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Abstract— The current practice of power system restoration 
mainly relies on conventional power plants, which can provide 
black start in case of a black out using fossil fuels. HVdc-
connected offshore wind power plants can, on the other hand, 
provide fast and environmentally friendly solutions for power 
system restoration, once their state of the art wind turbines 
are equipped with the grid-forming capability. In this paper, 
the background and existing solutions for wind turbine and 
wind power plant self-energization and onshore grid black 
start are presented, together with simulation results of an 
offshore wind power plant sequentially energizing the offshore 
ac network, offshore HVdc terminal, HVdc link, onshore 
HVdc terminal, and onshore ac terminal and load. 

Black start, energization, grid-forming wind turbine control, 
HVdc transmission, offshore wind energy integration 

I.  INTRODUCTION 

In HVdc-connected offshore wind power plants 
(OWPPs), the current practice for energization of the off-
shore ac network between the offshore HVdc converter and 
the wind turbines (WTs) relies on the black-start (grid-
forming) capability of the offshore HVdc terminal, taking 
the necessary energy from the onshore ac network via the 
HVdc link. Hence, in case of a long-lasting electricity short-
age due to the outage of the HVdc link or an onshore black 
out, other auxiliary power supplies are needed for supplying 
the WT auxiliary loads [1],[2]. This requires either perma-
nently installed diesel generators at the offshore HVdc plat-
form or temporary mobile diesel generators being carried to 
the offshore site, which both increases the operational and 
insurance costs and decreases reliability due to diesel gener-
ator issues. Similarly, diesel generators are needed for the 
supply of auxiliary units in the offshore HVdc platform (e.g. 
controls, switchgear, air-conditioning units).  

State of the art (type-4) WTs with fully rated power elec-
tronics converters can be controlled to function so that they 
can start and operate without the need for external auxiliary 
power supplies (grid-forming/black-start-able WTs [3]). By 
means of such capabilities, such WTs can form the offshore 
ac network, i.e. control its voltage magnitude and frequency, 
for as long as the wind allows [1] [2]. The capability of 
energizing their offshore ac network both for short and long 
periods of time can helps reduce the current need for auxilia-
ry diesel generators. Moreover, it can provide cost-effective, 

fast and environmentally friendly alternatives for offshore ac 
network energization, onshore ac network black start and 
power system restoration in general.  

The current practice of power system restoration mainly 
relies on conventional power plants, which can provide 
black start in case of a black out. The black-start capability 
of conventional power plants, which requires auxiliary units 
to start up and generate the onshore ac network voltage, is 
characterized by long start-up times due to their slow (for 
instance thermal) dynamics, and extended use of fossil fuels 
to keep them ready for service. OWPPs can, on the other 
hand, provide fast and environmentally friendly solutions for 
power system restoration, once their state of the art WTs are 
equipped with the black-start capability. Black start and 
island operation have been included in ENTSO-E’s network 
connection requirements (RfG and HVDC) as optional re-
quirements for (both ac- and HVdc-connected) WPPs, 
which can be requested by the TSOs [4], [5]. Moreover, 
there is an increasing interest from TSOs to have black-start 
capabilities from the HVdc networks connected to their ac 
networks [6]-[9], which implies that the HVdc converters be 
designed for electrical transients during onshore ac network 
black start. Black start by HVdc-connected OWPPs has been 
studied so far in [10]–[12]. Such works, however, have not 
studied the HVdc converter energization in detail, which is 
the aim of the present study. The method presented in [11] is 
applied in [10] to island operation of HVdc-connected off-
shore WTs and onshore black start, analyzing the WT me-
chanical loads during such scenarios. It is assumed that an 
external generator provides auxiliary power to the WPP. In 
[13], frequency control methods of an ac-connected WPP 
are evaluated when the WPP is employed for black start of a 
regional grid, with a diesel generator providing auxiliary 
power.  

In the present study, control schemes for grid-forming 
WTs and HVdc converters are presented together with simu-
lation results of an OWPP sequentially energizing the off-
shore ac network, offshore HVdc terminal, HVdc link, on-
shore HVdc terminal, and onshore ac terminal and load. The 
rest of the paper is organized as follows. The considered 
system model is presented in Section II. In Section III, simu-
lation results are presented and discussed. Finally, conclud-
ing remarks are given in Section IV. 



 

Figure 1.  Schematic of HVdc-connected offshore wind power plant energizing a passive load. 

