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Abstract—The share of renewables in the power system is 
increasing rapidly. Large offshore wind power plants (OWPPs) 
are developed at a high pace and conventional fossil fuel-based 
plants are decommissioned. Consequently, there will be a risk of 
insufficient amount of power plants providing black start 
functionality for system restoration after a black out. This paper 
proposes a STATCOM with a battery energy storage that is 
located at the point of common connection to an OWPP that 
together can provide a reliable black start services to the power 
grid. The concept is demonstrated by using time domain 
simulations in PSCAD. The STATCOM functionality provides 
fast and dynamic reactive power management and the battery 
unit provides active power balancing capability to maintain the 
frequency within a tolerable range specified by the system 
operator. The simulation results fulfill the success criteria for 
the black start and confirm its feasibility for practical 
implementation.  

Keywords—battery storage, black start, frequency control, grid 
forming converter, offshore wind power plant, power system 
restoration, STATCOM, voltage control. 

I. INTRODUCTION 
A number of large offshore wind power plants (OWPPs) 

have been developed especially in Europe and many more are 
under development worldwide in order to reduce the emission 
of greenhouse gases [1]. Wind is a meteorological 
phenomenon resulting in varying wind power all the time. 
Therefore, wind power inherently has a non-dispatchable 
nature. The power changes with the wind speed and is zero 
when the wind speed is below the cut-in speed. With more 
renewables, the share of conventional fossil fuel-based plants 
is decreasing rapidly. Consequently, there is a potential risk of 
missing reliable sources which can provide the black start 
service for power system restoration.  

According to PJM Manual 36 for system restoration [2] a 
black start unit must be capable of starting itself from 
shutdown condition and start delivering power to the grid 
without any assistance from the system. Likewise, National 
Grid specifies the following requirements for the black start 
functionality [3]:  

• Ability to start up itself independent of external 
supplies; 

• Ability to energize a part of the network with purely 
reactive power exchange; 

• Ability to accept block load demand.  

An overview of requirements for black start provision is 
given in [4]. Thus, non-dispatchable sources like wind and 
other renewable energy sources would not qualify by 
themselves for the black-start service.  

A large STATCOM integrated with a battery storage, 
referred to as IBESS, was initially proposed in [5],[6] to 
enable the black start capability of an OWPP. The IBESS is 
located at point of common coupling. The STATCOM 
functionality provides fast and dynamic reactive power 
management and hence contributes to the voltage regulation. 
Likewise, the battery storage enables the bidirectional 
exchange of active power with the system and thus, the IBESS 
can provide inertial and frequency regulation services [7].  

As stipulated by PJM and National Grid, an IBESS 
enables an OWPP to energize itself from shut-down condition 
and operate in an islanded mode with stable frequency and 
voltage profile [8]. With the help of IBESS, the OWPP can 
meet its auxiliary power demand and keep itself running even 
in no wind conditions. Thus, the OWPP can remain in standby 
mode to quickly provide the black-start service. Provided that 
the IBESS has enough stored energy, the OWPP can provide 
black start service by energizing a part of the onshore grid and 
accepting block load connection. At present black start service 
from an OWPP with the help of IBESS is a novel concept, 
which is proposed in this paper. A detailed OWPP and 
onshore grid model is developed together with an adapted 
IBESS and OWPP controller. Time domain simulations are 
performed to display the fulfilment of the success criteria for 
black start.  

The paper is organized as follows. The test network for 
this study is described in Section II. The IBESS topology and 
its grid forming controller has been described in Section III. 
Section IV presents the simulation results for the sequence of 
events necessary for the restoration of a part of the onshore 
grid by the IBESS and the OWPP. The results are finally 
concluded in Section V. 

II. TEST OWPP MODEL 

A. OWPP Network 
The test OWPP model is based on the 1386 Hornsea Two 

OWPP [9]. A third of the plant has been modelled here as 
shown in Fig. 1. The offshore grid model comprises of the 
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220 kV export cable, associated shunt filters and reactors, and 
2x270 MVA, 220/66 kV transformers at the collector bus. The 
high voltage (HV) export cable comprise of 40 km 
underground cable (C1) in flat layout, and two sections of 
submarine cables (C2 and C3) each 60 km long with 90 Mvar 
of shunt reactors (Q4) in the middle at the bus T4. The 
submarine cables have a trefoil layout inside a pipe. In 
addition, (120 – 300) Mvar variable shunt reactor at the bus 
T2 and 170 Mvar reactor at the bus T4 are provided for 
reactive power compensation. There is 80 Mvar capacitive 
shunt filter connected at the bus T2. All these components are 
assumed to be connected in this study. 

