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Abstract—The expansion of electric ships in the transportation
sector, along with environmental advantages, has the potential
to enhance the resilience and stability of coastline power grids
during blackouts or emergencies through ship-to-grid technology.
The power grids located in remote coastal and island communities
often face high energy costs and are more vulnerable to black-
outs due to their increased risk of natural disasters. Ship-to-grid
technology offers an innovative localized solution that enables
onshore utilities to avoid the need for installing excessive on-land
energy storage capacity to enhance stability and resiliency in the
coastline power grid. Electric ships can provide a �exible source
to restart power to critical facilities such as hospitals and com-
munication networks. In this paper, a comprehensive scheme for
integrating ships into the grid system is proposed, which involves
a grid-forming control approach through a DC-link connection.
The approach employs a droop-based control strategy, current
limiter control, and voltage source grid interface to regulate both
voltage and frequency at various stages of the coastline power
network restoration. The approach is veri�ed using a 4-zone
shipboard power system with grid-forming DC-link connection,
for black start of a modi�ed IEEE 30-bus test system during a
multi-step black start and re-energization process.

Index Terms—Shipboard power system, ship-to-grid, ship-to-
shore, DC-link, grid-forming, black start.

I. I NTRODUCTION

ELECTRICAL grids at coastline areas are predominantly
vulnerable to natural disasters, which could result in cas-

cading failures and potential blackouts. In recent years, the
frequency of extreme weather event-driven large-scale power
outages has gone up signiÞcantly[1], [2], [3]. There have been
incidents of extreme weather events causing widespread power
interrupts that lasted up to weeks, and few of them resulted
in blackouts[4], [5]. To combat the catastrophic impact of
natural disasters, it is crucial to enhance the resilience of the
power grid, thereby reducing the duration of grid outages and
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improving network restoration. Mobile emergency resources
could play a pivotal role in building a resilient power grid
with its multitude of beneÞts in the reduction of the recov-
ery time[6]. The integration of marine energy vessels into the
onshore power grid is a promising and growing technology[7],
driven by the emergence of new generations of electric ships
and ferries with higher capacity. For example, an electric car
may have a battery size of 40-100 kWh, while an electric ferry
or cruise ship may have a battery size in the range of several
MWh (megawatt-hours)[8].

Integration of ships into the grid has the potential to pro-
vide environmental and economic beneÞts but requires careful
planning and investment in infrastructure and technology to
be successful.Ensuring the safety and reliability of both grids
poses a signiÞcant challenge, as connecting ships to the grid
can potentially create issues with voltage and frequency sta-
bility. For example, analyses[9], [10] have been conducted
to assess the potential impact of the loads from large cargo
or cruise ships on the voltage stability and reliability of the
offboard utility grid, to identify any underlying problems that
could potentially degrade the gridÕs performance. The ship-
board power system (SPS) can be considered a microgrid that
operates in islanded mode, offering a ßexible, efÞcient, envi-
ronmentally friendly, reliable, and cost-effective solution for
powering loads in shore power grids and ship-to-grid applica-
tions. It can supply power to shore-based loads, other ships,
and offshore installations while reducing losses during trans-
mission and distribution. SPS can provide a reliable power
source, which can help to reduce the need for installing
backup generators and other associated costs. The Power
Management System (PMS) on ships is responsible for con-
trolling generators to ensure the availability of electrical power
and prevent blackouts. By connecting the generator sets on an
SPS to a de-energized bus, they can provide various services
to the onshore grid, including operating at a reduced load
level when disconnected from the grid, maintaining frequency
when picking up a block of load, dynamic off-line testing
of the governor system, and maintaining voltage by vary-
ing voltage setting while on load and synchronized to the
system.

