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Abstract: This work examines the operation of the autonomous power system of a geographical
island assuming the integration of significant generation shares from renewable energy sources and
the installation of the required storage systems. The frequency stability of the system is investigated
considering different operating conditions, in terms of load demand and renewable power generation.
The main focus of the work is an original control strategy specifically designed for power converters
interfacing storage units to the grid. The proposed strategy is based on an extended frequency
droop control, which selects specific droop settings depending on the operating mode—charge or
discharge—of the storage unit. A simulation model of the whole electrical system is developed
for dynamic analysis. The model also implements the possibility of including specific auxiliary
frequency controls for synthetic inertia and primary reserve. The results of the simulation and
analysis indicate that the proposed control strategy has a significant positive effect, making the
storage units able to provide a fundamental and more effective support to the frequency stability of
the system. The application of the proposed control strategy to storage units also reduces the need
for a contribution to the frequency control from intermittent and variable sources, making the whole
system more robust, stable and reliable.

Keywords: autonomous systems; frequency stability; frequency droop; primary reserve; storage
systems; small islands; synthetic inertia

1. Introduction

The increasing share of generation from renewable energy sources (RES) and the
continuous integration of storage systems are rapidly changing the operation paradigm
of current electrical systems. The penetration of distributed RESs in existing power grids
poses several challenges for the system, the main being reversal of the power flows,
an increase in the level of short-circuit currents and protection issues, balancing issues
related to unpredictable production, regulatory and market aspects, inertia reduction
and stability issues. In [1], the authors discuss the critical issues due to a significant
annual photovoltaic (PV) penetration, including a drop of netload during the day, ramping
capability and minimal load operation for thermal power plants. In [2], the hosting capacity
increases potential and the associated additional grid losses due to the local control of
PV plants examined. The work in [3] presents a high-level overview of the integration
of RES into the electric power system in Croatia, focusing on grid connections, power
balancing, inertia reduction aspects and market participation. The market impact of RES
is also debated in [4], where the case of wind plants coupled with pumped hydro energy
storage is examined using various optimization algorithms, and in [5], dealing with the
interdependence between renewable energy and low-carbon stock prices. The study in [6]
discusses the impact of RES on power system flexibility, and, similarly, the study in [7]
contains a techno-economic analysis of the application of energy storage systems on wind
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farms to provide short-term ancillary services such as inertia response and frequency
support. This continuous process of RES and storage systems integration has introduced
the perspective of systems operated with a very high share of generation sources interfaced
to the grid via power electronics, raising questions and challenges regarding the dynamic
characteristics of the system which expand beyond the classical definitions of power system
stability [8,9]. The operating conditions characterized by a high share of RES and energy
storage systems (ESS) over the conventional synchronous generation can be particularly
relevant in the case of small autonomous power networks such as the grids of geographical
islands. In such systems, the direct availability of renewable energy sources and the simple
integration of energy storage systems can push a rapid transition of the traditional nature
of the electrical grid [10-13]. Systems operated with high or even total generation provided
by sources interfaced through power electronics, however, require specific characteristics
of design and control. In particular, the frequency stability and the response of the system
to sudden power imbalances need to be specifically assessed [14]. Presently, the majority of
inverter-based generation sources implement conventional vector current control, keeping
the power references at the terminal and following the grid variations through a dedicated
control unit typically based on a phase-locked loop (PLL). In a grid characterized by a high
share of wind, solar and storage units, the power converters interfacing those sources to the
grid are called to support the system in specific ways. These capabilities are particularly
relevant for the case of isolated and autonomous power networks, where the amount of
synchronous generation can become quickly reduced, as it is desirable for environmental
reasons. For geographical and electrical islands, the impact of a high share of renewable
energy sources can be a serious concern for a stable operation of the system [15-19].

This work examines the existing power network of Pantelleria, a small island in the
Mediterranean sea. The system of the island is considered in two main energy mix condi-
tions: the current condition, with the energy supply based on a centralized diesel power
plant, and a future possible condition, characterized by the integration of RES generation
and storage units, with the disconnection of unnecessary diesel generators and the corre-
sponding environmental and economic advantages. The system condition with RES and
storage units is then further detailed in four possible scenarios, which are determined by
combining different operating conditions in terms of load demand and RES generation.
The complete system is represented with a detailed dynamic model. The simulation model
is implemented in a specific power systems analysis tool to investigate the frequency
stability of the system in the different scenarios, and it includes the synchronous machines
with their primary controllers, the controlled sources representing the power converters
interfacing RES and storage units to the grid and the different control systems which can
be applied to the power electronics. The basic representation considered in the work is
commonly known as grid-following, since the control tracks the grid variations through a
dedicated synchronization unit. The possibility of activating auxiliary frequency controls
inside the active power loop of the converters’ control is also included in the mathematical
model. These auxiliary controls are the synthetic inertia and the fast frequency response,
responsible for the provision of specific frequency services to the grid as inertial response
and primary reserve, respectively. These two auxiliary frequency controls are control
schemes for grid-following converters widely presented in the literature.

