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ABSTRACT
Single-cycle gas turbines operating at low-efficiency ranges

due to redundancy concerns in offshore oil and gas platforms
are responsible for considerable amounts of nitrogen oxides and
greenhouse gas emissions in some countries. The abundant
resource of offshore wind energy constitutes an extraordinary
opportunity for reducing such emissions. However, new chal-
lenges are introduced when gas-powered generation is partially
replaced by wind power. This paper investigates the possibilities
provided by a centralized hybrid energy storage system (ESS) for
addressing these challenges. It reviews frequency control con-
cepts for isolated grids and discusses the analogous problem of
power balancing within the ESS itself. A set of structures for
control of the grid frequency and the ESS DC voltage are de-
scribed and evaluated. All illustrated by results obtained within
the frameworks of the Innovative Hybrid Energy System for Sta-
ble Power and Heat Supply in Offshore O&G Installation Project
and the LowEmission Research Centre.

1 INTRODUCTION
Rapid climate change is among the biggest global challenges

today. The general road-map to tackle this challenge includes
country-specific paths that depend on the types of national energy
resources. The petroleum sector accounts for a considerable part
of nitrogen oxides (NOx) and greenhouse gas (GHG) emissions
of many countries and, at the same time, is a key element of their
socio-economic development. In Norway, for instance, 20% of
the GHG emissions come from gas turbines (GTs) in operation
in the oil and gas (O&G) fields in the Norwegian Continental

Shelf [1]. A similar situation with considerable emissions from
the offshore O&G sector is observed in other European states,
such as the United Kingdom [2] and the Netherlands [3].

Feasible approaches for reducing emissions related to off-
shore O&G production include the optimization of energy ef-
ficiency, carbon capture and storage, electrification from cleaner
sources located onshore, and use of renewable energy sources. In
this context, the abundant resource provided by offshore wind [4]
is extremely promising when economic and environmental as-
pects are considered. However, technical challenges shall be
addressed when integrating wind energy to the isolated power
system of an O&G platform. Such platforms rely, typically, on
compact single-cycle aeroderivative turbines for electricity gen-
eration [5]. Those turbines operate at a relatively stable load,
however out of their best efficiency points due to redundancy re-
quirements. Introducing a new but intermittent energy source as
wind has positive and negative consequences for the GTs [6, 7].
Among the consequences, one can mention:

(+) operation of one GT at a higher load and better efficiency
range if the redundant one can stay in cold standby;

(−) increased number of start-stop operations and more variable
load profile for the GTs, i.e., higher wear and tear and NOx
emissions;

(−) overall degradation of the electric power quality and grid fre-
quency stability, resulting in higher wear and tear of motors
without variable frequency drives.

To address these issues, one of the solutions investigated by
the LowEmission Research Centre (LowEmission) and the Inno-
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FIGURE 1: PROSPECTIVE SCENARIO OF A WIND FARM
AND ESS CONNECTED TO AN EXISTING ISOLATED O&G
PLATFORM, ADAPTED FROM [11].

vative Hybrid Energy System for Stable Power and Heat Supply
in Offshore O&G Installation Project (HES-OFF) is a central-
ized hybrid energy storage system (ESS) connected directly to
the platform’s main alternate current (AC) busbar, as illustrated
in Fig. 1. This system combines a slow energy storage device
(ESD) composed of an electrolyzer and a fuel cell to counteract
wind speed variations on the scale of minutes to hours. Batter-
ies are employed as a fast ESD for the short-term wind speed
and load changes. All these ESDs operate in direct current (DC)
and are interfaced to the AC grid via a bidirectional AC-DC con-
verter.

The diagram in Fig. 1 stems from a prospective scenario in-
volving an existing O&G platform isolated from the continental
electrical grid. This platform is fed by two 35 MW gas-powered
generators. Currently, it does not feature an ESS and is not con-
nected to any renewable energy source. A techno-economical
assessment [7] estimated that a reduction of approximately 30 %
in GHG emissions would be possible if the platform were con-
nected to a 12 MW offshore wind farm (WF). With this assess-
ment as background, a novel sizing methodology for ESSs was
proposed in [8]. A set of simulation models [9] of the plat-
form and prospective WF were developed to validate the sizing
methodology. These models were further developed [10] and are
used in this paper for illustrating fundamental concepts and eval-
uating the dynamic behavior of the ESS.

