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Abstract

System inertia is the instantaneous power reserve that stabilizes power systems 
after large-scale disturbances. It declines with increasing renewable generation, 
causing an increased risk of black-out unless action is taken. 

Providing additional inertia will be necessary to maintain security of supply at a 
reasonable level. To solve the problem of reduced inertia in a reliable and cost-
efficient way, this thesis first systematically describes requirements on system level, 
as basis for the following evaluation of different technological solutions and control 
schemes.

For the investigated technological options, potentially attractive directions for cost 
optimization are described. For example, the DC-coupled additional battery storage 
in renewable power plants is an attractive solution: At potentially competitive cost, it 
facilitates renewable-only generation situations and integrates seamlessly into the 
existing system. Offering additional services should be considered to generate 
further revenue.

Providing additional inertia with wind turbine rotors or from additional battery 
storage modules is potentially competitive with synchronous condensers. Cost for 
the inertia reserve are estimated to be between 86 million € per year and 2 billion € 
per year for Germany, depending on robustness requirements and with 
technological uncertainty. The detailed analysis of control schemes reveals that the 
carefully designed extended current control is grid-forming. However, it involves 
contradictory design aspects, which cause high effort for obtaining robustness. 
Virtual synchronous machine control has superior transient performance and is 
straightforward to design. Both control schemes can stabilize a system with 100% 
renewable generation after the most severe system split events.

System-level studies of the system split scenario are conducted to derive 
requirements for inertia. Different technologies, i.e. battery storage, wind turbines 
and synchronous condensers are compared with respect to their costs, and inertia 
from wind turbines is evaluated in detail. Two distinct inverter control schemes that 
provide emulated inertia are designed and extensively compared: extended current 
control and virtual synchronous machine. Detailed inverter models are described 
and applied for a robust control design that considers the frequency range from 
synchronization dynamics up to the filter resonance.
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1. Introduction

Renewable energy generation is the key technology to mitigate global warming: To re-
duce carbon-dioxide emissions, an energy transition that is based on renewable electric
power plants is being executed on a global scale. In that course, the electrical power
system fundamentally changes: synchronous generators in conventional power plants
are being replaced by power-electronic converters in renewable power plants.

This influences the dynamic behavior in the milliseconds- to seconds-scale, especially
regarding the behavior of system frequency in response to active power imbalances. Fre-
quency control may be compromised when the share of synchronous machines reaches
a critical lower threshold and the security of supply may be endangered.

Frequency-load behavior of generation One major issue of converter units is
that they do not provide a defined electrical frequency, as it is the case for synchronous
machines.

For synchronous machines, the mechanical rotational speed of the rotor defines the
electrical frequency of the machine. Multiple synchronous machines synchronize their
rotational speed via the electrical network. Apart from temporary small deviations, and
in the absence of faults, the rotor speeds of all synchronous machines in an intercon-
nected system are equal. Thus the electrical frequency is – again, apart from temporary
small deviations – equal throughout an interconnected system.

In case of a power deficit in the system, the synchronous machines are collectively
being decelerated. This behavior is illustrated in an example for a single synchronous
machine that supplies an isolated load. When the load is increased, the synchronous ma-
chine is decelerated and, in turn, frequency begins to drop, as illustrated in the example
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Synchronous machine

(a) Synchronous machine
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Current control

(b) Converter with current control

Figure 1.1.: Frequency response to load increase of a synchronous machine in comparison to a
current-controlled converter. Resistive-inductive base load, for details see Section 6.2.1.
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Area 1 under-frequency

Area 2 over-frequency

Area 3 under-frequency

Area 1 under-frequency

Area 2 over-frequency

Area 3 under-frequency

Figure 1.2.: Schematic map of the Central European system after the 2006 three-area system
split. Reproduced from [1, p. 21]. Copyright notice: The CC license does not apply to this
individual figure.

of Figure 1.1a. This behavior is defined by the power balance of the mechanical inertia
of the synchronous machine. The power to supply the additional load is drawn from the
mechanical energy stored in the rotor. Due to the synchronized, collective behavior of
synchronous machines, the individual mechanical inertias together form the collective
system inertia.