The novelty of the work is an original control strategy for the converters of the storage
units, designed by the authors and implemented in the simulation model of the system.
The proposed control strategy is basically focused on the use of different frequency droops
for the storage units if they operate in charging or in discharging mode. For example, if a
storage system is absorbing power from the grid, the value of the droop can be much higher
than the droop used when the storage is in discharge mode: in fact, at the occurrence of a
loss of generation, the storage unit in discharge mode could react much more effectively,
and this reaction can be ordered by a proper value of the frequency droop gain included
in the control system of the converter. The same approach can be symmetrically applied
for storage units in charge mode in the case of loss of load. The proposed strategy is
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therefore based on an extended frequency droop approach, configuring distinct droop
settings for the converter control system depending on the given operating mode—charge
or discharge—of the storage unit. With this novel control strategy, the storage units will
be able to participate in the frequency control of the system more effectively and guarantee
the stability of the system. The enhanced contribution of the storage systems achieved
through the application of the proposed strategy also significantly reduces the need for
relying on intermittent and variable sources such as RES generation in the transient process
of maintaining the frequency stability of the system. The implementation of the proposed
control strategy is illustrated in detail, observing the possible limitations related to the
overall aspects of the power converters’ control. A tuning principle for the different values
of the frequency droop involved in the proposed control strategy is also described and
applied. The realization of the novel droop control strategy for storage units is compared to
the case when only regular frequency controls are considered. The comparison is performed
for different simulation scenarios, identified by an initial analysis of load and generation in
the electrical grid of the island for different periods of the year.

The rest of the paper is divided as follows: Section 2 provides a description of the
autonomous electrical grid of the islands under investigation, deriving four scenarios
representative of the main operating conditions of the system in terms of load demand and
RES generation; Section 3 describes the details of the mathematical representation of the
overall electrical system under examination and the implementation of a proper simulation
model, focusing in particular on the power electronics interfacing the generation sources to
the grid and their control system; the novel droop control strategy for the storage units is
proposed and discussed in Section 4, pointing out the opportunity of the specific extended
control on storage units for a stable operation of the system; Section 5 reports results and
analysis of the time-domain simulations of the different operating scenarios, indicating
the fundamental role of supplementary controls on the storage units and the possibility
of a coordinated management of the operating mode of the storage units to guarantee the
stable operation of the system; finally, Section 7 summarizes the main observations and
results of the work.

2. System Description and Scenarios

The system considered for investigation is the medium voltage network of Pantelleria,
a small island located in the Mediterranean sea. The island is currently dependent on
external sources of energy: the supply system is based on a centralized diesel power plant,
composed of eight generators and located near the urban centre. The total demand of
the island strongly depends on the period of the year, and it varies from a minimum of
around 4 MW to a maximum of around 8 MW. The total generation capacity of the diesel
power plant is around 20 MW. For economic reasons, in fact, generators on islands are
usually large compared to the system load [16,18]. The power is delivered to the consumers
and the loads through four main feeders at 10 kV, all departing from the diesel power
plant. The network has a radial structure, with the possibility to counter-supply the lines
in case of faults or create simple meshed configurations. The feeders are mainly cables,
with lengths spanning from 14 km for the longest lines to 4 km for the shortest. Currently,
there are only a few photovoltaic (PV) plants installed in the system, with a produced peak
power in the range 1-20 kW, for a total active power Ppy = 0.33 MW, thus representing a
minor generation share over the total system load. The types of consumers can be classified
as 50.6% domestic, 41.8% miscellaneous, 5.6% desalination plant and 2% street lighting.
A simplified scheme of the electrical grid of Pantelleria is shown in Figure 1 directly on the
geographical map of the island.
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Figure 1. Geographic map and simplified diagram of the electric grid of Pantelleria.

The system of the island is then considered in a future possible scenario, character-
ized by the integration of a given amount of RES generation and storage units, with the
corresponding disconnection of unnecessary diesel generators. This scenario represents
an opportunity for the island of Pantelleria to reduce polluting emissions and cut de-
pendency on the supply of external fossil fuel, with clear environmental and economic
advantages. For this small island’s network, a high share of renewable power generation is
easily reached, and low-inertia operating conditions are realistic. In the future conditions
assumed for the network of the island, there are four storage units (ST) and nine wind
turbines (WT). The size of the storage units is 500 kVA each, for a total of Sgt = 2 MVA.
Two storage units are installed at the same location of the main diesel power plant, while
the other two storage units are located within the two main feeders. The WTs have different
ratings, eight of them are 500 kVA and the last one is 1 MVA, for a total of Syt =5 MVA.
The WTs are distributed along all the four main feeders, as shown in Figure 2. All the RES
generation units and the storage systems are assumed to be interfaced to the grid fully
via inverters: they therefore represent non-synchronous generation which will properly
be included in the model of the system as described in Section 3. For the location of RES
plants and storage systems, the authors took into consideration the results of previous
analyses and feasibility studies presented in [10,20]. In a planning phase, it is possible to
consider different locations of plants and batteries by applying one of the methods in the
literature normally used for the optimal sizing and siting of distributed resources [21-24].
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Figure 2. Schematic outline of the autonomous power system under investigation, with existing
system (black) and future arrangements (green).

