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Abstract— On the path towards an energy system powered
entirely by Renewable Energy Sources (RES), power electronic
converters will have to take over more and more functionalities
from synchronous generators to ensure a stable and secure
operation of the power grid. Moreover, it is widely recognised
that the use of Grid Forming Converters (GFC) is necessary to
fully meet these requirements. Over the last years, different
concepts have been developed to achieve grid forming
characteristics of static power converters. The next essential
step is to agree on an exact definition and specification of GFC
electrical behaviour as well as to define a suitable conformity
assessment procedure. For this purpose, standardised testing
guidelines for GFC are needed to assess those functionalities,
which are relevant for dynamic grid stability. As a BritishGerman joint work of the two research projects Battery-VSM
and VerbundnetzStabil, the first draft of such guidelines is
being currently developed.
One of the necessary characteristics which makes converter
a GFC is its ability to provide inertial response during the
dynamic frequency changes in the system. This paper focuses
on how to demonstrate and quantify an inertia-equivalent
behaviour of a GFC. The response to a transient system event
is quantified in terms of a damping factor D as well as an
equivalent inertia constant H. A few alternative methods are
proposed for empirical estimation of those parameters
accompanied by selected laboratory test results and practical
considerations.

as voltage sources, which are called Grid Forming
Converters (GFC). A categorization of inverter behaviour at
fundamental frequency is given in Table I shown on the next
page.
Over the last years, different control strategies have been
developed claiming to be grid forming. A review and
comparison of GFC control strategies is given in [2]. One of
today’s challenges is to reach a general consensus on the
behaviour of GFC, and its verification. A solution to those
two aspects is necessary for system operators, manufacturers,
and energy providers so that they can define the
specifications of their products for market integration, and to
ensure interoperability between different products.
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Fig. 1. Overview: Behaviour of Grid Forming Converters

I. INTRODUCTION
With the increasing penetration of Renewable Energy
Sources (RES) in electricity generation, more and more
energy is provided using power electronic converters.
Furthermore, we are moving towards a future where RES
together with battery storage can potentially supply all, or
close to all, of the system demand in many countries,
replacing Synchronous Generators (SG) used in conventional
power plants. [1]
Nowadays, the full scope of ancillary services is typically
provided by large synchronous machines. RES on the other
hand are typically installed in such a way, that they act as
sinusoidal current sources at fundamental frequency with
limited functionalities. These sources are called grid
following converters, controlling the current they feed into
the grid. However, in order to sustain system stability, RES
and storage systems will have to take over more system
functionalities. This can be achieved by converters operating

The desirable behaviour of GFC has been discussed in
recent studies, such as [3], [4], [5], [6] and [7]. An overview
of the main issues which need to be considered is given in
Fig. 1. The next step towards GFC certification is to line out
the required specifications and to formulate a suitable
conformity assessment procedure. First efforts on
formulating directives for GFC have been made in [8] and
[9]. As a British-German joint work of the two research
projects Battery-VSM and VerbundnetzStabil, a first draft of
a standardizing testing guideline for GFC is currently being
developed. It defines detailed test setups, calculation of
relevant device parameters as well as evaluation criteria.
Due to the complexity of the topic and the numerous
aspects that need to be taken into account, the session
entitled "Testing Grid Forming Converters" consists of four
contributions:
1. Specification of GFC and Definition of GFC
Behaviour,
2. Voltage Source Properties and Contribution to Power
Quality,
3. Inertial Response,
4. Overload Behaviour and Response to Grid Faults.

Table I. Inverter Behaviour at Fundamental Grid Frequency
Voltage controlled

Current controlled

Grid leading

Grid forming

Grid following

Grid supporting

Source type

Fixed voltage source

Controlled voltage source

Fix current source

Controlled current source

Control type

Provides fixed V & f (ref.)

Provides V & f (ref.), f(P), V(Q)

Follows P & Q (ref.)

