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ABSTRACT This paper presents different forms of Fast Active Power Injection (FAPI) control schemes for
the analysis and development of different mitigation measures to address the frequency stability problem due
to the growth of the penetration level of the Power Electronic Interfaced Generation (PEIG) in sustainable
interconnected energy systems. Among the studied FAPI control schemes, two different approaches in the
form of a derivative-based control and a virtual synchronous power (VSP) based control for wind turbine
applications are also proposed. All schemes are attached to the PEIG represented by a generic model of
wind turbines type 4. The derivative-based FAPI control is applied as an extension of the droop based
control scheme, which is dependent on the measurement of the network frequency. By contrast, the proposed
VSP-based FAPI is fed by the measurement of the active power deviation. Additionally, unlike existing
approaches for virtual synchronous machines, which are characterized by high-order transfer functions,
the proposed VSP-based FAPI is defined by a second-order transfer function, which can contribute to fast
mitigation of the system primary frequency deviations during containment period. The Great Britain (GB)
test system, for the Gone-Green planning scenario for the year 2030 (GG2030), is used to evaluate the effects
of the proposed FAPI controllers on the dynamics of the system frequency within the frequency containment
period. Thanks to proposed FAPI controllers, it is possible to reach up to 70% for the share of wind power
generation without violating the threshold limits for frequency stability. For verification purposes, a full-scale
wind turbine facilitated with each FAPI controller is tested in EMT real-time simulation environment.

INDEX TERMS Frequency stability, fast active power injection, virtual inertia, inertia emulation,
MIGRATE project, wind power integration, energy storage, low-inertia system.

I. INTRODUCTION

THE frequency of interconnected systems can deviate
from its scheduled values when the network is exposed

by different types of contingencies, e.g. the sudden loss of a
generation unit and/or a large increment of power demand.
In low-inertia power systems that suffer from sufficient iner-
tia and governor headroom, the system might experience
a large frequency excursion with unacceptable values for
Rate of Change of Frequency (RoCoF) and Nadir [1]–[4].

The main concern with power electronic-based generation
units is that they cannot wholly replace the inertial effect of
conventional generators. Therefore, this results in the system
frequency being more volatile [5]–[10]. As shown in [11],
thanks to advanced control methodologies, wind generators
can attempt to have dynamic behavior like synchronous gen-
erators (SG) during the frequency containment period. How-
ever, this functionality has its limitations due to technology
challenges that constrain the physical size of the currently
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available wind generators. Furthermore, the intermittency
of this type of renewable-based generation unit might also
worsen the system response. This calls for new additional
solutions such as the embedded energy storage systems,
and complementary control actions for facilitating Fast Fre-
quency Response (FFR) [12]–[14].

A well-designed Inertia Emulation (IE) controller empow-
ers the wind generator, or storage element, to release
the stored energy for arresting the frequency drop
within 10.0 seconds [15]–[18]. Fast frequency controllers
can be classified in three main families, namely, droop-based
controllers (or proportional controllers) [19]–[21], derivative-
based controllers [22]–[24], and other approaches which
are usually based on the swing equation of conventional
SG, thus attempting to represent a Virtual Synchronous
Machine (VSM) for IE [25], [26].

Given the existing literature, the methods based on the
droop control are easy to implement and may allow achiev-
ing good damping with an acceptable frequency recovery
time. Thus their main improvement will be on Nadird value
and not in the ROCOF [19], [20]. In contrast, the deriva-
tive control can impact the value of ROCOF and different
researches have also reported that by means of derivative-
based control alone, the first peak of frequency response can
significantly be improvedwhile the frequency recoverymight
be limited following an active power imbalance [19], [20].
In the case of wind power application, if the derivative-based
controller reverses the direction of the power, modification
of power reference due to control action, the signal after
the frequency reaches its limit value, the wind turbine will
require additional control actions to recover to its optimum
operating condition. In this case, additional droop based
control is used as a complementary control action to pro-
duce a change in the power reference, extracted wind power,
in proportion to the system frequency deviation. There-
fore, a combination of different methods like proportional
(droop) and derivative controls seems to be an effective
solution [27]–[30].