Converter units have typically been designed to follow the externally measured fre-
quency, which has been assumed to be provided by synchronous machines. Thus, when
synchronous machines are absent, the behavior of the converter is not well-defined.

An example illustrates this for a converter unit with state-of-the-art current control
that supplies the same isolated load. The reaction to the increase of load is fundamen-
tally different than for the synchronous machine: When the load is increased, frequency
at the converter terminal begins to increase, see Figure 1.1b. In this example1 the sign
of the frequency response is reversed – this peculiarity would render the established fre-
quency control on system level dysfunctional when synchronous machines are absent.

To overcome this problem, a defined frequency-load characteristic needs to be im-
plemented in the converter control scheme. Specifying a behavior similar to the inertia
of the synchronous machine results in compatibility to the existing frequency control
schemes on system level. This approach is referred to as ”inertia emulation” and is the
focus of this thesis.

The European Network of Transmission System Operators for Electricity (ENTSO-
E) has, among others, identified the issue of declining system inertia and stated the
principal need for additional inertia, see [2, 3, 4]. The most critical event is designated
as the reference scenario for the design of the future system inertia: The system split
scenario, where a power system is separated into multiple partial areas.

Figure 1.2 depicts the Central European system after such a fault in the year 2006,
see [1]. The power transit between the three areas was suddenly interrupted, causing
large power deficits or surplus in each area. The power deficit was 5 % for the western

1The reaction depends on multiple factors, including the reactive load situation. In the example the base
load is resistive-inductive. See Section 6.2.1 for a detailed analysis.
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area (Area 1) and the power surplus was 20 % for the north-eastern area (Area 2). All
three areas have been stabilized. Due to emergency control measures, a small share of
customers has been disconnected to safeguard the remaining system.

Such events will become more critical in the future for three reasons: Firstly, power
transits of up to 60 % are expected in the future, that is the magnitudes of potential dis-
turbances will increase, see e.g. [5]. Secondly, reduced inertia is expected due to low
amounts of conventional generation, which endangers the functionality of emergency
frequency control. And thirdly, areas with very high shares of converter-based genera-
tion may suddenly be created – and commonly used converter control schemes are not
designed for such conditions.

To ensure that system splits can be handled in a stable manner in the future, a suffi-
cient amount of system inertia needs to be provided. Additional inertia is required, and
inertia from converter-based units is an obvious solution.

The aforementioned third critical issue is the potential control instability of converter
systems at high converter penetration. Converter control systems have been designed
for the operation with a stiff external voltage reference. But as converters do not nec-
essarily provide such a stiff voltage reference themselves, the design assumptions are
violated when the system is constituted mainly by converters. This may cause electrical
oscillations in the harmonic frequency range (supersynchronous resonance).

Partial system areas with up to 100 % converter generation may be suddenly created
by a system split event. Up to now, such a course of events did not occur after a system
split – but similar conditions prevail in offshore wind farms, even in normal operation.

One example of such issues with considerable impact occurred in the offshore wind
farm ”Bard Offshore 1” in the initial operating phase, see [6]. Due to the high-voltage
direct current grid connection, this wind farm is effectively a partial system with 100 %
converter share. The wind farm remained shut down for several months because unac-
ceptable harmonic distortions caused limit violations and ultimately a fire in an electrical
filter installation.

Adapting converter control solved the resonance issues – but the cause of the prob-
lems appears to have been unclear for months, even though only two manufacturers
were involved [7]. In interconnected systems with permanently changing configura-
tions, such issues may be even more complex to solve – especially when they occur
suddenly for the first time after a large-scale disturbance.

To reach a robust overall power system in the first place, converter control needs to be
designed for high converter shares and for the most severe disturbances, i.e., the system
split.

The system split scenario serves two purposes in this thesis:

• As reference incident for the dimensioning of the system inertia, and

• as test scenario for converter control, to evaluate the capability to operate at high
shares of converter-based generation, ideally up to 100 %.

