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Abstract—Modern electric power systems with high levels of
penetration of renewable energy sources (RES) often present
frequency security problems. The lack of inertia due to the
reduced number of synchronous generators in these systems,
in combination with the usual inability of RES to provide
frequency support, leads to system operators having to curtail
RES or rely heavily on Under Frequency Load Shedding (UFLS)
schemes to ensure frequency security. Fast Frequency Reserves
(FFR) have been proposed as a solution to strengthen the
frequency support of the system and alleviate security problems.
FFR allows mitigating RoCoF, Nadir, and post-fault frequency
steady-state problems after an event. In this paper, we present,
analyze, implement and compare five FFR controllers to alleviate
frequency security problems in low-inertia grids. The low-inertia,
islanded, Cyprus dynamic model is used to quantify the results
and exhibit the impact on a real system.

I. INTRODUCTION

Electrical energy is traditionally generated from primary
energy sources such as coal, oil, water, or natural gas. These
traditional power plants cause air pollution and greenhouse
emissions when generating electricity. To meet the require-
ments of the Paris Agreement of a 40 percent reduction in
carbon dioxide emissions by 2030, most countries replace a
significant amount of synchronous generator generation with
renewable energy sources (RES) [1]. However, this transition
of electric power systems introduces challenges in frequency
stability due to the high penetration of inverted-based re-
sources [2].

While Synchronous Generators (SG) provide inertia to the
system through their rotating masses, the power electronics
which are used to connect the RES to the grid cannot provide
inertia due to the lack of rotating parts [3]. Moreover, SGs
provide additional frequency reserves to the system, which are
important in significant disturbances. Hence, the high share of
RES and, therefore, the reduction of conventional units in a
power grid can lead to situations in which frequency control
schemes will be driven to the limits and will not be able to
prevent frequency deviations after a disturbance [4].

To overcome the challenges mentioned above, the utiliza-
tion of Energy Storage Systems (ESS) and the design of
appropriate battery management systems (BMS) to provide
fast control reserves to the systems have been suggested [5].
More specifically, [6,7] proposes a p-f droop controller that
can adapt the active power output of the ESS proportionally
to the frequency deviation. The authors of [2] state that

National Grid (UK) and EirGrid/SONI (Ireland) define fast
frequency response services as a constant or a discrete step of
output active power that is triggered when a certain frequency
level is reached. The Rate of Change of Frequency (RoCoF)
after a disturbance is a crucial parameter for assessing the
robustness of an electrical grid and requires monitoring by
system operators [8,9]. Taking into consideration the above
importance, a RoCoF droop controller (Virtual Inertia) and a
static response once the RoCoF reaches a specified threshold
have been proposed in [10] and [11] respectively to support
the system.

The scope of the present work is to compare different fast
frequency response methods. To achieve this, we implement
five different fast frequency controllers within the dynamic
model of the Cyprus power system using the DigSilent Power
Factory software to study disturbances with variations in RES
integration and load consumption.

The contributions of this paper are:

o The analysis of frequency response using different FFR
control schemes, after a significant disturbance in several
RES injection level and load consumption profiles.

« The advantages and disadvantages of each controller type.

This paper is structured as follows. In Section II, the
crucial frequency parameters in a low inertia power system are
described. In Section III, a brief explanation of the need for
FFR and the five different FFR controller models are shown.
Then, in Section IV the simulation results are discussed.
Finally, conclusions are drawn in Section V.

II. FREQUENCY PROBLEMS IN LOW-INERTIA GRIDS

After a loss of generation event, critical frequency response
characteristics such as Nadir, RoCoF, post-fault frequency
steady-state value, and recovery time might endanger the stable
operation of the network. To constrain all the aforementioned
characteristics within secure limits, inertia and FCR reserves
from conventional units play a pivot role in a traditional grid.
The frequency response is also affected by both the size and
the response time of FCR.

Today, with the increasing penetration of RES and, at the
same time, the decommissioning of conventional units, the
inertia and FCR reserves are also reduced. Hence, modern
power systems face significant frequency stability problems as
presented in Fig. 1. More specifically, the blue line depicts a
disturbance scenario without RES, where RoCoF and Nadir
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Fig. 1. Effects of Rising RES and Decreasing Inertia on Frequency Response
Post Disturbance [13]

values are noticeably higher than the rest of the scenarios
where there is an increase in RES penetration. The only
advantage presented by scenarios with increased penetration
of RES is the fast recovery of the system to the nominal
frequency values. However, this is caused by the unwanted
situation of UFLS protection activations. In addition, as the
RES power increases, the UFLS activation stages increase,
and at the same time more consumers are disconnected from
the power grid to ensure safe operation.

