
Title Quantifying the Aggregate Frequency Response from Wind Generation with Synthetic Inertial 

Response Capability

Authors(s) Ruttledge, Lisa, Flynn, Damian

Publication date 2013-10-24

Publication information Ruttledge, Lisa, and Damian Flynn. “Quantifying the Aggregate Frequency Response from Wind 

Generation with Synthetic Inertial Response Capability.” Energynautics GmbH, 2013.

Conference details 12th International Workshop on Large-Scale Integration of Wind Power into Power Systems as 

well as on Transmission Networks for Offshore Wind Power Plants, London, UK, 22-24 October 

2013

Publisher Energynautics GmbH

Item record/more 

information

http://hdl.handle.net/10197/8259

Downloaded 2023-05-26T05:55:56Z

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=DOI%3A9783981387070&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F8259


Quantifying the Aggregate Frequency Response
from Wind Generation with Synthetic Inertial

Response Capability
Lisa Ruttledge

School of Electrical, Electronic
and Communications Engineering

University College Dublin
Dublin, Ireland

Email: lisa.ruttledge@ucdconnect.ie

Damian Flynn
School of Electrical, Electronic

and Communications Engineering
University College Dublin

Dublin, Ireland
Email: damian.flynn@ucd.ie

Abstract—Modern variable-speed wind turbines, although
decoupled from the system frequency, can respond to signif-
icant power imbalances through power electronic controls as
synthetic inertial or governor-like droop responses. However,
frequency response capabilities from wind power plant cannot
be considered a direct replacement for traditional frequency
responsive services. Before such capabilities should be in-
corporated into systems, their most effective implementation
should be considered and a methodology for system operation
under high synthetic inertia technology penetration should be
identified. This paper considers a possible system frequency
response requirement from wind generation and investigates
issues surrounding quantification and scheduling of the future
system resource, taking the combined Ireland and Northern
Ireland system as an example. The distribution of local wind
speeds, the variation in the response provided by different
control structures, as well as the uncertainty associated with the
aggregated capability at any one time, and the implications for
the development of ancillary service market incentives or grid
code requirements are considered. The impact of uncertainty
over the aggregate wind response available is assessed and a
strategy for the forecasting, management and coordination of
such a resource on future power systems is proposed.

I. INTRODUCTION

As wind penetration levels increase on power systems
worldwide, many system operators are investigating the
potential for wind generators to be responsive in the event
of a frequency transient following a contingency [1], [2].
Modern variable-speed wind turbines, although decoupled
from the system frequency, can respond to significant power
imbalances using power electronic controls through synthetic
inertial or governor-like droop responses [3]. Such technol-
ogy presents an opportunity for system operators to mitigate
against many of the frequency response issues resulting from
the changing dynamic response capability of modern power
systems with increased displacement of conventional plant.
In the case of synthetic inertial control, which is the focus
of this research, wind power plant can temporarily increase
their power output by harnessing the stored rotational en-
ergy of their rotors, through power electronic controls [4].
However, a synthetic inertial response is inherently different
to synchronous inertia, as demonstrated in [5], and the
implementation of such a capability at scale requires careful
management.

In [6] it was shown that large-scale employment of wind
generation with synthetic inertial controls, which have not
been tuned for the specific system in question, could poten-
tially lead to undesirable frequency response characteristics.
In general, the inclusion of such controls at scale can be
seen to alter the general shape of the system frequency
response from that traditionally observed, however, some
variation from the conventional response must be accepted
in light of dramatically changing dynamic characteristics. In
[7] it was shown that optimisation of the control parameters
could potentially mitigate some of the undesirable effects
of synthetic inertia, such as a significant aggregate energy
recovery phase. It was demonstrated that particular settings
may work well for designed system conditions, but may
be noticeably sub-optimal for other conditions, or as the
installed population of responsive turbines increases.

In addition to the avoidance of any potential issues as-
sociated with the large-scale implementation of synthetic
inertial technology, the technical and economic value of the
response to a system and its predictability must also be fully
understood to ensure that it is employed effectively. This
paper proposes an approach to how such controls might be
employed most effectively on a large scale. While [7] has
assessed the need for off-line optimisation of wind turbine
synthetic inertial controls at a planning phase of the system,
and its importance in informing the development of ancil-
lary service market incentives and grid code requirements,
the scheduling and predictability of a frequency response
resource from wind generation, which is necessary for day-
to-day system operation, has yet to be investigated. In the
event that synthetic inertial controls from wind power plant
are implemented on future power systems at scale, system
operators require a methodology for best predicting and
managing the contribution from wind generation. This paper
highlights issues facing system operators charged with coor-
dinating and dispatching the frequency response capability
when considering high wind penetration levels, incorporating
synthetic inertia technology. Section II provides an overview
of synthetic inertia technology, Section III proposes the
likely requirements for such controls on future systems,
Section IV highlights issues associated with the operation
of a system with such technology. Section V proposes an



implementation strategy of such a response and Section VI
summarises the conclusions of this work.