In order to retain the transient response characteristics, the 
HV export cables are modelled using their geometrical core 
and layout details and phase dependent travelling wave model 
is derived. Similarly, the magnetic saturation characteristics of 
the transformer core is included in the model.  

The nominal ratings and the selected base values for the 
IBESS and the WT are given in Table I. While the OWPP has 
55 WT units, here only 37 units have been considered. These 
37 units are aggregated into 6 groups, comprising of 4, 5, 6, or 
9 units. The ratings of the WT group equivalent are 
accordingly scaled up. The 66 kV collector feeders are 
represented by a series combination of 0.68 Ω resistor, 5.2 mH 
inductor and 5.1 µF shunt capacitor on the turbine side.  

 

B. WT Model 
The WTs are modelled in terms of the average model of 

the grid-side converters along with their converters. An ideal 
dc link is assumed that implies sufficient wind power is 
available at all instants. The grid following control tracks the 
active and reactive power references together with the ac 
voltage magnitude regulation. The controller is implemented 
in the synchronously rotating dq-coordinate frame. In this 
study, the WT is in the voltage regulation mode, which is 
realized by injecting the reactive current in proportion to the 

voltage deviation from the nominal value. A droop frequency 
regulation of 5% in the steady state is implemented. 

C. Part of Onshore Grid for Energization 
A 475 MVA, 400/220 kV transformer is connected 

between the OWPP and a 140 km long overhead line (OHL), 
shown in Fig 1. With 9.88 S susceptance, the line would 
generate 86.49 Mvar reactive power at 1.0 pu voltage. 
Moreover, as an extreme case, no shunt reactors were 
connected to the line. These considerations are made in order 
to emulate the proposed requirement of 100 Mvar leading 
reactive power supply capability of the black start unit [10]. 
Further down it is connected to a 20 km long line at 132 kV 
and finally to the block loads at 33 kV through a 10 km long 
cable. There are three block loads of 20 MW size each at the 
remote end. The loads are modelled as constant resistances of 
54.45 Ω.  

D. Transformer Saturation 
Magnetizing characteristics of the transformer and its 

saturation play a critical role during the switching transients. 
The magnetizing current can be large and highly non-linear 
and depends on the point of switching and residual magnetic 
field at the instant. In this work, the magnetic hysteresis loop 
is ignored, and the transformer magnetic saturation is 
modelled in terms of airgap reactance, which is 

TABLE I.  NOMINAL RATINGS OF IBESS, 8 MW WT UNIT.  

Base values Unit IBESS 8 MW WT unit 
Active power (P) MW 50 8 
Reactive power (Q) Mvar 100   
Power factor  - 0.9 
Nominal MVA (Base) MVA 111.8 8.889 
Nominal rms voltage kV (l-l) 33 0.69 
Base voltage (peak) kV (l-g) 26.94 0.5634 
Nominal rms current  kA 1.956 7.4377 
Base current (peak) kA  2.766 10.518 
Base impedance  Ω 9.740 0.05356 
Base frequency Hz 50 50 

 

 
 Schematic diagram of test OWPP network along with the onshore grid and 3x20 MW block loads. 
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assumed to be the double of the leakage reactance, and the 
knee point voltage, assumed to be 1.17 pu. The resultant 
magnetic flux-linkage vs. magnetizing current characteristic 
of the IBESS transformer is displayed in Fig. 2. It shows a 
highly asymmetric peak current in phases A and C due to the 
saturation of the flux during the switching of the OHL. Under 
steady state conditions, this curve is symmetric about both the 
flux-linkage and the current axes. The saturation 
characteristics had a small effect in the previous work reported 
in [8] as soft-charging was used and the WT unit transformers 
were located far from IBESS.  