In this paper, for suppressing the primary frequency
response especially during the containment period, different
forms of FAPI control schemes with two new propositions are
presented and discussed. These are implemented in the form
of a derivative-based FAPI control and a virtual synchronous
power (VSP)-based FAPI controller. As it will be explained
in the paper, FAPI is a mechanism that can rapidly adjust the
injection/absorption of active power to efficiently alleviate
the deviations of the frequency in a highly penetrated net-
work. The primary source of stored energy to emulate virtual
inertia is in other systems interfaced by power electronic cir-
cuits, like battery banks and mechanical rotating components
in the wind generator.

The contribution of this paper resides in several aspects as
follows:
• The proposed FAPI controllers are designed and config-
ured for wind power type 4 generation units. The pro-
posed control scheme is preformed considering a wind

park controller with full details in the DIgSILENT plat-
form. The proposed derivative-based FAPI controller is
realized as an extension of the droop based approach,
which is dependent on the measurement of the network
frequency. By contrast, the proposed VSP-based FAPI
is fed by the measurement of the active power devi-
ation. Additionally, unlike existing approaches related
to the implementation of virtual synchronous machines,
which are typically characterized by high-order transfer
functions, the proposed VSP-based FAPI is defined by a
second-order transfer function. It will be shown that this
can contribute to the fast mitigation of the system fre-
quency deviations without limitations from the Phase-
Locked-Loop (PLL).

• Another novelty of this paper is related to the proposi-
tion of a sensitivity-based method for tuning the FAPI
controller. This methodology is based on time-domain
simulations which can be easily implemented by the
system operator. This part is done for evaluating the
impact of the FAPI’s control parameters on the dynamics
of the system’s frequencywithin the containment period.

• Most of the existing researches found in the literature
which works on FAPI is focused on controller designs
considering a single or a small set of wind generators.
Additionally, the studied systems are usually connected
to a relatively low capability or small-size network.
Nevertheless, a comprehensive methodology to assess
the effects of the FAPI control parameters of the wind
generators which are facilitated by the FAPI controller
is required to define the maximum penetration of PEIG
that does not bring any risk for the frequency instability.
This gap has been also addressed in this paper.

• Lastly, for considering the effects of the various pene-
tration level of the wind generation, the GB test system
is also incorporated for verifying the performance of the
designedmitigationmeasures. In the studied GB system,
the operational scenarios of the Gone Green (GG) initia-
tive for 2030 are derived based on the ten years planning
perspective [30].

• For testing and validation of the proposed FAPI meth-
ods, EMT real-time simulations are also performed to
examine the implications on the generator and convert-
ers of a wind power generator type 4.

The remainder of the paper is organized as follows: the used
power system benchmarks and the Wind Generator (WG)
control schematic with its integrated structure are presented in
Section II. Details of the proposed FAPI controller and imple-
mentation of different control laws for FAPI are presented
and discussed in Section III. The proposed methodology
for a sensitivity-based analysis for tuning and determination
of the maximum share of wind generation is discussed in
Section IV. In Section V, the use of the proposed FAPI
controller on the GB test system is studied and compared
with other control approaches. Finally, the test validation and
concluding remarks are presented in Sections VI and VII,
respectively.
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FIGURE 1. GB test system (WP stands for wind park).

II. STUDIED OPERATIONAL SCENARIO
A. GB TEST SYSTEM
This paper uses the GB test system model developed in
the works [31], [32]. Figure 1 shows that the used GB test
network consists of 29 zones where each of them consists of
a clustered level of generation units, load, and grid losses.

To study the future transition scenarios in the GB network,
one of the extreme scenarios called ‘Gone Green’ has been
chosen. The Gone Green scenario intended to investigate the
maximum share of wind power migration [32]. The main
studied setting is the one defined by the Gone Green scenario
in the year 2030 (GG2030) with the penetration ratio of up
to 78%.

B. WIND POWER INTEGRATION AND CONTROL
The WG model is implemented according to the standards of
the IEC 61400-27 series [21].

As shown in Figure 2, different blocks that represent mod-
ifications in respect to the IEC standard with a brief explana-
tion of their roles are presented [21]. The key aspects of the
studied model are explained as follows:

- In the measurement section of this model, the measure-
ment blocks for Frequency, Power, and Voltage have a direct
connection to the WG terminals.