Adjusts P & Q (ref.), P(f), Q(V)

This paper specifically focuses on the aspects of grid
forming behaviour related to inertial response. The inertia
and damping behaviour of a generator is first defined
(Section II), followed by a short review of modelling
approaches to describe such behaviour (Section III). Further
on, a few alternative methods are proposed for empirical
validation of the inertia parameters (Section IV), and a
discussion on the practical consideration of implementing
those methods in practice (Section V).
II. INERTIAL RESPONSE
The key requirements for GFCs in terms of voltage
source behaviour, power rating and required energy storage
to achieve the desired inertial response have been outlined in
Part I of this series. However, a few fundamental definitions
and relationships are also included here for reader’s
convenience.
According to GB operator National Grid’s ESO most
recent specification [10], inertia power is defined as “the
(start of an) instantaneous short-term transfer of active power
from the facility to or from the system following a system
frequency change as a result of an instantaneous change in
generation or demand on the system. This should occur
without the need for any change in the internal voltage
source of the facility.” As mentioned before, “instantaneous”
is meant to be a response within 5 ms.
Furthermore, the following equations are given:
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐻𝐻 ∙ 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝐻𝐻 =

|Δ𝑃𝑃| ∙ 𝑓𝑓0
2 ∙ 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ |𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅|

up to the current limitation of the converter. In [12], it is
suggested to keep a current headroom in order to being able
to provide inertia power even when operating stationary at
nominal power.
III. MODELLING OF GFC DYNAMIC BEHAVIOUR
Several implementations of converter controllers for grid
forming converters have been suggested in the literature [13].
In general, all of the most promising implementations mimic
the behaviour of a synchronous generator in different level of
detail. The common element of those implementations is that
they have an active power synchronizing loop inspired in the
swing equation. Fig. 2 shows the general representation of
the synchronous machine swing equation.
A family of grid forming converter controllers are based
on standard current control with an outer loop to mimic the
behaviour of a synchronous machines [14]. This outer loop
provides the current references and angle to the converter
control. Another family of grid forming converters are based
on the direct implementation of the swing equation and a
voltage controller, similar to the synchronous machine [15].
Direct swing equation-based controllers have the ability to
provide a faster response but the fault ride through in case of
a fault might be challenging as no current control structure
exists.

(1)

(2)

with 𝐻𝐻 being the inertia constant similar to a synchronous
machine, 𝑆𝑆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 being the rated apparent power of the GFC,
𝑓𝑓0 being the system frequency before a frequency event, and
Δ𝑃𝑃 being the active power increment as a result of a
frequency event with a given constant RoCoF.
Regarding the damping, the UK’s Grid Code draft [11]
states that the damping active power is “the active power
naturally supplied by a grid forming plant as a result of
oscillations in the total system. More specifically, damping
active power is the result of an oscillation between the
voltage at the terminals of a grid forming unit and the voltage
of the internal voltage source of the grid forming unit”.
As inertia is most commonly characterised by the swing
equation of a synchronous machine, it is generally
considered beneficial that the GFC’s inertial behaviour
should also be parametrised in the same way, namely by
inertia constant 𝐻𝐻 and damping factor 𝐷𝐷 . This way, the
GFCs inertial behaviour could be conveniently adapted to
existing grids [12] as the meaning and significance of those
parameters is well understood both in theory and operational
practice.
As for all characteristics of GFCs, inertia power,
damping power and phase jump power can only be provided

Fig. 2. Second order synchronous machine model assumed for represent
GFC behaviour

IV. EMPIRICAL ESTIMATION OF INERTIA AND DAMPING
PARAMETERS
A. Time Domain Based Method
One possibility to estimate the inertia and the damping
parameters is to analyse the time domain behaviour of the
GFC. This method is based on a comparison between the
GFC behaviour with a reference model in order to
approximate the inertial response parameters.
The first step is to define an appropriate reference model.
As the inertial response of the GFC should be similar to the
synchronous machine, it is reasonable to use a simplified
physical model of the SM. Since the dominant behaviour in a
synchronous machine is defined by the swing equation, this
approach uses the 2nd order differential equation represented
by block diagram in Fig. 2.

