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Abstract

The assessment of compliance with grid codes requirements can be challenging
for researchers and (early stage) technology developers. To tackle this problem,
a generic grid code is proposed in this article that defines certain requirements
aimed for future scenarios with high shares of renewables. The proposed
code is not linked to a particular grid of a certain region or country. The
requirements are expressed in a mathematical way, in contrast to the legal
format of real grid codes, to enable for easier implementation. The parameterised
expressions enable for easy customisation for specific use cases. The compliance
is assessed through reference under/over voltage test events and a test frequency
disturbance, to which desired responses are specified. Detailed dynamic tolerance
bands are defined around the desired responses, using linear parameterised
functions providing a clear and continuous definition that leaves little room for
interpretation. This generic grid code is inspired by the present regulations,
especially the European grid code framework (ENTSO-E RfG) and the Irish grid
code, which is seen by many as a benchmark regarding wind power integration.
However, the generic grid code includes additional requirements that are not
commonly part of grid codes today, including requirements covering asymmetric
faults and inertia-like response to frequency deviations.

1. Introduction

Grid codes are technical specifications that define requirements mainly for
generation units connected to electricity grids, including wind power plants
(WPPs). Standardised grid codes are usually published by transmission system
operators (T'SOs) in most of the developed countries [1].

The writing style and organisation of grid codes as legal regulation documents
usually differ significantly from other technical documents. Moreover, grid codes
are lengthy documents with large numbers of pages such as the Irish grid code
with 340+ pages [2]. These issues pose challenges to researchers, either in
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academia or industry, and other stakeholders. However, some articles provide
technical summaries/reviews [1, 3], as an attempt to simplify grid codes formal
documents to brief and technical-only articles.

The current research efforts in the field of grid codes are focused on compliance
tests for different control methods [4, 5, 6, 7] and grid code reviews [8, 9] in order
to summarize the requirements of several TSOs. Additionally, some researchers
focus on market-oriented grid codes studies [10], particularly, the impact of
ancillary services provision and retribution strategies to secure the necessary
amount of support to ensure grid stability during disturbances, and the various
methods to incentivise WPPs. However, and according to the authors’ best
knowledge, a generic grid code which is researcher-friendly, concise and purely
technical version of a comprehensive grid code has not been proposed yet in the
literature.

Grid codes can differ significantly across TSOs. This geographic diversity
makes it challenging to get a clear and compact general overview on grid code
requirements. The ENTSO-E aims to develop a uniform grid code framework
for Europe [11, 12]. Although the new European grid codes provide a positive
and encouraging step in the right direction, they still leave some key aspects
unspecified, referring instead to regulation by the relevant TSO. Many research
activities, including those focused on new wind turbine generator (WTG) control
concepts, are in many cases not linked to a specific TSO. It is therefore unclear
which grid code requirements could be used to assess potential grid code
compliance, and it could be impractical at an early development stage to evaluate
the compliance with every national and regional grid code. Hence, the proposed
generic grid code could tackle this issue.

WPPs are increasingly facing similar requirements to conventional power
stations, which is to some extent unavoidable, as the share of wind power in the
generation mix is growing. The adaptation process of grid codes for WPPs key
roles in system operation is not yet complete, and grid codes are expected to
evolve further in the near future [1]. In the same context, some research work,
including planning studies of WPPs integration is based on future scenarios.
Hence, it is not clear which requirements should be used to represent future
regulation.

To address these challenges, a generic grid code is proposed that defines a
set of requirements, whereby it provides a tool to demonstrate compliance in
future scenarios with high shares of renewables, without being tied to specific
geographic locations. The proposed generic grid code mainly targets researchers
and technology developers (e.g. wind turbine manufacturers). A preliminary
vision of this generic grid code were presented in [13], but the set of requirements
has evolved significantly since then. Although focused on wind power, the
applicability of the grid code requirements for photovoltaics (PV) plants and
battery energy storage systems (BESS) has also been briefly discussed in Section
3 of this article.

A framework for response requirements and tolerance bands for compliance
assessment is defined as mathematical equations, continuous (i.e. linear) functions
and block diagrams, to ensure consistency and facilitate its understanding.



This approach also avoids the discontinuities provided by non-linear piece-wise
expressions. Furthermore, using this mathematical way to express requirements
offers advantages compared to the common practise, as it is short and precise,
and as it leaves significantly less room for uncertain interpretations. This generic
grid code framework is substantiated into specific requirements through a set of
tabulated parameters. If necessary, the potential users of this generic grid code
could customise the requirements to the power system under investigation
by adjusting the relevant parameters. This mathematical approach could
serve as an inspiration for the further developments of generic grid codes [14],
where ENTSO-E could provide the equations and block diagrams with relating
parameter ranges, while each T'SO could set the parameters valid for his specific
region within the provided range.

The main requirements provided are displayed in Figure 1. These requirements
are inspired by the ENTSO-E grid code framework [11, 12] as well as the Irish
grid code [2], which is seen by many as a good example regarding wind energy
integration. A comparison with some of the key grid codes is given in table 1.
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Figure 1: Overview of key requirements

The generic grid code defines advanced requirements such as the provision of
synthetic/virtual inertia for frequency support and the inclusion of unbalanced
fault response for voltage support during fault ride-through procedures. Both of
these requirements are not commonly addressed in current grid codes, although
their provision is reflected in the regulatory framework derived from ENTSO-E.
The specifications also consider the incurred delays and filters which form a part
of the measurement process to obtain the necessary signals to provide the aimed
response.