- The Generator block consists of the ‘Static Generator’
from PowerFactory elements. The details of the Generator
block are based on the IEC 61400-27-1 standard [33].

FIGURE 2. The control structure for the Type-4 wind generator.

FIGURE 3. Grid-interface of a wind park with two types of WGs.

- The Aerodynamic block is used for the representation of
the mechanical parts of the wind generation unit [34].

- The input block contains wind speed and power inputs.
The wind speed is provided by using an external file with
wind speed measurements in meter per second (m/s).

- The P control and Pitch angle controller blocks are built
according to [34]. The ‘‘FAPI controller’’ block, shown in
light grey in Figure 2, is an additional block to the developed
wind generation model. Depending on the applied control
strategy within the FAPI, its input signal can be the measured
power or frequency. While the output signal is the supple-
mentary reference to the active power control for fast active
power injection capabilities.

As shown in Figure 3, a wind park is implemented which
can be used for representing the connection of various feeders
with wind generations.

III. FAPI BASED CONTROLLER FOR INERTIA
EMULATION
A. CONVENTIONAL APPROACH: DROOP BASED
FAPI CONTROLLER
If In this paper, for adding the capability of IE to the WG
control structure, a precise droop-based control approach
is implemented. The general structure of the implemented
droop-based FAPI control is shown in Figure 4. It creates
a droop-based inertia emulation implemented inside of the
FAPI block in the WG model (shown in Figure 2). The FAPI
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FIGURE 4. Implemented inertial emulation block with
droop-based control.

controller can react to a drop in the grid frequency with a
temporary increase in the active power output of the wind
generator.

The main control parameters of this FAPI controller that
affect the dynamic response during activation of the controller
are: (i) the activation threshold for the FAPI controller (fth),
(ii) the maximum duration of FAPI activation (Timx), (iii) the
threshold for maximum emulated power (fp) and (iv) the
allowable additional power output (Kp). The value of fth is
assumed to be equal to 49.90 Hz. In case the frequency
reaches an even lower value, corresponding with a second
threshold fp, then, the maximal allowed power through emu-
lated inertia is released.

In droop-based control, according to the value defined for
the proportional gain Kp, there will be a linear dependency
between deviations of the grid frequency from its reference
value (50Hz / 60Hz) and the surplus reference power (Pemuin).
The following equation is used for this purpose:

Pemuin (t) =
fth − fmeas (t)
fth − fp

Kp (1)

According to [29], the value of the proportional gain Kp
could be set around 20% of the rated active power of theWG.
Thus, following the logic shown in Figure 4, in case the mea-
sured frequency goes up to fth or if the total allowed duration
of IE (Timx) is reached, then the FAPI will be deactivated by
selecting a zero gain as the output reference power, Pemuin,
of the controller.

The time duration for the FAPI controller, Timx , is deter-
mined based on the logic used in the upper loop of the
designed controller in Figure 4. A constant value for the Timx
can be selected by a user. Then, by adding a timer block and
a selector (as shown in Figure 4), the FAPI controller can be
deactivated (by switching the output to zero) as soon as the
Timx is reached. According to [21] and [35], [36], Timx can
vary from 5 s to 25 s. During this period of time, different
sources can be used for providing inertia. Themechanical part
of a wind turbine is not the only source and different options

FIGURE 5. Block diagram of the derivative plus droop based
FAPI controller.

like stored energy in DC link (Embedded capacitors) are also
good candidates for providing energy.

B. PROPOSITION 1: DERIVATIVE BASED FAPI
CONTROLLER
In this control technique, the task of fast active power injec-
tion is performed by using the derivative term of the system
frequency. This action can be done by adjusting the reference
of the active power controller of the converter:

1Pemuin = −kd
d(1f )
dt

(2)

This control consists of a derivative function and controller
gain for emulating the desired portion of inertia. Since the
derivative-based control might cause amplification on the
measurement noise, a low-pass filter is considered. In addi-
tion to the noise amplification, the calculation time needed in
digital data processing to calculate the derivative term might
introduce additional delay. As shown in Figure 5, the imple-
mented derivative-based FAPI is performed by adding an
additional control loop. In this control, the new parameters
are the derivative gain (Kd ) and the filter time constant (T ).
It is considered that the wind generator operates

close/lower than its MPPT value, therefore, in addition to
DC-link energy, there is enough power that can be extracted
during the frequency containment period. It is assumed that
wind turbines can be operated up to 10%-15% above the
rated power. Thus, wind generation can be dispatched in a
way that it can have more headroom during normal operating
conditions [11].

