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ABSTRACT Wind turbine (WT) control is being adapted to enable inertia provision that supports network
frequency on short timescales. Measuring the inertia contribution from wind turbines is critical to asses the
provision of the service as well as understand the WT operation. However, inertia measurement methods
disagree on the impact of the wind and how to approximate its effects. This paper uses data from a
ScottishPower Renewables (SPR) test of a grid connected wind farm to highlight that wind can impact inertia
provision and that external network power measurements are unable to measure the inertia. Two proposals
are made to improve inertia measurements. First, the International Electrotechnical Commission (IEC)
industrial standard for WT inertia measurement is adapted, and secondly, an alternate method using system
identification is proposed that considers characteristics of the WT’s dynamic response. The measurement
methods from the literature and the proposals are assessed using the output of time-domain WT models to
find the sensitivity of their accuracies to variations in the wind, frequency, and control-setting conditions.
The methods from the literature are inaccurate during variable wind conditions but the proposed approaches
improve the accuracy. The findings of the sensitivity study are then validated by applying the measurement
methods to the SPRwind farm experimental data and confirm that the proposed system identification method
is the most accurate measurement approach.

INDEX TERMS Inertia provision, power system stability, system identification, wind energy generation.

I. INTRODUCTION
The inertia of synchronous generators (SGs) acts as an energy
storage that instantaneously responds to rapid imbalances in
power generation and demand. The inertial power constrains
the rate of change of frequency (ROCOF) on the network to
low levels during the first instances after disturbances [1].
SGs are being displaced by energy sources that are interfaced
with power converters, which remove the electromagnetic
coupling between generator and grid. Wind turbines (WTs)
are one of the most common displacing technologies [2]. The
displacement of SGs reduces the energy storage available
to rapidly balance power and risks severe frequency vari-
ations [3]. Low inertia levels and frequency instability are
affecting systems with high penetration of power converters
such as Ireland and Great Britain, which have to curtail power
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converter interfaced generation to maintain system
security [4], [5].

Power converter control has the ability to respond quickly
to system changes [6] and to operate flexibly throughout
different conditions [7]. The rapid response allows convert-
ers to emulate SG behaviour and provide a similar inertial
response. Inertia provision is possible from many energy
sources interfaced by a converter, including: WTs [8], energy
storage systems (ESSs) [9], and interconnectors [10].

The conventional WT Current Control strategy is grid
following (GFL) as it uses a phase-locked loop (PLL) to
synchronise the power output with the grid [11]. A simple
ROCOF dependent power adjuster is added to the control,
which varies the output during a frequency event [8]. The
strategy faces complications in low-inertia systems, however,
as the PLL can struggle to synchronise with rapidly changing
grid angles [11]. An alternative synchronisationmethod could
be used such as the frequency-locked loop using multiple sec-
ond order generalised integrators [12].
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TABLE 1. Table of abbreviations.

Grid forming control offers an alternative that sets an
internal voltage, rather than following the grid [13]. Virtual
synchronous machine (VSM) is a family of grid forming
controllers (GFM) inspired by the dynamics of SGs that are
capable of desirable functions such as inertia provision [14],
black start capability [15], and stable operation in weak grids
[16]. The strategies include different representations of the
swing equation that vary the converter output in response to
grid power imbalances [17]–[19]. Generally, the equivalent
inertia constant is defined by the control strategy’s parameters
and sets the magnitude of the inertial response.

Accurate inertia measurement is a key requirement to
enable the deployment of inertia-emulating control strategies
on WTs. GB’s National Grid Electricity System Operator
(NG ESO) have highlighted the need for increased monitor-
ing of GFM converter devices [20]. Themeasurement enables
the verification and understanding of the inertial provision
that is essential for a cost-effective and reliable service. With
the help of accurate measurement the provision can be regu-
lated in whichever form the System Operator (S0) desires.
ScottishPower Renewables (SPR) applied a VSM control
strategy to the grid connected Dersalloch Wind Farm (WF)
[21] and note that a simple inertiameasurement using external
frequency and power at the terminals of the WF is inaccurate
due to coinciding wind changes. [21] considered improving
the inertia measurement accuracy by using an internal control
signal to find the power baseline that the inertial response can
be identified above. This baseline should represent the power
output in steady state conditions, as if theWF experienced the
same wind and control settings but no frequency disturbance.
The data from the grid-connected experiment are assessed in
more detail in Section II and show that the internal signals
commonly used for inertia measurement do not account for
all of the wind-driven power variations.

Alternatively, the IEC industrial standard for measuring
WT inertia, detailed in the IEC standard 61400-21-1:2019
[22], suggests using an Available Active Power signal as a
power baseline to remove the wind’s impact. The IECmethod
uses a wind speed measurement to find the Available Active
Power baseline, which is then compared with the total power
injected at the WT’s point of common connection (PCC) to
find the inertial power change. The IEC method is recon-
structed for clarity in the Appendix in Fig. 8. Although the
IEC standard does not define Available Active Power, it is
thought to be equivalent to the NG ESO definition of Power
Available: a low bandwidth estimation of the energy in the
wind that can be extracted by aWT [23]. The Power Available
signal will be used in place of the Available Active Power
throughout this paper.