In the light of the previous discussion and literature review, this article has
three main contributions. First, the development of a generic grid code that
facilitates compliance assessment decoupled from a specific geographic location



Table 1: Grid codes comparison

ENTSO-E EirGrid Generic

Aspect \ Grid Code RIG Grid Code

Fault ride through requirement
Symmetric fault response
Active/reactive current priority
Asymmetric fault response
Sym./asym. current priority
Voltage/frequency support priority
Frequency disturbance ride through
Frequency disturbance response
Frequency disturbance fast response

Synthetic inertia

stepwise
partial

Transient compliance specification

against the foreseen requirements that acknowledge the future challenges of
high wind power shares in the generation mix. According to the authors’
knowledge, this has not been comprehensively discussed in the literature yet.
Second, the definition of advanced requirements such as unbalanced fault ride
through, and synthetic inertia provision, which are commonly not acknowledged
in detail in the current grid codes. The third contribution is the mathematical
approach to response specification and compliance assessment with tolerance
margins as continuous linear functions. This mathematical approach to express
the requirements avoids discontinuities like piece-wise boundaries, and it is
advantageous compared to the common practise, as it is short, precise and allows
little room for interpretation.

In Section 2, voltage deviations are addressed, and in Section 3, frequency
excursions are addressed. In Section 4, the conclusions of this work are given.

2. Voltage-related Requirements

Voltage support is a key requirement in grid codes to maintain voltage stability
in the grid, mainly during disturbances, e.g. symmetric and asymmetric faults.
In the event of a short circuit, the voltage will drop suddenly at the network
buses which are in proximity to the fault location. A loss of load could also
cause a sudden rise in voltage. Hence, generation units have to provide certain
responses to enable quick and smooth recovery to nominal voltage. Moreover,
the voltage level has to be maintained as close to nominal value as possible
during and after the fault clearance.



2.1. Processing of voltage measurements

Voltage measurement yields three phase voltages as instantaneous values.
Based on these measured voltages, the positive and negative sequence voltages
are derived. The positive sequence voltage V; is referred to as grid voltage. The
negative sequence voltage V; is used additionally to determine the behaviour
during asymmetrical faults, in both overvoltage and undervoltage situations.

Figure 2 shows the determination of the sequence voltages, which are the input
parameters for Fault Ride-Through (FRT) requirement and control response. An
application example of the RMS voltage calculation can be found in international
standards as IEC [15] and the separation into positive and negative sequence
[16] (abc — 120) could be performed in several ways, for instance as proposed
in [17].

Table 2 is supplying the related parameters, which are based on [18].
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Figure 2: Processing of measured grid voltages
Table 2: Voltage measurement processing parameters
Parameter | Min. Recommended Max. ‘ Unit ‘ Explanation
Ty, 0 0 20 ms | time delay
' 5 10 20 ms | filter time constant

For compliance assessment, the WTG current in the sequence domain should
be determined in the same way as described here for the voltage.

2.2. Operational Range of the Grid Voltage
The operational range of the grid voltage, bounded by [V’gim, Vg ], is

1,lim->
defined as a +15 % tolerance around the nominal grid voltage V,.,. The relating
parameters are specified in Table 3. This is taken from the ENTSO-E grid
code [11] for the continental European synchronous area for voltage levels below
300kV. The specified time limitation is omitted in the proposed generic grid
code, stating that operation within this range has to be possible on a continuous
basis. This is based on the thought that the specified time intervals are longer
in comparison to all relevant time constants, indicating that they only affect
steady state operation. The continental European synchronous area was chosen,
as it has the strictest requirements. In the proposed generic grid code, this
characteristic is valid for all voltage levels and all synchronous areas.



2.3. Foult-Ride- Through Requirements

The ENTSO-E RfG [11] specifies a range of possible FRT requirements,
within which the relevant TSO may demand undervoltage-fault withstanding
capability. In the proposed code, the strictest requirement within the range
is considered. Overvoltage-faults are not treated in ENTSO-E, so the related
requirement of the generic grid code is designed based on the expected response
of conventional generators. The related parameters are specified in Table 3,
while the FRT curves are displayed in Figure 3.

Table 3: FRT curve parameters

Parameter | Value | Unit | Explanation

Vi 1.35 | pu upper extended operation limit
Vs 1.15 | pu upper normal operation limit

Viaom 1.0 pu nominal voltage

Vi 0.85 | pu lower normal operation limit
Vfaule 0 pu lower extended operation limit
Vg 0.5 | pu neg. seq. extended operation limit
Vo, 0.05 | pu neg. seq. normal operation limit



fault
‘/l,lim+
= norm
a ‘/1,1im+
— [ 1 1
— [ 1 1
=~ 1 [ ] ]
%}D (| 1 1
NOTIN | — | — — — = — —— ]
< ‘/1,1111'1— = 1 1 [ 1 .
ﬁo I I I
I I I
> | I I I |
. 1 i I
g I I I
I I I
n = 1 1 I .
5 1 1 1
o) 1 | 1
A H | = Upper Limit [
| e [ ower Limit
lﬁ?ﬂt L 1 I i
,lim-
0 % 3 15
2
fault
— ‘/2,1im
Sy
&)
o0
<
G
=
o
()
w2
. norm [
% ‘/Q,Iim
= 0

Figure 3: Fault ride through requirement

The FRT requirements refer to the maximum and minimum V; and V,
sequences. This is an aspect of novelty and ensures the comprehensive nature of
the proposed generic grid code, as a simplified approach that considers positive
sequence V; only could lead to problems. For instance, single phase overvoltage
are not necessarily detectable in the positive sequence, especially when the
pre-fault voltage, maintained on the other two healthy phases, was rather at the
lower end of the operational range. However, grid-connected assets should react
to counteract such an overvoltage (with a reaction in the negative sequence), or
at least they should be allowed to disconnect in such a case.