GFC model

With the assumptions:
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝛥𝛥𝜔𝜔𝑃𝑃𝑃𝑃

= 0

𝛥𝛥𝛥𝛥 = 𝛿𝛿 𝐺𝐺𝐺𝐺𝐺𝐺 − 𝛿𝛿 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑑𝑑𝛿𝛿 𝐺𝐺𝐺𝐺𝐺𝐺 1
𝐺𝐺𝐺𝐺𝐺𝐺
= 𝛥𝛥𝜔𝜔𝑃𝑃𝑃𝑃
𝑑𝑑𝑑𝑑 𝜔𝜔0

Refere

(3)
(4)

(5)

and the model in Fig.2, the state-space model can be
written as shown in equations (6) and (7).
�
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As can be seen, the reference system has two state
𝐺𝐺𝐺𝐺𝐺𝐺
𝐺𝐺𝐺𝐺𝐺𝐺
, and two inputs, 𝛥𝛥𝑃𝑃𝑃𝑃𝑃𝑃
and
variables, 𝛿𝛿 𝐺𝐺𝐺𝐺𝐺𝐺 and 𝛥𝛥𝜔𝜔𝑃𝑃𝑃𝑃
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
. For the characterisation purposes the GFC must be
𝛿𝛿
perturbed by one of the inputs. The first option is applying a
step function by changing the reference point 𝛥𝛥𝑃𝑃𝐺𝐺𝐺𝐺𝐺𝐺 of the
GFC. However, in practice this would not be feasible as in a
commercial converter the power reference is not likely to be
applied to the inertia loop directly. Therefore, a change of the
grid phase angle is a much more reliable choice for
disturbance signal. After the reference model in time domain
as well as the GFC trigger signal are defined, the model
parameters can be approximated using a step response,
denoted as ℎ𝐺𝐺𝐺𝐺𝐺𝐺 (𝑡𝑡).
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �

𝑡𝑡=𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒

�

𝑡𝑡=𝑡𝑡𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

|ℎ𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡 , 𝐻𝐻, 𝐷𝐷, 𝐾𝐾𝑋𝑋 ) − ℎ𝐺𝐺𝐺𝐺𝐺𝐺 (𝑡𝑡)|� (8)

The parameters to optimise are the inertia constant, 𝐻𝐻 the
damping factor 𝐷𝐷 and the maximum transmission power 𝐾𝐾𝑋𝑋 .
In order get better results, the parameter space can be
reduced by calculating 𝐾𝐾𝑋𝑋 , as the used impedances are
known.
To validate the accuracy of the time domain model
approach, several simulations with different inertial constants
and phase jumps are carried out. The simulations are done
with a detailed GFC model, including a VSM with a
underlying voltage control combined with a model of the
hardware. The results can be seen in Fig. 3. The blue curve is
the response of the GFC model, the orange curve the
reference model with the approximated parameters.
In Table II the approximated inertia and damping
parameters are shown (in the same order as in the
simulations). The total error is in case of the inertia constant
𝐻𝐻 between 10.0% and 16.7%, whereas the damping error
variates between 11.1% and 14.2%, so this can be seen, in
both cases, as reasonably accurate. In order to reduce the
influence of measurement noise (and/or other side effects),
the test can be performed with a few different angle steps.

Fig. 3. Response of the GFC to phase jumps with different inertial settings
Table II. Approximated inertia constant of Fig.3
𝐷𝐷 [pu]

Actual

𝐻𝐻 [𝑠𝑠]

Approx.

Error

Actual

Approx.