There are two main reasons that Power Available may not
be an appropriate baseline for inertia measurement. First,
inertia measurement needs to be able to resolve close to
instantaneous dynamics [14]. The Power Available does not
account for the mechanical inertia of the turbine, which deter-
mines the rate at which the WT’s electrical power output can
respond to changes in the power in the wind (on the order
of 10s of seconds for modernWTs). The signal cannot resolve
WT output on timescales <10 seconds, which overlaps with
the inertial response. Secondly, higher level controls may
move theWT power set point away from the Power Available
in the wind. For example, if the WT rotor speed is effected
sub-optimally the power set point will be adjusted to ensure
safe operation and eventual recovery [24]. Alternatively,WTs
might be ordered to curtail their output below the power in the
wind according to an energy balancing market [25].

Several other measurement tools have been pro-
posed in the literature to identify the inertia provided
by converter-interfaced devices, such as WTs. Discrete
time-domain phasor-measurement unit (PMU) power and
frequency measurements are used to fill a finite-difference
approximation of the swing equation and equate the
doubley-fed induction generator WTs with an equivalent
SG [26]. The order of the finite-difference approximation
of the swing equation is increased to improve the estima-
tion accuracy in [27]. Unlike [21], [22], both approaches
in [26], [27] assume the slower mechanical WT system does
not vary on inertial timescales so approximate the mechanical
power to be equal to the electrical power at the start of the
frequency event. By neglecting the wind’s impact the inertia
estimators can be simplified and operated using only external
information from the WT terminals. However, the accuracy
of this assumption has not been validated for type-4WTs that
are subject to wind variations.

The frequency-divider formula (FDF) [28] is used to
develop a generator rotor speed dynamic state estimator using
external power and frequency measurements and knowledge
of the system admittance [29]. Then, the Regulating Power
is defined using the FDF as the component of active power
that affects the grid frequency [30]. Both the generator rotor
speed and Regulating Power parameters are incorporated in
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TABLE 2. Review of inertia measurement techniques discussed in Section I.

an inertia estimator [31]. The estimator incorporates simple
deadband-threshold margins to remove the impact of compar-
atively small wind-driven power variations relative to a large
inertial response by an ESS with inertia constant H = 40 s.
However, a WT’s inertia constant is generally an order of
magnitude smaller so is more effected by the non-frequency
dependent power variations. The simple deadband-threshold
margins will either mask the smaller WT inertial response or
be skewed by the WT’s complex non-frequency dependent
behaviour, such as the rotor speed recovery and wind varia-
tions.

Reference [32] develops an estimator to measure SG iner-
tia on systems with high penetrations of renewable energy
sources. The tool is assessed and finds that the rapid fre-
quency support from GFL converters is delayed relative to
the SG inertia (resulting from the use of the PLL). An inertia
estimator is then developed that uses system identification
to fit parameters to two separate SG and GFL converter
models [33]. The estimator relates the rapid power pro-
vided by converters to inertia, but again, is affected by
the complex non-frequency dependent behaviour of WTs.
Moreover, the tool does not consider GFM inertia from
converters, which can respond on similar timescales to SG
inertia [20].

A comparison of inertia estimators agrees that SG
inertia can be isolated from the delayed GFL WT’s
frequency-supporting power response [34] but does not con-
sider inertia provided by GFM WTs. The slow time constant

and controllable nature of the SGs allows inertia estimators
to assume that the mechanical power is constant on inertial
timescales [35]–[37], similar to the assumptions made for
WTs in [26], [27]. However, as the penetration of converter
interfaced devices increases even the SG inertia estimators
have to be developed to account for the increasing impact of
the converter’s rapid power variations [38]. Reference [39]
highlights the increased complexity for inertia measurement
of energy sources interfaced by converters. Inertia measure-
ment methods specific to the technology and control type
are suggested to be developed [39], and while future work
accounting for the uncertainty of renewables is encouraged,
there is no explicit discussion of the wind’s impact on inertia
provision.

There is a clear need to define the impact of wind vari-
ation on inertia provision. The varying timescales of rapid
frequency support from SGs vs GFL converters vs GFM
converters has led to different approximations of the wind’s
impact, as shown in Table 2, which details and compares
the inertia measurement methods discussed in this Section.
This is a particular issue for GFM WTs, whose power
output is intrinsically dependent on the wind and whose
inertial-power response overlaps with both the conventional
inertia from SGs and GFL converter responses. The IEC
industrial standard approach for measuring WT inertia has
not been validated throughout wind variations. Moreover,
some approaches suggest WT inertia can be resolved using
external information [10], [27] despite others suggesting the
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FIGURE 1. Dersalloch WF PCC power and reference power in response to two different
frequency disturbances on (a) the 31st of May and (b) the 12th of June. The corresponding
frequency excursions are shown in (c) and (d).

impact of wind variations will decrease the measurement
accuracy [21].