 

II. SYSTEM MODEL 

In this section, the considered system model, shown in 
Figure 1, is briefly described. A symmetrical monopole 
configuration is used for the HVdc connection. The main 
circuit parameters are given in Table I. Each HVdc terminal 
uses half-bridge modular multi-level converters (MMCs). 
The fundamental structure of an MMC is shown in Figure 2, 
together with important measurements, such as voltage at 
the point of common coupling, pccU , converter ac terminal 

voltage and current, cU  and ci , respectively, valve currents 

vi , cell voltage, cellU , and terminal dc voltage, dc-pnU . The 

active and reactive powers are measured at the PCCs. The 
HVdc converter consists of six arms, each having n sub-
modules (SMs) connected in series. 

TABLE I.  HVDC MAIN CIRCUIT PARAMETERS 

Parameters Values 
WPP rating 1000 MW (400, 400, 200) 

WT rating 8 MW, 66 kV 

WPP trasfromer rating 66/155 kV, 415 MVA, 210 MVA 

HVdc converter 1050 MVA, 10% reactance 

HVdc transfromers 155/390 kV (Offshore), 400/390 
kV (Onshore), 12% reactance 

MMC Half-bridge, (n =) 225 
submodules 

HVdc link voltage ± 320 kV 

The offshore HVdc converter uses grid-following con-
trols, oriented on to the offshore ac network voltage formed 
by the WPP. By means of such controls, the converter regu-
lates the voltage on its dc terminals and its reactive power 
output to the offshore ac network. The converter has stand-
ard half-bridge MMC inner control loops, such as cell volt-
age balancing control and circulating current controls. The 
block diagram of the converter outer control loops is shown 
in Figure 3, where PLL, CC, and PI stand for phase-locked 
loop, current controller, and proportional-integral (control-
ler), respectively. The letters shown in bold represent the 
vector variables in the rotating (dq) reference frame, orient-
ed on the converter ac terminal voltage. 

 

Figure 2.  Half-bridge MMC topology 

  

Figure 3.  Offshore HVdc converter control   

The onshore HVdc converter operates as a grid-forming 
converter, meaning that it controls the ac network voltage 
magnitude and frequency. Since there is only one converter 
feeding the passive ac system, the frequency reference is 
kept constant. The block diagram of the corresponding con-
trols is shown in Figure 4. The vector variables are repre-
sented in a rotating (dq) reference frame with angular speed 
given by the frequency reference. 

A 1000 MW WPP cluster having two 400 MW WPPs 
and one 200 MW WPP is considered for this study. Each 
400 MW WPP has 50 8 MW WTs, whereas the 200 MW 
WPP has 25 8 MW WTs. One 400 MW WPP is active for 
the considered case. The WTs use fully-rated converters to 



connect to the offshore ac network. The WT back-end (gen-
erator-side) converters control the WT dc link voltage, 
whereas the WT front-end (grid-side) converters operate as 
grid-forming units, i.e. they control the magnitude and fre-
quency of their ac terminal voltage.   

 

Figure 4.  Onshore HVdc converter control 

A WT front-end converter (FEC) and corresponding 
grid-forming controls are shown in Figure 5. The control 
scheme, based on those in [14], [15], uses a distributed 
phase-locked-loop-based frequency control, implemented 
for each WT front-end converter in a rotating reference 
frame oriented on the converter ac terminal voltage cu . In 
such scheme, each grid-forming WT FEC controls its ac 
terminal voltage (magnitude) and frequency.  

 

Figure 5.  Wind Turbine Front-End Converter Control 

III. SIMULATION RESULTS 

In this section, the energization sequence, summarized in 
Table II, is described in detail.  The stages of the energiza-
tion sequence can be understood by referring to Figure 1. 

 

  

 

 

TABLE II.  ENERGIZATION SEQUENCE 

Stage Time [s] Events (refer Figure 1) 
1 < 0 WPP energized 

2 

1.3 ac circuit breaker [MB] closed 

1.6 
Pre-insertion-resistor (PIR) bypassed by 

closing the circuit breaker [AB] 

2.1 
offshore HVdc converter deblocked; HVdc 

link energized 

3 2.75 
onshore HVdc converter deblocked; on-

shore ac terminal energized 

4 4 onshore load connected 

 

The energization of the WPP with the grid-forming con-
trol of WTs is explained in [14] and [15], therefore, the rest 
of the energization sequence is explained in this paper. 
Therefore, the impact on the PCC voltage, converter ac 
terminal voltage, valve currents, cell voltage, dc terminal 
voltage and active and reactive powers at each converter is 
presented. 