Despite the signiÞcant amount of literature on the study
of shore-to-ship and cold ironing, there are few studies
in the literature on ship-to-shore interconnection. Ship-to-
grid studies can be classiÞed into two main categories:
dynamic and real-time modeling, and long-term planning
and operation. For example,[11] has investigated the use
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of SPS as an emergency mobile energy system to sup-
port the power grid during disruptive events and improve
the resiliency of distribution networks through ship-to-grid
capability. Vlachokostas et al.[7] explored the shipÕs poten-
tial to provide grid ancillary services (such as frequency
regulation and load balancing) to an onshore power grid.
The ship-to-grid connections could be developed in a long-
term strategic plan for optimal ship energy management. For
instance, Wen et al.[12] have studied the impact of electricity
prices on the electric ferry interconnection, by considering the
ship routing. Zhou et al.[13] proposed an energy cooperation
coalition scheme that comprises multi-island microgrids, and
all-electric ships are used for energy sharing.

The integration of electric ships into the coastline power
grid requires a careful assessment of both the hardware and
software on both the SPS and onshore sides. To address this
issue, a dedicated shore station should be employed to connect
the ship-to-grid, with the aim of enhancing the voltage and
frequency stability of both the SPS and the onshore grid. This
approach may even offer assistance in maintaining the stabil-
ity and reliability of the local grid. Some possible ship-to-grid
interconnection strategies have been discussed in[14], [15].
While the process of ship-to-grid connection has been evalu-
ated in previous work, there has been a lack of comprehensive
investigation into the potential to offer different types of grid
services. The concentrated connection of several electric ships
can potentially cause stress on the local power grid, result-
ing in voltage ßuctuations and potential blackouts. DC-Link
technology combines power electronics and fast switching
control to offer a high degree of control ßexibility. It can react
quickly to load changes, making it ideal for applications that
require rapid adjustments to voltage or current output. DC-
Link technology also includes higher efÞciency and power
quality, and ensures that the shipÕs power system is compati-
ble with the onshore power grid and that the transfer of power
does not cause any electrical or mechanical damage to either
system[16]. The conventional schemes for the dc-link are not
able to function during the black start of a grid when there
is no measured voltage or frequency at the connection point.
Therefore, a grid-forming (GFM) control scheme is developed
in this paper to dynamically control dc-link systems and
enable ship-to-grid black start services. A signiÞcant amount
of work has been performed in grid-forming technologies.
For example, when HVDC transmission systems are con-
trolled by grid-forming systems, a stability analysis of power
systems has been performed by a center-of-inertia formula-
tion for a multi-grid-forming inverter-based power system[17],
[18]. Rokrok et al.[19] have introduced a droop-based grid-
forming control strategy by including virtual inertia emulation
for active power regulation and frequency support. The grid
integration of renewable resources by using grid-forming
inverters has been extensively studied[20]. Detailed compar-
isons between grid-following and grid-forming inverters have
also been conducted to explore the potential of grid-forming
inverter technologies in support of resiliency and stability of
power systems[21], [22], [23]. Although grid-forming con-
trol has been studied in the literature, its application for grid
integration of electric marine vessels to improve resiliency

and enable black starts of shoreline grids is still a novel
approach.

The purpose of this study is to evaluate the resilience and
stability enhancement of the grid by the integration of elec-
tric ships. The motivation for this research is to explore the
potential applications of electric ships beyond transportation.
Electric ships can serve as mobile energy storage systems that
can be integrated into a microgrid or a large-scale grid to
enhance its resilience and stability. Black-start operations can
be challenging in remote or islanded locations, and electric
ships can provide a reliable and ßexible source of power to
restart the coastline grid. The noteworthy contributions of the
paper are highlighted as follows:

1) Comprehensive black start scheme: This paper pro-
poses a comprehensive black start scheme for terrestrial
networks, combining SPS and DC-Link technology. This
integration is expected to enhance the resilience and
reliability of power systems during blackouts and other
disturbances.

2) Droop-based control loop: This paper proposes a grid-
forming DC-link control scheme that can maintain
voltage and frequency stability in the coastline power
grid, enabling black start services even when no mea-
surements are available in the coastal electric grid. The
droop-based control loop has been included to provide
support for voltage and frequency stability.

3) Current limit issue: In order to effectively handle the
inrush current during a black start, the current limiter
controls only one component of the current, while the
maximum value of the second component is calculated
based on both the maximum allowable current magni-
tude of the converter and the maximum value of the
other component of the current in thed Š q framework.
To prevent excessive current at the start of a black start,
in addition to the current limiter control block, a voltage
controller in the grid-forming dc-link loop is developed
to gradually increase the voltage by ramping references
up and regulating the voltage output of the inverter to
match the voltage of the inverter system with grid.

