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Abstract

Power grids with high integration of power electronic converters face new issues that have
not existed before. The frequency in the power system is highly related to the inertia
and the rotational speed of the operational synchronous machines. This is now chang-
ing, as the converter-based generation units are contributing increasingly to the balanc-
ing of active power in the modern power grid. Several frequency control designs for
the power electronic-based generation units have been presented in the past. However,
optimal control structures and settings are dependent on the current power grid parame-
ters and operation. The converter-based units allow the transmission system operators to
change their behaviour according to their grid requirements much more dynamical than
ever before. The paper proposes a new analysis framework that can be utilized to find the
best-suited control settings in converter-based units to enhance the system frequency reli-
ability. The proposed framework is demonstrated in a study case by varying the settings
of one frequency control scheme currently used in wind power plants in the Danish grid
codes and validated on the IEEE 24-Bus reliability test system with additional wind power
integration.

1 INTRODUCTION

Large amounts of renewable power plants are installed in power
grids all over the world [1]. The high amount of renewable
power generation is now at a point where their power electronic
converters define the behaviour of the power grid. Also, other
converter-based units are getting connected to the grid, such
as battery systems, flexible AC transmission systems (FACTS),
and high voltage DC transmission units (HVDC). One of the
challenges with this extensive usage of these units is the reduc-
tion of inertia in the power system. An active power imbalance
between the generated power, PGen, and the demanded power
of all loads in the grid, PLoad , causes a change in the system fre-
quency following (1). The rated generator power SB , and their
time constant H are used to describe the system’s frequency
behaviour [2].

ḟ = (PGen − PLoad ) ⋅
f nom

2 ⋅ S B ⋅ H
. (1)
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The reliability of the power system in all aspects is severely
affected by the converter-based units. Nevertheless, the change
in system frequency behaviour due to the proliferation of
inertia-less units is a vast concern for transmission system oper-
ators (TSO) for the reliable operation of modern power grids
[3–5].

Modern power system reliability can be divided into two main
aspects, adequacy and security, as shown in Figure 1 [6]. The sys-
tem adequacy describes the steady-state capability of the power
system to operate. Parts of this can be the supply of system
loads, even after the failure of any unit, and the system’s capa-
bility to maintain a voltage at all buses within the allowed range.

The security of the system describes the dynamic capability of
the system of withstanding a contingency. The analysis includes
both the transient and static phases of the event. The TSO
has to adjust the remedial actions depending on the grid con-
ditions. These actions can be preventive (e.g. network topology
changing, transformer tap changing, control changes) or correc-
tive (e.g. load shedding, generator rejections). The steady-state

2246 wileyonlinelibrary.com/iet-rpg IET Renew. Power Gener. 2021;15:2246–2256.
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FIGURE 1 Reliability assessment overview in modern power systems [6]

voltage and thermal limits of the equipment are supposed not
to deviate from the accepted operational limits. Otherwise, fol-
lowing events, like transmission line deactivation, can occur. The
long term nature of these following events allows TSOs to per-
form corrective actions. The static assessment of system secu-
rity is used to evaluate this kind of grid conditions. Transient and
dynamic events, on the other hand, are too fast for operators to
interfere with corrective actions. Nevertheless, TSOs estimate
the state of the grid in steady state and the possible contingen-
cies in these states. The operator ensures that enough reserves
are available under all conditions by preventive actions. Hence,
the operator has also to balance the benefits and the drawbacks
of any used strategy. Every system operator has to consider the
different aspects of voltage stability, angular stability, frequency
stability, and converter-driven stability [6].

Converter-based units allow a wide functionality in control-
ling the system voltage, as they are widely distributed, and
they can inject controlled reactive power. The coordination of
FACTS voltage controls for stable voltage control has been pre-
sented before [7], allowing a broader integration of these units
in modern power grids. The proper local voltage control allows
utilizing the faster control options that power electronic con-
verters are capable of. In this field, converter-based units are
advantageous to conventional solutions, such as the activation
of mechanically switched capacitors (MSCs). The angular stabil-
ity describes the maintenance of a safe angle deviation between
all conventional units when severe voltage collapses occur [2].
Converter-based units can assist the grid during these events
when using an assisting control method [8, 9].