In summary, this paper focuses on the frequency control of
an isolated O&G platform equipped with a centralized hybrid
ESS and connected to an offshore WF. The overall mechanical
and electrical power balancing problem of the platform is dis-
cussed from a fast frequency support perspective. The analogous
electrical power balancing issue of the ESS is also presented. A
control strategy applied to the ESS for AC frequency support is
described. This strategy is based on established proportional, in-

Tm TeJ

FIGURE 2: AGGREGATED ROTATING MASS MODEL,
ADAPTED FROM [12, 13].

tegral, and derivative (PID) techniques. It does not rely on fast
communication links between different ESDs or with the plat-
form’s power management system (PMS). Potential challenges
are identified and future research paths are discussed. All this is
illustrated by previous and current results obtained by HES-OFF
and LowEmission research projects.

2 FREQUENCY CONTROL IN ELECTROMECHANI-
CAL SYSTEMS
The control of the frequency of an AC electrical grid is, es-

sentially, a torque balancing problem. Fig. 2 shows a simplified
model of the dynamic behavior of the platform’s electromechan-
ical power system [12, 13]. A flywheel with moment of inertia
J represents the aggregated rotating masses of the system. The
GTs supply mechanical torque Tm to the drive side of the rotat-
ing mass. The aggregated electrical loads exert Te contrary to
Tm. The rate in which the angular frequency (ω) changes when
a torque imbalance occurs is limited by the system’s rotational
kinetic energy Ek = Jω2/2. When expressed in terms of power,
the balance of the torques in the system becomes:

ωJ
dω

dt︸ ︷︷ ︸
Rotating Mass

= Pm︸︷︷︸
Turbine

− Pe︸︷︷︸
Loads

(1)

where Pm is the mechanical power delivered by the GTs and Pe is
the electrical power consumed in the grid.

A common procedure among power system engineers is to
normalize Eqn. (1). This is performed by dividing both sides of
the equation by the total apparent power of the generators Sn in
VA and by re-writing the moment of inertia J in terms of the
inertia constant H [12]:

H =
Ekn

Sn
=

Jω2
n

2Sn
[s] (2)

where ωn is the rated angular frequency of the grid. The constant
H is equal to the rated rotating kinetic energy Ekn divided by
the rated apparent power Sn, which results in a measure of time
in seconds. This normalized figure is useful for comparing the
relative inertia contribution of different generators.

Replacing gas-powered generation by wind power makes the
electrical system of an isolated O&G platform less stable from a
frequency control perspective. The reason is that modern wind
turbines (WTs) are equipped with full scale back-to-back power
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electronic converters (PECs) [14,15,16]. Those do not contribute
with mechanical torque Tm to the aggregated rotating mass of the
model shown in Fig. 2. Indeed, the power produced by a WT
can be modeled as a negative load. In other words, a higher per-
centage of wind generation means lower electrical torque Te, not
higher Tm. Furthermore, the WTs do not contribute to the ag-
gregated J of the model either [17]. Therefore, every GT that is
replaced results in a smaller aggregated kinetic energy buffer Ek.
The lower the value of this buffer, the faster the remaining GTs
shall respond during disturbances to the power system. However,
restrictions in ramping rates and delays of actuators in GT gov-
ernors limit how fast they can contribute to frequency control.
A more in-depth analysis of these limitations and the different
strategies and time scales of frequency control are presented in
the following section.

2.1 Phases of the Frequency Control
Governors continuously adjust the mechanical power output

of GTs to maintain the frequency at its rated value. Fig. 3 illus-
trates the typical phases of the frequency control after a sudden
large power imbalance with excess load. The inertial response
phase begins at time t = 0s with the drop in ω at a given rate
of change of frequency (RoCoF). The primary phase starts when
the governors are able to react to the frequency change. They
respond by increasing the power generation which stops the fre-
quency fall. The minimum value reached by ω is known as nadir.
During the primary phase, the frequency is raised to a level closer
to the rated value. Subsequently, the frequency increases slowly
back to the rated value during the secondary response phase. Af-
ter that, a PMS can decide to slowly replace the power reserves
used for frequency control by more efficient measures. This is
typically achieved through redispatching of generators and loads
in the tertiary response phase. The time scales of the frequency
control phases are typically: a few seconds for the inertial, sec-
onds to few minutes for the primary, minutes for the secondary,
and from a quarter to a full hour for tertiary [17, 18].