4) Dynamic models of various components: This paper pro-
vides insights into the dynamic behavior and stability
of ship-to-grid interconnection by grid-forming control
of the DC-link, using the dynamic models of various
components and systems of SPS and shore grid. This
approach has not been explicitly explored in existing
studies.

The rest of the paper is organized as follows. The SPS
dynamic model for ship-to-grid connection is present in
Section II . The grid-forming DC-link for the black start of
the grid is described in SectionIII . SectionIV presents the
simulation framework and cases to demonstrate the effective-
ness of the proposed control, followed by the conclusion in
SectionV.

II. CONNECTING SPSTO COASTLINE ELECTRIC GRID

Electric ships and SPSs provide an effective solution for
the black start of a coastline power grid, and they are mobile
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power sources that can operate independently from the grid
and be deployed rapidly to the impacted area, providing power
to essential facilities and infrastructure within a matter of
hours. These systems are designed to operate independently
of the primary power grid, making them well-suited for use
in black start procedures and enhancing the resilience of a
coastline power grid. The SPS could be considered as a
microgrid on the water with distributed resources onboard,
interconnected loads within a speciÞed boundary, and oper-
ating in both island and grid-connected modes. Similar to a
microgrid, there are 1Ð3 primary generators and one smaller
emergency backup generator on the ship as a common practice.
The power rating of each of the main generators is typically
sufÞcient to feed a sizable portion of the vesselÕs electrical
load.

Ship-to-grid or ship-to-shore poses both challenges and
opportunities for electric utilities. For example, ship-to-grid
could provide services to the main grid during demand spikes
or power outages. For grid operators, electric ships could
contribute as valuable ßexible backup energy systems, which
potentially help the utility to avoid unnecessary energy stor-
age capacity investments for resiliency enhancement of the
coastline power grid. Different types of electric ships could
be leveraged for ship-to-grid connections, such as:

1) Diesel-Electric Systems:SPSs typically use diesel gen-
erators or gas turbines to generate electricity, which can be
used to power the ship and its onboard systems, as well as
to export power to other locations. These systems are mostly
found in large ocean-going container ships. The generator
system consists of an alternator and a driver for the alterna-
tor which can be a steam-driven or diesel-driven engine. The
generator often works on its own and is able to respond to
the abrupt connection of motors and large loads. It can handle
system load swings and unusual operational requirements.

2) Electric Ship Fleet:ElectriÞcation of ships is develop-
ing rapidly, which could replace diesel power units and offer
a low-carbon solution. While the electric vessel market is
nascent, in the near future, a ßeet of electric ships could be
utilized to provide grid services.

3) Nuclear-Powered Ships (NPS):Nuclear power is partic-
ularly suitable for ships that need to be at sea for a long
period of time without refueling. To increase the ßexibility
and efÞciency of NPS during the berthing period, ship-to-
grid interconnection could be the best solution to leverage the
generated power by the nuclear reactors on NPS.

In this study, gas turbine generators are used as the main
generators for the SPS to ensure that power can be restored
quickly. Gas turbine generators offer numerous advantages in
marine applications, including a high power-to-weight ratio,
suitability for use in situations where space and weight are
only premium, rapid response times, improved maneuverabil-
ity of electric motor adjustable speed drives, and reduced noise
and vibration. Moreover, the new generation of hybrid AC-DC
ships can operate at higher frequencies, enabling greater con-
trol of the system with more compact and lighter components,
leading to improved efÞciency[24].

The selected test SPS layout is illustrated in Fig.1, includ-
ing a main generator as the primary source of electricity and

Fig. 1. The layout of shipboard power system generators.

an emergency backup generator, which is smaller, and is sup-
posed to be called on in case of failure and emergencies. The
backup generator is located in a separate compartment from
the main generator. The dynamic model of each synchronous
generator includes three components which are the GENROU
for the generator machine model, the GGOV1 for the turbine
governor model, and the AC8B for the exciter model to con-
trol the automatic voltage regulator system of the generator.
The SPS is comprised of four zones: A, B, C, and D. The term
SWBD-D1 stands for switchboard distribution at zone D. Each
zone has two switchboards, with one located on the port side
labeled as 1 and the other on the starboard side labeled as 2.