1

1

1.167

16.7%

20

22.748

13.7%

2

1

1.17

17.0%

20

22.834

14.2%

3

5

5.59

11.8%

20

22.216

11.1%

4

5

5.5

10.0%

10

11.129

11.3%

Case

Error

B. Frequently Domain Based Method
In control theory, a typical way of characterising any
dynamic linear system is through transfer functions and
associated Bode or Nyquist plots. Those can be very useful
for visually assessing various dynamic characteristics of the
generator which otherwise can be difficult to separate, such
as droop, inertia and damping. In the paper [16] an
innovative method termed Network Frequency Perturbation
(NFP) was introduced where a Bode type characteristic of an
inverter was obtained by modulating the voltage source
frequency according to equation (9).
𝑓𝑓 = 𝑓𝑓0 + 𝛥𝛥𝛥𝛥 cos(2𝜋𝜋𝜋𝜋𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 )

Where:
𝑓𝑓0 = 50 Hz
𝛥𝛥𝛥𝛥 = 0.5 Hz (modulation amplitude - 1% of 50 Hz)
𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 – frequency of the modulation in Hz.

(9)

The test is repeated at changing values of modulation
frequency and the power response ∆𝑃𝑃𝑝𝑝𝑝𝑝 is captured each
time, in terms of amplitude and phase of the resulting steadystate power modulation. The response characteristic is
defined as R, a ratio of the per-unit power response (output)
to the per-unit value of frequency perturbation (input), as
shown in (10).

𝑅𝑅 =

∆𝑃𝑃𝑃𝑃𝑃𝑃
∆𝑓𝑓
� �
𝑓𝑓0

(10)

Using the simplified synchronous generator dynamic
model shown in Fig. 2, implemented in Matlab/Simulink,
the Bode plot characteristics can be derived for different
values of inertia constant and damping as shown in Fig. 4
and Fig. 5. It can be easily observed that inertia constant H
has an impact primarily on the slope hight of the magnitude
characteristic at low frequencies (denoted as RH) and the
horizontal position (natural frequency 𝜔𝜔𝑛𝑛 ) of the peak
response, while the damping coefficient D impacts mainly on
the sharpness and vertical position (amplitude) of the peak
response. Those observed features can, therefore, be used to
estimate values of H and D from an experimentally captured
Bode plot.

𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
(11)
�
𝑓𝑓0
Alternatively, it is also possible to obtain H from the
known (i.e. assessed from the plot) value of the natural
frequency 𝜔𝜔𝑛𝑛 , and the expression for this frequency (12)
which depends on the inertia constant H. Again, with all
other parameters being known, the value of H can be
established by rearranging (12).
𝑅𝑅𝐻𝐻 = 2𝐻𝐻 �

𝜔𝜔𝑛𝑛 = �

𝐾𝐾𝑥𝑥 𝜔𝜔0
2𝐻𝐻

(12)

In order to obtain a damping factor D the shape around
the amplitude peak response can be used. As described in
[17] three frequencies need to be found, one corresponding
to the peak response (𝑓𝑓𝑛𝑛 ), and the other two (𝑓𝑓1 and 𝑓𝑓2 ), one
on either side of 𝑓𝑓𝑛𝑛 , with amplitude 3dB below the peak, as
shown in Fig. 6. With those three frequencies the value of the
damping quality factor Q can be calculated as:
𝑄𝑄 =

𝑓𝑓𝑛𝑛
𝑓𝑓2 − 𝑓𝑓1

(13)

Knowing that the damping ratio 𝜁𝜁 is related to the
1
damping quality factor as 𝜁𝜁 = , and at the same time the
2𝑄𝑄
damping ratio can be expressed as:
𝜁𝜁 =

𝐷𝐷 2𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺
�
4 𝐻𝐻𝜔𝜔0

(14)

where 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 is the per-unit reactance between the system
voltage and the generator (or converter) internal voltage, the
value of D can be derived from equation (14).
Fig. 4. Impact of inertia constant on the Bode characteristic

Fig. 6. Establishing the damping quality factor from the Bode plot

Additionally, both parameters H and D can be obtained
through curve fitting of the measured amplitude
characteristic points into the known amplitude response
equation (15) obtained from the transfer function
representing the generator swing equation (refer to Fig. 2).
Fig. 5. Impact of damping factor on the Bode characteristic

First, looking at the inertia constant H, its value can be
derived from the known expression describing the asymptote
RH as shown equation (11). By choosing a single point i (or
an average of several points to achieve higher accuracy) on a
linear part of the amplitude characteristic we can obtain 𝑅𝑅𝐻𝐻(𝑖𝑖)
and 𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁(𝑖𝑖) and thus calculate H by rearranging (11).