The share of converter-based generation will vary to a large extent on time scales
of quarter hours and longer. Thus, control schemes for converters must be designed
for compatibility with synchronous machines but also for predominantly or even exclu-
sively converter-based generation.
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Scope and research questions

This thesis focuses on measures to guarantee system stability in the future, partic-
ularly for system areas with high shares of renewable generation. Control schemes
for renewable power plants are designed and evaluated with the specific aims of

1. providing system inertia to remain compatible with the existing system, while

2. being able to operate in the absence of conventional power plants.

The following detailed research questions are implied by the above objective and will
be answered in this thesis:

• How much system inertia is required and which specific requirements apply to
inertia from converter-based units?

• Are wind turbines able to reliably provide inertia, regardless of wind conditions?

• How much will the future inertia reserve cost?

• Is it necessary to introduce completely different converter control schemes, or can
the state-of-the-art current control schemes be suitably extended?

Two specific converter control schemes will be presented and evaluated in detail:

– Extended current control (ECC) is an extension to state-of-the-art current
control, and

– Virtual synchronous machine control (VSM) is based on directly replicating
the desired properties of the synchronous machine.

• Which share of converter-based generation can be reached with such new or ex-
tended control schemes?

Outline of this work This thesis is divided into two main parts. Part I focuses on
system aspects: Chapter 2 introduces the system split problem and derives requirements
for system inertia. Inertia from wind turbines is evaluated in Chapter 3. Chapter 4
discusses cost estimates for the provision of additional inertia.

Part II is centered on the control of renewable, power electronics-based units. Two
control schemes are presented and designed in Chapter 5. An evaluation and comparison
of these control schemes, including system studies, is the focus of Chapter 6.

The conclusion is presented in Chapter 7.



Part I.

Inertia from a system perspective





2. System inertia requirements

Frequency stability refers to the active power balance of a power system and is strongly
dependent on the amount of system inertia. When renewable inverter-based generation
increases, system inertia declines. To avoid frequency instability and reduce the risk of
blackouts, a minimal amount of inertia is required.

This chapter’s aim is to determine the required minimal amount of system inertia
under direct consideration of the relevant frequency stability criteria. The analysis is
focused on the system split scenario, and inter-dependencies between minimum iner-
tia and emergency control functions are considered. In contrast to existing literature,
the approach does not rely on assumptions regarding the permissible rate of change of
frequency.

A technical specification for additional inertia regarding power and energy capabili-
ties will be deduced from the overall inertia requirements. This specification will serve
as foundation for the subsequent chapters.

This chapter is organized as follows: Section 2.1 introduces the frequency stabil-
ity problem and describes the state of the art. In Section 2.2, the aggregated system
model is described and in Section 2.3, the minimum inertia requirement is derived. Sec-
tion 2.4 deduces technical requirements for additional inertia and Section 2.5 concludes
the chapter.

2.1. Introduction and motivation

Frequency stability refers to the reaction of a power system to imbalances between load
and generation [8]. The inertia in the system acts as a short-term energy storage to
maintain the power balance. Frequency is an indicator for the active power balance of a
power system. Frequency control of generating plants is performed in order to keep the
system frequency within a narrow band around rated frequency.

System inertia declines when conventional power plants are replaced with inverter-
based renewable generation. At some point, frequency stability may be compromised,
leading to an increased risk of blackout. A certain minimal amount of inertia is required
to maintain stability. This chapter aims at identifying this minimal amount and deducing
a specification for the additionally required inertia.