The total onboard active power loads are shared by the set
of synchronized generators as per the frequency control strat-
egy. Each speed governor is responsible to participate in the
concerted frequency response scheme of the SPS. The actual
load interchange can happen based on the mission priority.

III. G RID-FORMING CONTROL FOR THEBLACK START

The black start of the remote islands and coastline grids
can be different from other grids due to several factors, such
as the geographical and topographical features, and the loca-
tion and limit of power generation facilities. Coastal areas are
often subject to harsh weather conditions, what makes matters
worse is that these grids often have limited interconnections
with other power networks, which makes them more isolated
and vulnerable to power outages compared to interconnected
grids. For the ship-to-shore and shore-to-ship connections,
several onshore schemes have been developed for diverse
applications such as onboard battery charging and cold-ironing
processes[25]. The developed models could be modiÞed for a
stable ship-to-grid connection by leveraging the grid-forming
control DC-link scheme, enabling the system to regulate both
voltage and frequency.

A. Droop-Based Grid Forming Control

To black-start the coastal power grid using the SPS, the
DC-link inverter should be operated in grid-forming mode,
which functions as a voltage source to simulate the inertia of
a synchronous machine.

The difference between grid-forming and grid-following
converter systems in the operating mode is illustrated in Fig.2.
Fig. 2(a) shows the grid-following vector control. The terminal
voltage Vt is created by the rest of the grid (step 1) in the
conventional grid-following inverter systems and Þnally, the
source voltageE (step 3) is calculated by the inner control

Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on February 26,2024 at 16:57:58 UTC from IEEE Xplore.  Restrictions apply. 



BADAKHSHAN et al.: BLACK START OF COASTLINE POWER NETWORKS 1673

Fig. 2. Phasor diagram of the inverter as a voltage source in (a) grid-following
and (b) grid-forming mode of operation.

loop according to Eq.(1). However, in the grid-forming mode
of operation,Vt is not available during the black start. Thus,
as shown in Fig.2(b), the control system should create the
source voltage ofE� � . When it is connected to the grid (step
1), the current injection causes the voltage lossIXf . Finally, in
step 3, the resultant vectorVt is calculated by Eq.(2), which
is an independent voltage at any condition in the rest of the
grid, thereby verifying the role as a voltage source.

E� � = Vt� � + IXf (1)

E� � Š IXf = Vt� � (2)

The droop-based grid-forming control method is a com-
monly used technique in islanded or standalone power systems
to ensure stable voltage and frequency. This approach involves
two primary control loops: (i) an active power-frequency loop
that addresses frequency deviation and generates a reference
angle, and (ii) a reactive power-Voltage loop that regulates
voltage by monitoring reactive power. The equivalent circuit
of the inverter system is modeled as a voltage source with
amplitudeE and phase angle� . The active and reactive power
of the inverter can be calculated as follows:

P =
VE
Z

cos(� Š �) Š
V2

Z
cos(�) (3)

Q =
VE
Z

sin(� Š �) Š
V2

Z
sin(� ) (4)

The assumption that the equivalent connection impedance is
inductive is well-founded due to the signiÞcant inductive com-
ponents present in high-voltage or medium-voltage systems,
thus� is set to be 90 deg. The grid-forming control blocks are
responsible for holding the phase angle and voltage magnitude
reference constant. As illustrated in Fig.3, the droop-based
control layer is embedded in the grid-forming controller to
regulate voltage and frequency to their reference set points.
The droop control has been used as a base method for various
purposes such as improving transient performance, coordinat-
ing different types of inverters, ensuring system reliability and
security, and designing control strategies for various system
constraints and objectives in different studies[26], [27], [28].
To address several issues related to the black start process,
a droop-based control is designed to create and control volt-
age and frequency references at the connection point, which
can be crucial in situations where quick and reliable power
restoration is required.