The electrical system of Pantelleria island is examined under different load and
generation scenarios, for the sake of a more complete analysis of the possible operating
conditions of the grid. The scenarios are derived from the available hourly and monthly
data of the island. The heat-maps of the power profiles given per month and per hour are
reported in Figure 3. The data of load demand (Figure 3a) are provided by SMEDE, the
owner and system operator of the electrical grid of Pantelleria. The highest value of the
demand is observed in the summer: in that period of the year, the island attracts a high
influx of tourists, which results in an excessive use of air-conditioning. The data of wind
(Figure 3b) and solar (Figure 3c) generation are taken from the Global Wind Atlas [25] and
the Global Solar Atlas [26] databases, respectively. The hourly and monthly values of both
wind speed and solar irradiation correspond to the geographical location of the island. The
values extracted from the Atlas databases are then post-processed in the following way:
they are first normalized using the maximum value and then multiplied by a determined
scale factor which accounts for the expected generation share resulting from the RES
integration conditions described before. The normalized data per hours/months of wind
and solar power profiles are reported in Appendix A.
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(c) Hourly/monthly profiles of solar generation.

Figure 3. Average power profiles for the island of Pantelleria, given per month and per hour: (a) load
demand; (b) wind generation; (c) solar generation.

The comparison of the hourly and monthly data for load demand and potential RES
generation indicates the possibility of four main combining scenarios:
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high load demand and low RES generation: this condition can be representative of
end of July/August, especially in the evening hours (Figure 4 top-left); the peak of the
demand is, in fact, detected for the summer period, where the production from wind
is typically low;

low load demand and high RES generation: this condition can be instead associated
with May /June and the beginning of July (Figure 4 bottom-right); in that period of
the year, the power demand is still relatively low because the summer season is only
beginning, with moderate tourist influx and mild temperatures;

high load demand and high RES: after some further inspections of the available data,
this condition is found for the month of September (Figure 4 bottom-left); the level
of the load demand is a bit lower than the peaks observed in the summer period,
but at that time, there is a significant increase of the generation from RES, due to the
beginning of the windy period for the island;

low load demand and high RES: this condition can be related to the period between
March and April (Figure 4 top-right); in that season of the year, the power demand is,
in fact, low, while the RES generation level is considerable due to the relatively high
wind production.

It is worth noting that the identification of the case of high load demand and high

generation from RES is not as distinct and straightforward as the other cases: for that
scenario, the best approximation has been searched for through a detailed comparative
analysis of the available data and identified in the month of September as a compromise
between the two aspects of relatively high load demand and relatively high RES generation.
Table 1 offers an overview of the identified scenarios, with details about the operating
conditions of the storage units installed in the grid. In the naming convention, the first
label specifies the load condition (High Load HL, Low Load LL), while the second label
specifies the RES generation (High RES HR, Low RES LR).

HL-LR (August) LL-HR (March/April)
7000 7000
5000 1 5000 |
1000 1 1000 r
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
Hour Hour
HL-HR (September) LL-LR (June/July)
7000 1 7000 1
5000 1 5000 |
3000 " e 3000 ﬂ
1000 1 1000 f
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
Hour Hour

Figure 4. Selected power profiles for the considered scenarios: load demand (orange) and aggregated
RES generation (light blue).
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Table 1. Table summary of the analysis scenarios.

Scenario Description
HL-HR High load (8 MW) and high RES generation (4 MW)
2 storage units in discharging mode, 2 in charging mode
HL-LR High load (8 MW) and low RES generation (<1 MW)
All 4 storage units in discharging mode
LL-HR Low load (4 MW) and high RES generation (4 MW)
All 4 storage units in charging mode
LL-LR Low load (4 MW) and low RES generation (<1 MW)

2 storage units in discharging mode, 2 in charging mode

Concerning the operating conditions of the storage units, the following considerations
can be made:

e scenario HL-LR: when the load demand is high and the power generation from RES
is low, all four storage units might be called to generate power, especially if the
production from diesel is to be reduced; in this condition, the storage units could then
all be operated in discharging mode;

e  scenario LL-HR: when the load demand is high and the power generation from RES
is low, the surplus of generation can be used to recharge the batteries of the storage
units; in this condition, the storage units could then all be operated in charging mode;

e  scenarios HL-HR and LL-LR: when load demand and RES generation are both high
or low, the approximate balance between load and generation does not pose a priori
constraints on the storage units; therefore, the operating conditions of the units can be
managed depending on other factors, such as level of state of charge, grid management
requirements and power smoothing; in these conditions, two storage units can then
be operated in charging mode and two in discharging mode.