Stage 2:  offshore HVdc converter energization 

The responses of the offshore and onshore HVdc con-
verters are shown in Figures 6 and 7, respectively. Once the 
offshore HVdc converter ac breaker (MB in Figure1) is 
closed at t = 1.3 s, the converter is charged through the PIR 
in a controlled (limited transients) manner; thus protecting 
the wind turbines and valves from transient overcurrent due 
to the energization of the transformer (magnetizing inrush 
current). Moreover, the controlled ramp in the converter 
voltage limits the charging current of the MMC submodule 
capacitors. 

 

Figure 6.  Offshore HVdc converter response – stage 2 

Once the submodules are charged to around 2 kV, the 
PIR is bypassed (By closing the AB in figure 1) at t = 1.6 s, 
allowing faster charging. Sudden increases in the converter 



ac terminal voltage, valve currents, maximum cell voltage, 
and dc terminal voltage can be observed. The magnitude of 
such increases is, however, well within the acceptable lev-
els.  

Once the offshore HVdc converter is deblocked at t = 2.1 
s, the HVdc link voltage is increased to 640 kV. The maxi-
mum cell voltage is around 2.85 kV, which is well below the 
limits (4 kV). It is clear that the impact is mainly at offshore 
HVdc converter. The onshore HVdc converter submodules 
are charged to 1.45 kV (half of the offshore HVdc converter 
cell voltage). The reason is that the 450 submodules be-
tween the two valve arms (225 in each arm) share the HVdc 
link voltage (640 kV). The WPP ac terminal voltage and 
active and reactive power outputs during stage 2 are shown 
in Figure. 8. Apart from minor transients in the terminal ac 
voltage, there is no significant transients observed. 

 

Figure 7.  Onshore  HVdc converter response – stage 2 

Stage 3:  onshore ac network energization 

The grid-forming onshore HVdc converter is deblocked 
at t = 2.75 s. As shown in Figures 9 (onshore) and 10 (off-
shore), the onshore HVdc converter submodules start charg-
ing once the converter is deblocked and reach the desired 
cell voltage (2.85 kV) within 300 ms. At the same time, the 
onshore HVdc converter starts forming the ac voltage at its 
terminals. A dip in the HVdc link voltage and disturbance in 
the offshore converter submodule cell voltages can be ob-
served during the charging process. It is due to the energy 
imbalance in the dc system. The submodule capacitors in the 
offshore HVdc converters discharge during the charging of 
submodules of onshore HVdc converter. The WPP then 
reacts to the energy imbalance by producing the required 
active power for charging the onshore converter and form-

ing the onshore ac network. The HVdc system settles within 
300 ms and the onshore converter controls the onshore ac 
network voltage the its desired magnitude (400 kV) and 
frequency (50 Hz). 

 

Figure 8.  WPP response – stage 2 

 

Figure 9.  Onshore  HVdc converter response – stage 3 

Stage 4:  Onshore load connection 

Once the onshore ac network voltage is established, an ac-
tive power load of 400 MW is connected to it at t = 4 s. The 
corresponding onshore and offshore HVdc converter re-
sponses are shown in Figures 11 and 12, respectively. A 
small dip (5 %) is briefly observed in the HVdc link voltage, 
which recovers quickly once the offshore HVdc converter 
and WPP start supplying the required active power to the 
onshore ac network. The PCC voltage, converter bus volt-



age, valve currents, cell voltages well within limits, both at 
onshore and offshore converters, for a step change in active 
power at onshore AC terminal. 

 

Figure 10.  Offshore HVdc converter response – stage 3 

 

Figure 11.  Onshore  HVdc converter response – stage 4 

 

Figure 12.  Offshore HVdc converter response – stage 4 

IV. CONCLUSION 

In this paper, the energization of an onshore ac network 
by OWPPs connected through an HVdc link has been ex-
plained. The simulation results have shown that the grid-
forming capabilities of WTs can be used to establish the 
offshore ac voltage and thereafter energize the offshore 
HVdc converter, HVdc link, and onshore HVdc converter. 
The pre-insertion resistor connected at the offshore HVdc 
converter ac terminals helps protect the WTs against large 
inrush currents and control the charging of the HVdc con-
verter submodules. 

It is shown that HVdc-connected OWPPs using the 
modern fast-responding WTs can behave as black-start units 
in the restoration of future power systems with high shares 
of converter-interfaced energy resources. The use of WPPs 
as black-start units would require adapting the market for 
this purpose, e.g. considering the wind speed forecast in the 
restoration process. Moreover, it is important to study the 
impact on the MMC HVdc system of energizing the onshore 
ac network by means of the grid-forming offshore WPPs. 
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