To mitigate deviations in frequency and voltage from the
set point value, the droop-based controller is formulated as

Fig. 3. Droop-based scheme of grid-forming control applied to the ship-to-
grid DC-link.

follows.

� =
�

2� (f0 Š f )dt (5)

f = f0 Š kp(P Š P0) Š kpd
dP
dt

(6)

E = E0 Š kq(Q Š Q0) Š kqd
dQ
dt

(7)

where f and E are the grid frequency and voltage deter-
mined from the droop control scheme, andf0 and E0 are the
reference set points of frequency and voltage, respectively.
kp, kpd, kq, and kqd are the proportional and integral gains
of a PI controller, which are tuned as per the grid control
requirements. Equation(5) shows that the angle� between the
voltage and current phasors is proportional to the frequency
deviation from the set point. Equations(6) and (7) show that
the actual frequency and voltage are determined by the differ-
ence between the set point value and a weighted sum of the
real and reactive power deviation, along with their respective
derivatives, to respond any change that may occur.

Therefore, by including the dynamic model of the DC volt-
age, the developed grid-forming scheme is evaluated from the
perspective of black start and synchronization. As depicted in
Fig. 3, the proposed controller utilizes the terminal voltage
measurementVt. If no voltage is detected, the droop-based
control loop creates frequency and voltage references to the
system. The terminal voltageVt is created based on the load
current measurement from the connected system. Since the
medium voltage AC SPS supplies the DC power, the DC bus
voltage at the inverter end does not remain constant. To address
this issue, the onboard gas turbine generator could control the
DC-link capacitor voltage.

According to the AC to DC controller shown in Fig.3, the
DC side is represented by a controlled voltage source, andIr
as a reference current of the AC side would be calculated by
Ur and Idc in the converter model.

B. Voltage Source Modeling by Current Limit Control

When black-starting a coastline grid using an SPS inte-
gration, it is crucial to take into account the inrush current,
voltage stability, frequency regulation, and synchronization
between different generation resources and demand. During
the initial energization of the grid, the control strategy must
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Algorithm 1 Current Limiter Control
Require: Iqcmd,Imax,Ipcmd are the input current
Ensure: Imin

p ,Imax
p ,Imin

q ,Imax
q are the output

1: Imax
p � Imax

2: if |Ipcmd| > Imax then
3: Imax

p = Imax
4: else
5: Imax

p = Ipcmd
6: end if
7: Imax

q =
�

Imax2 Š Imax
p

2

8: Imin
q = Š Iqmax

9: End

restrict the inrush current and gradually increase the power
output to prevent damage. Furthermore, it is essential to regu-
late frequency and voltage levels to preserve voltage stability.
The frequency must be carefully controlled to prevent dam-
age to connected equipment and ensure a stable power supply.
After the black-start process, the control strategy must man-
age synchronization and ensure a consistent and stable power
supply.

In order to effectively handle the inrush current during a
black start, the current limiter controls only one component
of the current, while the maximum value of the second com-
ponent is calculated based on both the maximum allowable
current magnitude of the converter,Imax, and the maximum
value of the other component of the current in thed Š q
framework. As shown in Algorithm1, the grid-forming dc-link
system in this case considers thed current, which corresponds
to active power that is controlled by the maximum allowable
current. However, other studies in the literature[29], [30] seek
to control both components of the current. The current limiter
is used to control the active power ramp rate in response to the
current operating situation by limiting the difference between
the maximum current limit(Imax

p ) and the commanded current
(Ipcmd). The implementation of the limiter is vital because it
prevents sudden and excessive ßuctuations in power output.
WhereImax

p , Imin
p , Imax

q , and Imax
q are the maximum and min-

imum allowable current ford andq component, respectively.
Inverter-based systems rely on two key control parameters,
namely the maximum d-current and the reactive current limit,
to facilitate grid recovery in this scenario. The adopted method
in this study considers the maximum acceptable boosting span
of rising current and the maximum allowable complex current
value to sustain stability[31].