This paper aims to address the uncertainty surrounding
the impact of the wind’s variation on WT inertia provision,
and hence its measurement. The paper then offers proposals
to improve inertia measurement methods. The significant
contributions are:

• The use of grid-connected Dersalloch WF experimental
data to assess the impact of wind on GFM inertia provi-
sion and its measurement.

• A proposal to improve the accuracy of the IEC industrial
standard approach for WT inertia measurement.

• The development of an alternative GFM WT inertia
measurement tool that accounts for the WT’s response
dynamics.

• A sensitivity analysis highlighting inertia measure-
ments’ accuracy throughout different wind, frequency,
and control conditions.

• Validation of the sensitivity analysis results using the
grid-connected Dersalloch WF experimental data.

II. DERSALLOCH WF INERTIA PROVISION
Data from the ScottishPower Renewables test of a
grid-connected VSM at Dersalloch WF, using
SiemensGamesa RE WTs, is shown in Fig. 1 during two
frequency disturbances. The experimental data is used here to
highlight the impact of wind on inertial response by real WTs
and how it impacts the accuracy of basic inertia measurement
approaches. Full analysis of the experiment is detailed in
[21]. The data includes the external signals that SPR use for a
conventional inertia measurement: the frequency and power
at the PCC. The internalWF reference signal is also included.

Both of the frequency disturbances pictured in Fig. 1 are
triggered by the tripping of the France-England Interconnec-
tor. On the 31st of May the WF is operating at a rated power
of 69 MW with an equivalent inertia constant of H = 4 s
when the interconnector trip drives a ROCOF of 0.11 Hz/s.
On the 12th of June the WF is operating at a rated power
of 60 MW with an equivalent inertia constant of H = 7.5 s,
now the interconnector trip drives a ROCOF of 0.08 Hz/s.

The WF power varies due to the wind’s impact during
both of the pictured operational periods. The changes occur
on short timescales that coincide with the timescales of the
inertial response.

The inertia estimators for power systems [36], [37] and
WTs [26], [27] suggest that the inertial response could be
measured as the difference between the initial and boosted
PCC power. The SPR experimental data can be used to
compare this power change observed on the grid with that
expected from the WF. Equation 1 calculates the expected
response 1Pexp using the WF equivalent inertia constant H ,
rated power Sn, and synchronous speedω0, and the maximum
ROCOF of the frequency event ω̇max :

1Pexp =
2HSn
ω0

ω̇max (1)

The expected power changes calculated using
Equation 1 for each event are 1P31/05,exp = 1.21 MW and
1P12/06,exp = 1.44 MW, respectively. The inertial power
changes measured as the difference between the initial and
boosted PCC power are 1P31/05,PCC = 0.54 MW and
1P12/06,PCC = 1.21 MW. The measurement using only the
grid power is incapable of resolving the inertial response,
particularly for the event on the 31st of May that coincides
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with a severe wind decrease and hence total power decrease.
The measurement inaccuracy on the 31st is also affected by
the low inertia constant, which drives a response that is small
compared to the wind driven changes.

Instead of using the initial PCC power, the converter
reference could be used to represent the inertial baseline
[21], however, the reference is an internal signal that is not
currently provided to the SO. Fig. 1 shows the WF power
reference for both events and highlights good tracking of
the PCC power outside of the frequency disturbance. Some
discrepancy is visible between the PCC and reference powers
during the speed recovery of the WT 15 to 30 seconds after
the initiation of each event.

The inertial power changes measured as the average differ-
ence between the converter reference and the PCC power are
1P31/05,ref = 0.83 MW and 1P12/06,ref = 1.34 MW. The
measurement using the converter reference as the baseline
gives power changes closer to the expected values but still
contains considerable error for the event on the 31st of May.
The discrepancy between the reference and the PCC power
during the speed recovery after the frequency event suggests
that the internal reference used here doesn’t account for the
impact of all of the (non-frequency dependent) operating con-
ditions on the power output, which is insufficient to remove
all of the error from the inertia measurement.

III. PROPOSALS TO IMPROVE INERTIA MEASUREMENT
A. IMPROVEMENTS TO IEC INDUSTRIAL STANDARD
To achieve accurate inertia measurement, the IEC Standard
method that was introduced in Section I needs to use a base-
line that is representative of the WT’s steady state operation.
Power Available is expected to be unable to resolve WT out-
put on short timescales as it fails to account for themechanical
and electrical systems between the WT rotor and the PCC.
The attempts to measure inertia in Section II suggest that the
initial PCC power is not an appropriate baseline either as it
doesn’t account for wind variations.