Two sequential events are considered as separate, if there is at least 15s
between them, meaning that the voltage needs to be at least 12s between Vo™
and Vii7i™ before a new event must be tolerated. This can be seen in Figure 3.



2.4. Response towards Voltage Changes

The required control response towards voltage disturbances in the grid is
described in this subsection. Reactive current is selected (rather than power) as
the compliance indicator of the applied control response. Reactive power could
be also a reasonable alternative, as it is used in some grid codes and generally
referred to in the electric power industry. However, the measurements and
calculation of power during the very early stages of fault and post-fault could
be challenging, making the utilisation of the directly measurable current more
practical and meaningful. The conceptual representation of the determination
process for current references as a function of the voltage measurements and
calculations are depicted in Figure 4 and the corresponding parameters are
summarised in Table 4.
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Figure 4: Block diagram of the voltage support
Table 4: Voltage support parameters
Parameter | Value | Unit | Explanation
VB +0.15 | pu pos. seq. dead band
VB +0.05 | pu neg. seq. dead band
Ky —-3.0 — droop constant
Imex 1.32 | pu maximum current

The active component of the positive sequence current I,; changes not
more than necessary. This is done in order to limit the impact on the active



power balance of WTGs and the grid. During undervoltage conditions, it
remains unchanged (I15'=1I:$"), which is inspired by [2, 19]. During overvoltage
conditions, it is scaled down according to the voltage rise beyond the upper limit
for continuous operation, to maintain constant active power. This is implemented
through the 'max’ control block in the upper left corner of Figure 4.

The reference for the active component of the negative sequence current is
always zero (I3 = 0), and does not depend on the grid voltage. The reactive
current references are functions of the voltages, for both positive and negative
sequence. The WTG is expected to be capable of delivering reactive current of
at least 50% of the active current. The converter needs to be rated according
to the maximum achievable current I™**, which is significantly higher than the
nominal current. Such high current rating is necessary to maintain full power
even at reduced voltage, and in order to allow the system to deliver reactive
current even when the WTG is operating at full active current. Considering
the minimum allowed grid voltage (V;"fi* =0.85pu), active current at full power
could reach 1/0.85=1.18 pu under normal operating conditions. The requirement
of an reactive current capability of 50% of the active current, leads to a minimum

value for [™ax:
1\ /05)\°
f Gy 2 ) =1.32 1
\/(0.85) +<0.85> P M)

Saturation blocks define the difference between the ideal instantaneous
response (I75",) and the actual reference to be applied (I'f',). The active
current still has priority, in order to limit the impact on the active power of
the wind generation, in order to avoid triggering generation-demand imbalance
issues in the grid. The prioritisation usually relies on the local voltage support
and global (system wide) frequency support. Voltage dips induced frequency
excursions, are to some extend unavoidable, even with priority on active current,
as maintaining the active power setpoint at lower voltage is not feasible due
to current restrictions. A loss of large offshore WPP due to nearby fault will
make the grid suffer a significant loss of generation. For example, the threshold
reserve in central Europe grid is still considered as 2 x 1.5 GW, which is the
installed capacity of two large nuclear power plants. Hence, the sudden loss
of this amount of wind power could trigger a frequency event, if the grid code
does not require sustaining the active current within the achievable limits during
the event. It is worth mentioning that, the Irish grid code implemented active
current priority a long time ago, due to the small size of the Irish grid and the
extensively growing share of wind power in the generation mix. Hence, the active
current priority is proposed as a countermeasure in this future-oriented generic
grid code. This means that the upper limit of the reactive current saturation
depends on the magnitude of the active current I™¢f. There is no prioritisation of
positive or negative sequence, hence, when the desired reactive current exceeds
the technical possibilities, both sequences are reduced to stay within the limits,
while maintaining the ratio between the sequences. The references in positive
and negative sequence are then added up after park transformation in order to




obtain the corresponding setpoints. The calculation procedure could be selected
by each manufacturer, depending on their control system strategy, and is not
imposed by the grid code; an application example can be found in [20]. Tt is of
note that in case of DFIG machines, the distribution between the amount of
current provided by the stator and the converter is regulated according to the
capacity of the installed converter (i.e. normally 30 —40% of the full rating of
the WTG). The exact implementation is decided by the manufacturer, while the
grid code considers the total current injected only.

2.5. Tolerance Band

There is a possibility that a real WPP might not respond perfectly with
respect to the grid code requirements, due to non-linearities, model simplifications,
controller limitations, measurement noise, etc., the compliance assessment with
the grid code requirements should allow certain deviations within reasonable
limits. A tolerance band that envelopes the ideal response is proposed. In order
to avoid discontinuities, a block diagram to compute the tolerance band as a
continuous function of the voltage is defined in Figure 5. The tolerance bands
are different for positive and negative sequence currents, and they are calculated
using the corresponding sequence voltage. The parameters that regulate the
tolerance bands evolution are expressed in Table 5.
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Figure 5: Calculation of the voltage support tolerance band

Table 5: Parameters of the voltage support tolerance band

Parameter | Value | Unit | Explanation

A8 40 ms filter time constant

K} 25 | - derivative gain

Ky 02 |- proportional gain

KY 0.1 | pu base tolerance band constant

The tolerance band is calculated based on continuous functions, however,
the voltage support is only triggered when the voltage deviation violates a

10



predetermined deadband, as shown in Figure 4. The tolerance band gets wider
according to the severity and the time-gradient of the voltage deviation. This
accounts to the fact that regulating the currents is more challenging at these
stages of the fault. Actually, phase-angle jumps usually occur during these stages
of the fault, which limit the ability of the generation unit to provide the required
FRT response, to comply with the grid code requirements due to the momentary
loss of synchronization. Hence, the proposed dynamic widening of the tolerance
bands provides a time window where the unit detects the new frequency and
phase-angle to trigger the required response by the grid code. The response
of a WT'G/WPP is considered compliant with the grid code requirement, if it
remains within the tolerance band, as illustrated in Equation (2).