To maintain an effective voltage-supporting function, the
inverter should avoid reaching its current limit when the load
increases. Additionally, for controlling the active and reactive
components of the output current, the real power capability of
the DC-link should be able to generate the required real power
to meet the load demand, even when the grid is unable to pro-
vide the necessary voltage support. The PI controller adjusts
the desired reactive and active components of the inverter cur-
rent(Iq andId) based on the error and deviation from reference
values. If the injected current by the droop-based controller is
less than the rated current, the current loop controller adjusts

Fig. 4. ModiÞed IEEE 30-bus test system affected by a hurricane disruptive
event with two different trajectories.

the desired phase and magnitude to the reference values for ac
waveform, so the inverter acts as a voltage source. To maintain
the constant magnitude of the complex current, the prioritiza-
tion scheme allows the inverter to supply the demandedId
while decreasingIq.

IV. RESULTS AND DISCUSSION

This section aims to explore the potential of SPS in aiding
energization sequence, load pickup, and grid synchronization,
while also providing black start service to the coastline power
network. To evaluate the system performance, the impacts on
the AC bus voltage, DC-link terminal voltage, and active and
reactive power dispatch of the SPS generators, during the black
start process are analyzed. The sufÞcient power capacity for
black-starting a coastline microgrid is supplied by three SPSs,
with each capable of supplying up to 33 MW. The onboard
electrical loads (such as propulsion motors, air conditioning,
etc.) are kept off while the ship-to-grid interconnection process
is being performed. The coastline power grid is represented by
a modiÞed IEEE 30-bus test system, which has two different
zones with the voltage levels of 33 kV and 230 kV[32]. The
33 kV zone can be isolated from the 230 kV zone by taking
four transformers out of service. A microgrid is formed in the
33 kV network as a case study to demonstrate the black start
process.

The test network has a total electrical load of 81 MW.
To study the black start process, two cases are considered
with different trajectories of the hurricane to traverse the test
network, as illustrated in Fig.4. The red and blue trajectories
illustrate the conditions of the grid in two scenarios. The red
cut-set in the Þrst scenario involves creating a weak grid with
only one generator to evaluate the impact of integrating SPS
on the improvement of grid stability. The blue cut-set in the
second scenario simulates a blacked-out grid by disconnecting
all generating units. Although the two trajectories may appear
similar, they represent distinct scenarios due to the presence of
a generator. Therefore, the system demand should be taken up
by the generators in SPS. The SPS alone should provide suit-
able conditions for subsequent synchronization of other units
to be sequentially connected to the grid. The dynamic simu-
lation of the integrated system is performed by importing the
SPS model into PSS/Netomac, and the simulation results are
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Fig. 5. Dynamic grid interface of the grid-forming control.

also analyzed in the PSS/Netomac workspace. The simulation
executed over a period of 10 seconds. To account for differ-
ent possible scenarios, the study considers and analyzes the
following three situations.

1) Dynamic Modeling of the Grid-Forming DC-Link:
The dynamic model for grid-forming control has been
developed on the graphical model builder (GMB) module of
PSS/Netomac. Before incorporating the proposed inverter con-
trol system model into the power system simulation, it is
essential to ensure its accurate development and thorough test-
ing. Once the model is designed and tested, it can be directly
integrated as a macro Þle in the power system study, using the
developed grid-forming control model.

The inverter is modeled as a voltage source to supply volt-
age support to the system. The voltage source is formed by
Id and Iq. Both input variables of the model are interpreted
as real and imaginary parts of a voltage phasor. The output
of the droop-based control system is modulated to the real
and imaginary parts of a voltage, to be fed into the voltage
source model. Figure5 illustrates the dynamic grid interface
of the grid-forming control. To have a controllable voltage
source, thedŠ q current components in the current limiter are
implemented as a controller for the voltage vector.

The modulus of the current vector is shown in the current
limit logic block in Fig. 5. The grid interface compares the
outputs of the current controllers with the terminal voltage
measurement. TheE� � values withdŠ q voltage components
are then modulated as follows:

Ed = Vtd Š Iq
Xf

V2
n

Sn

(8)

Eq = Vtq + Ip
Xf

V2
n

Sn

(9)

To investigate the impact of varying controller gains on the
model performance, the dynamic model of the grid-forming
control system is simulated with different droop gain values.
Figures6 and7 show the effect of various lag time constants of
the designed controller, i.e.,kpd andkqd of the frequency-watt

Fig. 6. Traces of frequency-watt response of the grid-forming control system
to the step function input.