With the definition of these four simulation scenarios, it is then possible to cover the
main representative operating conditions the system could be found in. The implementa-
tion and the analysis of these scenarios will allow for a more comprehensive examination
of advantages and disadvantages of the possible control strategies applied to the power
electronics interfacing storage units and RES plants to the grid.

In all the considered scenarios, the diesel power plant will cover the remaining part
of the total load not covered by the sum of renewable sources and storage unit power
generation. In particular, in the two high load scenarios, two synchronous machines of the
central power plant will be considered running in the system, while in the two low-load
scenarios, only one synchronous machine will be sufficient to ensure the total supply of the
demand of the island. All the identified scenarios will be implemented for analysis in the
simulation model of the island electrical system, as described in Section 3.

3. Implementation of Simulation Model

The basic dynamics of the island’s power system is represented using standard dy-
namic models for synchronous machines and for the corresponding controllers. The syn-
chronous machines are modelled with subtransient 6th order round rotor models, using
typical values of diesel generators reactances, inertia and time constants. In particular,
the inertia constant is assumed as H = 2 s for all the generators. The controllers con-
nected to the machines are automatic voltage regulators (AVR) and turbine governors.
For these controllers, the standard models described in [27] are used. The block diagrams
of the controllers are shown in Figures 5 and 6, corresponding to the models SEXS and
TGOV1, respectively.
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Figure 5. Block diagram of AVR controller.
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Figure 6. Block diagram of turbine governor controller.

The existing PV plants are simulated as controlled current sources, with conventional
cascade vector control to keep the power references at the terminal. The same basic model
is used for the representation of the 9 WTs, providing the setpoints of active and reactive
power to the control system of the converter interfacing the generation source to the grid.
The four storage units are assumed to be interfaced to the grid via power converters as well:
for them, the same basic model will be used as the starting base, with proper modifications
and extensions of the control to realize a more elaborated and effective control strategy.
This point will be discussed more in detail in Section 4. The diagram of the basic model is
shown in Figure 7.

DB Prae -
active power reactive power
pref qre/
controller controller
i Prin . Do dq,,
p lpcmd lqcmd q

current limiter

l l

u phase-locked loop | “p!! synchronous frame rotation
(PLL) (SFR)
‘ controlled source ‘

grid
Figure 7. Dynamic model representation of inverter-based generation sources.

The majority of power converters are usually controlled with this well-established
concept [28,29]. This type of converter is commonly known as grid-following: the control
relies, in fact, on the voltage angle obtained through the dedicated synchronization unit,



Energies 2021, 14, 4391

10 of 22

following the grid variations through the PLL. Grid-following converters do not provide
any inherent frequency support to the grid. Specific control extensions can, however, be
implemented to let the unit source-inverter participate in the frequency control of the
system [15,19,30-35]. These extensions concern the active power control loop, providing
an additional signal to the summation point of the control loop and thus realizing a change
in the actual active power reference requested to the unit source-converter. The control
extensions considered in this work are shown in Figure 8. The upper part of the scheme
realizes a continuous derivative-based control, producing an output signal proportional
to the time derivative of the frequency. The lower part of the scheme is based on a
droop control on the frequency deviation, and it provides a primary reserve to contain the
frequency after a power imbalance, modifying the load sharing capabilities of the converter
at steady-state. The two supplementary controls are common and widely studied versions
of frequency control schemes for grid-following converters, and they are based on the
two concepts of synthetic inertia and fast frequency response. The two control actions are
identified with two subscripts, “IR” standing for inertial response and “PR” standing for
primary reserve. The gains Kjg and Kpg in the two parts of the scheme of Figure 8 govern,
respectively, the magnitude of the inertial response and the amount of the reserve provided
during a frequency transient in the grid. The gain Kjg can be related to the inertia constant
H as Kjr = 2H, while the gain Kpp, is related to the frequency droop ¢ through Kpr =1/0.

inertial response

f PLL

P Pras
[ [
active power :
1 d
controller pem
[ _J
.. p,.

Figure 8. Block diagram of auxiliary controls for frequency support.

All parameters in the previous block diagrams are defined in Section 5, with descrip-
tions and numerical values. The dynamic model of the control system of the converters
also includes rate limiters on the power reference to deal with the rapid fluctuations in the
output of renewable energy sources, such as wind and photovoltaic, caused by the high
variability of the source, allowing a smooth transition of the command signals and thus
avoiding potential damages to electronic components.