|𝑅𝑅|(𝜔𝜔) = �

𝐾𝐾𝑥𝑥 ⋅ 𝑗𝑗𝑗𝑗
�
𝐷𝐷 ⋅ 𝑗𝑗𝑗𝑗 𝐾𝐾𝑥𝑥 𝜔𝜔0
(𝑗𝑗𝑗𝑗)2 +
+
2𝐻𝐻
2𝐻𝐻

(15)

A curve fitting based example is presented in Fig. 7
where the dynamic simulation model of a synchronous
machine was utilised to obtain the frequency characteristic
which was subsequently fitted into the equation (15) in order
to obtain the unknown values of H, D and Kx. It is worth
noting that the curve fitting based method can deal with more

than two unknowns, as it was in this case. The assumed
value of the machine inertia constant in this example was
H=5.2s and the value obtained from the estimation was
Hest = 5.56s.

During steady state,
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 = lim �
𝑠𝑠→0

−2𝐻𝐻

2𝐻𝐻 2
𝐷𝐷
𝑠𝑠 +
𝑠𝑠+1
𝐾𝐾𝑥𝑥 𝜔𝜔0
𝐾𝐾𝑥𝑥 𝜔𝜔0

= −2𝐻𝐻 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝

× 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 �

(22)

thus, the inertia constant can be calculated by the measured
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 as shown in (23).
Fig. 7. Establishing H and D through amplitude characteristic curve fitting

Selected results of inertia parameter estimation using
frequency-based methods applied to synchronous machine
model are included in Table III.
Table III. Comparison of actual and estimated H using the
frequency ramp method
Method

Measured
parameter

Assumed
value

Estimated
value

Error

Low-frequency
asymptote

H

5s

4.85 s

3.0%

Peak-response

H
D

5s
40

4.64 s
41.96

7.2%
4.9%

Transfer function
curve fitting

H
D

5s
40

4.68 s
36.84

6.4%
7.9%

𝐻𝐻 =

−𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝
2 × 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝

(23)

In this method, the damping factor could not be estimated
directly. Therefore, if damping factor is required, then the
time or frequency domain methods can be used as discussed
in previous sections.
Fig. 8 shows the results from simulating an analytical
model shown in Fig. 2 with D = 40, a frequency ramp of 0.2
Hz/s, and H = 2, 4 and 6 respectively. From the measured
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 shown in Fig. 8 and using (23) the values of can be
calculated as 2, 4, and 6, which align well with the previous
analysis.

C. Constant Frequency Ramp Tests
As illustrated in (2), for synchronous machines, when the
grid frequency decreases with a constant rate, i.e. with a
constant RoCoF, the SGs will release a near constant inertia
power during steady state (assuming the frequency deviation
is relatively small). Therefore, for grid forming converters
emulating SG’s inertial response, similar response is
expected. Based on the block diagram shown in Fig. 2, the
follow equations (16)-(18) could be derived:
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝
2𝐻𝐻𝐻𝐻
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝐺𝐺𝐺𝐺𝐺𝐺
𝛥𝛥𝜔𝜔𝑝𝑝𝑝𝑝 = 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝
− 𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝
𝐾𝐾𝑥𝑥 𝜔𝜔0 𝛥𝛥𝜔𝜔𝑝𝑝𝑝𝑝
1
2
𝐺𝐺𝐺𝐺𝐺𝐺
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 = 𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝
+ 𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝
=
+ 𝐷𝐷𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝
𝑠𝑠
which yield:
𝐺𝐺𝐺𝐺𝐺𝐺
𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝
=−

−𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

Therefore,
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 =

𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝

𝐾𝐾𝑥𝑥 𝜔𝜔0 𝑠𝑠
=
𝐾𝐾 𝜔𝜔
𝐷𝐷
𝑠𝑠 2 +
𝑠𝑠 + 𝑥𝑥 0
2𝐻𝐻
2𝐻𝐻

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
̇ 𝑝𝑝𝑝𝑝
𝐾𝐾𝑥𝑥 𝜔𝜔0 𝑠𝑠𝛥𝛥𝛥𝛥𝑝𝑝𝑝𝑝
−𝐾𝐾𝑥𝑥 𝜔𝜔0 𝛥𝛥𝛥𝛥
=
𝐾𝐾 𝜔𝜔
𝐾𝐾 𝜔𝜔
𝐷𝐷
𝐷𝐷
𝑠𝑠 2 +
𝑠𝑠 + 𝑥𝑥 0 𝑠𝑠 2 +
𝑠𝑠 + 𝑥𝑥 0
2𝐻𝐻
2𝐻𝐻
2𝐻𝐻
2𝐻𝐻
𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(16)
(17)
(18)

(19)

(20)

̇ 𝑝𝑝𝑝𝑝 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 , therefore:
In the per-unit system, 𝛥𝛥𝛥𝛥
−2𝐻𝐻
𝛥𝛥𝑃𝑃𝑝𝑝𝑝𝑝 =
× 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝
2𝐻𝐻 2
𝐷𝐷
(21)
𝑠𝑠 +
𝑠𝑠 + 1
𝐾𝐾𝑥𝑥 𝜔𝜔0
𝐾𝐾𝑥𝑥 𝜔𝜔0

Fig. 8. Simulation of analytical model with different configured H.

To further validate the frequency ramp testing method,
simulation is also conducted in a test network model with
detailed SG and GFC models as illustrated in Fig. 9. In this
test network, a SG model and a battery-GFC system model
are both connected to a controllable voltage source, which is
used to emulate the grid. The frequency ramp is achieved by
controlling the controllable voltage source, and the SG and
GFC were tested separately via the use of the switches
shown. The test results are shown in Fig. 10. In the tests, a
frequency ramp of 0.2 Hz/s (i.e. 0.004 pu/s) was applied
from t = 5 s for 10 s. The power response from the SG and
the GFC are shown in last two plots in Fig. 10, which can be
used for calculating H via (23). The rating of the SG and
GFC are both 246 kVA. The comparison of the estimated
and actual values for H (i.e. 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 and 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 ) are presented in
Table IV.

Fig. 9. Test network for frequency ramp tests

Table IV. Comparison of actual and estimated H using the
frequency ramp method
SG