The maximum power point tracking (MPPT) reference is
proposed to be used as the baseline in an improved IEC
method. The MPPT reference is the power value that the
WT attempts to track to achieve optimal operation [40]. The
reference uses the rotor speed to determine the set-point so
will account for any event that affects turbine operation.
Assuming proper tuning of the converter, theMPPT reference
equates to the PCC power during steady state conditions.
It should be noted that the MPPT reference is inspired by,
but distinct from, the converter reference in Section II, which
didn’t account for the adjusted power during the turbine speed
recovery phase.

B. EQUIVALENT SWING METHOD
The IEC methodology uses a simple difference of two aver-
ages to measure the inertia. The improved IEC method may
accurately measure inertia using the MPPT baseline, how-
ever, if the reference is affected by improper tuning it could

introduce error to the inertia measurement. An alternative
approach, the Equivalent Swing method, is proposed that
derives the inertia constant from the properties of the dynamic
inertial response and not just from themagnitude of the power
change.

The Equivalent Swing method uses the same information
as the improved IEC method: the frequency at the PCC and
the inertial power change 1PMPPT (the difference between
the PCC andMPPT powers). However, the measurements are
input to a system identification algorithm to find the inertia
constant.
GSG(s) describes a SG’s PU inertial power output1PSG in

response to the frequency change input 1ω:

GSG(s) =
1PSG (s)
1ω (s)

=
−

kd
ω0
s2 − kss

s2 + kd
2H s+

ksω0
2H

(2)

kd is the damping coefficient, ks is the synchronising torque,
ω0 is the synchronous speed, and H is the inertia constant of
the SG. Reference [41] highlights that the damping provided
by SGs includes an external component through the damper
windings, whereas, VSMs provide virtual damping exclu-
sively through an internal path. Despite some differences
in the operation of the two devices, the Equivalent Swing
method assumes that the inertial response fromWTs is equiv-
alent to that from conventional SGs. A similar assumption is
made when equating VSMs and SGs in [42]. The Equivalent
Swing Method aims to identify the apparent synchronous
inertia that is provided to the grid so compares the WT
output with the SG transfer function in Equation 2 opposed
to a VSM specific transfer function. This may also allow
the methodology to be applied accurately to other control
configurations.

Considering this assumption, the measured frequency
change input to the WT 1ω and the measured inertial power
change output by the WT 1PMPPT are proposed to be fed
to the MATLAB continuos-time transfer function estimation
algorithm [43]. Both the power and frequency data streams
are pre-processed to remove any offset before system iden-
tification. The system identification estimates a 2nd order
transfer function Gest (s) that describes this inertial response
to a frequency disturbance:

Gest (s) =
1PMPPT (s)
1ω (s)

=
As2 + Bs+ C
Ds2 + Es+ F

(3)

Coefficients A, B, C, D, E , and F are the estimated
parameters that represent the measured WT system. If the
power change used for the identification is the exact inertial
response of the WT the estimated parameters in Gest (s) cor-
respond to the physical parameters they represent in GSG(s)
i.e. estimated parameter F equates to ksω0

2H .
Parameter B is an estimate of the negative synchronising

torque that can be used with parameter F and the known
synchronous speed to find the estimated inertia constantHest :

Hest =
ksω0

2F
=
−Bω0

2F
(4)
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FIGURE 2. Electromechanical model of PMSG WT connected to the Thevenin Equivalent representation of the
grid. The converter control blocks are also included. The constant parameter values are detailed in Table 3.

IV. SENSITIVITY ANALYSIS
A sensitivity analysis is carried out to find the accuracy of
a range of the reviewed and proposed inertia measurement
methods (from Sections I and III, respectively) throughout
wind variations. The methods are also assessed to ensure
that they are robust for different frequency events and inertia
constant settings. The inertia is measured using the rele-
vant power and frequency signals (for each measurement
method) output by a model of a type four inertia providing
WT. The accuracy of the methods throughout the sensitivity
scenarios are defined relative to the inertia constant set in the
model’s control. The methods that are assessed are detailed
in Section IV-A, the model is detailed in Section IV-B, and
the sensitivity scenarios are described in Section IV-C.

A. MEASUREMENT METHODS
Four measurement methods are subject to the sensitivity anal-
ysis. The first method is the Standard IEC Method, which
measures the inertial response as the mean power change
from the onset of the frequency disturbance to the nadir
between the PCC power and the Power Available baseline.
Power Available is calculated as:

PAvlb =
1
2
ρπR2Cpu3 (5)

ρ is the air’s density in theWT rotor radius R, Cp is the power
coefficient, and u is the wind speed. The secondmeasurement
method is a variation of the IECmethod, which uses the initial
PCC power as the baseline, and is named the Initial Power
IEC Method. This method is representative of the existing
external information available for inertia measurement and of
the approximation made for the wind in some of the inertia
estimators in the literature [26], [27], [36], [37]. The third IEC
method uses the mean MPPT reference during the frequency
event as the baseline, as proposed in Section III-A. This
method is referred to as the Improved IEC Method.