4. Extended Frequency Droop Control for Storage Units

The participation in frequency control of generation sources interfaced to the grid
via power electronics can be effectively achieved through several possibilities, such as,
for instance, the synthetic inertia and the frequency droop described in Section 3. For the
storage units, it is possible to imagine a modification of the basic controls reported in
Figure 8, tailoring the control principles and the tuning of parameters to the intrinsic
characteristics of storage systems. The main extension of the frequency controls, which can
be specifically applied to storage units, concerns the droop of the primary reserve control.
The opportunities of adaptive controls applied to the frequency droop for storage systems
have been studied in several works [36—40]. In this work, a simple control principle is
described and implemented. The basic idea is to have different droop settings for the
storage system when operating in charging mode (load behaviour) and when operating
in discharging mode (generation behaviour). If the storage unit is in charging mode,
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at the occurrence of under-frequency transients in the grid, the batteries of the unit could
momentarily reduce or even stop the absorption of power from the grid. Whenever
possible, they could even reverse the active power setpoint and switch to charging mode.
Storage systems in discharging mode operating as loads can therefore provide a more
intense reaction to under-frequency transients. This corresponds to lower values of the
frequency droop ¢ and therefore higher values of the gain Kpg = 1/¢. In this case, the
power absorbed by the storage system could be set at zero or even reversed in the most
severe cases. If, instead, the storage unit is in discharging mode, the frequency droop
settings can follow the same principles and adopt the same values which would have
normally been used for the auxiliary frequency control. With the proposed control logic,
the frequency droop used for the unit in discharging mode o7 will then be higher than the
droop used in charging mode 0>. The tuning of the two droop values can be done according
to the following considerations. The droop ¢y for discharging mode should be fixed to
guarantee the power sharing with synchronous machines and other distributed generation
sources, as conventionally done. This is normally in the range 1-10%: for instance, a droop
of 5% corresponds to the full activation of the reserve for Af = 0.4 Hz, with the gain of the
primary reserve Kpry = 1/07 = 20 pu. The droop o for the charging mode can instead be
tuned according to the requested behaviour for given frequency deviations. As an example,
if the maximum power absorption of the storage system should be completely interrupted
(Ap =1 pu in per unit of the rated power of the storage unit) for a given steady-state
frequency deviation (f.i. Af = 0.004 pu, corresponding to 200 mHz), the value of the droop
07 in per unit would be 0o = Af/Ap = 0.004 pu, and the gain of the primary reserve
Kpro = 1/05 = 250 pu. A complete tuning principle could also involve a check on the
state of charge (SOC) of the batteries of the storage unit. The control parameters can
therefore be determined by the management system of the grid operator. The proposed
frequency droop characteristic for storage systems can also be qualitatively illustrated
as shown in Figure 9. For under-frequency transients (right-hand side of the diagram),
two different values of frequency droop are considered for storage units in charging and
discharging mode. Figure 10 shows a possible extension of the proposed control logic, also
with differentiated droop values for the over-frequency transients (left-hand side of the
diagram). In this work, however, the over-frequency transients are not considered since
they can be more easily handled with the disconnection of the surplus generation without
affecting the loads, while the under-frequency transients are more critical events, especially
for isolated autonomous power systems with limited resources.

A flowchart of the proposed control strategy for the frequency droop control of storage
units is shown in Figure 11.

Af
A
deadband
> APstorage
droop o, droop o,
discharging charging

Figure 9. Proposed frequency droop characteristics for storage systems in different operating mode
(o1 > o).
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droop o, (discharge) deadband

»
P

Apstorage

droop o, (charge)

droop o/, (discharge)

Figure 10. Proposed frequency droop differentiated characteristics for both under-frequency and
over-frequency transients (o7 > 07).

Psorage

!

unit availability

(check SOC and constraints) keep control settings

charge discharge

operating mode
overfreq. underfreq.
Af<0 Af>0
underfreq. overfreq.
set frequency droop value o, set frequency droop value o,
(intensive control action) (normal control action)

Figure 11. Flowchart of the proposed frequency droop control strategy for storage units.

A similar approach for the inertial response could be theoretically implemented as
well, with different values for the gain Kjg depending on the operating conditions of the
storage units. However, it would not be as effective as for the primary reserve. In this case,
in fact, the limiting actions of the rate limiters included in the active power control loop
would limit the steep changes of the reference p;,r, thus making the requested increase
pir useless. Due to the effects of ramp-limiters, the inertial response of the system cannot
therefore be increased by single units, but it should come from the contribution of several
generation sources. This aspect will be further discussed with the help of the simulation
results in Section 5.

5. Simulation and Analysis

The complete RMS dynamic model of the network is developed and implemented in
the power systems analysis software NEPLAN [41]. An overview of the model is shown
in Figure 12, while a summary of the parameters for converters simulation is reported
in Table 2. This model is used for the simulation and the analysis of the four scenarios
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Storage units

defined in the previous sections (Sections 2 and 3). In all the investigated cases, the system
is considered in a perturbed condition where a uniform disturbance is identically applied
to all the nodes with load. For this, a load increase AP = 5% in percentage of the total
load demand is included in the time-domain simulations. A load change in the range
3-5% is considered as already a large disturbance for a power system [16,42]. The AP
corresponds to 0.4 MW for high load scenarios and 0.2 MW for low load scenarios. For the
sake of flexibility and ease in analysing scenarios and configurations, the handling of
the calculations is automated with an external code written in C#. The utility offers a
simple graphical interface, and it calls the APIs of the software NEPLAN to manage all the
elements and models of the network, run consecutive simulations programmatically and
post-process the results for analysis. The results will be analysed with particular attention
to the frequency stability of the system, referring to the typical frequency metrics, such
as minimum instantaneous value of the frequency (frequency nadir), maximum absolute
value of the rate of change of frequency (RoCoF) and the steady-state frequency deviation,
to assess the dynamic behaviour of the grid in the different scenarios.
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Figure 12. Implementation of the island system in the analysis software NEPLAN.