C. PROPOSITION 2: VSP BASED FAPI CONTROLLER
Figure 6 presents the general structure of the ultimate con-
troller, the VSP-based FAPI controller, for emulating inertial
droop response and damping of a normal SG. The structure
of this controller is coming from suitable programming of
the electrical performance of a conventional SG on a digital
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FIGURE 6. The general control structure of VSP-based control of
a VSC.

FIGURE 7. Electromechanical representation of the VSP control.

basis that is taking care of controlling the VSC converter.
Depending on the converter technology, an additional source
of energy, like storage elements, can be added into the DC
side of a VSC station.

The VSP is located in the outer-loop control of the VSC,
providing a power reference for the inner loop (current)
controller. Figure 7 shows the control diagram of the VSP
strategy. This figure implies a control approach, in which
differences between the measured output power of the con-
verter (Po) and the input (reference) power (Pin) is managed
with a block called Power Loop Controller (PWRLC) for
setting a virtual frequency which has to be added to the grid’s
frequency (ωs), for creating the rotating frequency of a virtual
rotor (ωr). The integration of such virtual frequency will give
the angular position of the virtual rotor, which corresponds
to the phase angle of the induced emf in the virtual stator,
which enables power injection like in the inertial response of
an SG. The difference between the phase-angle of the induced
voltage, θr , and the phase-angle angle of the grid voltage, θg,
gives the load angle, δ, which allows calculating the power
delivered by the power converter. The representation of the
PWRLC in the VSP controller has a second-order character-
istic, which makes it possible to simultaneously impact the
damping (k) and the inertia (J ) of the system.

The dynamic relations between the input and the output
power of the presented VSP can be lead to the following
second-order equation:

Po
Pin
=

ω2
n

s2 + 2ζωns+ ω2
n
=

Pmax
J .ωs

s2 + k
J .ωs

s+ Pmax
J .ωs

(3)

where ζ and ωn are the damping factor and natural fre-
quency, respectively. While the Pmax is the maximum

FIGURE 8. Procedure for tuning of the FAPI control parameters.

delivered power. For implementing this second-order func-
tion in PowerFactory the following equation is used:

Po
Pin
=

1
1+ Kzs+ Kws2

=

1
Kw

s2 + Kz
Kw
s+ 1

Kw

(4)

where 1
/
Kw = ω

2
n and

Kz
/
Kw = 2ζωn.

IV. CONTROLLER TUNING
The FAPI controllers, explained in Section III, are evaluated
to determine the possible increase of the share of PEIG that
can be achieved in the grid without jeopardizing frequency
stability.

The proposed sensitivity based approach for tuning the
FAPI controller’s parameters located in selected wind power
plants are presented in Figure 8. This process will be used for
a given test grid with several wind units for a given penetra-
tion level. For enabling this process the primary values of the
FAPI control parameters for a given contingency, a given peak
load with generation dispatches for a selected contingency,
operational scenario and the network topology are necessary.
According to the needs and priorities of system operators,
different contingencies like the outage of the largest generator
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TABLE 1. Parameters used for FAPI controllers.

can be considered. Then, for each single wind generator
which is facilitated with the FAPI controller, an automatic
procedure (using the Python platform) is implemented to
sweep over the parameters of the FAPI controller. As shown
in Figure 8, a time-domain simulation can be executed for
extracting time data series e.g. grid frequency, for more analy-
sis in Matlab software. AMatlab script is used to evaluate the
dynamics of the grid, e.g. calculation of Nadir for the selected
operational scenario.

The main goal here is to find a set of suitable values for
FAPI parameters which can improve the FFR capabilities of
the WG. The automatic procedure is performed for tuning
each singlewind generation unit. After that, a new operational
scenario with a higher share of wind power can be selected
and re-tuned by applying the same iteration considering var-
ious combinations between the wind parks.