Finally, the Equivalent Swing Method, proposed in
Section III-B, is subject to the sensitivity analysis.

B. WIND TURBINE AND NETWORK MODEL
A generic 3 MW direct drive WT is modelled (and pictured
in Fig. 2 in terms of mechanical, electrical, and control com-
ponents). The full electromechanical model is necessary to
capture the interaction of both the wind and the frequency
[40]. All turbine, grid, and control parameters can be found
in Table 3.

TABLE 3. WT, network, and control parameters.

The WT rotor is connected to a permanent magnet
synchronous generator (PMSG) via a single-mass drive-
train model, as outlined in [44]. The PMSG is modelled
as described in [45] and is linked to the network via a
back-to-back voltage-source converter.

The generator converter uses a conventional current control
strategy, whose active current reference is set by a DC link
controller. The network converter uses a 2nd order VSM that
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directly feeds a voltage angle and magnitude to the waveform
modulation, similar to the control topology described in [46].
The VSM damping ζ is set to 0.31 and the inertia constant
H is set according to the sensitivity scenario, as detailed in
Section IV-C. The VSM uses a voltage controller to regulate
the network voltage.

The VSM power reference is fed by the MPPT scheme
described in [40]. The MPPT power (PMPPT ) is dependent on
the WT mechanical parameters including: the gearbox ratio
GBR = 1, the rotor speed ωr , and the WT characteristic
parameters [c1 . . . c9]:

PMPPT =
1

GBR
KMPPTω3

r (6)

KMPPT =
1
2
ρπR5

c1 (c2 + c6c7)3 e
−
(c2+c6c7)

c2

c22c
4
7

(7)

C. SENSITIVITY SCENARIOS
The sensitivity scenarios are grouped according to frequency,
wind, and inertia constant settings. Frequency and wind sce-
nario labels (FX and UX , respectively) refer to a specific
magnitude and rate of change of disturbance while inertia
constant scenario labels (HX ) simply refer to the equivalent
inertia constant.

All of the frequency disturbances, which initiate at t = 4 s,
are shown in Table 4. The magnitude of the frequency change
scenarios are: 0.1 Hz (representing a small deviation), 1 Hz
(representing the maximum permissible steady state fre-
quency deviation for European Grid operators [47]), and 5 Hz
(representing a large deviation considered in the ENTSO-E
document describing future grid needs [48]). The ROCOF of
the frequency disturbance scenarios are: 0.1 Hz/s (represent-
ing a low ROCOF), 0.5 Hz/s (representing a threshold that
activates Loss-of-Mains protection relays [49]), and 2.5 Hz/s
(also derived from the ENTSO-E document describing future
grid needs [48]).

TABLE 4. Frequency disturbance sensitivity scenarios.

Wind speed is constant at u = 8.5 m/s until a disturbance
is forced at t = 2 s. The wind speed is kept below rated
speed as the study is interested in the variation of power with
wind. A wind step-up or step-down du is applied, equivalent
to the maximum 20 second gust speed for each of the IEC’s
turbulent wind classes [50] (Equation 8 [24]):

du = umean

(
1+

[
1+ I0.42ln

(
3600
TG

)])
(8)

umean is the average wind speed, I is the turbulence intensity,
and TG is the gust period. Constant and smaller wind steps

are also applied to see the effects of less severe wind environ-
ments. All of the wind disturbances are detailed in Table 5.

TABLE 5. Wind disturbance sensitivity scenarios. Multiple wind scenarios
are grouped according the rate of change of wind speed.

Finally, the control parameters of the network side con-
verter are varied. The VSM inertia constant is varied between
three settings, all of which maintain stable converter oper-
ation but result in increasingly large inertial responses. The
range of inertia constants are detailed in Table 6.

TABLE 6. Equivalent inertia constant sensitivity scenarios.

V. RESULTS AND ANALYSIS
A. IMPACT OF WIND ON INERTIA PROVISION
Fig. 3 shows the Power Available for the WT (red line) and
the corresponding PCC Power output (blue line) during three
example scenarios from the full range of analysed condi-
tions. Each scenario is subject to frequency disturbance F2
and inertia constant H1 but different wind conditions: a)
step-down (U25), b) constant (U1), and c) step-up (U13).
The PCC power differs during the varying wind conditions

despite the constant frequency disturbance and inertia con-
stant. This confirms the findings of the Dersalloch tests that
inertia provision is affected by the wind [21] and that it needs
to be properly accounted for in measurement methods.

The impact of wind will affect the net inertial response
on the grid. Consider an under-frequency event: the total
power level will be reduced as the wind decreases (below
rated speed) and the magnitude of the inertial response is
diminished. Above rated, constant, or rising wind speeds
will not reduce the net inertial power injected to the grid
during under-frequency events, however, any upwards power
variationswill reduce the transparency of the inertial response
if inaccurate measurement methods are used.