III. IBESS TOPOLOGY AND ITS CONTROL 
Modular multilevel converter (MMC) is the preferred 

topology for high voltage and high power STATCOM 
applications. For the IBESS, a 20 kVdc battery unit is 
integrated with the STATCOM, which is connected to the 
33 kVac bus. Since the dc voltage is too low for the MMC 
using the double star half-bridge (DSHB) topology, the double 
star full bridge MMC with centralized energy storage (DSFB-
CES) has been selected [11].  

A single-line diagram of the IBESS and its controllers are 
shown in Fig. 3. All the control parameters are defined in 
Table II. The grid forming controller of the IBESS has two 
parts – (i) power synchronization control (PSC) and (ii) the 
voltage magnitude controller (VMC). 

A. Power synchronization Control 
The PSC, proposed in [12] emulates the swing equation of 

the synchronous machines. The tuning of the controller for 
grid connected application is described in [13]. From the block 
diagram in Fig 3(b), the IBESS frequency deviation, Δ𝜔𝜔 , 
corresponds to the deviation in IBESS power, Δ𝑃𝑃, and is given 
by, 

 Δ𝜔𝜔(𝑠𝑠) = 1

2𝐻𝐻𝐻𝐻+
𝑘𝑘𝑑𝑑𝑠𝑠
𝑠𝑠+𝜔𝜔𝑑𝑑

+𝑘𝑘𝑔𝑔
Δ𝑃𝑃(𝑠𝑠). (1) 

Here, the parameter, H, indicates the inertia constant as 
defined in the conventional power system. It tends to resist the 
frequency deviations. The damping parameter 𝑘𝑘𝑑𝑑 tends to 
damp out the high frequency oscillations if any in the power 
deviation. In steady state, as (1) can be written as, 

 Δ𝑃𝑃 = 𝑘𝑘𝑔𝑔Δ𝜔𝜔.  (2) 

 
Thus, the reciprocal of the parameter, 𝑘𝑘𝑔𝑔 , indicates the 

droop frequency response of the IBESS. In this study, 1.6% 
frequency regulation droop has been considered by setting 
𝑘𝑘𝑔𝑔 = 62.5 pu. The PSC determines the frequency and phase 
angle, 𝜃𝜃 , of the IBESS in grid forming control mode. The 
angle 𝜃𝜃 is used in all the Park’s transformations and inverse 
transformations. 

B. Voltage Magnitude Control 
The VMC determines the magnitude of the voltage to be 

generated by the IBESS. The VMC comprises of the nominal 
voltage reference, 𝑉𝑉𝑛𝑛∗. It is augmented by inputs from the 
voltage regulation and reactive power regulation. Only the 
voltage regulation loop has been shown in Fig. 3(c). In 
addition, there are active damping terms given by,  

 Δ𝒗𝒗𝑑𝑑𝑑𝑑 = 𝑠𝑠𝑅𝑅𝑎𝑎
𝑠𝑠+𝜔𝜔𝑏𝑏

𝒊𝒊𝑑𝑑𝑑𝑑 .  (3) 

 
 Transformer magnetizing characteristic of IBESS transformer. 

   
(a) 

   
(b) 

 

 
(c) 

  (a) Schematic diagram of the IBESS. (b) Power synchronization 
control (PSC). (c) Voltage magnitude control (VMC). 

TABLE II.  PARAMETERS OF IBESS CONTROLLER. 

Parameter  Symbol Value 
Parameter 𝑘𝑘𝑔𝑔  𝑘𝑘𝑔𝑔 62.5 pu 
Base frequency 𝜔𝜔𝐵𝐵 100𝜋𝜋 rad/s 
Mechanical inertia constant 𝐻𝐻 5 s 
Damping controller gain 𝑘𝑘𝑑𝑑 62.5 pu 
Damping controller bandwidth 𝜔𝜔𝑑𝑑 16 rad/s 
Voltage regulation gain 𝑘𝑘𝑣𝑣𝑘𝑘𝐸𝐸  1.25 pu 
Voltage regulator time constant 𝑇𝑇𝐸𝐸 0.05 s 
Active damping resistance 𝑅𝑅𝑎𝑎 0.05 pu 
Cut-off frequency 𝜔𝜔𝑏𝑏 0.2 rad/s 
Current magnitude limit  |𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚| 1.1 pu 
Equivalent inductance 𝐿𝐿𝑓𝑓 0.05 pu 
Current control bandwidth 𝛼𝛼 5000 rad/s 
Current control gain 𝛼𝛼𝐿𝐿𝑓𝑓 0.7958 pu 
Voltage filter bandwidth 𝛼𝛼𝑓𝑓 2500 rad/s 
Voltage magnitude limit |𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚| 1.1 pu 
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The active damping terms are subtracted from the voltage 
references to damp out oscillations in the IBESS output 
current. Finally, the current magnitude limiter is implemented 
to ensure that the IBESS current limits are not exceeded.  