In the next sub-sections, the frequency control phases and
their relationship to the inertia and governor responses will be
further explained. Though, it is important to emphasize that
these descriptions assume that the simplified model in Eqn. (1)
is valid. This model assumes that the electrical frequency and
the mechanical angular velocity are equivalent. It also assumes
that the electrical frequency is a single, global variable that can
be used to measure power imbalance. On one hand, the electrical
frequency of a country or continent-wide electrical grid is not a
single global variable, as shown by real life measurements of the
European system [19]. On the other hand, this is still a good ap-
proximation for the isolated O&G platform scenario under study
and for the time scales investigated in this paper. Therefore, the
mechanical angular velocity of the aggregated mass and the elec-
trical angular frequency across the whole platform are assumed
to be described by the single global variable ω . The validity of
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(a) Time scales of the frequency response phases, adapted from [17].
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FIGURE 3: FREQUENCY RESPONSE PHASES.

this assumption is assessed later in Section 4. The reader can find
a deeper discussion about this issue in [20].

2.1.1 Inertial Response
Fig. 4 shows the response of two conceptual systems mod-

eled according to Eqn. (1). The models and dataset are publicly
available at [10]. The systems are identical with a single turbine
and generator unit connected to an electrical load, except for the
levels of inertia which are H = 5s and H = 10s. All measure-
ments are in per unit (pu). Figs. 4b, 4d, and 4f represent three
components of the electrical power supplied by the generator to
the load. The inertial component is provided directly by the ro-
tating mass, no controller needed. The primary and secondary
powers are provided by the turbine to the generator.

The power consumed by the load is shown on Fig. 4a. The
frequency of the system is initially at equilibrium. On Fig. 4e, the
total energy stored in the rotating mass of the high and low inertia
cases are shown. At instant t = 10s, the electrical load increases
in a step from 0.26 pu to 0.38 pu. Immediately after the step, the
rotating mass delivers the totality of the power imbalance, i.e.,
0.12 pu of power. This is seen on Fig. 4b. Consequently, the level
of energy in the buffer (Fig. 4e) begins to drop in conjunction
with the frequency (Fig. 4c). Remark that energy is proportional
to the square of the frequency.

The inertial response is dominated by the kinetic energy
buffer of the rotating masses of the system. This contribution
limits the RoCoF. Note that the smaller the buffer, the steeper the
RoCoF. Furthermore, the lower the inertia, the lower the nadir.
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FIGURE 4: INERTIA AND GOVERNOR ROLES IN THE FREQUENCY CONTROL, SOURCE MODEL AND DATASET AT [10].
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FIGURE 5: CONTROL DYNAMICS IN AC ELECTRICAL
SYSTEMS, ADAPTED FROM [18].

2.1.2 Primary Response
The primary response to a power imbalance is shown in

Fig. 4d. Once the frequency begins to drop, the turbine governor
reacts proportionally to the frequency deviation, i.e., proportion-
ally to ∆ω = ωn −ω , where ωn is the rated grid frequency. This
action is commonly known as frequency droop [21]. The speed
in which the power reacts to the frequency deviation is heav-
ily limited by mechanical constraints of governors and turbines,
namely ramping rates and delays of actuators [22]. The higher
the actuator delay or the lower the ramping rate, the larger will
be the overlap between the inertial and primary responses.

In both high and low inertia cases in Fig. 4, the droop is the
same. Therefore, despite featuring different nadirs, the primary
response brings the frequency back to the same level for H = 5s
and H = 10s (Fig. 4c). As with any other purely proportional
regulator with a non-zero set point, a steady-state error between

the set point and the controlled variable is always present [23].

2.1.3 Secondary Response
Initially, the turbine and load power were at equilibrium, see

Figs. 4a and 4f. This was achieved by the action of the PMS on
the secondary power. This response is characterized by an inte-
gral action. In an isolated O&G platform, the secondary response
is typically performed by a PMS which sends commands to the
turbine governors. In large electrical systems, this power man-
agement receives the name of automatic generation control [21].
Nevertheless, if there is only one single generator in the system,
the secondary control can be performed directly in the governor
by an integral regulator [13].