II. SYNTHETIC INERTIAL RESPONSE

Although modern variable-speed wind turbines are me-
chanically decoupled from the system frequency of the
conventional plant on the system, they can be supplied with
supplementary controls which allow them to harness the
inertial energy associated with their rotating blades following
a frequency transient, allowing them to temporarily increase
their power injection by the order of 5-10% of rated ca-
pacity. While the response can be very fast, it is inherently
different to the inertial response provided by conventional
synchronous plant, as it relies on active controls as well
as the aerodynamic characteristics of wind turbines. Wind
turbines will tend to operate at a certain tip/speed ratio in
order to remain at optimal efficiency. For turbines operating
below their rated speed, harnessing of their stored rotational
energy through synthetic inertial controls results in a slowing
down of the rotor and hence a reduction in the aerodynamic
energy harnessed by the turbine. As a result, the initial power
injection from the turbine is followed by an energy recovery
phase as the turbine tracks back to its optimal efficiency.
For turbines operating above rated wind speed prior to the
event (i.e. blades pitched out of the wind), their blades can
be pitched back into the wind to reduce or avoid the energy
recovery phase. Turbines operating close to their minimum
operational speed should not provide a synthetic inertial
response in order to avoid stall conditions. In addition, the
reliance on active power controls and monitoring of system
events introduces inherent delays into the provision of the
response from wind generation. In comparison, the inertial
response from conventional plant is inherent and independent
of plant operating conditions prior to an event.

Due to the role of power electronics in controlling the
inertial response, the trigger signal for the response from
wind generation is not limited to the rate of change of
frequency, upon which a synchronous inertial response is
dependent. There have been a number of control approaches
proposed by both industry and academia, which can broadly
be separated into three main categories. The first approach
is based on the rate of change of system frequency, in line
with the relationship between the response from conventional
plant and the transient. However, measurement of the rate of
change of frequency on a system can be difficult. The second
control option provides a fixed power injection following a
deviation in frequency beyond a certain threshold. While this
response implies a greater level of certainty over the response
from a single wind turbine, the presence of such a static
response at high penetration levels may prove problematic
[7]. The third control approach is based on a response
proportional to the deviation in frequency from nominal,
considering a certain deadband. Responses can also be
based at either the wind turbine or wind power plant level.
Regardless of the control approach employed by a turbine
or wind power plant, the response from wind generation
is fundamentally different to that from conventional plant
and thus the issues raised and methodologies proposed are
relevant to all control approaches.

It should be noted that the resultant response from a wind
turbine is a function of the wind speed, but this is unlikely
to be a deterministic response during the transient period
following a significant frequency deviation. Furthermore,
priority is given to the load management functions of the
wind turbine control and thus the synthetic inertial response
is also dependent on the wind turbulence and mechanical
states of the drive train and tower. For example, an individual
turbine might transiently be running at a speed greater than
the steady-state condition associated with a particular power
level, because of a gust, coinciding with the grid event.
Under this condition, the power delivered in the immediate
post event time-frame would be greater than that for a
steadier wind condition. While the inertial performance of
an individual wind turbine is stochastic in practice, the
aggregation of the response across a system negates much
of this uncertainty.

III. FUTURE SYSTEM REQUIREMENTS

In light of the development of numerous innovative syn-
thetic inertial control designs [8], [9], as well as an evolving
frequency response capability of modern power systems with
high wind penetration levels, a number of systems have
begun developing requirements for wind generation in order
to future proof the frequency response capability of their
respective systems [10]. A small number of systems world-
wide are beginning to face the consequences of extremely
high wind penetration levels, with their operation evolving
and adapting to the new dynamic characteristics. Hydro-
Quebec has already defined an inertial response capability
requirement for large wind power plant, stating that they
must have an equivalent inertial capability to that of a
conventional plant with a inertial H constant of 3.5 s [11]. In
New Zealand, the definition of future grid code requirements
for frequency response services from wind generation are
being investigated [12]. In Ireland and Northern Ireland, a
public consultation is under-way regarding the design and
development of a new suite of ancillary services, includ-
ing frequency responsive services which could be provided
by wind generation [13]. Further grid code requirements
and market incentives are being considered, developed and
refined in different jurisdictions worldwide [14], [15]. In
order to effectively harness the true value offered by this
technology it is vital that the strengths and weaknesses of
such technology are fully understood.