This paper deals with frequency stability, assessing the impact
and the possibilities of converter-based units in maintaining a
stable system frequency during contingencies. TSOs can order
the curtailment of generated powers by the renewable units in
cases of high penetration levels, keeping a minimum number of

conventional units in operation, therefore conserving a mini-
mum inertia level [10]. Also, the operators directly control the
HVDC units, adapting their frequency behaviour to the system
needs. The converter-based units, on the other side, are profit-
ing from a reliable operation of the connected system as well.
Wind power plants, as one of the main sources of renewable
power generation, are capable of providing different frequency
controls as their controls can be adapted to many requirements
[11–13]. Grid codes are the way TSOs define the functions they
demand from renewable generation units. It has been shown
that wind, solar, and battery systems can provide a wide variety
of services to assist the grid during frequency violation [14, 15].
Power electronic-based converters allow new flexibility with the
usage of its controls that has not been seen before. It is now pos-
sible to activate and deactivate certain system services. TSO can
also change the settings inside the frequency services to further
adapt them to the system needs. These new options for remedial
actions allow TSOs to shape these units’ frequency behaviour to
their needs, maintaining a high level of system reliability.

This relation between the system operator and the decentral-
ized converter-based units are illustrated in Figure 2. The three
considered levels are the plant level, the system level, and the
information and communication technology (ICT) level. The
system operator can interfere with the converter-based units
in the plant level via communication links. These actions are
changes in power reference values, control activation and deac-
tivation commands, and set-point changes.

System operators face the challenge of incorporating the flex-
ibility converter-based units offer. In conventional systems, only
a few units with a large capacity are committing to the fre-
quency control. In modern power grids, thousands of units are
assisting in the system frequency control in parallel, such as
wind power plants with their grid code requirements [14]. The
change in power grids increases the complexity, and it requires
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FIGURE 2 The interactions between ICT, system, and plant level in the
power grid. TSOs change plant control through remedial actions to support
overall system security

the consideration of many more possible system states, where
the flexibility in the converter-based units has to be set in focus.
When determining the reliability impact of frequency services,
only a small number of variations is evaluated so far [16–18].
This, however, is going through a fundamental change with the
increase in frequency control flexibility in modern power grids.

To overcome this, this paper proposes a framework that can
incorporate changes in frequency control schemes and settings
for the converter units. The proposed framework allows a com-
parison of the impact of operative actions on frequency secu-
rity. The benefits of the tested control schemes and settings are
compared with their negative consequences, such as the reduced
power produced by the renewable units. The framework can
assist TSOs during the design process to find practical guide-
lines for improving the frequency management.

2 FREQUENCY-RELATED SECURITY
ASSESSMENT

The procedure for a system frequency-related security analy-
sis is shown in Figure 3. The system is described with the
given load duration curve (LDC) and the other parameters

 
 Ʃ 
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FIGURE 4 System simulation model, including primary and secondary
frequency controls in the generation units, and additional services provided by
converter-based units

that have to be considered, such as wind power distribution
or solar irradiation characteristics. The conventional generation
units and their frequency behaviour have to be included as well
[19–21]. The system model can be done with different levels
of accuracy. For frequency-related security analysis, a one-bus
multi-machine model is often used [16]. Additional services,
such as frequency control in wind power plants, are modelled
as additional services. More detailed models are also possible,
depending on whether the computational efforts are acceptable
or not.

The system simulation incorporates the different possible
system states. Also, different load conditions are considered
with their probabilities in the LDC. The conventional genera-
tion units are modelled with primary and secondary frequency
controls, as described in [16]. The single-bus multi-machine
model, as shown in Figure 4, has shown to be capable of analyz-
ing the frequency behaviour, as generator-dependent time con-
stants and non-linearities can be implemented, such as ramp
rates and limitations.

As generator failures, the considered contingencies cause fre-
quency excursions in the system, and it is followed by the con-
trol response to maintain the system frequency.