5.1. High Load and High RES

The results for the simulation scenario with a high load and high generation share from
RES are shown in Figure 13. It can be immediately noticed that the system is unstable for
the scenario with the integration of WTs and storage units without any auxiliary frequency
controls. In this case, the system is not capable of withstanding the load disturbance
and the frequency collapse (red line in Figure 13). The activation of synthetic inertia and
primary reserve as auxiliary controls for the converters interfacing the storage units to
the grid is already sufficient to guarantee the frequency stability of the system (green
solid line in Figure 13). In this case, however, the transient performances of the system
are deteriorated as expected, with higher absolute values of frequency rate, minimum
instantaneous frequency and steady-state deviation. If the WTs are also participating in
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the frequency control with the auxiliary controls of synthetic inertia and primary reserve
(green dashed line in Figure 13), the transient performance of the system clearly improves.
The implementation of the control logic with different frequency droops depending on
the operating mode of the storage system proves to be an effective control strategy to
guarantee the frequency stability of the grid (yellow solid line in Figure 13). The frequency
nadir and the steady-state deviation are largely improved, with comparable or even better
values than in the case of all synchronous generation. The RoCoF, instead, still has high
values for a steep frequency change right after the occurrence of the load disturbance. This
observation is related to the consideration discussed in Section 4 about the inertial response
provided by few generation units and the curtailment effects of the rate limiters within the
active power control loop. In this case, only two storage units apply this control, as they are
in charging mode (Table 1). The other two units are instead in discharging mode, and they
implement the conventional droop control determined by grid management and power
sharing. Additionally, if the synthetic inertia is activated for WTs as a complementary
control action to this case, the transient performances of the system benefit with a significant
improvement (yellow dashed line in Figure 13).

Table 2. Model parameters of converters interfacing storage units and RES generation.

Parameter Description Value
TLprp time constant of active power low-pass filter 0.01s
TLpEg time constant of reactive power low-pass filter 0.01s
APmin minimum ramp rate for active power reference —1pu/s
APmax maximum ramp rate for active power reference 1pu/s
Prin minimum value for active power reference —1.1pu
Pmax maximum value for active power reference 1.1 pu
KpprL proportional gain of PLL 60 pu
Kipr1 integral gain of PLL 900 pu
Tsource time constant of physical generation source 0.01s
Kir gain of synthetic inertia 6 pu
Tir time constant of filtered derivative for synthetic inertia 0.01s
Kpr1 gain of primary reserve (discharging mode) 20 pu
Kpr2 gain of primary reserve (charging mode) 250 pu
Tpr time constant of low-pass filter for primary reserve 0.001s
fDBmin minimum threshold of frequency dead-band 499 Hz
fDBmax maximum threshold of frequency dead-band 50.1 Hz

5.2. High Load and Low RES

The results for the simulation scenario with a high load and low generation share
from RES are shown in Figure 14. Similar to the previous scenario, the integration of WTs
and storage units with no auxiliary controls makes the system weak and unable to react
stably to the load disturbance (red line in Figure 14). The activation of synthetic inertia
and primary reserve only for the converters interfacing the storage units is also already
sufficient in this case to guarantee the frequency stability of the system (green solid line in
Figure 14). The activation of auxiliary frequency controls also for the converters interfacing
the WTs positively supports the transient response of the system (green dashed line in
Figure 14). In this case, the implementation of different frequency droops inside the control
system of the storage unit converters does not make any difference, simply because all
four storage units are in discharging mode (Table 1). In Figure 14, the yellow solid line
corresponding to this case therefore overlaps the green solid line corresponding to the
case of auxiliary frequency controls with a single droop value. The activation of synthetic
inertia for the converters interfacing the WTs is beneficial for the stability of the grid, as
expected. In this case, the transient performances of the system are clearly lower than the
case where WTs provide both synthetic inertia and primary reserve (yellow dashed line
and green dashed line in Figure 14, respectively).
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Figure 13. Results of scenario HL-HR (high load and high RES generation).
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Figure 14. Results of scenario HL-LR (high load and low RES generation).