B. STANDARD IEC METHOD ACCURACY
The mean of the Power Available (red dash) and the PCC
power (blue dash) during the frequency events (between
t = 4 to 6 s for the pictured frequency scenario F2) are also
included in Fig. 3. The twomean values represent the baseline
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FIGURE 3. Power signals and their representative values used to carry out the Standard and Initial
Power IEC Methods for (a) step-down (U25), (b) constant (U1), and (c) step-up (U13) wind
conditions. The inertia constant configuration is H1 and the frequency scenario is F 2 for all of the
pictured responses. The corresponding wind and frequency conditions are shown in subplots (d),
(e), and (f).

and boosted inertial power values used by the Standard IEC
Method.

Power Available is shown to overestimate the wind’s
impact on the WT baseline (Fig. 3). The baseline changes
instantaneously with the wind and at a greater rate than
the PCC power. During the wind step-down this results in
a low baseline and overestimation of the inertial response
(Fig. 3 a)). During the wind step-up this results in a high
baseline and underestimation of the inertial response to be
negative (Fig. 3 c)).

The Standard IEC Method remains unable to capture the
WT dynamics fully even during constant wind speeds; the
base power is overestimated by around 10 kWs (Fig. 3 b)).
The overestimation results from the inability of the Power
Available to account for the transformation of the power in
the wind to the electrical power injected to the PCC.

A particularly important feature of this process is the trans-
formation of the WT’s rotational kinetic energy (KE) into
electrical energy during the inertial response. By removing
KE the WT rotor is decelerated. As discussed in Sections III
and IV-A the WT operating point is determined by the rotor
speed. The rotor deceleration will reduce the power baseline
and, therefore, the total power injected to the PCC during
the frequency event, irrespective of the constant wind. Power
Available does not account for this baseline variation so the
Standard IEC Method measures a reduced inertial response.

Table 7 shows the range of errors (the estimated inertia
constantHest as a percentage of the constant set in the control)

TABLE 7. Range of inertia measurement errors (%) for tested methods
across the sensitivity scenarios.

recorded throughout the sensitivity study using the Standard
IEC Method. The inappropriate Power Available baseline
results in inaccuracies approaching 10000%. Fig. 4 a) shows
the Standard IEC Method error for frequency disturbance F2
as the wind and inertia constant scenarios vary. The measure-
ment is most inaccurate when the inertia provision coincides
with extreme wind step-ups or step-downs. The inaccuracy
translates to a larger percentage error for small power changes
resulting from low inertia constants.

C. INITIAL POWER IEC METHOD ACCURACY
The Initial Power IEC Method using the mean PCC power as
the boosted value (blue dash) and the initial PCC power as the
baseline (blue dot) achieves accurate inertia measurement for
constant wind conditions (Fig. 4 b)). However, the method
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FIGURE 4. Inertia measurement error for frequency scenario F 2 as the wind condition and
inertia constant changes. Subplots exhibit the error for different methods: a) Standard IEC
method, b) Initial power IEC method, c) Improved IEC method, and d) Equivalent swing
method.

fails to account for the impact of the wind after the ini-
tiation of the frequency event. For example, as the wind
speed decreases in Fig. 3 a), the mean PCC power decreases
and the apparent inertial power is reduced (to be negative)
relative to the constant initial PCC power baseline. The inertia
underestimation for wind step-downs and overestimation for
wind step-ups is visible in Fig. 4 b).
The Initial Power IEC Method achieves an absolute error

of 11% during the constant wind case pictured in Fig. 3 b).
This is similar to the errors reported by the other individual
device estimators in the literature that use an initial PCC
power baseline during constant wind conditions: 8% [26] and
4% [27]. Inertia measurement methods that approximate the
impact of the wind in this manner should also expect simi-
lar inaccuracies to those recorded for the Initial Power IEC
Method when subject to variable wind conditions (between
−420% and 740%).

D. IMPROVED IEC METHOD ACCURACY
Fig. 5 shows the MPPT reference (green line) and the PCC
power output (blue line) during a coinciding frequency dis-
turbance (F2) and wind step-up (U13). The MPPT tracks
the steady state PCC power accurately. The inertial power
change identified using the MPPT baseline is similar, but not
identical, to the Regulating Power signal [29] that is used in
the FDF based inertia estimator in [31]. The inertial power is
the WT power that responds to changes in frequency above
the MPPT reference, however, variations in the remaining

FIGURE 5. (a) Power signals used for the Improved IEC method and
(b) the corresponding wind and frequency conditions.

portion of the WT output set by the MPPT reference will also
affect the network frequency.