V. SIMULATION RESULTS WITH GB TEST SYSTEM
In this section, different FAPI controllers with their respective
tuned parameters are analyzed in the GB test network. The
RMS model of the GB test system is implemented to assess
the impact of the FAPI controllers in providing the mitigation
measures for determining the maximum achievable share of
wind power generation in GB. The parameters of the FAPI
controllers obtained after tuning are presented in Table 1.
The studied operational scenario for the GB system, shown
in Figure 1, is the Gone-Green 2030 with a different share of
wind generation.

The fault is considered with the outage of the largest gen-
eration unit in the winter profile (G15) at 2 s.

It should be noted that, from an economic point of view,
it is not necessary to facilitate all the wind parks with FAPI
controller. The tuning procedure in Fig. 8 defined that FAPI
should be installed in wind parks which are big enough for
impacting the grid. Therefore, it is of interest to indicate the
best combination of wind parks which are giving almost the
same performance when all the wind parks are having FAPI.

After performing parametric sensitivity for the droop based
FAPI controller, the best combination of wind power plants
are presented in Figure 9. According to the obtained result,
the selected combination (Figure 9) is C5.

This combination is shown in figure 1 and consists of
WP9, WP10, WP16, WP19, and WP20. These wind parks

FIGURE 9. GB system with combinations of wind power plants.

FIGURE 10. Frequency response for derivative-based FAPI (GB
test system, 70% of the share of wind power generation).

FIGURE 11. Frequency response for VSP-based FAPI (GB test
system, 70% of the share of wind power generation).

are the largest units in the selected zones. Then, the test-
ing of the proposed FAPI controllers is performed for sce-
nario GG2030 with a high share of wind generation, i.e.
around 70%.

A comparison between the system without FAPI and
the system with different FAPI controls are presented in
Figures 10 and 11.

It is worth mentioning that, in addition to the size, the loca-
tion of wind turbines with FAPI and geographical situations
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FIGURE 12. Nadir values for a selected share of wind generation
with and without FAPI controllers (GB test system).

like wind speed might be an alternative criterion for impact-
ing the dynamic performance of the system. According to
the finding in [37], it is better to have the PEIG units in
proximity to low-inertia regions and far from the center of
inertia in the system. Furthermore, as reported in [38], when
the wind speed is low, the contribution of FAPI controller
(time duration and proportional gains) should be accordingly
reduced in coherence with the available kinetic energy and if
the speed is very low below rated operation, FAPI should not
be activated to avoid stalling. Thus, it is worth evaluating if
a minimum subset (combination) of wind power plants with
FAPI can entail satisfactory frequency performance as in the
case when all wind power plants perform with FAPI.

A. DERIVATIVE BASED CONTROLLER WITH
THE GB SYSTEM
In this section, an analysis with a derivative-based FAPI
controller is performed for the GB test system with sce-
nario GG2030 and a higher share of wind generation (70%).
A comparison between the system without FAPI and the
system with droop-based and derivative-based FAPI con-
trollers is presented in Figure 10. Therein, the obtained
results demonstrate the dynamic improvements enabled by
the derivative-based FAPI controller. The application of a
derivative-based FAPI controller helps the system to achieve
a better RoCoF and to mitigate oscillatory behavior.

B. VSP-BASED FAPI WITH THE GB SYSTEM
In this part of the study, the effect of the proposed VSP-based
FAPI controller is analyzed by adding additional energy stor-
age in the same location of the wind power plants.

According to Figure 9, the same combination (C5) with
70% penetration of the wind generation is used to assess the
impacts of the proposed VSP-based FAPI controller.

The studied disturbance is the outage of G15, which covers
around 5% of the total load on the system. A comparison
of the frequency response is presented in Figure 11. The
obtained results confirm the superiority of the VSP based
FAPI controller compared to the droop based FAPI.