The above effects of low Nadir are due to the response time
between inertia and FCR reserves, although the available FCR
size reserve may be sufficient. To address these consequences
and bridge the gap between inertia and FCR activation time,
fast frequency response (FFR) control via inverter-based re-
sources must be employed. This reserve must be sufficient
and fast enough to provide the necessary flexibility against
changes in the level of power generation [12].

ITII. FAST FREQUENCY RESERVE CONTROLLERS

This section underscores the criticality of promptly man-
aging frequency response using FFR controllers at the initial
stages of an event. Subsequently, a brief explanation of five
different FFR control methodologies is considered below.

A. Frequency Step Response

The block diagram of the frequency step response controller,
currently used by [2], is shown in Fig. 2(a). It uses the
frequency measurement as input, and when a specific threshold
of frequency deviation is reached, BESS supplies a constant
active power to the system for a specified duration. Typically,
this duration aligns with the time required by the slowest
generator connected to our grid to provide FCR support. Upon
completion of the response period, the active power output
of BESS will gradually decrease, allowing the entire system
sufficient time to adjust to the new power balance.

The active power response of this controller is shown in
Fig. 3(b) with the blue line. As seen, a step-change response
in power is employed when the frequency drops below the
threshold of 49.7Hz. The activation time takes less than
1 second to reach full output power due to the technical
specification of ESS. Subsequently, the support duration lasts
for 30 seconds. Finally, the deactivation process takes around
15 seconds, characterized by a constant slope power reduction.
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Fig. 2. Block diagram of FFR controllers, (a) frequency step, (b) frequency
proportional, (c) RoCoF step, (d) virtual inertia, (e) Frequency-RoCoF pro-
portional

B. Frequency Proportional Response

The frequency proportional control is presented in Fig. 2(b).
When the frequency exceeds the deadband, the active power
is either injected or absorbed proportionally to the frequency
deviation until the frequency returns inside the deadband
frequency range. This controller mirrors the conventional unit
FCR response. The key distinction between them lies in
the typically faster response time of the ESS. Figure 3(b)
illustrates with a red line the output response of such a
controller after a disturbance beyond the nominal range of
49.8Hz. When the frequency fails to return to the nominal
frequency range, a small amount of power remains activated
(steady-state error).

C. RoCoF Step Response

The RoCoF Step Response controller model is presented in
Fig. 2(c). It is similar to the frequency step response, with the
exception that the activation depends on the RoCoF threshold.
This approach enables quicker recognition of abnormal power
system disturbances, eliminating the need to wait for the
frequency value to exceed the deadband limits. Consequently,
a faster response time can be achieved [14].

Figure 3(b) illustrates with a green line the operation of
FFR after a disturbance. The response of such a controller
does not differ significantly from the frequency step response
controller (blue line), as both operate on the same logic with
the only difference being the trigger point mechanism. RoCoF
step response is activated when the controller detects a RoCoF
higher than a predefined threshold after a disturbance. The
effectiveness of this approach depends on the selection of
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Fig. 3. Characteristics of the FFR controllers action, (a) Frequency response
after loss of generation, (b) FFR power response

parameters, such as the time window (dt) for the calculation
of the RoCoF and the threshold value of the RoCoF.

D. Virtual Inertia

Virtual Inertia generates an active power output that is
proportional to the RoCoF as shown in Fig. 2(d). The pri-
mary objective is to minimize the RoCoF by adjusting the
power [15]. Although inertia is associated with an immediate
response to frequency changes, both grid-forming and grid-
following inverter types can provide virtual inertia to the
system. However, for the grid-following inverter to provide
this reserve, a calculation of the RoCoF is required. Hence, a
delay is inherent in the need for a frequency measurement. On
the other hand, grid-forming inverters immediately provide the
necessary power to the system during a frequency deviation
[16]. In the current work, only grid-following inverters are
discussed. Figure 3(b) represents in purple the output response
of such a controller after a disturbance.

E. Frequency-RoCoF proportional

Taking into consideration the significance of fast response
to minimize Nadir and at the same time the need to support
power system frequency recovery to the nominal value, the
combination between frequency proportional and virtual iner-
tia controller is also proposed. The operation method remains
consistent with those evaluated in the respective controllers.
In Fig. 2(e) this type of controller is presented.

IV. IMPLEMENTATION AND EXPERIMENTAL RESULTS

In this section, each control method is implemented. To
assess the effectiveness and application of each controller type,
the functionality of each approach will be simulated across
multiple disturbance scenarios, featuring various power system
charging levels.