Following the reliability parameters presented in [16, 22–26],
the abnormal frequency events are compared with different

FIGURE 3 Conventional system frequency security assessment [19–21]
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TABLE 1 Reliability evaluation indexes used in the power system analysis
[16]

Index Unit Full name

NOF Exp. number of over-frequency events

NUF Exp. number of under-frequency events

ENAF Exp. number of abnormal frequency events

EOFD min Exp. over-frequency duration

UFD min Exp. under-frequency duration

AFD min Exp. abnormal frequency duration

EENS MWh Exp. energy not served to loads

EWEW MWh Exp. wind energy wasted

EWES MWh Exp. wind energy surplus supplied

IENS MWh Indirect energy not supplied

ECU MWh Unnecessary energy consumption

reliability indices. The reliability indices describe the number
and duration of abnormal frequency in the power system. The
power system’s nominal frequency is 50 Hz in this analysis, with
the abnormal frequency being counted at a frequency deviation
of ± 0.5 Hz, as the control gets activated at a frequency devia-
tion of ± 0.2 Hz.

Different indices can be used to describe the used energy for
the frequency controls. The energies used for frequency regula-
tion by the conventional generation units are taken as a metric.
These are the not used wind energy due to output curtailment
and the short-term surplus wind energy due to additional con-
trols [16]. Moreover, the under-frequency load curtailment is
taken into consideration, measuring the amount of not supplied
load in the system due to severe under-frequency events. The
indices are evaluated, taking the probabilities of system state
and contingency into consideration. Often used indices for
wind-integrated systems are listed in Table 1. For the system
study performed in Section 4, the expected wind energy wasted,
EWEW, and the number of severe under-frequency, NUF, are
used to assess the system performance [16].

These indices represent the expected (Exp.) system
behaviour with the given parameters. They are used to com-
pare the given system’s capability concerning its frequency
behaviour and the spend and curtailed energy for maintaining
it. It has to be noted that one cannot directly link the cost for
primary or secondary reserves with these indices. The indices
described above are only reflecting the energy used during an
analyzed contingency.

3 PROPOSED FREQUENCY-RELATED
SECURITY OPTIMIZATION FRAMEWORK

As the possibilities for different controller schemes, settings,
and scheduling increases severely with the extensive usage of
renewable power generation units, the assessment has to be
adapted to this. Changing the input to the assessment, how
these units behave during the operation of the grid, has a severe

impact on the grid performance. System operators are in need
of adapting their decision-making process to this change in the
operation states. The aim is to reduce the frequency impact
of the converter-based units while keeping the drawbacks as
small as possible. Therefore, a framework for including multi-
ple frequency managements and comparing their impact is pro-
posed to find well-suited remedial actions for enhancing the
frequency-related security. The proposed framework is shown
in Figure 5.

The additional parts of the proposed framework are
described in the following subsections.

3.1 Design variations

The first addition to the standard assessment of the system
security is the variance in the tested system. Different con-
trol strategies, settings, or scheduling can be used, affecting
the system in operation. A variety of frequency managements
is defined, which is then implemented in addition to the con-
ventional power system. The system description includes the
load variation and the information of the conventional gener-
ation units, under-frequency load shedding (UFLS) strategies,
and primary and secondary frequency control settings. The sys-
tem is simulated with all these defined variations. The study
case in Section 4 varies one control parameter, resulting in a
one-dimensional outcome. With more variations combined, the
analysis can result in multi-dimensional outputs, where differ-
ent variations are evaluated together. The possible variations can
include control setting changes, different control schemes, and
different activation strategies by TSOs.

The reliability indices, as assessment outcomes, are compared
in the following step to determine the best-suited frequency
management variation. This step is further illustrated in the sys-
tem study in Section 4.

3.2 Evaluation criteria

The second addition to the classical frequency-related secu-
rity assessment is the choice of optimization strategy. The
different indices that describe the abnormal frequency states
and drawbacks in the frequency control processes have to be
compared. Thus, multiple definitions are possible, such as the
minimal needed energy used for reaching a certain frequency
quality.

Another design goal is to find the highest efficiency between
system benefits and the required drawbacks. Then, one can use
a sensitivity analysis of the indices of interest. The change of
the reliability indices for a given variation of input is given in
(2). The reference value to compare with is the one where the
control is deactivated.

ΔIndexi = Indexi − Index0. (2)

The change of an index value is an indication of how much
the operational actions affect the system security. It allows
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FIGURE 5 Frequency-related security framework, to enhance system security management in modern power systems. The proposed steps for improving the
security management are indicated in green

seeing the effect of different controller settings or varying shares
of converter-based penetration level. The relative change of
a given index, described in (3), can be used to quantify the
improvement due to the tested control.

