to point link

(a) Offshore segment with Terminal 1 and 3

(b) Onshore segment with Terminal 2

Figure 7.1: Designed PSCAD simulation model of the HVDC point to point link
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7.2. Appendix B

7.2.1. Results: Energization of array cables

(a) Three phase AC and RMS voltage of the offshore Terminal 1 (top)

(b) Active and Reactive power transferred between top and bottom poles

Figure 7.2: HVDC-link characteristics under energization of array cables with power set points control
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(a) Three phase AC and RMS voltage of the offshore Terminal 1 (top)

(b) Active and Reactive power transferred between top and bottom poles

Figure 7.3: HVDC-link characteristics under energization of array cables with droop control
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7.2.2. Results: wind fluctuations

(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.4: HVDC-link characteristics under wind fluctuations with power set points control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.4: HVDC-link characteristics under wind fluctuations with power set points control
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(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.5: HVDC-link characteristics under wind fluctuations with droop control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.5: HVDC-link characteristics under wind fluctuations with droop control
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7.2.3. Results: Controlled ramp down of wind turbines

(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.6: HVDC-link characteristics under controlled ramp down of wind turbines with power set points control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.6: HVDC-link characteristics under controlled ramp down of wind turbines with power set points control
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(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.7: HVDC-link characteristics under controlled ramp down of wind turbines with droop control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.7: HVDC-link characteristics under controlled ramp down of wind turbines with droop control
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7.2.4. Results: Loss of wind turbines

(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.8: HVDC-link characteristics under loss of wind turbines with power set points control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.8: HVDC-link characteristics under loss of wind turbines with power set points control
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(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.9: HVDC-link characteristics under loss of wind turbines with droop control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.9: HVDC-link characteristics under loss of wind turbines with droop control
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7.2.5. Results: Fault in the cable connecting wind farm and converter

(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.10: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with power set
points control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.10: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with power set
points control
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(e) Active power loading of top OWPP and converter

(f) Active power loading of bottom OWPP and converter

Figure 7.10: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with power set
points control
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(a) DC voltage of top and bottom onshore poles

(b) DC currents of top and bottom poles

Figure 7.11: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with droop control
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(c) DC voltage of top and bottom offshore poles

(d) Active and Reactive power transferred between top and bottom poles

Figure 7.11: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with droop control
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(e) Active power loading of top OWPP and converter

(f) Active power loading of bottom OWPP and converter

Figure 7.11: HVDC-link characteristics under fault in the cable connecting top OWPP and converter with droop control
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