I -Ia®| < 170
I -Ta)] < 190 @)
IO -Ta0)] < 0

L@l < 1

2.6. The test fault

The considered test fault (depicted in Figure 6) shows the evolution of the
grid voltage in phase domain in RMS. The figure also shows the positive sequence
FRT curve (in dashed line) where the WTG should remain connected and provide
voltage support. This test fault can be used for compliance assessment, and
the compliant response of a WTG is shown in Subsection 2.7. As seen, the
selected fault is not the most severe fault that the system must withstand since
in the initial short-term fault voltage range [0 - 1.35 pu] the plant must remain
operational.

This test fault is designed to check the behaviour of the system during strong
transient and during smooth transitions in the same test. It also represents the
profile requested by many European grid codes nowadays for FRT operations
where there are contemplated the initial fault transient, the second transient of
the fault clearance and the progressive recovery to normal operation.

Figure 6 represents the test fault curves in phase domain which is analysed
in both the positive and negative sequence and depicted in Figure 7. That
represents the same voltage profile as in phase domain but adding to the analysis
the unbalance of the grid voltage. This is achieved by applying a sequence filter
as shown in Figure 2.

The curves displayed in Figure 7a represent three different types of test faults:
single-phase (cyan line), two-phase (magenta line) or symmetrical three-phase
(green line) fault; both cases are included under- and overvoltage. As seen, the
voltage magnitudes show a great variability depending on the number of phases
affected by the fault, therefore the voltage support response should be done
accordingly.

The negative sequence is depicted in Figure 7b for the same fault situations
as previously described. The negative sequence is an indicator of the voltage
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Figure 6: Test fault (dashed lines show the FRT operational range)

unbalance that the network suffers during the fault. In particular, the absolute
minimum is zero (perfectly balanced grid) where the three phases have the exact
same voltage. In consequence, the negative sequence voltage increases as the
voltage at the three phases dynamically change to be more unbalanced, but
it does not have a negative value. Hence, only three curves are displayed in
Figure 7b, the negative sequence value is exactly the same either is an overvoltage
or an undervoltage situation and, also, for single- or two-phase faults if the faulty
phases retain the same voltage. Meanwhile, during symmetric faults the negative
sequence is zero since there is no voltage difference among phases.
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Figure 7: Test Faults in Sequence Domain
2.7. Response towards the Test Fault

An example of the compliance analysis is shown in Figure 8 for a single-phase
undervoltage fault and in Figure 9 for a three-phase overvoltage situation. In
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these plots, the evolution of the tolerance bands, the ideal responses and a
simulated response of a WTG model are shown. The depicted data corresponds
to the test fault shown in Figure 6, applied to the controllers shown previously
where it is assumed that the WTG is already generating its rated output (I,; =1),
which is a challenging scenario.

2.7.1. Ideal response

The active current is required to be constant in an undervoltage fault
(Figure 8a) in order to avoid exceeding the converter operational limits. During
the overvoltage incident, the active current is allowed to be reduced (Figure 9a)
in order to maintain the output power almost constant, reducing the stress
on the mechanical structure of the turbine. The reactive current injection
shall counteract the voltage deviation, making the sign of the reactive current
injection a function of the sing of the voltage deviation. It can be observed how
the reactive power is produced when a voltage drop is detected (Figure 8b),
while it is absorbed by the WTG when the voltage rises above its nominal value
(Figure 9b).

Moreover, during an asymmetric event, negative sequence reactive current
injection is required (Figure 8c). As observed in Figure 8, the negative sequence
compensation that provides support in unbalanced situations acts in parallel to
the reactive current positive sequence injection since both actions should happen
simultaneously in order to comply with the required voltage support. However,
when the event is symmetric (three-phase fault), this negative sequence response
is not triggered (Figure 9c).

2.7.2. Tolerance band

The differential part of the tolerance band calculation shows steep surges
following events of fast changing voltages, which commonly occur at the beginning
of the fault and after the fault clearance, as shown in Figure 8 and Figure 9.
During these very steep and fast overshoots, the tolerance band is widened, in
practise realising a time delay to the requirements; almost no specific behaviour
is enforced in the very first moment after both fault occurrence and clearance.
Hence, the proposed generic grid code considers the difficulty of precise current
control during such fast transients in real systems.

2.7.3. Compliance of a typical wind turbine generator

The grid code compliance studies are usually carried out to examine the asset
response to the test events provided in the grid code. In this article, the voltage
at the connection point of the WTG follows exactly the event voltage profile.
This is achieved by using a programmable grid model in MATLAB/Simulink.
Similarly, the frequency pattern of the test event is directly applied to the
frequency signal input to the supplementary controllers which enable the WTG
controls, where the WTG frequency support is assessed against the required
active power response as explained later in Section 3. Actually, many TSOs
apply the same approach to provide compliance certificates for newly connected
generation units.
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The proposed control method is applied to the benchmark Type 3 DFIG
model available in the MATLAB Simscape to examine its compliance with the
proposed generic grid code. It should be mentioned that, the grid short-circuit
capacity at the fault point should not affect the compliance test, as the grid
model is already programmed to imitate the voltage profile of the grid code
event (shown in Figure 6) regardless the generator response. This is the most
practical way to evaluate the compliance fairly without the interference of any
other factors. The analysis of the impact of generator response on the power
system behaviour during certain events at various operation conditions is a
different type of studies (i.e. power system dynamic stability). This type of
studies consider the impact of special controls that enable renewable generators
to provide ancillary services to the grid, and its impact on the grid voltage and
frequency responses compared to the original response (i.e. when the renewable
generator does not contribute to ancillary services).