ΔIndexRel =
ΔIndexi

Index0
. (3)

The relative change of index value allows the combination
of different frequency quality measures such as ENAF and
EAFD to find the best-suited operational strategies for the
given grid requirements. The relative frequency quality change
is combined with other reliability indices of interest. The aim
is to achieve an optimal system performance and to incorpo-
rate the system efforts for this improvement. As described in
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[16, 23], the energy used for the frequency control in the
different participating units is an essential factor when assessing
the system performance and economics. The analysis allows a
fast way of balancing the benefits and drawbacks of the applied
system changes. For this analysis, the change in EWEW from
the reference outcome is taken to determine the not produced
power of the wind power plants as the control effort. The
combination of benefits and costs is given with the sensitivity
index given in (4).

SFreq,Index =
ΔIndexQuality

ΔIndexDrawback
. (4)

Other relevant indices can be the number of certain events,
such as the number of occurring system splits or the activation
of different functions. The evaluated indices are based on the
TSO design choice, determining which effect in the power grid
is aimed to be optimized.

3.3 Design evaluation

In the last step, the optimization strategy is used to assess the
system variations of interest. The strategy best suited for the
TSO is determined, allowing an enhanced system performance.
The outcome of the assessment can also be obtained by an itera-
tive process. The iterations can include different frequency man-
agement choices, like control schemes, settings, and scheduling
of usage. The evaluation step is the point where the proposed
framework is changing from a descriptive process to a design
tool, so operators can clearly see trends in their system reliabil-
ity and the drawbacks of achieving it. Further changes, adapting
to smaller system variations, can be incorporated.

The proposed framework is used on a test case in the fol-
lowing section, illustrating the proposed additional steps to
the conventional system assessment. With this, TSOs can bet-
ter plan the remedial action needed to manage modern power
system security.

4 SYSTEM STUDY

The framework is applied in a modified IEEE reliability test sys-
tem (IEEE RTS) [27, 28]. The aim is to use frequency control
in wind power plants to improve the system’s frequency quality.
The conventional parts of the system are described in detail in
[28]. This power system is well established for different types
of reliability analysis, from security to adequacy assessment [29].
For the study, an increasing number of installed wind turbines
are considered to determine the change in operative actions.
Wind power generation is chosen as it is the main contributor
to renewable generation in many countries. Nevertheless, the
framework can also be applied to other converter-based units
with frequency control capabilities. The integration of wind tur-
bines into the IEEE RTS and the respective reliability impact
has been analyzed before, like in [16, 30]. In [16], they focus on
the frequency-related security due to the power electronic-based

TABLE 2 Generator data [28]

Rated power

[MW]

Number

of units

MTTF

[h]

MTTR

[h]

H

[s]

Ramp rate

[MW/hr]

12 5 2940 60 2.5 60

20 4 450 50 3.0 80

50 6 1960 20 3.5 30

76 4 1960 40 4.0 304

100 3 1200 50 4.3 300

155 4 960 40 4.8 620

197 3 950 50 5.0 591

350 1 1150 100 5.5 350

400 2 1100 150 6.0 800

units, but without additional frequency support functionalities
in the respective units. The software MATLAB Simulink is used
to simulate the system behaviour during the contingencies.

4.1 Conventional system components

The conventional generation units in the IEEE RTS have a total
capacity of 3405 MW. Each generator has a certain probability
of a failure per year, as given in [28]. The dynamic generator
parameters are shown in Table 2 with the mean time to fail-
ure (MTTF) and the mean time to repair (MTTR). The dynamic
generator data describes the frequency behaviour and the prob-
ability of the units for failing during operation.

The unit commitment order of the conventional generators
under different system states is determined in a heuristical man-
ner. The strategy includes the units with the highest time con-
stant first, only activating the smaller units if needed. This results
in a relatively high system inertia in the power system for any
given load and wind situation. The generation units, which are
committed to frequency control, can provide primary and sec-
ondary control, as discussed in [16]. There, the ramp rate restric-
tions for secondary control are considered.

The system load is not constant during the operation
throughout the year. The system load can be represented by the
hourly peak load, resulting in LDC. In the IEEE RTS, the peak
load throughout the year is 2850 MW, the LDC is given in [27].