The focus in this chapter is on frequency control in the Continental European (CE)
power system. Frequency control schemes and an aggregated model thereof are de-
scribed in the Operation Handbook [9, 10]. The European Commission regulation 2017
/ 1485 [11] is the legally binding guideline for system operation, including frequency
control (referred to as ”load-frequency control” therein), in all European power systems:
Continental Europe, Nordic, Baltic, UK and Ireland. Fundamentals of frequency con-
trol are covered in the textbooks [12, Chapter 9], [13, Section 11.1.3] and [14, Chapter
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Figure 2.1.: Frequency control in normal operation: At t = 10 s an outage of a power plant
causes a power deficit of 1 %, i.e., only 99 % of generation remains. This deficit is immediately
covered by power from the system inertia (hatched area) and the load is continuously supplied.
Load self-regulation (LSR), frequency containment reserve (FCR) and frequency restoration
reserve (FRR) subsequently come into effect and maintain the power balance. Frequency is
restored within 5 minutes as the inertia is re-accelerated by power from FCR and FRR that
exceeds the initial outage (hatched area above 100 %). Adapted from [12, Fig. 9.26] and [15].

2].
While normal changes of generation and load cause small fluctuations, fault events

may lead to power plant outages or system splits and thus cause large imbalances of
active power.

For the Continental European (CE) system, normal fluctuations and additional sudden
generator outage are covered by the frequency containment reserve (FCR, or primary
control reserve) that amounts to 3 GW. The reference incident is the outage of 3 GW of
generation, or approx. 1 % of the total generation, see [9].

Figure 2.1 illustrates the reaction to the reference incident: The generation outage
is immediately covered by power from the system’s inertia. Frequency begins to drop,
causing a reduction of the load due to load self-regulation (LSR). The reduced load,
along with FCR, that is activated within 30 s, causes frequency to return to the nor-
mal operating range, i.e., above 49.8 Hz. The frequency restoration reserve (FRR) is
activated within 5 min and restores frequency to the nominal value.

System split The main concern in this chapter is the system split scenario. These
events are caused by cascading faults, where all connections between two or more sys-
tem areas are lost. This leads to large power imbalances in the separated areas that
cannot be covered by the area’s FCR. The power balance is instead restored through
load shedding and over-frequency generation reduction, see [10].

An example of such an event is depicted in Figure 2.2: An import power of 40 %
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Figure 2.2.: Frequency control in emergency operation: The system split at t = 0 s causes a
power deficit of 40 % and a steep decline of frequency. The deficit is covered by inertia deceler-
ation power (hatched area) until load shedding is activated after t = 0.5 s. A power surplus after
the load shedding causes frequency to increase. After less than 10 seconds the power balance
is roughly restored through over-frequency generation reduction (LFSM-O). Shedding a part of
the load is accepted to secure the remaining system.

is suddenly interrupted and causes a steep decline of frequency. The power balance is
maintained by power from the inertia until load shedding is applied to reduce the load.
Frequency increases into the over-frequency region, thereby activating over-frequency
generation reduction (LFSM-O1). The generation power is reduced until a power equi-
librium is reached after less than 10 s. This example illustrates the different timescale
and different decisive control mechanisms in comparison to normal operation.

Table 2.1 contains an overview of three system split events that occurred in the past in
the CE system. In 2003, Italy was separated from the CE system with a pre-fault import
of 24 % of domestic load [16], ultimately resulting in under-frequency and blackout of
56 million households.

A major split took place on November 4, 2006, when the CE system was separated
into three areas [1]. A power deficit of 5 % in the western area and a power surplus
of 20 % in the north-eastern area activated load shedding and over-frequency tripping
of units, among other remedial actions. About 15 million households were without
power due to load shedding. After this incident, the regulations for emergency operation
have been revised [10] and the awareness regarding the effective implementation of
regulations was increased [1].

Another system split happened in Turkey [17], again due to cascading transmission
line outage. The power deficit of 21 % in the western subsystem resulted in a severe
under-frequency and the surplus of 42 % in East-Turkey led to over-frequency and in
effect to a complete blackout in Turkey.

1Limited-Frequency Sensitive Mode for Over-frequency (LFSM-O)



10 2. System inertia requirements

Table 2.1.: Overview of system split events in the CE system. Import and export percentages
are relative to the initial area load.

Year Primary
region

No.
areas

Import
deficit

Export
surplus

Black-out Outage
load

Outage
dura-
tion

2003
[16]

Italy 2 24 % Italy < 5 %
rem. CE

Italy 28 GW 13.5 h

2006
[1]

Germany 3 5 % West 20 %
North-East

(load
shed.)