2.2 Other Dynamics
An isolated O&G platform is a power intensive industrial

installation with numerous loads as pumps, compressors, and
heaters that may or not be interfaced by PECs. A constellation
of control loops directly or indirectly connected to each other is
necessary to keep the electrical system of a platform in opera-
tion. As illustrated by Fig. 5, these controllers operate in differ-
ent time scales. Traditional voltage regulators and speed gover-
nors of synchronous generators work in time scales from 10−1

to 103s. The control structures of modern PECs operate in time
scales down to 10−5s or lower [18]. On one hand, these faster
responses may be beneficial and add new possibilities for fre-
quency control, such as inertia emulation and other forms of fast
regulation [22]. On the other hand, detrimental interactions may
also be introduced.

For instance, offshore WTs feature low-frequency oscilla-
tion modes due to the slow swinging of their tall floating tow-
ers [24]. These low-frequency mechanical oscillations, ulti-
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mately, are reflected as variations in the power delivered by the
WT to grid. In a large WF with several WTs, these low frequency
oscillations can be evened out. However, in the scenario under
study in this paper with a few WTs, they might not be negligible.
Combined with short-term and long-term wind variations, low
frequency power oscillations from the WF increase the burden of
GTs for controlling the frequency. Therefore, wear and tear of
the GTs and their governors can increase.

3 HYBRID ENERGY STORAGE SYSTEM
Power and energy demands of the frequency control phases

are different. Secondary reserves require the largest energy stor-
age, followed by primary reserves and by inertial support. How-
ever, inertial support demands the steepest rates of change of
power, followed by primary and the secondary reserves. To-
day’s energy storage solutions vary considerably in peak power
capacity, rate of change of power limitations, and energy density.
There is no one-size-fits-all ESD that is able to store the nec-
essary energy, provide the required peak power, and change the
power as fast as required to provide frequency control support
during all phases. Therefore, hybrid solutions combining differ-
ent types of ESDs are becoming a preferred choice in transporta-
tion and in power system applications [25].

To address the issues caused by wind intermittency and com-
bine the specific characteristics of different ESDs, LowEmission
and HES-OFF investigated the implementation of a centralized
hybrid ESS connected directly to the platform’s main AC busbar.
An example of such system is shown in Fig. 6a. Electrolyzer and
fuel cell provide secondary reserves for the frequency control.
Batteries are employed as a fast ESD for the short-term varia-
tions supplying inertial support and primary reserves. The ESDs
operate in DC and are interfaced to the grid via a bidirectional
AC-DC converter. A filter stage and a transformer connect the
ESS to the platform’s main high-voltage (HV) busbar.

Sizing the ESDs and the grid converter (GC) for frequency
support in an isolated AC power system is an involved and it-
erative process. A sizing method [8] has been proposed within
the frameworks of LowEmission and HES-OFF. The dataset and
models used in this work are available at [9]. Moreover, a
hardware-in-the-loop testbed for PECs and ESDs is currently un-
der development for validating the method and for studying the
dynamic behavior of a hybrid ESS. Not least, it is worth em-
phasizing that the proposed method is algebraic and requires the
knowledge of a few parameters of the AC power system. Hence,
it can be integrated into broader techno-economical optimization
algorithms evaluating an installation from a holistic perspective,
such as the multi-carrier offshore energy hub approach being de-
veloped under LowEmission [26].

3.1 Power Balancing Within the ESS
As previously discussed in Section 2, the frequency control

of the platform’s AC electric system is a power balancing prob-

lem. The power required by the industrial processes and supplied
by generators must be continuously equalized. Albeit in a differ-
ent time scale, the ESS features an analogous power balancing
problem.

At the core of the ESS shown in Fig. 6a, in the DC link, there
is a capacitor bank represented by Cdc. Similarly to the rotating
masses of the AC grid, the capacitor bank holds an energy buffer
Ee = Cdc v2

dc/2. Moreover, variations in the dc-link voltage (vdc)
indicate a power imbalance between the ESDs and the AC-DC
converter. In other words, if the power supplied by the ESDs and
the power transferred from the DC link to the AC grid by the GC
are in equilibrium, the voltage at Cdc is constant. If the net power
supplied to the DC link is positive, vdc increases in conjunction
with the energy Ee. Conversely, if the net power is negative, vdc
decreases. Assuming that losses on the converters and DC link
of the ESS are negligible, the dynamic behavior of vdc described
in terms of the currents ies and igcd is

Cdc
dvdc

dt︸ ︷︷ ︸
Buffer

= ies︸︷︷︸
From ESDs

− igcd︸︷︷︸
To AC side

. (3)

Alike a turbine governor controlling the AC grid frequency,
the ESS shall contain an internal DC voltage controller acting
either on the ESD or GC power flow to constrain vdc variations.
Naturally, this DC voltage control happens in a fraction of the
time scales for frequency control described in Section 2. Failure
to do so may result in voltage collapse of the ESS or significant
power oscillations. Though, note that the larger the capacitance
Cdc, the larger the energy buffer Ee and the more forgiving the
system is to unbalances between the ESDs and GC. Therefore,
sizing Cdc becomes a techno-economical task that has conse-
quences to the tuning and dynamics of the DC voltage controller.
This issue is among the topics discussed in the algebraic method
for sizing the ESS proposed in [8].