5.3. Low Load and High RES

The results for the simulation scenario with a low load and high generation share from
RES are shown in Figure 15. In the low load scenario, the integration of WTs and storage
units without any auxiliary controls does not critically endanger the frequency stability
system. However, in this case, the transient performances are particularly poor (red line
in Figure 15). The activation of auxiliary frequency controls for the converters interfacing
storage units and WTs to the grid provides the expected positive contributions to the
system (solid and dashed green lines in Figure 15, respectively). The implementation of
different frequency droops for the primary reserve control of the storage units in charging
mode determines a significant improvement, compared to the scenario where the storage
units have a single value for the frequency droop (yellow and green solid lines in Figure 15,
respectively). In this scenario, in fact, all four storage units are in charging mode (Table 1).
The frequency nadir and the steady-state deviation are significantly enhanced, with better
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values than the scenario with all synchronous generation, while, also in this case, the RoCoF
is basically not improved. For this, the activation of a synthetic inertia provision from
WTs can contribute to compensate the lack of inertial response and reduce the maximum
absolute value of the RoCoF (yellow dashed line in Figure 15). In this case, the overall
transient performances increase remarkably, especially the minimum instantaneous value
of the frequency.
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Figure 15. Results of scenario LL-HR (low load and high RES generation).
5.4. Low Load and Low RES

The results for the simulation scenario with a low load and low generation share
from RES are shown in Figure 16. Similar to the previous scenario, the integration of
WTs and storage units without auxiliary controls determines a noticeable worsening of
the transient performances of the system, but with no critical impact on the frequency
stability. (red line in Figure 16). The activation of synthetic inertia and primary reserve for
storage units and WTs also provides, in this case, a positive contribution (solid and dashed
green lines in Figure 16, respectively). Again, the implementation of different frequency
droops for storage units in charging mode determines a substantial enhancement of the
system stability (yellow solid line in Figure 16, respectively). Compared to the previous
scenario, the positive action of the proposed droop control logic is simply more contained,
because in this case, only two storage units are in charging mode (Table 1). If the synthetic
inertia control for WTs is additionally activated, the transient reaction of the system to the
disturbance is considerably better then the base scenario with all synchronous generation
(yellow dashed line in Figure 16).
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Figure 16. Results of scenario LL-LR (low load and low RES generation).

6. Discussion

Analysis and results discussed in the previous sections can be summarized by some
general observations and remarks. An overview of the frequency metrics computed for the
different simulation scenarios is reported in Table 3.

Table 3. Table summary of the simulation results with frequency metrics.

Scenario fmin (Hz) RoCoF (Hz/s)
Synchronous generation (base) 49.72 —0.37
High load and high RES (HL-HR)
Storage and WT unstable unstable
IR+PR in all storage 49.53 -1.13
IR+PR in all storage and all WT 49.79 —0.63
Proposed droop control in two storage 49.81 -1.13
Proposed droop control in two storage, IR all WT ~ 49.93 —0.69
High load and low RES (HL-LR)
Storage and WT unstable unstable
IR+PR in all storage 49.46 —0.91
IR+PR in all storage and all WT 49.80 —0.56
Proposed droop control in two storage 49.46 —0.91
Proposed droop control in two storage, IRall WT ~ 49.70 —0.61
Low load and high RES (LL-HR)
Storage and WT 49.10 -1.22
IR+PR in all storage 49.55 -1.19
IR+PR in all storage and all WT 49.79 —0.63
Proposed droop control in two storage 49.80 -1.19
Proposed droop control in two storage, IRall WT ~ 49.92 —0.69
Low load and low RES (LL-LR)
Storage and WT 49.10 —1.20
IR+PR in all storage 49.55 -1.17
IR+PR in all storage and all WT 49.79 —0.62
Proposed droop control in two storage 49.80 -1.17

Proposed droop control in two storage, IRall WT ~ 49.93 —0.68
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The time-domain results indicate that the integration of generation from RES and
storage units, with the corresponding reduction of diesel synchronous generation, can jeop-
ardize the frequency stability of the grid in high load scenarios. The system might not
be capable of withstanding the load disturbance, with the fatal collapse of the frequency
and possible black-outs. The simulation results indicate that the activation of synthetic
inertia and primary reserve as auxiliary frequency controls only for the storage units is
already sufficient to guarantee a stable and safe operation of the autonomous system.
However, the transient performances of the system are poor, and the stability margin of
the system might be too small for critical conditions. The activation of auxiliary frequency
controls for the converters interfacing the WTs to the grid can improve the situation, but
this contribution depends strongly on the availability of the primary energy source (wind),
and in some conditions, it might be missing. In general, the system should rely on the
contribution provided by the WTs only as additional support to the frequency control, and
not as essential help in maintaining the stability of the system. As a quantitative measure
of the effort possibly requested from the WTs (green dashed lines in Figure 17), it can be
observed that the amount of sustained active power requested by the primary reserve con-
trol is around 100 kVA as a total of all nine WTs installed in the grid. This power represents
around the 3% of the installed wind power capacity assumed for the island. The inertial
response requested from the WTs corresponds to a total amount of about 150 kVA, but
this power is needed in a very short time frame (just a few seconds after the load distur-
bance). The simulation results of further scenarios indicate that the implementation of the
proposed control strategy for the storage systems, with different droops depending on the
operating mode of the unit (charging/discharging), is a rather effective solution to ensure
the frequency stability of an autonomous power system under different conditions. It can
be observed in Table 3 that the frequency nadir is generally improved when the proposed
droop control strategy for storage units is applied. The values of the RoCoF are instead less
affected: the reason is that the frequency gradient is primarily determined by the amount
of kinetic energy available at the occurrence of the power imbalance. The proposed control
for the storage units basically acts on the gain of the frequency droop control, leaving the
gain of the synthetic inertia unmodified. Therefore, this control strategy only has a limited
impact on the maximum value of the frequency rate following a disturbance. The RoCoF is
instead improved when an additional inertial response is provided by different generation
sources distributed along the grid.