Finally, the effectiveness of the proposed derivate-based
FAPI and VSP-based FAPI controllers for increasing the
share of wind power generation is illustrated in Figure 12 (in
terms of computed Nadir). According to Figure 12, thanks

FIGURE 13. Generic test case-2 with added WG.

to the proposed FAPI approaches, the maximum achievable
share of PEIG in the GB system can be increased up to
70% without violation from frequency limits defined by grid
codes. It is worth mentioning that the technical limit on the
allowable RoCoF and Nadir is system dependent, as reflected
in the different grid codes of different TSOs. For instance,
in Eirgrid the value for Nadir is around 48 Hz during distur-
bances (or 49.8 Hz in normal operation) with 0.5 Hz/s for
RoCoF [39]. In the grid code of GB, the value for RoCoF is
around 0.5Hz/s for the situationwith low inertia and the value
for Nadir is around 49.5 Hz [40]. Considering the National
Grid (NG) criterion, the limit for Nadir can be considered
49.8 Hz if the power mismatch is higher than 300 MW [36].

VI. VALIDATION WITH REAL-TIME SIMULATOR
This section presents the design and implementation of the
controller by using an EMT test system build in a real-time
digital simulator RTDS [41]. The test system is designed
to represent specific critical situations, e.g. an operational
scenario and electrical disturbance, which makes the system
prone to frequency instability.

The EMT model of the interconnected power system is
developed on RSCAD and running on RTDSNovaCor. RTDS
allows external devices to be interfaced with the power sys-
tem being simulated. The Software model for controlling the
grid emulator and the device under test (DUT) was devel-
oped by Triphase in Matlab/ Simulink environment, which
is running on a Real-Time Target (RTT) in real-time. RTT is
a powerful, multi-core PC-based unit equipped with a real-
time Linux/Xenomai-based operating system. A real-time
inter-PC interface enables RTT to connect in real-time to
the RTDS. The user has access and control on set-points of
voltage and frequency of grid emulator and current set-points
of DUT. RTT receives these set-points from RTDS. The
Aurora communication protocol is used to exchange infor-
mation between RTDS simulations and the RTT. The EMT
test system is based on the IEEE 9-bus test System, which is
modified by adding two averaged EMT models of the wind
generator type 4 [34], which is a more detailed model of the
RMS wind model shown in Fig. 2 [34]. The layout of the test
system is shown in Figure 13. Table 2 describes the load flow
results in pre-disturbance conditions.
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TABLE 2. Load flow results from a test system with 52% wind
share.

In this scenario, bus 8 was selected to create an under-
frequency event (5% load increase at 1,5 sec) because the
disturbance caused at this bus had the highest impact on Bus
3 and Bus 7, where the wind turbines are connected.

A. DERIVATIVE-BASED FAPI VALIDATION
Figure 14 depicts the frequency plots test obtained for vari-
ous values of proportional (Kp) and derivative gains (Kd ) in
reference to the derivative-based FAPI controller. The values
selected here are the possible combinations of Kp and Kd
achieved by careful tuning. The values of Kp and Kd are
not only system-dependent but also dependent on the grid
to which the wind generators are connected along with the
disturbance to which they are exposed.

Here the plot with Kp = 0 and Kd = 0, forms the base
plot with no derivative controller action. With Kp = 0.4 and
Kd = 0.6, it can be observed that since Kp value is less,
Nadir improvement is comparatively less but considerable
improvement in dynamic frequency response before Nadir
can be observed. A comparison between plots of Kp = 0.73,
Kd = 0.65 and Kp = 0.73, Kd = 0.68 depicts how sensitive
the controller’s behaviour is to the value of Kp and Kd and
consequently, the latter case shows the issues with under-
damping which brings the oscillatory effect.

At last, the plot with Kp = 0.9 and Kd = 0.4 gave the best
results with RoCoF improvement from 280mHz/sec (base
case) to 139.7mHz/sec accounting to 52% increase in RoCoF
and Nadir shift from 49.64 Hz (base case) to 48.845 Hz
accounting to 58.3% increase in Nadir. RoCoF is calculated
for a time window of 500ms from 1.905 secs to 2.405 secs
after the time of dead-zone (around 405ms).

In summary, with the derivative-based FAPI controller,
both Nadir and dynamic frequency response before Nadir
could be improved by careful tuning of controller gains.