In this backdrop, a set of structures for the AC frequency
support and the internal vdc control have been adopted within
the scope of LowEmission and HES-OFF projects. In the next
section, these structures are presented.

3.2 ESS Control Structure
In this section, the main control structures employed in the

battery converter (BC) and GC are presented. The term battery
is used for ESDs in general. So, the concepts are also applica-
ble to fuel cells and electrolyzers with only minor adaptations. It
is also important to emphasize that an approach based on tradi-
tional PID controllers is adopted for the hybrid ESS proposed in
this paper. This choice was made because those are well-proven
and usually available in commercial products. Moreover, a struc-
ture that does not rely on a fast communication link between the
different converters of the ESS or with the platform’s PMS is
chosen. Finally, all PECs of the ESS operate with a pulse-width
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FIGURE 6: HYBRID ENERGY STORAGE SYSTEM.

modulation (PWM) technique, see [27] for more information on
this topic. They use cascaded control structures with a fast inner
current control loop and a slower outer loop. The outer loops
control variables are the grid angular frequency (ω) and the DC-
link voltage (vdc) as seen in Fig.6.

3.2.1 Grid Frequency Control
Fig. 6b shows the control structure for the AC frequency

support provided by the ESS. The dynamic behaviour of this
structure will be assessed later in Section 4.1. Moreover, the
structure uses the measurement of the grid frequency ω̂g to gener-

ate the reference
∗
ib for the BC inner current control loop. Remark

that all measurements (denoted as x̂) in the control structures are
assumed to have been properly conditioned, filtered, and scaled.
The structure is divided into three branches that correspond to
the different phases of the frequency control of AC grids.

• Primary response: proportional gain K. It is the equivalent
of the inverse of the droop. The higher the gain K, the higher
the contribution of the battery for a given grid frequency de-
viation.

• Secondary response: integrator time Ti and input for power
reference

∗
ppm. If the BC is the only device in the system

supplying secondary reserves, the integral branch can be
enabled. This branch works towards removing the steady-
state error left by the droop based control. However, if a
GT or another ESD is also a source of secondary reserves,
the Ti branch is disabled. Then, the input

∗
ppm is used by

the PMS to coordinate the delivery of reserves between GTs
and ESDs. Moreover,

∗
ppm is also the input for controlling

the state of charge (SOC) of the battery.
• Inertial response: derivative gain Kd . Contrary to the “real”

inertial response provided by rotating masses, the inertia em-
ulation from the battery relies on a frequency measurement
which is inherently noisy. Therefore, a low-pass filter stage
with a time constant Td is necessary in the derivative branch.

The minimum and maximum values (
∗
ibmax and

∗
ibmin) in

Fig. 6b provide the means for dynamically limiting the opera-
tion based on SOC, temperature, or other conditions of the ESD.
The rate-of-change limiters are not necessarily static nor sym-
metric. Moreover, the “power to current” block compensates for
variations in the battery voltage. This compensation, however,
is not yet implemented in the results shown later in Section 4 as
it can be detrimental to the battery health during large charge or
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discharge power variations. Besides, it adds a non-linearity in
the control loop that is known to cause instabilities when the BC
is heavy loaded [28]. Another method to reach this compensa-
tion is implementing a proportional and integral (PI) controller
for active power control. This alternative adds another layer of
control, and consequently reduces the frequency control band-
width, which might also cause stability problems. Hence, this is
a topic currently under investigation in LowEmission.

3.2.2 DC Voltage Control
The GC adopted for the ESS is composed of a two-level

three-phase insulated-gate bipolar transistor bridge. A passive
inductive-capacitive-inductive (LCL) filter connects the GC to
the grid, see Fig. 6a. This filter employs a reactor (L f ) and a
capacitive-resistive branch (C f and R f ). The second inductive
device is the transformer. See [29] for more information on pas-
sive LCL-filters.