The UFLS follows the ENTSO-E guidelines [31]. It is used
as a protective function to stabilize the system frequency after a
severe generation outage [31]. The UFLS is the last option for
the power system operation, keeping the remaining parts of the
loads still supplied. The UFLS scheme is fixed in this analysis,
as it is implemented in the protection relays, and is not changed
dynamically during operation.

4.2 Modelling wind power plants

Wind power plants are additionally included in the IEEE RTS.
The number of connected turbines is increased in this study
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FIGURE 6 Wind power duration curve, giving a capacity factor of 28.5%

to see the effect on the system reliability throughout differ-
ent wind power penetration levels into the system. The rated
power of installed wind power plants is increased from zero up
to 1000 MW. The actual wind power injected into the power
system is determined by the current wind speed and the design
of the turbines. The rated wind turbine power is 5 MW. The
cut-in, the rated, and the cut-out wind speed are 3 , 11.4, and
25 m/s, as suggested in [32]. The produced wind power during
every hour of a year can be combined to a wind power duration
curve, as shown in Figure 6. In the performed analysis, the wind
turbines operate with 2500 full load hours, with a capacity factor
of 28.5 % in a year [33].

The rated power of the wind turbines is varied in its share
related to the peak load in a year to see the effect of the control
parameters when more wind power plants are added to the sys-
tem. The injection of wind power throughout the operation is
curtailed above the maximum allowed penetration level of 70 %.
The wind power plant deloading is realized as proposed in [34].
The rotor speed depends on the current wind situation and the
amount of demanded power curtailment per turbine. The wind
power curtailment is set in place to keep a minimum number
of conventional units in operation, preserving minimum system
inertia at all times.

The applied frequency control in this work is the ’frequency
control’ scheme, described in the Danish grid code [14], as illus-
trated in Figure 7. It provides a high degree of flexibility, as many
parameters (PDelta, Droop1, Droop2, fdeadband ) can be changed dur-
ing the operation to adapt to the future grid needs. It can be
realized in wind power plants without additional battery sys-
tems. The control scheme is included in all simulated wind
power plants.

The setting in the control scheme that is varied in the assess-
ment is PDelta, which is the curtailed wind power in steady state.
It is increased linearly from zero up to 0.2 pu, severely deload-
ing the wind power plants during operation, as described in [34].
The frequency control in the performed study is only activated
by the TSO when the wind power plants currently inject more
power than 50 % of the actual system load. Otherwise, PDelta is
set to zero, resulting in over-frequency wind power curtailment,
as it is mandatory in the Danish grid code for wind power plants.
When power is curtailed during steady-state operation, the full

Ac�ve Power

Frequency [Hz]

fdeadband

PDelta

Droop 1

50.00

Droop 2

FIGURE 7 Danish grid code requirement regarding the frequency
response of wind power plants [14]

wind power is injected into the grid at a fixed frequency value
of 49.2 Hz. The used frequency control aims to reduce the risk
of UFLS. The dead-band value is fixed at 0.2 Hz, specified in
the Danish grid code as the standard value. Full power curtail-
ment is performed at a frequency of 52 Hz, protecting the sys-
tem from over-frequency deactivation of equipment. The values
for Droop1 and Droop2 are adjusted during this analysis, as PDelta

is varied and the frequency set-points for zero and full power
curtailment are fixed. The frequency control is implemented in
the wind power plant controller, receiving the controller setting
from the TSO.

4.3 Results of the study case

The IEEE RTS with the different capacities of installed wind
power and the changed controller settings is simulated. The sys-
tem frequency is highly affected by the additional frequency
control in the wind power plants. In the shown contingency in
Figure 8, a 100 MW generator failed, causing a severe frequency
drop in the system. The installed amount of wind power in the
system is 1000 MW. Due to the control settings, the wind power
reserve allows for a power increase during the frequency drop.

The simulation results in Figure 8 shows one system state,
where the power curtailment PDelta is set to 0.2 pu. The curtailed
power offers then frequency control options during under-
frequency contingencies. In the shown contingency, the fre-
quency control is able to prevent a severe frequency drop below
49.5 Hz. This reduces the expected number of severe frequency
events and therefore enhancing the frequency quality during
operation. The reduction of wind power in steady state causes a
slightly higher system inertia, as more generation units have to
be activated to supply the system load. In the shown result, this
increased inertia is only marginal so that the rate of change of
frequency is not severely affected.