17 GW 1 h

2015
[17]

Turkey 3 21 %
West-TR

42 %
East-TR

East-/
West-TR

33 GW 6.5 h

In all three system split events, the initial cause was cascading transmission line out-
age. The (n−1) criterion was violated before the 2006 and 2015 events, but the blackout
of 2003 happened even though the (n − 1) criterion was fulfilled. In all three events,
the defence plan reduced the number of customers affected. The maximum power mis-
match in these events was 42 % export and 24 % import. This range is considered as
a possible reference when determining the future requirements for system inertia, see
Section 2.3.

Two trends threaten system stability after system splits:

1. Power transits in the CE system increase due to fluctuating renewable resources
and energy trade over long distances [18, 19]. Increased transit power leads to
higher power imbalances when a system split occurs.

2. The amount of system inertia decreases, especially in areas with large-scale re-
newable generation. With reduced inertia the permissible range of power deficits
is reduced and the risk of blackout increases.

These trends already cause critical situations and, if not properly addressed, threaten
the security of supply [4, 2, 3, 20, 21].

Decreasing system inertia The amount of inertia is quantified by the acceleration
time constant TG. In the CE system it has historically been greater than TG = 10 s
due to the large share of conventional power plants2, see e.g. [2]. With high renewable
penetration, the amount of inertia declines - later on for the system as a whole, but
earlier in regions where the renewable generation capacity was first expanded.

Reference [22, Figure 3], displays the annual duration curve for the year 2023 of
region 2 (North-East) of the 2006 split [1]. The expected minimum annual value of this
region3 in 2023 is TG = 4.4 s. Reference [3] presents projected annual duration curves
of system inertia for the year 2030 of the CE system and of individual countries. For
the whole CE system, acceleration time values of TG < 4.6 s are expected during 10 %

2TG is given relative to the instantaneous generation power, whereas TA in the references is usually
related to the load power.

3Value is derived from TA = 7 s (relative to initial area load) at export power PEx = 0.6 pu.
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Figure 2.3.: Annual duration curve of the acceleration time constant for Germany in the year
2030. Adapted from [3, page 28].

of the year. Figure 2.3 depicts the annual duration curve for Germany from [3, p.28].
Values below TG = 1.8 s are reported for 10 % of the year for the German partial area.
For smaller systems like UK or Ireland, even lower values are expected.

A need for additional inertia arises due to the aforementioned strongly reduced values,
see references [22, 5, 21, 20, 2]. Different approaches to determine the required minimal
inertia are reported in the literature.

In [22, 5] the requirement is described focusing on export conditions, with power
surpluses of up to 60 %, derived from planning scenarios. A critical dependency on
over-frequency generation reduction (LFSM-O) is the primary concern.

Reference [4, 21] describe the required amount of inertia as a function of the per-
missible rate of change of frequency (ROCOF) and the power imbalance. ROCOF is
an indirect criterion that is related to angle stability of synchronous machines and the
functionality of load shedding and LFSM-O. The references describe the relevant inter-
dependencies but leave the specification of a minimum inertia amount as a future task.

The study [20] determines minimal kinetic energies4 for all partial areas of the 2006
system split under consideration of operational schedules from planning scenarios. In
the presentation of the results, e.g. [20, Figure 4.5], neither the load power nor the non-
synchronous generation power is reported. Thus, requirements for additional inertia can
not be deduced from the report.

The guidance document [2] drafts a procedure on how transmission system operators
(TSO) should collaborate to determine the requirements. Potential technical approaches
are described in the accompanying document [3]. These documents illustrate that the
specification of requirements is an ongoing process.

In summary, issues that are caused by reduced inertia are described and the path
to solving these issues is drafted in the aforementioned literature. However, a suitable

4i.e., the absolute energy in J stored in the system inertia at rated frequency.
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technical specification is not readily available from the literature and needs to be derived
subsequently.