The dq0 frame of the WTG converter is driven by the proposed controller.
The signals of the proposed grid code compliant simple control are processed to
match the conventional DFIG dg-frame control for the simulation cases. It is
worth mentioning that this article is focused on the development of the proposed
generic grid code, not the optimised integration of the proposed supplementary
controller into the conventional controls of WTGs. These simulations should
demonstrate that typical WTGs can comply, meanwhile better compliance could
be achieved by Type 4 WTGs due to the presence of the full rated power
electronics converter (PEC) which provides more flexible control. The incident
wind speed is set to 15m/s to ensure that the WTG is providing its rated
output before the occurrence of the examined voltage events. This is the most
common scenario in the literature where FRT methods are always tested at a
1 pu output to ensure their robustness, and exploit how the WTG could handle
this challenging situation during the fault.

The supplementary control is activated once V; violates the safe deadband
and stays operational until the voltage recovers and settles within the deadband
for a few seconds. The rated power of the integrated PEC of the WTG is 40 %
of its rated power.

This section shows the response to two events: 3-phase overvoltage and
unbalanced (1-phase) undervoltage. To maintain a reasonable article length, the
authors do not include the balanced (3-phase) fault. The 3-phase fault showed
very high alignment with the ideal response, and the authors thought it could
be more interesting to include the WTG reactions to the other two events.

As seen in Figure 8 and Figure 9, the WTG shows reasonable compliance
in the two examined events. However, after the voltage recovers to the safety
deadband, some deviation from the ideal response is observed. For example,
there is a slight deviation from ideal response of the active current positive
component (Fig 9-a) as the voltage recovers to the safe deadband. This could be
due to the deactivation of the voltage support controller when the voltage settles
within the deadband, hence, the WTG is driven by its conventional control. In
addition, the induction machine dynamics and the rating of the PEC play a role
in the process.
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It is also noted that the reactive current injected by the WTG into the
grid, achieves very high compliance with the ideal response during the most
critical intervals of the two events. These intervals are of top priority for TSOs.
Moreover, the WTG has successfully maintained a reasonable active current
during both events, which contributes to the smooth recovery of power generation
after fault clearance, mitigating the possibility of initiating a frequency event
due to power imbalance.
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3. Frequency-related Requirements

Modern WTGs are decoupled from the grid frequency dynamics via the
PEC, hence, the process of frequency support provision incorporates two stages,
frequency measurement and active power control to provide the aimed support.
This section describes the proposed frequency support requirements according
to the current practices relying on the common measurements approaches and
proposed support methods. As voltage dynamics are much faster than frequency
dynamics, and as voltage deviations are generally of shorter duration than
frequency excursions, it is acceptable and expected to prioritise voltage support
described in Section 2 over the frequency support. In practise, this means that
the frequency support is mandatory only if the voltage is within the regular
operation range. Particularly, when a short circuit event happens during a
frequency event, frequency support should be adapted or halted for a short
interval, to enable full voltage support during the fault. This article is focused
on the grid codes of large power systems. However, it should be mentioned that
island power systems of relatively smaller inertia and limited spinning reserve
could be more vulnerable to frequency events under operation with high shares
of wind energy. In addition, some aspects of the proposed generic grid code are
inspired by the Irish grid code, which represents a bright example regarding
integration of wind power into power grids of relatively small installed capacity
compared to larger grids like UK National Grid or the Spanish grid.

3.1. Processing of the Grid Frequency Measurement

Measurement challenges include communication delays and signal noise,
where frequency is measured at the Point of Common Coupling, which is also
called Connection Point in some literature. The Phase-Locked Loop (PLLs) are
commonly used to synchronise the grid-side converters with the grid, where the
frequency measurement signal is also used as an input to the supplementary
controllers that are integrated to provide frequency support [21]. However,
TSOs are expanding the integration of Phasor Measurement Units (PMUs)
at the key buses of the transmission systems, which should contribute to the
integration of more smart control methods leading to larger grid flexibility.
The frequency measurement is communicated it to the supplementary frequency
support controllers of the WTGs or the holistic controller of the WPP [22, 23, 24].
The delay caused by such process is between 20-30 ms relying on the quality of
the measurement equipment and possible interference of other factors [25]. The
model depicted in Figure 10 represents the common measurement process taking
into account potential delays. The relevant parameters are given in Table 6.