IV. BLACK START OF ONSHORE GRID  
Simulation studies are carried out to demonstrate the 

capability of the IBESS in providing black start service to the 
grid. It is a prerequisite that the OWPP operates in an islanded 
mode with the help of IBESS. This work is actually a 
continuation of the islanded operation of IBESS as described 
in the previous work [8]. Prior to initiating the black-start 
process, it is assumed that the OWPP is generating active 
power from 37 WTs with the power reference 0.15 pu on WT 
MVA base and deliver 0.064 pu (21 MW) due to 5% droop 
frequency response. After the losses are deducted, the 
remaining power is of the order of 13.8 MW at bus T2 and it 
is absorbed by the IBESS. This power depends upon the 
instantaneous operating condition of the OWPP. Additionally, 
it is considered here that the 220/400 kV onshore grid 
transformer is energized during the soft-charging of the 
system. It is essential that there is sufficient power and energy 
margin in the IBESS to perform the black start.  

A. Test Cases and Success Criteria 
The following test cases are envisaged: 

• Energizing the onshore grid;  
• Connection of block loads of 20 MW size. 

The success criteria for the islanded operation was defined 
as follows: 

• Steady-state frequency remains within the range 
of 47.5 – 52 Hz all the time; 

• Voltage profile should be within the ±10% band 
around the nominal voltage; 

• The IBESS current limits must not be violated. 

B. Energizing Onshore Grid 
The circuit breaker on the HV side of the grid transformer 

is closed at 30 s to energize the 400 kV OHL. The transformer 
voltage and currents on the HV side is shown in Fig. 4. The 
current waveform is far from sinusoidal. The rms values of the 
three-phase voltages and currents and the magnitudes of their 
harmonic components in the two cycles from 30.04 s to 
30.06 s are shown in Table III for the first 5 harmonic orders. 
There is a rich 2nd harmonic component, amounting to 0.12, 
0.12 and 0.13 pu in the three-phase current waveforms. 

There is a first order filter of 20 ms time constant in the 
measurement of active and reactive power as well as the rms 
voltage. The oscillations in active power, reactive power and 
the rms voltage at the 220 kV bus T2, 400 kV bus T1 and the 
33 kV load bus are shown in Fig. 5. Fourier analysis, for the 
1st two cycles after 30 s, shows that the mean value of active 
power is 6.0 MW, and the mean reactive power is 18.9 Mvar 
in the first two cycles from 30 s to 30.04 s. Besides there is a 
lot of harmonic content, especially at the 2nd and the 4th 
harmonic orders. The three-phase voltage and the current 
waveform in the IBESS converter and the WT group (WTB1) 
are shown in Figs. 6 and 7. 

Gradually, the oscillations decay and the reactive power 
flow into the onshore grid becomes capacitive as shown in 
Fig. 8. In due process the voltage in the offshore grid rises to 
1.08 pu. At 42 s, 2.5 MW active power and −j93.8 Mvar 
reactive power flow to the grid. The three phase rms voltage 

(computed by PSCAD) at different buses on the onshore grid 
is between 1.06 –1.08 pu as shown in Fig. 8.  