As the penetration of non-synchronous generation in-
creases, the provision of short-term frequency responsive
services, up to and including primary operating reserve, is
depleting. Reduced synchronous inertia results in a higher
rate of change of frequency following a contingency event.
The impact of such a trend on the frequency responsiveness
of the future combined system will vary significantly with
system and conditions, however, evolution of the frequency
response capability of the system is inevitable and must be
well understood in order to develop operational strategies to
ensure secure and stable system operation. The effectiveness
of the mechanisms put in place for the inclusion of synthetic
inertial control will play a key role in the ability of wind
generation to improve the frequency response of the system.



Assuming that the inclusion of a synthetic inertial re-
sponse from wind generation is of technical and economic
value to the system, it is implied that the response from
wind generation may displace services otherwise provided
by conventional plant. While wind generation can indeed
provide a frequency response, the actual ’value’ of this
service must be identified in order for it to be accommodated
in normal system operation and future ancillary service
markets. At the outset, it is important to recognise the
limitations of the technology. All synthetic inertial controls
rely on active power controls and detection of the system
frequency event and so cannot impact on the initial rate
of change of frequency (ROCOF). Depending on the size
of the system, the ROCOF may or may not be an area
of concern for operators. For example, on small systems,
the initial rate of change of the system frequency, which
may be used to trigger ROCOF relays on other equipment
cannot be improved by the employment of synthetic inertial
controls. Furthermore, the power/energy provided by syn-
thetic inertial controls can only act in a temporary time
frame and must ultimately be paid back.Sustained responses
cannot be provided by turbines operating below rated wind
speed in normal (not curtailed) operation. As such, the
value of synthetic inertial controls from wind generation
lies in arresting the rate of change of frequency in the time
frame subsequent to the intial ROCOF, as well as improving
the nadir. In light of these response characteristics, it is
important that any incentive or requirement for synthetic
inertial controls from wind generation is designed for the
rapid delivery of the service, in recognition of its true value
to the system.

The island system of Ireland and Northern Ireland is
taken as an example in this paper due to its ambitious
wind generation targets (40% electricity from renewables by
2020) for a single synchronous system, and already reaching
instantaneous penetrations of 50% on numerous occasions
[16].

IV. SYSTEM OPERATION

Traditionally the level of reserve and inertia available on
power systems across all time frames has been relatively
deterministic in nature. System operators have been capable
of dispatching the required level of reserve and ensuring suf-
ficient inertia to meet defined standards. With the inclusion
of synthetic inertial controls from variable resources such
as wind generation, however, the nature of this previously
dispatchable resource is likely to become more uncertain
in nature. Using historic data from Ireland and Northern
Ireland some noteworthy trends in the variability of the
potential resource can be observed. In Figure 1 the number
of turbines online in the combined Ireland and Northern
Ireland system, based on historic wind power output data
from all major wind power plant on the combined system,
is illustrated. It can be observed that while the number of
turbines operating is relatively deterministic at low and high
levels of system wind generation, the number of turbines
contributing at mid wind generation levels is likely to vary
more as the geographical distribution of wind varies across
a system. For example, for a system-wide wind generation
level of 0.3 pu the proportion of turbines (fixed-speed and

variable-speed) operating on the system may vary between
0.5 and 1 pu. i.e. the distribution of the aggregate wind
profile may comprise of a number of turbines operating at
medium/high wind speeds or a lower number of turbines
operating at lower wind speeds.

Fig. 1. Proportion of turbines online

However, due to the impact of synthetic inertial response
provision on the operation of a turbine, it is likely that
turbines operating at low levels will not be required to
provide a response to a frequency transient. In Figure 2
it is assumed that only variable-speed turbines operating
above 0.2 pu can be expected to provide an emulated inertial
response. As a result, the shape of the number of turbines
available to provide a response and the curve region of
greatest variability is shifted to the right compared to the
number of turbines online in Figure 1. Fixed-speed wind
turbines

Fig. 2. Proportion of turbines capable of providing response

In Figure 3, the power output probability distribution
of the turbine fleet capable of contributing a response is
illustrated in more detail, for varying system-wide wind
generation levels. While the proportion of those turbines
enabled with synthetic inertia which are capable of providing
a can be seen to vary, the degree of variability can also
be seen to diminish as the system wind generation level
increases beyond 0.6 pu. The variance of the distribution
is significantly higher at lower system-wide wind genera-
tion levels, implying increased uncertainty when predicting
the frequency response capability of the combined wind
generation fleet at such levels. It should be noted that the
average capacity factor for wind generation on the island
of Ireland and Northern Ireland is 35%, [17] and so the
system wind generation level will often be in the region



of greatest uncertainty in terms of the number of turbines
capable of contributing a response, if fitted with synthetic
inertial controls.