Fig. 7. Traces of voltage-VAR response of the grid-forming control system
to the step function input.

and voltage-VAR response from the grid-forming control,
respectively. To assess the modelÕs performance, a step func-
tion input was applied to study the effect of an active power
change on the frequency and reactive power when providing
the voltage support service. For example, the system input is
decreased to 0.5 at timet = 0.4 second, and then increased to
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TABLE I
PARAMETER VALUES FOR THEPROPOSEDDROOP-BASED CONTROLLER

1.5 at timet = 2.8 second. In both cases, the system response
is evident, although the reaction time varies depending on the
set points of the controller gain. Furthermore, the impacts of
the droop gain parameter onIpcmd and Iqcmd in the output of
the current limiter control section are shown in Figs.6 and7,
respectively. The current control effectively limits inrush cur-
rents to an acceptable range. Combining a current limiter with
a grid-forming control has been shown to enable an inverter
system to work as a voltage source, when the current control
behavior is near the current limit such as under the black start
condition. When the values ofKpd andKqd are low, the droop
curve of the system has a shallow slope. As a result, the output
of the controller is able to follow the input quickly.

The time constantkpd is set according to the acceleration
time of the grid. Hence, it is a measure of the inertia con-
tribution of the grid-forming unit, which is proportional to
its nominal capacity. The droop parameterskp and kq refer
to the maximum frequency and voltage drop at the nominal
power, respectively. The remaining control parameter values
are summarized in TableI.

2) Stability Improvement of the Weak Grid by SPS:In this
scenario, it is assumed that all onshore loads will be sup-
plied by the sole generator at Bus 1, as indicated by the
red trajectory in Fig.4. To emulate a weak grid, the gener-
ator dispatch is gradually reduced to its minimum capacity
over time and eventually taken out of service. The integrated
dynamic simulation is performed by importing the SPS model
to PSS/Netomac, and then both grids and the DC-link sim-
ulation are analyzed in the PSS/Netomac workspace. State
space equations for stability analysis for grid-forming invert-
ers are detailed in[33]. Within the 10 s simulation time frame,
the generator dispatch level is intentionally reduced to its
minimum capacity att = 4 s, and then it is taken out of
service att = 4.4 s. It is observed from the simulated voltage
proÞle in Fig.8(a) that, the system becomes unstable imme-
diately after the blackout. However, the SPS interconnection
through grid-forming control helps the system to return to a
stable state shortly after displaying the transient behavior. It is
observed from the frequency proÞle in Fig.8(b) that, there is

Fig. 8. (a) System voltage and (b) frequency proÞles for the interconnected
SPS to the onshore grid.

Fig. 9. (a) Active and (b) reactive power sharing of the generators in the
interconnected SPS to the onshore grid.

Fig. 10. System eigenvalue trajectory: (a) Coastline power grid without SPS;
(b) SPS interconnected to the onshore grid.

a frequency drop in the bus on the SPS side at the moment of
interconnection. However, this disturbance does not propagate
to the rest of the system due to the isolation provided by the
DC-link.

The active and reactive power output proÞles of Bus 1 and
SPS generators are illustrated in Fig.9. To prevent instability
in the grid, the sole generator at Bus 1 is taken out of ser-
vice when the SPS is connected to the grid. In addition to
time-domain simulation results, an extensive eigenvalue anal-
ysis has been conducted to study the impact of the designed
controller on dynamic performance and stability of the whole
system, and the results are shown in Fig.10. Figure10(a)
shows the eigenvalue proÞle without connecting SPS to the
coastline grid. Because the poles are located in the swing
zone, the system is operating in the swing mode of operation,
due to the presence of eigenvalues in the swing region (swing
modes lie near the imaginary axis on the complex S-plane
in the range of 0.5 to 18, corresponding to the oscillation
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