B. COMPARISONS WITH VSP-BASED FAPI CONTROLLER
Figure 15(a) shows the comparison between the different
FAPI control strategies that can be implemented in a type-
4 wind generator. As explained in Section III, three different
types of FAPI has been considered, droop based FAPI, deriva-
tive plus droop based FAPI and VSP based FAPI controller.

Form the obtained results it can be noticed that the best
performance is from the VSP-based FAPI controller which
improves both Nadir and RoCoF the highest, but this requires

FIGURE 14. Frequency response due to load increase at bus
8 with derivative-based FAPI controller at WG’s.

FIGURE 15. (a) Frequency response due to load increase at
bus 8 with FAPI controller at WG’s; (b) DC Link Power at the
type 4 wind generator due to FAPI controllers.

an extra BESS or super-capacitor for injection of additional
power. Figure 15(b) shows the comparison of the DC-link
Power of a type-4 Wind generator due to different FAPI
control strategies.

It is noticeable that, though triggering time is 1.5 s in all
cases, the VSP-based FAPI controller has a response rate
faster than other controllers due to two reasons, one being
PLL less operation and the other being the fast characteristics
of 2nd order transfer function used in VSP-based FAPI block.

Since the models considered in this part of the study were
full scale, more details considering the limitations of FAPI
controllers with realistic response behaviour close to real sys-
tems were tested. The following issues have to be considered:
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- The DC-link Power cannot be increased beyond 10%,
because of the limitation on VSC switches on the Grid side
converter (inverter).

- The Battery considered in the RSCAD model is almost
ideal since it does not take into consideration the electrochem-
ical behaviour seen in the real system.

VII. CONCLUSION
Different forms of mitigation measures, namely droop-based
FAPI, derivative-based FAPI, and VSP-based FAPI con-
trollers, for enhancing the dynamics of the frequency of a low-
inertia system in the containment period have been presented
and later discussed.

A parametric sensitivity-based method for assessing the
impacts of the FAPI controller settings was also proposed and
applied in the GB test system. Based on the obtained results,
it becomes clear that the fast delivery of a large amount of
power is essential to quickly arrest the frequency deviations
due to a large active power imbalance. This goal can be
achieved by using the derivative or the VSP-based FAPI
controls. Simulations conducted on the GB system showed
that it is possible to increase the penetration level of the wind
power to up to 70%, without violating the assumed threshold
for Nadir. The VSP technique would be a preferred method
due to the fact that it can be used for different functionalities,
e.g. fast frequency control and oscillation damping, without
any dependency on frequency estimation by the PLL.

Other findings from the application of different FAPI con-
trollers are summarised as follows:

- According to TSO priorities and available sources of
energy, the time duration for FAPI can be selected. The
recommended range for the activation period is between
5 s to 30 s [21], [36] and [41].

- The proposed controller is an effective solution for fre-
quency mitigation. In the modified controller (combined
methods of proportional droop + derivative), both Nadir
and RoCoF values can be improved.

- Depending on the available energy, according to the stud-
ies performed in this work, the derivative gain can vary
from 5 to 15. Due to the amplification of high-frequency
noises, it’s advisable to avoid using high values for the
derivative gain. A low pass filter with a time constant
around 0.25 s can be used to lessen this limitation [22].

- Estimation of RoCoF as an input signal can help the
performance of the frequency derivative-based FAPI con-
troller. This can be confidently done by using emerging
approaches, like the Kalman filter-based method [42].

- Since the source of energy for the modified controller is
the mechanical part of the wind turbines, then its perfor-
mance will be limited by its physical limits. This method
can also be implemented by using energy storage systems
to consider more flexibility.

- The proposed VSP-based FAPI implements the elec-
tromechanical closed-loop diagram of Figure 7 in
the outer loop controller of a grid-connected VSC.

Nevertheless, it should be noted that the main target of
the VSP is not to fully imitate the dynamic response of a
conventional SG (represented with high order model), but
it can effectively recover the weaknesses of the inherent
oscillatory response of the conventional SG by using a
single set of parameters that lead to a suitable response
whenever there is an active power imbalance in the sys-
tem.

- In terms of the dynamic performance of the VSP, it is
possible to simultaneously provide damping and inertia,
without limitations from the PLL scheme in providing
input signals to the FAPI controller.
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