In addition, a low-pass filter is integrated to avoid undesirable noise and
responses to very fast frequency oscillations. The signal of frequency deviation
(Af) could be an input to compute the frequency support controller response
of power-electronics-dominated generation (e.g. renewable energy and energy
storage systems) [26, 27].
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Figure 10: Measurement of the grid frequency

Table 6: Frequency measurement parameters

Parameter | Min. Recommended Max. ‘ Unit ‘ Explanation

Jnom 50 50 50 Hz nominal frequency
T, 0 0 40 ms time delay
T/ 10 20 40 ms | filter time constant

8.2. Operational Range of the Grid Frequency

A WPP should be able to operate at frequencies as low as 49Hz on a
continuous basis, and down to 47.5Hz for a limited time where below 49 Hz
the load shedding protocols are activated, and below 47.5 Hz the generators
under-frequency relays are allowed to trip according to ENTSO-E Policy 5:
Emergency Operations. It has to tolerate frequency gradients of up to 2Hz/s
[12]. This defines the disturbance ride through characteristic, as displayed in
Figure 11. The generic frequency disturbance event, displayed in Figure 11,
is used to assess the compliance of a certain WTG model where two common
support methods are examined.
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Figure 11: Active power requirements
and test event
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Table 7: Active power requirements and test event parameters

Parameter | Value | Unit | Explanation
et 52 Hz upper extended operation limit
i 51 Hz upper normal operation limit
Sfoom 50 Hz nominal frequency
orm 49 Hz lower normal operation limit
st 47 Hz | lower extended operation limit

3.83. Response towards Frequency Changes

The developed frequency code requirements are based on the response of
the proposed PD controller, which means that a compliant response should
be in line with the response of the proposed supplementary controller. The
controller is shown in Figure 12 and the parameters are in Table 8. This PD
controller provides power surge (PEP), which is composed of two components:
one relies on frequency deviation, and the other is proportional to the RoCoF.
The proportional part reflects the response of conventional synchronous generator
with a certain droop (R), which helps TSOs to maintain the traditional system
dynamics during frequency excursions, at high shares of wind power. The
differential component of the controller mimics the natural inertia response of a
typical synchronous generator rotating parts.

The proportional frequency support is triggered when the frequency deviation
exits the deadband, but the differential part is always active (as shown in
Figure 12). The deadband could be also applied to the differential component in
a power system with sufficient natural inertia, but this future-oriented grid code
considers the scenario of low system inertia. In the extreme scenario of a 100 %
power electronics-dominated power systems, where all power converters have a
deadband around the nominal frequency, no stable operating point may exist
within the deadband. The impact of deadband width has been considered in
[28].

The TSOs do not apply certain control techniques to achieve the compliance,
hence the WPPs operators could apply their preferred control methods according
to their techno-economic studies. This could be similar to the proposed controller
or something different where the implementation of rate of change of frequency
(RoCoF) signal as one of the controller inputs is not mandatory. In particular,
any control design is compliant as long as it provides a response that is within the
required tolerance band. However, using RoCoF will enable an early detection
of frequency disturbances.

The proposed response and limits are given in per unit, and the outcome
is multiplied by the pre-event generation magnitude (P..), making the control
response relative to the actual power production preceding the disturbance. This
is a different approach compared to conventional grid codes where the power
step/surge is assessed against the rated power of the generator. In particular,
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Figure 12: Block diagram of the frequency support requirement

Table 8: Frequency support parameters

Parameter Value Unit | Explanation
foB 420 mHz | frequency dead band
4+ 0.0004 | pu
R 4 % primary droop constant
T, 10 S inertia time constant
PR £0.1 pu derivative component =+ limits
pr + 0.1 pu porportional component upper limit
pr —0.8 pu proportional component lower limit

the conventional approach is impractical for wind power, taking into account the
varying nature of wind speed, where WPPs provide their nameplate capacity for
only about 10—15% of the time [29, 30]. Moreover, the RoCoF-based response
component requires a power increase within a very short duration, which could be
challenging for WT'Gs due to the rate of change limits on active power set-points
implemented by WTG conventional controls. To provide this short-term power
injection, it could be useful to slow down the WTG to extract the available stored
kinetic energy in the rotating parts of the WTG, which is a widely investigated
concept in the literature. The latter concept is usually called virtual or synthetic
inertia, where the WTG emulates the natural inertia response of synchronous
generator through certain supplementary control loops which adjust the active
power setpoint based on the input frequency measurement. However, even using
the deloading support method only, the WTG could be able to provide both
the synthetic inertia as well as primary reserve due to the responsive nature of
the PEC that couple the WTG to the grid. Most of the proposed controls in
the literature apply a common approach, where the virtual inertia component
is dependent on the RoCoF as an input signal meanwhile the primary support
component relies on frequency deviation [31].
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3.4. Tolerance Band

Since a real WPP may not offer a perfect response due to wind speed
variations, non-linearities, model simplifications, measurement noise, controller
limitations, etc., the compliance with grid code requirements allows certain
deviations within reasonable limits. A tolerance band that envelopes the desired
reference value is implemented. In addition, it is challenging for renewable energy
sources, except hydropower and without the support of energy storage, to provide
constant response over time. The tolerance band also considers this mitigation.
In order to avoid discontinuities, a block diagram to compute the tolerance band
as a continuous function of the frequency and RoCoF is defined in Figure 13. The
parameters regulating the tolerance bands evolution are mentioned in Table 9.
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Figure 13: Calculation of the frequency support tolerance band

Table 9: Parameters of the frequency support tolerance band

Parameter | Value | Unit | Explanation

Ty 300 ms derivate component time constant

Tlﬁ 40 ms proportional component time constant
K} 25 - derivative gain

K} 1.0 | - proportional gain

K{ 0.5 | - integral component gain

K 0.02 | pu base tolerance band constant

The tolerance band is continuously calculated, likewise, the differential part
of the control does not have a deadband,hence, it is continuously active. However,
minor response of the differential part is contained within the tolerance band.
The tolerance band gets wider according to the RoCoF and the time-gradient of
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the RoCoF, i.e. second order derivative of frequency. The differential part of the
tolerance band calculation creates steep surges following events of fast changing
RoCoF (e.g. disturbances like disconnection of power stations or loads) as shown
in Figure 14. During these steep transients, the tolerance band is widened to
accommodate a practical time delay to the requirement where the behaviour
has reasonable freedom in the very early moment after severe disturbances. In
conclusion, the response of a WPP/WTG is considered compliant with the
proposed grid code, if it remains between the tolerance bands as illustrated in
Equation (3).