The Improved IEC Method achieves good measurement
accuracy; the maximum absolute error for the entire range of
sensitivity scenarios is 17% (Table 7). The accuracy of the
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Improved IEC Method is independent of wind disturbance
and inertia constant, depicted by the constant error contour
in Fig. 4 c).
Although the FDF based inertia estimator considers the

variation of the wind it is not applied to an inertia providing
WT [31]. The FDF based estimator is applied to a large
inertia ESS, whose inertial response is easier to resolve, and
who does not experience the complex WT dynamics such
as the transformation of KE to electrical power. In contrast,
the Improved IEC Method has been proven to measure WT
inertia accurately and can improve the existing industrial
standard.

E. EQUIVALENT SWING METHOD ACCURACY
Fig. 6 shows the estimated output of a WT inertial response
using the system identification stage of the Equivalent Swing
Method. The estimated output depicts the accuracy of the
estimation by passing the measured frequency (the input to
the WT system 1ω) through the identified transfer function
(the representation of the WT system Gest (s)).

FIGURE 6. System identification estimated output compared to measured
MPPT inertial power change output for wind step down (U25). The inertia
constant setting is H1 and the frequency scenario is F 2.

The identification is independent of the wind conditions
due to the use of the MPPT baseline. The system identifi-
cation process achieves a fit of at least 97% between the
measured power output and the estimated output for all of
the sensitivity scenarios, proving the accuracy of the approx-
imation of the WT inertial response to a 2nd order system.

Using these well fitted models, the Equivalent Swing
Method is the most accurate of the tested inertia measure-
ment methods. The maximum absolute error is constrained
below 0.50% (Table 7). Fig. 4 d) shows higher error for wind
step-ups and for higher inertia constants but the consistently
small error means the trends are not significant.

The accurate inertia measurement proves the applicability
of the Equivalent Swing methodology to VSM WTs but the
approach may face issues when applied to WTs that do not
explicitly emulate SGs. However, the accurate relation of
the SG swing equation to the inertial response of a Current
Control based strategy in [27] suggests that the SG equiv-
alence may be appropriate beyond VSMs. The steady state
equivalence between VSMs and GFM droop controllers has
been discussed in [46], [51], which suggests that the SG
equivalence could remain accurate for other GFM converters
as well.

F. SENSITIVITY TO FREQUENCY DISTURBANCE
The measurement methods are subject to frequency dis-
turbances with varying frequency change magnitudes and
ROCOFs to ensure they remain robust throughout a range of
events. Fig. 7 shows the inertia measurement sensitivity to the
frequency disturbance properties for a wind step-down (U25)
and inertia constant H1. Frequency disturbance F1 (with
frequency deviation 0.1 Hz and ROCOF 0.1 Hz/s) is plotted
independently from the contour as it doesn’t share its low
frequency change or ROCOF with other scenarios. The Stan-
dard and Initial Power IEC Methods show sensitivity to the
ROCOF. The inaccuracy introduced to both methods by the
baselines contributes to a larger error when the ROCOF and
inertial power change are smaller. The direction of the error
is dependent on the given wind step-up and the respective
overestimation (Standard IEC Method) and underestimation
(Initial Power IEC Method) of the wind’s impact by each
method. For example, during the pictured frequency event
F1, wind step-down U25, and inertia constant H1, the Stan-
dard IEC Method overestimates the inertia measurement by
6100%, whereas, the Initial Power IEC Method underesti-
mates the same scenario by 270%.

The methods that incorporate the MPPT have reduced
dependency on the frequency disturbance properties com-
pared to the Standard and Initial Power IEC Methods. How-
ever, the Improved IEC Method regularly overestimates
frequency event F4, which has a deviation of 1 Hz and a
ROCOF of 2.5 Hz/s, by around 10% more than other events.
The Equivalent Swing Method is generally least accurate for
either frequency event F4 or F1, but again, the low error
magnitude means this is not a weakness in the measurement
approach.

VI. APPLICATION OF METHODS TO DERSALLOCH
EXPERIMENTAL DATA
The inertia measurement methods that are assessed through-
out the sensitivity study are applied to the data from the
SPR Dersalloch inertia provision test. The objective is to
validate the accuracy of each method when applied to real
WT systems.

The measurement methodologies used in this Section are
the same as those described in Section IV-A other than a few
key approximations that had to bemade due to the availability
of the experimental data. The Standard IEC Method uses an
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FIGURE 7. Inertia measurement error for a wind step-down (U25) and inertia constant H1 as
the frequency change magnitude and ROCOF vary. Subplots exhibit the error for different
methods: a) Standard IEC Method, b) Initial Power IEC Method, c) Improved IEC Method, and d)
Equivalent Swing Method. Frequency disturbance F 1 is plotted as an independent point from
the contour.