Fig. 3. Probability distribution of proportion of turbines online for varying
system wind generation levels

A. Online resource assessment

As outlined in Section II, the response characteristic of a
wind turbine is dependent on its operating condition at the
time of the frequency event. Of the turbine fleet enabled with
a synthetic inertial capability, turbines operating at a low
level will not contribute a response, turbines operating suf-
ficiently above minimum speed, but below rated wind speed
will give a response but will experience an energy recovery
phase subsequent to the initial power injection, and turbines
above rated wind speed or operating in a curtailed mode will
avoid the energy recovery phase. In this analysis, turbines
across the system are divided into three operating bands,
below 0.2 pu (non-responsive), above 0.2 pu but below rated
and turbines operating above rated wind speed. Figure 4
illustrates the average trend in the proportion of turbines
operating in each of these states for varying system-wide
wind generation levels. For the purpose of this analysis, it is
assumed that turbines operating within each of the upper two
bands will provide similar responses, on average, regardless
of how wind speeds might vary within each band.It should be
noted that this figure does not capture the variability of the
output of turbines for various distributions. The proportion
of turbines operating at a low output, and thus not capable
of providing a synthetic inertial response, reduces from a
maximum at low system-wide wind generation levels. The
proportion of turbines operating above minimum speed but
below rated increases with increasing system wind, as does
the proportion of turbines operating above rated. It should
be noted here that Figure 4 represents historic data of wind
profiles. It is likely that future data may include a higher
proportion of curtailed turbines as instantaneous system wind
penetration level limits, network loading restrictions etc. are
reached more regularly.

Although the wind frequency response resource available
is not likely to vary as much as the wind power output, it
will display some uncertainty and variability in real time.
In Figure 5, the proportion of turbines operating above 0.2
pu, and thus capable of contributing an inertial response, is
plotted alongside the system wind generation level. It can
be observed that for medium wind generation levels, that
the number of turbines capable of contributing a response

Fig. 4. Turbine average operating levels

may vary over a short time frame because of the inherent
variability of the wind resource, and so a system operator
cannot assume an exact number of turbines for a given wind
forecast.

Fig. 5. System wind and turbines online time series

Identifying the number of turbines online and capable
of contributing a synthetic inertial response and its trans-
lation into a frequency responsive resource is an important
consideration for a system operator tasked with schedul-
ing sufficient reserve over all time-frames. Given that the
potential value added to the system by synthetic inertia
lies in the energy delivered during the initial frequency
descent, for the Ireland and Northern Ireland example, it is
suggested that this translates as the energy delivered in the
first 3 seconds subsequent to the event. As an illustration,
Figures 6 and 7 illustrate the present day frequency response
of the combined Ireland and Northern Ireland system for
different system conditions given a set of control parameters
optimised for this particular system [7]. Cases 1-5 repre-
sent system conditions with non-synchronous penetration
levels ranging from 3% to 50%. It can be observed that
the initial power increase of the proportional response and
hence energy delivered is similar despite a range of distinct
system frequency responses. While the response provided
by turbines operating above rated wind speed, or in a
curtailed state prior to the event, will not exhibit an energy
recovery phase, unlike those turbines operating below rated,
the energy delivered in the first 3 s is assumed relatively
constant. As a result, the 3 s energy resource available
on the system, in the case of a significant event, can be
assumed to be proportional to the number of turbines capable
of providing such a response, ignoring the inherent inertial



response contribution from fixed-speed wind turbines in this
analysis. While control approaches based on fixed controls
naturally deliver a fixed injection for any event on the system
if triggered, for controls based on df/dt or proportional
control structures it can be assumed that the energy delivered
in the initial 3 s period following the event does not vary
significantly on a per turbine basis, assuming that the control
parameters are optimised for the system in question [7]. This
time frame will vary with differing system dynamics in larger
systems.