[Pres(t) = P(t)] < Piai(t) 3)

8.5. Frequency Response Compliance

The control response towards the frequency test signal Figure 11 and also the
compliance assessment according to the tolerance band Figure 13 are displayed
in Figure 14.

The ideal PD response (Figure 12) is the blue curve. The violet curve is the
response of a benchmark model of an NREL 5 MW [32] WTG that has been
equipped with a pitch deloading support method by the authors. In particular,
the control method proposed in [33], is adapted to achieve better alignment with
the proposed generic code, mainly by tuning the deloading ratio and kinetic
energy extraction droop constant. The proposed control method in Figure 12 is
not integrated into the WTG model, but the benchmark support method [33]
has been amended to match the Generic Grid Code requirements, such that the
WTG response settles within the compliance envelope. This is to demonstrate
that the grid code does not obligate a certain control method to be used, where a
reasonable and fair tolerance margin, i.e. the green area between the red curves.
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Figure 14: The power response towards the test disturbance

The green area refers to the acceptable range of responses, which includes
very high ramp-up rates up to infinity. This ideal response, (i.e. infinity ramp
up) to a theoretical instantaneous change in the RoCoF is an instantaneous
change in power with an infinity gradient. This could be practically impossible,
but a generic grid code should allow such an ideal response. The power surge
magnitude (Ppp) varies between upper and lower limits, which are proposed
based on the parameters’ margins developed in Table 8.

The requirements of the generic grid code do require a continuous support (of
the proportional control part) as long as the frequency is outside the deadband.
However, it is practically challenging to maintain the output of the WPP constant
within this very long time frame, due to the variations of wind speed. Hence,
the proposed code response requires more suitable restriction, where the output
should be kept for at least 90s inspired by some grid codes and market schemes
that compare the pre-event output with the output within 90 —120s after the
event to estimate the financial compensation [34]. After this interval, violations
of the requirements due to wind variations have therefore to be tolerated. Once
the frequency rebounds to the deadband again, all records should be reset, and
any appendage frequency event is considered as a new one, not consequential to
the former event. It is worth mentioning that the proposed generic grid code
prioritises voltage compliance over frequency compliance if there is no way to
comply with both. This returns to two reasons, first, the voltage events are
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usually very short (the typical clearance time is around 10-15 cycles, which is
around 0.3s), hence the system could recover such very short frequency events or
even its natural inertia will be able to suppress it. Second, one of the voltage code
requirements aspects is to maintain the active power within reasonable limits to
avoid the initialization of frequency events either during the fault or after its
clearance. This is also aligned with the current practices in many European grid
codes.

8.6. Considerations regarding operation at rated output

It should be noted that the provision of proportional response component
during under-frequency events (upward regulation) requires the WTGs to
normally operate below maximum available power which is called deloaded
operation. Otherwise, a limited overloading of the WTG should be allowed,
i.e. when the WTG is already providing its rated power. The incorporated
challenge is securing the required support in situations where the WPP is already
providing its rated output. A supplementary controller could curtail the normal
output to secure this margin, i.e. output de-loading, or apply an alternative
method. In particular, there are various concepts and methods that enable wind
power to provide such response, including pitch deloading and kinetic energy
extraction as the most common techniques [31].

It is a question of design optimisation to decide how much of this response
is coming from the WTGs, and if additional hardware like short-term energy
storage is needed to comply with the grid code. A battery energy storage system
(BESS) included in the WPP could supply the required frequency response and
hedge forecasting errors, and provide ancillary services on behalf of the WPP as
a bonus [35].

Pitch deloading could be a second choice to provide frequency support. A
power-control method where the deloading ratio (Dr) is adjusted according to
wind speed condition and frequency deviation, while it has constant value at
normal frequency (i.e. within the deadband applied), detailed explanation can
be found in [33].

The default Dy in this study is 15%. The original control method was
independent of RoCoF signal, while the adapted one adjusts the deloading ratio
(Dr) to 3.75%, when the RoCoF is persistent at non-negative value, but the
frequency deviation still exists. As an illustration, the applied deloading at
normal frequency conditions (within deadband) is 15% of the available power.
This deloading is waived gradually as the frequency drop gets worse until it
reaches zero deloading when the frequency drop reaches a certain threshold (0.2
Hz in this study). However, to achieve better compliance with this generic code,
the control method has been adapted, such that the Dy is set to 0.25 of its
actual value (i.e. Dy = 3.75%) when RoCoF is persistent at non-negative value.
If the drop sustains to violate the allowed deadband for more than 6s, Dr would
be set to half its nominal value (i.e. Dp = 7.5%). As seen in Figure 14 (violet
curve), this achieves a very good level of compliance. The slight deviation from
the ideal response is normal due to the applied control method and the persistent
wind speed condition, where the adjusted Dy does not lead to the exact outcome
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of the support requirement block (Figure 12). It is worth mentioning that this
response is obtained at 10m/s incident wind speed, which could be considered
an average wind speed for many WPPs.