A. Test System Description

To evaluate the performance of each control type method,
the Cyprus dynamic power system was used, implemented
in the DIgSILENT Powerfactory software. The simplified
diagram of the power system model is presented in Fig. 4.
This system includes 26 generators, which include steam, gas
and diesel power plants, together with 155 MW of wind farms
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Fig. 4. Simplified Cyprus system diagram [19]

and around 656 MW of photovoltaic capacity [17, 18]. Dis-
tributed photovoltaic generation is connected in the distribution
network with consumers, split into 14 groups. Each group
is a different stage of UFLS activation protection. Finally,
it incorporates an aggregated BESS with FFR capabilities.
The dynamic model of the BESS is provided by DIgSILENT
PowerFactory, with the FFR control model implemented by
the authors, as depicted in Section III.

B. Analyzed Scenarios

In Table I, the values of the different loading levels consid-
ered in this paper are presented. The details of each scenario
are presented in Table II. When the RES integration increases,
the inertia and the FCR reserve from conventional generators
is reduced. In addition, when the load increases, the inertia and
FCR reserves increase. At the same time, the corresponding
power due to the loss of the generator is increased.

TABLE I
CHARGING LEVELS FOR RES AND LOAD
. Power (MW)
Charging Levels .
ging Low | Moderate | High
RES 50 150 350
Load 575 825 1075
TABLE 11
SCENARIO DETAILS AND SIMULATION RESULTS WITHOUT BESS
No. of Load RES Disturbance FCR Inertia | Nadir | RoCoF
Scenario | (MW) (MW) (MW) (MW/0.5Hz) | (MWs) | (Hz) | (Hzls)

T Low 87 4164 | 4897 | 038
2 Low Moderate 80 77 3709 | 48.89 | 043
3 High 77 3034 | 4887 | 053
7 Low 100 6754 | 49.01 0.28
5 Moderate | Moderate 95 100 6602 48.99 0.32
6 High 95 5481 | 48.96 | 038
7 Low 118 9410 | 49.1 0.25
8 High Moderate 110 118 8846 49.01 0.27
9 High 118 7273 | 4898 | 031




C. Parameters

The frequency proportional controllers have a droop value
of 0.01 pu / pu, to achieve maximum power activation in the
frequency deviation of 50 + 0.5 Hz. The Frequency-RoCoF
droop controllers have a droop value of 0.01 pu/pu for both.
The virtual inertia controller droop has been set to 0.002 pu/pu.
The deadband has been defined based on the Cyprus grid code
in the range of 50 + 0.2 Hz. The target Nadir was set to 49
Hz, where the first UFLS protection stage is set. The frequency
and RoCoF step response controller have activation thresholds
at 49.7 Hz and 0.3 Hz/s respectively, with a support duration
of 30 seconds and a deactivation time of 20 seconds for both.

In controller models that rely on the derivative of the
frequency, a low-pass filter (LPF) is used to remove noise and
generate a smooth response. The transfer function (1+ s7T")~!
represents the LPF, where T is the time constant and is related
to the cutoff frequency [20]. Small values of the time constant
lead to a faster measurement response, but to a more noisy
signal. In contrast, large values result in a smoother output
signal, but introduce substantial delay. In the virtual inertia
controller, 73 is set to 1 s to allow a contribution to the Nadir
improvement. In RoCoF step response and Frequency- RoCoF
droop controller, the 77 and 7% values were set to 0.15 s and
0.1 s, respectively.

D. Sizing of the BESS Capacity to Limit Nadir Value

First, the BESS capacity was chosen accordingly to achieve
the target Nadir frequency of 49 Hz for each scenario. In this
way, no UFLS protection is activated after the disturbances.
The results are presented in Table III'. Scenarios 4, 7, and 8
show no results (-) as their frequency Nadir remains above
49Hz without the need to activate FFR.

TABLE III
RESULTS WITH VARIABLE BESS CAPACITY
No. of Nominal Power Energy Consumption Nadir
Scenario (MW) (MWh) (Hz)
1 8.5/8/11/8/7.5 0.07/0.1/0.02/0.1/0.09
2 16/15.5/30/15.5/14.5 | 0.16/0.18/0.07/0.18/0.19 49
3 17.5/17.5/30/17/16 0.16/0.2/0.07/0.2/0.21
4 - - 49.01
5 3.5/3.5/6/3.5/3.5 0.03/0.04/0.01/0.04/0.05 49
6 12/11/17/11/10.5 0.11/0.13/0.03/0.13/0.14
7 - - 49.1
8 - - 49.01
9 9/8/15/8/8 0.09/0.1/0.03/0.09/0.11 49

E. Results with fixed BESS Capacity

In this section, the BESS power is set to a fixed value
of 20MW to compare the effectiveness of each controller
type under the same power capacity value. The results are
presented in Table IV, while in Fig. 5 the frequency response
for Scenario 9 is presented.