The frequency-related security assessment results with all
possible system states and contingencies allow an estimation
of the system security during the grid operation of 1 year. The
results of the assessment are illustrated in the following figures.
The expected number of under-frequency drops below 49.5 Hz,
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FIGURE 8 System frequency and wind power during a 100 MW
generator failure with changed frequency control behaviour. The threshold for
severe under-frequency occurrence is shown in yellow
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dependent on the control setting PDelta

ENUF, is shown in Figure 9. The results are shown for the used
values of PDelta, which are varied in the analysis.

The change in the NUF events is twofold. The usage of
wind power plants reduces the number of running conventional
units, resulting in a reduction of inertia during high renewable
power injection phases. Counteracting is the reduction of poten-
tial contingencies, as the generation units are less likely to be in
operation during wind power injection. Therefore, the expected
NUF events are not rising severely.

The influence of the used ’frequency control’ in the wind tur-
bines can be seen by calculating the change relative to the deac-
tivated control, as described in Section 3.2. The improvement in
the NUF events is shown in Figure 10.
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With rising wind power and increasing PDelta, the values of the
reduction due to the steady-state power curtailment is shown in
Figure 10. The positive control impact is dependent on the sys-
tem and frequency control settings. Nevertheless, the control
has a positive effect on the frequency quality under various sys-
tem conditions.

Hence, the ’frequency control’ also has drawbacks that have
to be considered for reliable frequency management. The
EWEW is shown in Figure 11 for the different determined
study cases. It is affected by the remedial actions of the TSO.
These are the tested frequency control and the curtailment of
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FIGURE 12 Change in the expected wind power wasted during
operation. Wind power penetration level and control value are varied

wind power when the available injection is higher than the
allowed share of the system load.

The results show that the EWEW increases severely with
more wind power plants installed in the grid, but only slightly
with the additional frequency control. The deviation caused by
the ’frequency control’ is determined by a change in EWEW for
each assessed PDelta setting for the different wind power levels,
which is illustrated in Figure 12. This change due to remedial
has to be balanced with the frequency quality gain, allowing for
a reliable system operation.

The EWEW increases with the amount of installed wind
power plants and curtailed wind energy in steady state. The most
reliable setting is determined in the following section by two
different approaches to illustrate the capability of the frame-
work to adapt to the TSO demands. One optimization strat-
egy determines the wasted wind energy that is needed to restore
the frequency quality that the system has without wind integra-
tion. The other one determines the most efficient ratio of wind
energy curtailment with the enhancement in frequency quality.

4.4 Improved system security management

Two strategies are used to determine the remedial actions best
suited for enhancing security management.

4.4.1 Optimizing for restoring frequency quality

The first strategy assesses the needed amount of wasted wind
energy to achieve the same frequency quality the system has
without wind power penetration. The change in frequency-
related security can be determined by comparing the results
shown in Figures 9 and 11. It can be seen that the additional fre-
quency control service with 600 MW and lower are not capable
of restoring the number of severe abnormal frequency events
(26.8 occurrences per year) that the grid had before installing
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FIGURE 13 Ratio between change of the number of abnormal frequency
conditions to the change in the expected wind power wasted during operation,
depending on the amount of installed wind power plants and on the set wind
power curtailment during operation

the wind turbines. With 800 MW installed wind power plants,
this index can be achieved with a setting of 0.16 pu. The
expected wasted wind energy is then 9.88 GWh per year. With
the full 1000 MW installed rated wind power, the abnormal fre-
quency states can be reduced to the original value with PDelta

set to 0.12 pu and 12.5 GWh wasted wind energy per year. The
proposed assessment allows determining this quickly, giving a
secure frequency management.

4.4.2 Optimizing for effective wind energy
usage

When the optimization strategy’s goal is to determine the most
efficient balance between frequency quality increase and wasted
wind energy, one has to compare the relative changes the con-
trol variation causes. The control value, where the highest ben-
efit in system quality is gained compared to the wasted wind
energy, can be easily determined for the different wind integra-
tion levels. The relationship is shown in Figure 13.

In the shown case study, a PDelta value of 0.08 pu is the most
effective at a wind power penetration of 800 and 1000 MW,
whereas it is more effective to use a power curtailment of
0.12 pu when wind power plants with a rated power of 600 MW
are installed. The most effective setting at lower penetration lev-
els can be found at 0.16 pu. Other combinations of indices used
for the evaluation of the system performance can be chosen as
well. The used evaluation strategy depends on the TSO and the
specific grid requirements.