Fig. 6. Ireland and Northern Ireland system frequency response

Fig. 7. Synthetic inertial response from wind generation

If it is assumed that the (3 s) energy delivered by turbines
for a significant event does not vary significantly, the poten-
tial resource available from wind generation can be quanti-
fied based on the number of turbines online and capable of
contributing a response. The cumulative probability function
of this resource is illustrated in Figure 8. For example, for the
curve representing system wind generation levels between
20 and 25% the resource available is above 0.36 pu 90% of
the time. Such probability curves allow the system operator
to determine the aggregate synthetic inertial resource for a
given confidence level. It should be noted that while the
3 s response may be considered independent of the longer
term response will vary with the operating condition of the
turbine.

B. Practical Implementation and Service Procurement

The question of whether wind-based frequency flexibility
should be acquired through grid codes or whether it is more
suited to ancillary service markets is relevant in the context
of the scheduling of frequency response capabilities from
wind generation and other technologies. While synthetic

Fig. 8. Cumulative distribution of 3 s energy resource available for different
system wind levels

Fig. 9. Time series including 90% probability

inertia offers measurable value to system operation [5], there
are challenges and risks associated with a dependency on
market signals for such a time critical service, which is
potentially provided through a range of individual control
solutions from different manufacturers. While it may be con-
sidered unfair to require a response without reimbursement,
it is vital that any incentive schemes for responses based
on active controls take account of the differing response
characteristics from active controls compared to those from
conventional plant. In the case that turbines are incen-
tivised to provide, for example, a particular sustained power
increase following an event, wind power plant operators
could attempt to maximise profits by formulating a response
which maximises their individual output. In the absence
of information on the behaviour of other generators, this
scenario could leave the system vulnerable to an aggregate
wind response which maximises generator revenue but is
potentially harmful to the system recovery, as illustrated
through the double dip in the frequency response caused by
significant concurrent energy recovery periods from a large
fleet of turbines in [7]. Thus it may be advisable for system
operators to clearly define the degree of freedom offered to
wind generators regarding the control structures employed.

Once the system operator has gained a good knowledge
of the nature of the response provided by wind generation,
the uncertain characteristics of the response are related to
the number of turbines contributing across the system and
the impact of their mechanical state at the time of the
event. The variability and uncertainty of the actual response
provided by individual turbines operating at similar wind
speeds is somewhat addressed by the aggregation of the
response across a large area and this paper illustrates that
the response can be predicted using historical data with some



confidence. Furthermore, with the addition of real-time wind
turbine output and availability data, the system operator can
update the forecast of wind generation frequency response
capability in future systems.

The communication network requirements for the aggre-
gate resource quantification and wind power plant reporting
requirements necessary for the frequency response resource
assessment proposed here do not exceed those already in
place in many grid codes incorporating significant wind
generation levels. For example, in Ireland and Northern
Ireland, system operators have real-time information avail-
able on the power output of each plant as well as the
availability of turbines within plant [18]. Therefore, the
suggested approach, of using data on the number of turbines
online for managing the response of wind generation would
therefore require minimal additional investment for system
operators.

The approach proposed here assumes prior offline optimi-
sation of the response from wind generators for a given tech-
nology penetration and installed wind capacity, as described
in [7]. Such off-line optimisation analysis would require
updating in line with any significant changes in the dynamic
profile of the system (e.g. yearly, with increasing installed
wind capacity). Assuming such analysis has been performed
on the dynamic performance of the system under extreme
events, the system operator can be confident in the impact of
the synthetic inertial response from wind generation across
the system.

V. CONCLUSION

The incorporation of synthetic inertial controls from wind
generation in future systems requires a new set of tools to
those traditionally employed in dispatching and/or predicting
short-term reserve sources. The uncertainty and variability
which must be considered when managing the aggregate
synthetic inertial response capability of a system, as well
as considerations by operators employing such capability is
presented here. Furthermore, before ancillary service market
incentives or grid code requirements are defined, the value
of the response offered by wind generation must be fully
appreciated. The probabilistic approach in this paper is
presented against the background of the suggestion that a
fast transient response from wind which is delivered prior to
the frequency nadir is optimal.

Effective coordination of a wind-based frequency response
on future systems will require a shift in many of the conven-
tional operating methods employed today, perhaps including
a more probabilistic approach to the scheduling of inertia
and short-term reserves. The optimal response from wind
generation will also depend heavily on the system setup and
the operating conditions of other plant. The communication
technology employed at wind power plant level will play
a crucial role in ensuring the reliability of supply and
monitoring a distributed and variable flexibility resource.
Care must be taken to ensure that the uncertainty associated
with response provision is minimised, while maintaining

relatively simple but robust operational rules for system
operators.
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