I'The values of each controller is presented with A/B/C/D/E, where A refers
to the controller (frequency Proportional), B (frequency Step), C (Virtual
Inertia), D (RoCoF Step), E (Frequency-RoCoF proportional).

TABLE IV
RESULTS WITH FIXED BESS CAPACITY 20MW
No. of Energy (MWh) Nadir
Scenario A/B/C/D/E (Hz)
1 0.13/0.24/0.03/0.23/0.22 | 49.31/49.36/49.20/49.38/49.41
2 0.18/0.24/0.04/0.23/0.25 | 49.13/49.19/48.99/49.21/49.25
3 0.18/0.24/0.04/0.23/0.25 | 49.11/49.12/48.99/49.13/49.19
4 0.13/0.24/0.03/0.00/0.22 | 49.36/49.42/49.30/49.01/49.45
5 0.14/0.24/0.03/0.23/0.23 | 49.33/49.38/49.24/49.39/49.42
6 0.15/0.24/0.04/0.23/0.24 | 49.23/49.26/49.08/49.27/49.30
7 0.13/0.24/0.03/0.00/0.23 | 49.36/49.42/49.32/49.10/49.44
8 0.14/0.24/0.03/0.00/0.23 | 49.33/49.38/49.28/49.01/49.41
9 0.17/0.24/0.04/0.23/0.24 | 49.24/49.27/49.09/49.28/49.30
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Fig. 5. Frequency response of Scenario 9 with a 20 MW fixed-capacity BESS

F. Discussions

Figure 5 illustrates the frequency response characteristics of
each controller type, while, in Table V, all the capabilities of
each methodology are summarized against their counterparts.
These results are discussed below.

First, the experimental results indicate that each type of
controller exhibits distinct advantages and limitations. Step
response controllers and Frequency-RoCoF droop controllers
raise the Nadir values; however, they require higher energy
consumption relative to proportional controllers. Moreover, the
RoCoF step controller exhibits the most rapid post-disturbance
response times, while, as evidenced in scenarios 4, 7, and 8 in
Table IV, it is adept at discerning when frequency deviations
are negligible, thus preventing unnecessary activation.

As illustrated in Table III, the virtual inertia controller
requires a substantially higher power input to maintain a
frequency above 49 Hz compared to the other controllers.
Furthermore, in the comparative analysis of the frequency pro-
portional and RoCoF proportional controllers, it is evident that
the latter offers minimal improvement to the Nadir and fails
to provide adequate support during the frequency restoration
phase, despite its rapid response. In contrast, the frequency
proportional controller continues to provide support to the
system until the frequency reaches the steady state.

Furthermore, the combination of Frequency-RoCoF droop
controllers offers some of the positives of the corresponding



TABLE V
PERSPECTIVES FOR EACH CONTROLLER TYPE

Control Mode Frequenc;zp]fil:)oportlonal Frequency Step Vlr:ll;ia(lif}:llf)rtla RoCoF Step FI‘equeﬂc%g)‘_’gggdgmpo”wnal
Improved Nadir vV 44 v VY VvV

Improved Initial RoCoF Low Low Low Low Low

Improved Steady State vV X X X vV

Adaptive Response v X v X v

Energy Consumption Moderate High Low High High

Symmetric Operation v X v X v

individual controllers while providing a longer support period,
a better Nadir control, and a higher contribution of the storage
unit to the FCR reserve.

Symmetric operation denotes the controller’s capability to
address both over-frequency and under-frequency scenarios
within the system. Step controllers are limited to providing
upward regulation, thereby rendering them asymmetrical. Fur-
thermore, step controllers lack adaptability as, upon reaching
the activation threshold, the FFR delivers a predetermined
power output irrespective of the disturbance magnitude. Con-
versely, proportional controllers modulate the output power
in accordance with the frequency deviation, enabling a more
efficacious response to the event’s significance.

The potential for enhancing the Rate of Change of Fre-
quency (RoCoF) across various controller types is constrained
due to the inherent latency in measurement, fault detection,
and power regulation associated with grid-following inverters.
Consequently, the initial RoCoF, generally observed within
the first 500 milliseconds post-disturbance, remains largely
unimproved.

V. CONCLUSIONS

This paper provides information on different types of FFR
controller. The use of ESS for frequency control will be a
valuable asset for low inertia system operators by reducing
the activations of UFLS, and managing the frequency recovery
to the nominal range. Each type of controller has different
strengths and weaknesses, and based on the objectives that
must be met, the appropriate controller must be selected.
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