C. Connection of block loads 
The block loads are connected at 43 s, 45 s and 47 s, 

respectively, as shown in Fig. 8. Compared to the energization 
of the line, the block loads create negligible disturbance in the 
whole island grid. As the voltage at the load bus is higher than 
1 pu, the actual supplied load is larger than the block size of 
20 MW. The connected load is supplied initially by the IBESS 
as displayed in Fig. 9. As the output power of the IBESS 
increases, its frequency decreases. The WT units respond to 
the decreased frequency by ramping up their output power 
with a 5% droop response as shown in Fig. 10. This response 
from the WT helps to de-load the IBESS. The power flow at 

 
 Three phase voltage (top) and current (bottom) waveform on 

400 kV terminals of the grid transformer during energization of 
OHL. 

 
 Active power (top), reactive power (middle) and rms voltages 

(bottom) at different buses during energization of overhead line. 
T1, T2 and G33 indicate the corresponding bus names.  

TABLE III.  VOLTAGES AND CURRENTS ONSHORE GRID 
TRANSFORMER (BASE 475 MVA, 400 KV RMS, L-L). 

 VA VB VC IA IB IC 
rms 0.99 1.04 0.95 0.34 0.17 0.36 

mean 0.00 0.01 0.00 -0.19 -0.01 0.19 
50 Hz 0.98 1.03 0.94 0.13 0.08 0.17 

100 Hz 0.11 0.11 0.10 0.12 0.12 0.13 
150 Hz 0.01 0.01 0.02 0.06 0.08 0.04 
200 Hz 0.04 0.01 0.03 0.06 0.03 0.03 
250 Hz 0.05 0.03 0.02 0.06 0.03 0.03 

 



the 220 kV bus T2, and the power of the IBESS corresponding 
to the block load connected at 33 kV are given Table IV. 

 
 

 
D. Overall Results  

The success criteria for black start is fulfilled as the system 
maintains a stable voltage and frequency profile during the 
whole process. The voltages remain within 1.10 pu upper 
limit. The frequency remains well within the proposed limits 
of 47 to 52 Hz. In fact, the frequency deviation at the IBESS 
lies within ±0.2 Hz. This low value can be attributed to the 
1.6% droop assigned to the IBESS. In the WT units the 
frequency is estimated by the phase locked loop (PLL), and it 
shows some oscillation during the transients produced by the 
switching of the OHL. Still, the frequency deviations at WT 
terminals is within ±1 Hz. These deviations do not affect the 

 
 IBESS converter terminal phase voltage (top) and current 

(bottom) waveforms during OHL energization. 

  

 WT group (WT6B1) converter terminal phase voltage (top) and 
current (bottom)waveforms during OHL energization. 

 

 Active power (top), reactive power (middle) and rms voltages 
(bottom) at different buses during OHL energization and block 
load connection. T1, T2 and G33 indicate the corresponding bus 
names. 
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TABLE IV.  POWERFLOW AND IBESS FREQUENCY 
CORRESPONDING TO CONNECTION OF 20 MW BLOCK LOADS.  

   At T2 (220 kV) Load at 
33kV 

IBESS 

Time 
[s] 

Load 
[MW] 

P 
[MW] 

Q 
[Mvar]) 

P 
[MW] 

P 
[MW] 

F 
[Hz] 

42.7 0 4 -94 0 -12.4 50.2 
44.6 20 26.3 -91.6 22.5 -5.4 50.1 
46.8 40 47.5 -86.5 43.2 1.9 50.0 
48.8 60 67.0 -79.3 61.8 8.0 49.9 

 



droop frequency response that is shown in Fig. 10, as the 
estimated frequency is filtered by a time constant of 0.5 s. 

In the present work, the IBESS in grid forming control 
mode absorbs all the power imbalance in the grid. The WT 
responds only the to the resultant frequency deviations. There 
is a room for coordinating the loading of the IBESS and WT 
units. 

V. CONCLUSIONS  
This paper demonstrates the use of IBESS in the black start 

energization of the onshore grid. The IBESS converter in the 
grid forming control mode responds fast to the switching 
transients and sudden changes in active and reactive power 
flows during the closing of the long OHL as well as the grid 
connection of 20 MW block load units. While the closing of 
the long line produced large transients throughout the offshore 
grid including the IBESS controls, the block load connection 
appeared to be a relatively smooth event. The IBESS 
increased the output power to meet the increased demand and 
decreased the offshore grid frequency. Eventually, the WTs 
contributed the increased power demand as they responded to 
the decline in the offshore grid frequency.  
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