The GC operates as a three-phase voltage source. With
the help of PWM switching and the LCL-filter, the converter
is able to synthesize three-phase sinusoidal currents (igc). The
traditional inner current control in a rotating reference frame
(RRF) is adopted. This strategy relies on the measurement of
the phase of the AC voltage with a phase-locked loop (PLL).
See [30] for a literature review on PLLs. A set of mathemati-
cal operators is used to transform the measured three-phase volt-
ages and currents to a direct and quadrature reference frame [31].
When the angular frequency of the RRF matches the angular fre-
quency of balanced three-phase voltages and currents, the direct
and quadrature values become constant. This allows the use of
two sets of PI regulators for controlling the AC current of the
converter [32]. Moreover, the GC direct-axis current (idgc) pro-
duces active power. Whereas, the quadrature-axis current (iqgc)
produces reactive power.

Fig. 6c shows the DC voltage control loop of the GC. It has
the measurement of the DC-link voltage v̂dc as an input. The

direct current reference
∗
i d

gc is sent to the converter’s fast inner
current controller. For improving the DC-voltage dynamics, a
feed-forward path (̂ies) is provided for the total current from the
ESDs. This, however, does not represent a need for fast commu-
nication between the BCs and the GC. If a DC-current measure-
ment transducer is connected at the electrical point marked by ies
in Fig. 6a and interfaced with the GC controller, then no direct
communication with the different ESDs is necessary.

It is worth mentioning that the performance of current con-
trollers in RRF is affected by unbalanced three-phase loads, i.e.,
when the loads on each of the phases of the system are consider-
ably different. Within the scope of LowEmission and HES-OFF,
a strategy known as dual-sequence current controller has been in-
vestigated. This strategy relies on splitting three-phase measure-
ments into two components, one called positive and the other
negative sequence. These components are different RRFs with
opposite angular speeds. A literature review and a comparison

of controllers with two different sequence separation strategies
was done in [11]. An improved method for sequence separation
was proposed in [33]. Nevertheless, the operation under unbal-
anced conditions is considered outside the scope of this paper.

4 PERSPECTIVES AND POSSIBILITIES WITH A HY-
BRID ESS
In this section, an analysis of the possibilities provided by a

hybrid ESS is presented. Some of the challenges from the per-
spective of a power system engineer are also discussed. The re-
sults of computer simulations are used as illustration. The simu-
lation models used herein have been developed under the frame-
works of LowEmission and HES-OFF. The base models [9] were
programmed originally in MATLAB R2016a. However, for this
paper, these were re-written in DIgSILENT PowerFactory 2020
SP2A. The re-written models are available at [10].

The single line diagram in Fig.1 represents the test cases.
Two gas-powered generators are connected to the platform’s
main HV busbar. A set of general loads represent the total
electrical consumption on the platform. Three type 4 [14] off-
shore floating WTs are connected to the main busbar via an
HV underwater collector system. PowerFactory’s detailed model
with PWM switching with built-in fast current controllers in the
RRF [34] are used for the GCs of the ESS and WTs. A simpli-
fied average model of the ESD converters is used. For details on
PECs modeling strategies, see [35]. The converters’ outer loops
from Figs. 6b and 6c were manually programmed in PowerFac-
tory. Three cases are used for analysis and discussion in this
section:

• case 1: ESS is connected but does not provide support for
frequency control;

• case 2: ESS provides primary support;
• case 3: ESS provides inertial and primary support.

In all cases, two GTs and the WF are feeding a base load of
46 MW. Each WT produces 4 MW. At instant t = 1s, a step load
of 4 MW is applied to the platform’s HV busbar. Both turbine
governors run in speed control with a droop of 4.7 %. The rated
power of the ESS GC is 10 MVA and the rated power of the ESS’
BC is 4 MW. The ESS fuel cell converter (FCC) rated power is
6 MW. The FCC is set to supply a slow secondary response to
frequency variations. This secondary response is, however, not
significant within the time scales of the three cases.