With the application of the proposed droop control strategy on storage units, the
system can have a sufficient stability margin without the need for relying on the transient
contribution provided by WTs to guarantee the frequency stability of the grid. The addi-
tional support requested from WTs might only be limited to the inertial response, which
is ultimately easier to provide than primary reserve (since the primary reserve control
involves higher amounts of power and also for a more prolonged time window). In general,
it could be observed that whenever possible, at least one storage unit should be operated in
charging mode. For that unit, differentiated settings for the frequency droop of the primary
reserve control could be then applied. With a couple of storage systems in charging mode,
the additional contribution to the frequency control, which can possibly come from the RES
installed in the grid, is therefore relieved by a critical role, necessarily avoiding the reliance
on intermittent and variable sources and thus making the whole system more robust, stable
and reliable. Whenever available, the contribution provided by RESs, such as wind power
plants, can surely be beneficial for the system.
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Figure 17. Contributions of WT and storage units to synthetic inertia (top charts) and primary reserve
(bottom charts) for scenario HL-HR under different control assumptions.

7. Conclusions

This paper presents the application of a particular control strategy for the enhancement
of the frequency stability of an existing autonomous power network. The proposed control
strategy is designed for the power converters interfacing the storage units to the grid, and
it is based on an extended frequency droop approach, selecting different droop values for
the control gains depending on the operating mode—charge or discharge—of the storage
unit. The analysis of the simulation results indicates that the application of the proposed
droop control strategy to storage units contributes to a considerable improvement of the
frequency stability of the system. In worst-case scenarios, the system integrating storage
units without a specific control strategy could experience a frequency collapse, following
the occurrence of a power imbalance in the grid. The analysis and the results demonstrate
that the implementation of the proposed frequency droop control for storage units is
fundamental to guarantee the frequency stability of the system. The proposed droop
control is also particularly effective in non-critical scenarios, resulting in a considerable
improvement of the frequency nadir and thus of the transient performances of the system.
Additionally, the application of the proposed droop control demonstrates a reduced need
for a contribution to the frequency control from variable generation sources, such as wind
power plants, ultimately making the whole system more robust, stable and reliable.

The observations and the analysis reported in the work are specifically related to the
application of the proposed control strategy to storage units operating in autonomous elec-
trical grids. The particular control strategy discussed in the work, however, might also be
applicable to the case of storage units installed in large-scale interconnected power systems.
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Appendix A

Table A1. Normalized wind power profile (hours/months).
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0.90
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0.90
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0.90
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0.94
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0.98
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0.96
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Table A2. Normalized solar power profile (hours/months).
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01:00
02:00
03:00
04:00
05:00
06:00
07:00
08:00
09:00
10:00
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12:00
13:00
14:00
15:00
16:00

0.00
0.00
0.00
0.00
0.00
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0.05
0.33
0.52
0.59
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0.57
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0.60
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0.72
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0.43

0.00
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0.70
0.53

0.00
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0.24
0.45
0.65
0.79
0.88
0.90
0.86
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0.00
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0.28
0.52
0.73
0.88
0.97
0.99
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0.82
0.64

0.00
0.00
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0.00
0.00
0.03
0.23
0.45
0.63
0.75
0.83
0.84
0.80
0.67
0.49

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.06
0.40
0.58
0.69
0.75
0.76
0.68
0.55
0.37

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.21
0.48
0.59
0.66
0.66
0.58
0.46
0.28

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.05
0.34
0.52
0.57
0.58
0.53
0.41
0.25
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Table A2. Cont.

Hour 1 2 3 4 5 6 7 8 9 10 11 12

17.00 010 023 032 035 038 042 045 041 029 015 0.06 0.04
18:00 0.00 0.02 0.09 013 016 019 021 017 007 0.01 0.00 0.00
19:00 0.00 0.00 0.00 001 003 005 005 002 000 0.00 0.00 0.00
20:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
21:00 0.00 0.00 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
22:00 0.00 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 0.00 0.00 0.00
00:00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00
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