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝

Δ𝑃𝑃𝑝𝑝𝑝𝑝

0.0158 pu

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒

1.975 s

𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎
2s

1.25%

2

GFC

-0.004pu/s

0.0324 pu

4.05 s

2s

102.5%

3

GFC

0.0478 pu

5.975 s

4s

49.25%

Case

Device

1

Error

Fig. 10. Simulation of detailed SG and GFC models

It can be seen that when applying the method for the SG
model, the result aligns very well with the actual configured
H value with only an error of only 1.25%. However, in the
tests for the GFC unit, the errors are relatively large. This
could be due to the following reasons:
• The rated apparent power base that is actually used in the
control loop is different from the claimed capacity of the
GFC unit. This could typically be resolved by checking
with the manufacturer who supplies the model and GFC
system. In this case, the base power has been checked
with the model supplier, confirming the consistency of
the base power used.
• The controller of the GFC has additional control loops
that lead to the behaviour of the system being different
from the analytical model presented in Fig. 2. In this
particular case, it is considered that there is a slower
outer control loop being implemented which leads to the
slow decrease of the power over time. Furthermore,
there could also be other built-in mechanism in the
controller to intentionally overdamp the GFC to ensure
stability. This raises the question whether the flexible
implementation of the GFC could lead to difficulties in
the testing, and it is important to have a high level
knowledge of the controllers to determine whether a test
method is suitable or not. Those issues need to be further
explored in detail in relevant expert workgroups and
standardisation committees.
V. DISCUSSION AND COMPARATIVE ANALYSIS OF INERTIAL
RESPONSE TESTING
There are several ways inertial response could be
measured on a physical GFC, depending on the converter
rating, availability of testing equipment, and the purpose of
the test (factory/prototype testing or network operation
commissioning). All such tests can be generally classified
into two groups.
Firstly, a controlled voltage source can be utilised, with
sufficient power so that the device under test (DUT) does not
influence the applied voltage waveform. This is believed to
be the most reliable and definitive test as it captures a
response to the actual disturbance but is limited by the power
and availability of the dedicated test equipment.
Secondly, a low power control signal input can be
utilised within the converter (if available) to provide the
required disturbance mimicking the actual system event,
while the terminal voltage of the converter is kept constant.
This is only possible if the required disturbance signal is
made accessible within the controller by the manufacturer.
One alternative to this solution would be that instead of
providing a signal input (which could be seen as risky by
some manufacturers), the converter firmware could perform
the whole test procedure such as NFP internally using an
internally generated sinusoidal signal. In fact, such features
are already available on some modern designs but currently
only accessible for development purposes – the process is
still quite manual to operate on site, and to perform the data
analysis. When it comes to voltage phase jumps, applying an
internal step to the bridge phase angle is relatively
straightforward, and the resulting interaction with the system
is more-or-less the same as if a real phase step happened at
the grid. The same method can also be used to “inject” fake
RoCoF ramps in a similar way, using a parabolic phase
trajectory instead of a step.

Table V. Comparison of Methods for Evaluating the inertia response from GFCs
Method type
Time domain method

Advantages
•
•

Frequency based method

•
•

Frequency ramp method

•
•

Limitations

Angle and/or power step can be
performed more easy
The result (both H and D) can be
obtained from a single test

•
•

Vulnerable to measurement noise
Less accurate compared to frequency based
methods

High accuracy and robust against
measurement noise
Can identify adverse control
interactions as the whole frequency
spectrum is obtained

•

Grid voltage emulator (or amplifier) is
required, which can be difficult for large GFC
systems
Number of tests required is much higher
compared to the other two methods.

For GFCs system that has close to a
SG’s inertial behavior, relatively high
accuracy can be achieved.
Easy to implement the test, where only
a frequency ramp is required to apply
on the GFC.

•

Finally, the safest (but perhaps not fully reliable) method
would be to test the controller response only by coupling it
with a real-time simulator such as RTDS.
The methods based on converter control signal
perturbation (e.g. PWM reference voltage phase angle) are
suitable for any generator size and can, therefore, be used for
the purposes of large power park commissioning tests, which
power grid providing a fixed voltage source. It should be also
noted that the frequency-based analytical methods are only
suitable for characterising linear systems, or the systems
which can be assumed linear in the vicinity of the steady
state operating point. Therefore, when deriving the frequency
characteristic empirically it is important to bear in mind the
maxim allowable power oscillation amplitude. To do so, the
magnitude of the input signal modulation needs to be
carefully controlled, especially as the modulation frequency
increases. Typically, the active power modulations should be
kept below 1-3% of rated power, otherwise some concerns
may arise about vibrations coupling through to mechanical
systems (e.g. in a wind-park), especially at certain
modulation frequencies.
Based on the such practical consideration and taking into
account the indicative parameter estimation accuracy as
presented in this paper, Table V includes a comparative
analysis of different testing methods with their strengths and
perceived limitations.
VI. CONCLUSIONS
Three different groups of methods to assess the inertia
and damping performance of grid forming converter
controllers have been presented. All presented methods are
based on the synchronous machine swing equation. The time
domain, frequency domain and frequency ramp methods
have shown a potentially good accuracy in estimating the
inertia and damping time constants. The selection of the
methods will depend on the availability of equipment or
internal signals to perform the test, specific characteristics of
the converter controller, as well as its size.
More detailed analysis and the development of standard
testing guidelines are needed, in order to facilitate rapid and
safe adoption of the GFCs which offer software-based
implementation of inertial behaviour.

•

•

Similar to the frequency-based method, a grid
emulator is required, which can be difficult
for large GFC systems
It is difficult (if not impossible) to assess
damping coefficient
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