5 DISCUSSION

The proposed framework for enhancing the system’s opera-
tional reliability can be used, as described in Section 4.4.2,
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to optimize the frequency controls in the evaluated power
system. The framework is assisting TSOs when all steps
are designed carefully to represent their system behaviour
accurately.

As the first step, the variations in frequency management
are defined. The frequency control scheme used in the shown
study in the installed wind power plants is based on the ’fre-
quency control’ required in the Danish grid code [14]. The
evaluated control scheme curtails the injected wind power dur-
ing steady state to have reserve power available during under-
frequency events. The frequency control is droop based, so it
causes an active power change proportional to the frequency
change.

The power system modelling incorporates all generation
units with their dynamics and frequency controls. The wind
power plants are modeled to represent their behaviour during
the frequency events. With the proposed framework, it is also
possible to implement demand-side controls balancing the
system load throughout the operation. Other load-shedding
strategies are also a research target to assist for the reliable
frequency management.

With the variations defined and the modelling done, the third
step of the proposed framework is executed doing contingency
analysis with the calculation of the reliability indices. The assess-
ment has to be done for all the defined variations to determine
the system performance of one year.

The performed study shows how TSOs can compare the total
amount of wind power curtailment in one year of operation
with the resulting improvement in frequency quality. The eval-
uation criteria is to find the curtailment setting, which allows
for the best ratio of increased wind power wasted to the reduc-
tion in abnormal frequency occurrence. In the shown case, the
most effective amount of curtailment is 16% at an installed wind
power of 400 MW or less in the IEEE RTS. With 600 MW
installed wind power, this changes to 12% curtailment. And
even down to 8% curtailment at 800 MW or more wind power
being installed. The example case shows how TSOs have to
adapt their frequency management when installing more wind
power in the power grid.

However, the proposed framework allows TSOs to include
their grid-specific evaluation criteria used to determine which
frequency management fits the best to their requirements.
Other evaluations may be more appropriate for the usage in real
power grids. Often, TSOs have a maximal number of abnor-
mal frequency states as a defined threshold that is not allowed
to be violated. Then, the evaluation may consider the minimum
EWEW to achieve this target.

The feedback loop in the final step allows changing the vari-
ations further if the achieved results are not satisfying. Then
different settings or different frequency managements can be
evaluated. Further assessment can include different settings, but
also the decision-making which is leading to service activation.
So the service can be demanded at different conditions than
shown in the case study. Then, the service usage may be more
effective in regards to the evaluation criteria. This allows TSOs
to find the most reliable frequency management for the require-
ments of the power grid operation.

6 CONCLUSION

The proliferation of power electronic-based generation units
makes the coordination of frequency controls a more demand-
ing task for system operators. Nevertheless, power converter-
based units provide an unused degree of flexibility in frequency
controls. The proposed framework for frequency security opti-
mization in highly converter-integrated power grids allows sys-
tem operators to determine optimal strategies in the usage of
these units. The framework adds different steps to the assess-
ment process, beginning at the variable system input to choose
the optimization strategy. A strict procedure is proposed, which
still keeps the assessment open to the requirements of the ana-
lyzed power grid. The combination of fixed and variable system
parameters allows a fast assessment of the reliability of different
scenarios. The costs and the benefits of the different scenarios
can be evaluated and combined to estimate the control options
best suited for the given system demand.

The different steps in the proposed framework can be
adapted to any grid that faces a high integration of converter-
based units, allowing the operator to choose their remedial
actions to manage the system’s frequency-related security. Dif-
ferent power sources, such as photovoltaic, wind, and battery
systems, can be included in the analysis, and HVDC trans-
mission systems. For this, the possible variations increase even
more, as frequency controls can be realized in all connected
equipment. Other indices have to be respected in this condi-
tion, representing, for example, the not utilized solar energy or
the amount of battery system usages.

In the study case, the power reduction in steady state for a
given frequency controller settings of a wind-integrated power
system is shown. The test case shows that converter-based
units can contribute, at least partially, to improve the frequency
quality. The proposed framework can be combined with more
advanced ways of optimizing the control, such as more iterative
steps to enhance the system frequency management further.
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