3.7. Compliance of battery and PV energy systems

The role of non-synchronous power units, e.g. PV plants and BESS, is
growing as a key provider of ancillary services to the grid. The key challenge,
as explained in the previous subsection is to enable these units to maintain
a reasonable power reserve and integrate simple and efficient supplementary
controllers to provide these services. Meanwhile, this article is focused on wind
energy but it could be useful to exploit the analogy between WPPs on one hand
and PV plants as well as BESS on the other hand from the viewpoint of their
ability to comply with the proposed generic grid code.

Although neither the PV plants nor the BESS has natural inertia, i.e. no
rotating parts but they are static power sources, the literature provides different
control methods to enable them to provide synthetic inertia similar to WTGs.
These systems have a common aspect which is being connected to the grid through
PE either partly, like Type 3 DFIG wind turbines or completely decoupled as PV
plants, BESS and Type 4 WTGs (Full rated converter with permanent magnet
synchronous generator).

There is a vast number of sizing and control methods to enable BESS to
provide frequency support to the grid, including the two basic services: virtual
inertia and primary response. The main idea for the sizing methods is to predict
the required increment power during frequency drops that should improve the grid
response, and comply with the grid code applied. These predictions are usually
based on historical data of the power system frequency and generation-demand
[36]. The control methods are usually based on simple PI controllers where
the two possible input signals are frequency deviation and/or RoCoF [28]. the
output of these controllers should be the setpoints of the active power or current
of the PEC such that the unit provides active power response that complies
with the grid code implied. The BESS are commonly charged by the excess
renewable generation (some references call it the rejected energy) during low
demand intervals or during transmission systems congest ions, hence the energy
of renewable units is used to charge nearby BESS [37].

Many researchers have proposed and examined the possibility of applying the
mature control methods, used in WTG to provide frequency support, to PV units.
As mentioned earlier, both energy systems are connected to the grid through
PEC, hence the main challenge is to maintain a reasonable primary reserve and
mimic synchronous generation inertia response. The well-known Perturb and
Observe control method used in PV modules for Maximum Power Point Tracking
(MPPT) has been modified in some studies such that the reference voltage is
either shifted to the left or right of optimum tracking behaviour [38]. However,
the main challenge facing this approach is being an online control method which
could be slightly slower and causes unnecessary energy loss (i.e. unconverted
solar irradiance to electric energy). To overcome these drawbacks, some studies
proposed offline control method, which is simply a 2D lookup table receiving the
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solar irradiation and module temperature as inputs and provides the optimum
operating voltage and current, which are used to adjust the setpoints of the
buck-boost converter and hence the grid-side inverter [39]. To enable frequency
support simple droop controller (similar to this in a synchronous generator)
could manipulate the produced increment power during frequency deviations.
During normal operation (i.e. when the frequency is within the safe deadband
according to the implemented grid code), the PV module output is continuously
deloaded to maintain a certain amount of reserve either as a fixed predetermined
value (say 10% of its rated power, called Balance deloading) or fixed percentage
of the available optimum output (Delta deloading).

This should provide the reader with the basic knowledge that demonstrates
the ability of PV plants as well as BESS to comply with the active power
requirements of the proposed generic codes. Actually, they should be more
compliant, i.e. better aligned with the ideal response required by the grid code,
compared to WTGs. In particular, BESS proved to be slightly faster when they
provide synthetic inertia compared to WT'Gs in some studies [40].

4. Conclusions

A future-oriented generic grid code is proposed to enable the assessment
of grid code compliance in a generalised and future-oriented manner, rather
than examining it with respect to actual country/region-oriented grid codes of
today. The generic grid code provides fault ride through voltage profile and the
required response, as well as the active power response to a typical frequency
event. The specifications are inspired by the ENTSO-E grid code framework
and the Irish grid code, which could be considered an advanced model regarding
the integration of high shares of wind energy in the generation mix.

The proposed generic grid code targets the research community and early-stage
technology development. However, parts of this work could serve as inspiration
for future grid code improvements, and thereby contribute to the significant
efforts pushing towards large shares of renewable energy in the generation mix.
In particular, European TSOs have already taken wide steps towards influential
roles for wind energy in the provision of ancillary services. This naturally leads
to various changes in the grid codes implemented. In addition, the proposed
generic code is designed to cover most of the challenges that are not usually
covered by actual codes, but at the same time, it does not follow very special
protocols that adversely deviate from common TSOs practice, to maintain the
balance between applicability and practical novelty. It could also contribute to
bridging the gap between the lengthy and legal-blended nature documents that
are published by TSOs and the researchers’ and developers’ objectives to have a
concise reference of generic requirements.

The proposed generic grid code is based on parameterised mathematical
models that could be adapted to the users’ needs, e.g. addressing a small
island grid. One of the key merits for this code is that it could be implemented
within a short time through the presented block diagrams and equations while
most grid codes are legal documents with hundreds of pages. In this context,
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the ENTSO-E RfG provides a set of boundaries to operate generation units
in Europe’s networks, e.g. withstand a certain frequency deviation without
disconnecting. However, when addressing the response towards these deviations,
ENTSO-E directs the reader to the corresponding TSO for details, which means
that no generic response is included in the ENTSO-E RfG. Hence, it could be
always questioned the rationale of any researchers to assess their control methods
or technology developers to validate compliance of their generation units against
a specific grid code.

The simulation results show that the tested wind turbine generator complies
with most of the proposed requirements for both branches, i.e., voltage and
frequency. However, minor deviations are observed, as the fault is cleared or
when the frequency stabilises at a new value different from its nominal value. It
is also promising to demonstrate the compliance with the strict requirements of
reactive current, meanwhile the active current is maintained almost constant to
ensure quick active power recovery after fault clearance.
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