approximated Power Available for the entire wind farm. The
MPPT reference is replaced with the wind farm converter
reference for both the Improved IEC and Equivalent Swing
Methods. The inertia constant measured by each method is
recorded as a percentage error of the inertia constant of the
wind farm during the given disturbance. Although the exact
structure of the WT control is unknown, the wind farm is
known to operate with an inertia constant of H31/05 = 4 s
on the 31st of May and ofH12/06 = 7.5 s on the 12th of June.
Table 8 shows the inertia constant measurement errors

using each method for both disturbances. In general, the Der-
salloch data confirms the findings of the sensitivity study.
The Standard IECMethod is the least accurate approach. The
Power Available baseline overestimates the impact of the
wind, which is exhibited by the large overestimation of
the inertial response (340%) on the 31st of May that coin-
cides with a severe drop in wind. The underestimation of the

TABLE 8. Range of inertia measurement errors (%) for tested methods
when applied to the Dersalloch experimental data.

inertia constant by 160% during the same disturbance by the
Initial Power IECMethod confirms its underestimation of the
wind’s impacts. The less severe wind conditions on the 12th
of June do not provide as conclusive results for the Standard
and Initial Power IEC Methods.

The Improved IEC Method that was proposed in
Section III-A achieves better inertia measurement accuracy
than the existing measurement methods. However, the use of
the alternate reference as the baseline introduces more error
(between 25% and 33%) than is observed when using the
MPPT reference throughout the sensitivity study (constrained
below 17%). The sub-optimal baseline signal also reduces the
accuracy of the Equivalent Swing method for the Dersalloch
data. However, the system identification approach is able to
capture the dynamic response of the wind farm and constrains
the error to be less than 13% during both events. By extending
the inertia measurement to consider properties of the dynamic
response the Equivalent Swing Method is able to remove
some of the error introduced to the Improved IEC Method
by the alternate converter reference baseline. The Equivalent
Swing Method is confirmed to be the most accurate approach
to measure WT inertia.

VII. CONCLUSION
This paper assesses the impact of wind variations on iner-
tia providing wind turbines. Existing methods available to
measure WT inertia disagree how to approximate the wind’s
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effects on the rapid power injections. Particular focus is paid
to the IEC industrial standard, which is thought to use an
inappropriate Power Available baseline to measure inertia
from. The need for internal information to accuratelymeasure
inertia, such as the Power Available, is also assessed.

The analysis of data from a test at a grid connected Scot-
tishPower Renewables wind farm confirms that inertia pro-
vision is affected by wind variability and that it should not
be neglected from inertia measurement. The simple approach
using the difference between the initial and boosted external
PCC measurements was incapable of accurately measuring
the inertia, particularly during large wind variations.

A type 4 wind turbine model is subject to a sensitivity
study. Four measurement methods are applied to the simu-
lated data to assess their accuracy throughout varying wind,
frequency, and inertia constant conditions. The methods that
are assessed are: the Standard IEC Method and the Initial
Power IECMethod, from the literature, and the Improved IEC
Method and the Equivalent Swing Method, the two methods
proposed in this paper.

When the Standard IEC method uses the Power Available
as the baseline it is found to be very inaccurate (errors as
large as −9800%). The Power Available overestimates the
impact of the wind on the short timescales and may not be
appropriate for inertial analysis, despite being proposed to
increase transparency of wind turbines on longer timescales.
The sensitivity study finds the Initial Power IEC Method to
underestimate the wind’s impact during the inertial response.
The error in both methods is worse when the ROCOF is low
and the wind’s impact masks the small inertial responsemore.
The results of the sensitivity study confirm the findings of the
grid connected wind farm that external data is insufficient to
measure WT inertia, however, the internal Power Available is
not the appropriate solution.

The IEC Method is proposed to be improved by incor-
porating the maximum power point tracking reference as
the baseline. The reference is an alternative internal signal
that provides an accurate representation of the WT steady
state conditions and enables accurate inertia measurement
(maximum error of −17%). An alternative approach to the
IEC method is proposed that accounts for the full inertial
response dynamics. This alternative, the Equivalent Swing
Method, is the most accurate inertia measurement across
all of the sensitivity scenarios (error less than 0.50%). The
tested measurement methods are then applied to the Dersal-
loch Wind Farm experimental data to confirm their accuracy
for real-world wind turbines. The Equivalent Swing Method
is also found to be the most accurate inertia measurement
method for the experimental data but as the MPPT reference
is not available the maximum error extends to 12%.

APPENDIX
IEC STANDARD INERTIA MEASUREMENT
The IEC inertia measurement method is reconstructed
in Fig. 8 from the IEC standard [22]. The wind speed, span-
ning five seconds before to five seconds after the frequency

FIGURE 8. IEC WT inertia test methodology, reconstructed from [22]. The
power and frequency signals, inertial power bands, and operating time
periods are included.

event, is used to find the Available Active Power. The differ-
ence during the frequency event between the power measured
at the terminals of the WT and the Available Active Power
gives the inertial power, which can be compared with the
frequency measured at the terminals of the WT to determine
the inertial properties.
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