4.1 Frequency Support Provided by the ESS
Fig. 7 shows the response to the step load transient. On

Fig. 7a, the total electrical load of the platform is shown. The
transient causes a sudden dip in the platform’s busbar voltage
(Fig. 7f). There is room for improvement if an AC voltage
support control structure were implemented in the ESS as dis-
cussed in [36]. The power supplied by the generators is shown on
Fig. 7e. For case 1 (no ESS support), the two generators supply
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FIGURE 8: CASE 3, DC VOLTAGE WITH (BLUE) AND
WITHOUT (RED) FEED-FORWARD SCHEME.

all the extra power demanded by the step load. When droop and
inertial support is provided by the ESS, the BC assumes part of
the load. The next research step within the LowEmission project
is to investigate scenarios where most of the primary frequency
reserve is provided by the ESS, not by the GTs.

4.2 DC Voltage Control within the ESS
Fig. 8 shows the effect on the DC voltage of operating with

or without the feed-forward scheme during the transient with
ESS inertial and primary support (case 3). It is clear that the DC
voltage control becomes worse without the feed-forward scheme.
The differences are, however, considerably small. Nevertheless,
the lower the capacitance connected to the DC link, the higher
the DC voltage variations will be during transients. Therefore,
the improved dynamic provided by the feed-forward can be more
suited when a reduction of the capacitance bank is desirable. Re-
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ducing the capacitance bank and improving the DC voltage reg-
ulators are future research paths that might be taken within the
scope of LowEmission and HES-OFF.

4.3 Frequency as a Global Variable
In Section 2, the electrical frequency across the whole plat-

form and the mechanical speed of the GTs are treated as one
unique variable. A comparison is made for case 3 to test the
validity of the “global variable” assumption. Fig. 9 shows, in
pu, the speed of the GTs and the electrical frequency at the low-
voltage (LV)-side of the ESS transformer (ESS 690V) and at the
LV-side of the WT3 transformer (WT3 690V). The WT num-
ber 3 is the one furthest from the platform. The electrical mea-
surement is performed with PowerFactory’s built-in PLLs [34].
The mechanical speeds of the GTs are almost identical. There
is, on the other hand, a noticeable difference between the mea-
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sured electrical frequencies and the mechanical speeds. More-
over, the sudden change in the voltage profile at the platform’s
HV busbar (not shown in the curves) caused by the step load is
detected by the PLL at the LV-side of the ESS transformer as a
small but sharp frequency dip. For WT3, which is farther from
the transient source, the measured electrical frequency features
a smoother dip. An ESD with supercapacitors providing inertial
support might respond to such dip. Investigating this issue is one
of future research paths within the scope of LowEmission.

5 FUTURE RESEARCH
A centralized hybrid ESS can be used to alleviate the neg-

ative consequences of connecting an intermittent energy source
to an isolated electrical system. However, this concept still poses
challenges which deserve further investigation. Some of these
challenges were identified and discussed in this paper. Among
them, the following open topics can be highlighted.

• DC voltage: the feed-forward scheme described in this pa-
per may play an important role in a future optimization of
the DC-link capacitor bank sizing and, consequently, in the
GC cost, weight, and space requirements.

• AC voltage: the ESS is capable of providing reactive power
support reducing voltage sags and swells during transients.
Nevertheless, fast interactions between the ESS converters,
other large PECs in the platform, and WTs shall be further
assessed.

• Primary reserves: in the scenario analysed in this paper,
both the GTs and the ESS were providing primary reserves.
The limitations and techno-economical consequences of in-
creasingly transferring the primary frequency control from
the GTs to the ESS shall be further investigated.

• Inertial reserves: electrical transients can produce fast
changes in the AC frequency that are not representative
of mechanical changes in the rotational speed of the GTs.
These fast changes in the electrical frequency can be detri-
mental to the performance of ESDs providing inertial re-
serves. Alternative electrical frequency measurement meth-
ods and their effects in the dynamics of derivative-based in-
ertial reserves shall be assessed in the future.

6 CONCLUSION
This paper analyzed the possibilities provided by a central-

ized hybrid ESS for alleviating the negative consequences of in-
tegrating an offshore WF to the AC grid of an isolated O&G plat-
form. It presented a set of structures for providing inertial, pri-
mary, and secondary reserves to frequency control and for con-
trolling the internal DC voltage of the ESS. These structures are
based on established PID techniques and do not rely on fast com-
munication links between the different converters of the ESS nor
with the platform’s PMS. The proposed concept shows promis-
ing results when assessed through publicly available models de-

veloped under the frameworks of HES-OFF and LowEmission.
Notwithstanding, challenges from a power systems perspective
remain open. Some of these challenges were highlighted in this
paper and must be further investigated.
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