Required minimal system inertia The subsequent investigations regarding inertia
from wind turbines, cost of inertia and comparison of inertia control schemes require a
suitable specification.

The system inertia requirements need to consider:

1. The minimal amount of inertia that is required system-wide or area-wide to
withstand a defined range of power deficit and surplus,

2. the power and energy reserves related to providing inertia, e.g. for inverter-
based generation with inertia capabilities.

The study in the remainder of this chapter will derive such a specification for a
normalized system area.

When inertia according to these ”normalized area requirements” is distributed all over
the system, for example the Continental European system, any potential partial area will
be stabilized for the specified disturbance scenarios.

In contrast to the existing studies mentioned above, both the import and export range
will be considered. And instead of applying a ROCOF limit as criterion, direct criteria
will be introduced that ensure the proper functioning of load shedding and LFSM-O.

2.2. Aggregated model for frequency stability
studies

System inertia usually denotes the aggregated inertia that consists of individual gen-
erators with their turbines. These individual generators are coupled and synchronized
through the electrical grid. The aggregated model is suitable when only frequency sta-
bility is of concern, and effects like transient angle and voltage stability are not of inter-
est. Frequency is assumed to be uniform across the system such that only one degree of
freedom is required for the aggregated inertia. Aggregated submodels that capture the
frequency-dependency of generation and load are added. Fundamentals of the model are
covered in [12, Chapter 9], [13, Section 11.1.3], [14, Chapter 2] and [4] and applications
of similar models are reported e.g. in [22, 23, 24].

For the investigation of system splits, which is the main concern here, the aggregated
model represents a partial area of the initial system. A sudden loss of import/export
power then is the cause of the disturbance.

The model is depicted in Figure 2.4. The integrator on the right corresponds to the
area’s system inertia - the output thereof is the system’s frequency. Situated on the left
are subsystems that represent the frequency dependency of the area generation (top) and
the area load (bottom). In the middle, the summation of power from imports, generation
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and load is conducted. A surplus in generation leads to acceleration, while a surplus in
load results in deceleration of the system inertia.

Two different per-unit systems are applied: power in the subsystems of system inertia
and generation is relative to the initial generation PG0, with the unit denoted as ”pu(G)”.
Apart from that and unless stated otherwise, import and load power is defined relative
to the initial load PL0, denoted ”pu(L)”, or simply ”pu” in this chapter. Import/export
power in percent is also related to the initial load. In the model of Figure 2.4, a con-
version is applied before the power summation point. In the initial steady-state, the area
load PL0 is covered by the area generation PG0 and import PIm. The conversion factor
to express import or load power relative to the generation thus depends on the initial
import itself and is calculated as

conversion factor =
PL0

PG0

=
PL0

PL0 − PIm
, (2.1)

where all values must be given in the same per-unit system - conveniently the factor is
calculated from PIm in pu(L), and by definition, PL0 ≡ 1 pu(L).

Frequency-dependent power components are considered in the time-variant variables
PG and PL, but are initially zero, as frequency is at its nominal value. The acceleration
power ∆P is

∆P = PG − PL + PIm. (2.2)

A change in the power balance, e.g. due to loss of generation or system split, causes
frequency to change according to5

ḟ =
f0

TG

f0

f
∆P. (2.3)

The aggregated system acceleration time constant TG is proportional to the sum of
inertia of the synchronous rotating elements in the system. It is defined relative to the
total instantaneous generation power PG0 in the area:

TG =
2Ekin

PG0

=
ω2

0

∑
i

1
npi
Ji∑

i PG0i
, (2.4)

with all values in SI units. The moment of inertia Ji and the number of pole pairs
npi relate to the ith generator. The resulting TG is then related to the instantaneous
generation per-unit system.

Frequency control schemes are applied in order to restore the power balance and
maintain frequency in the desired range. The measures are provided by generation
plants and, in the case of load-shedding, in distribution networks. Distinct control
schemes are in place for normal and emergency operation. Typical configurations and
parameter values of the CE system are presented in the subsequent sections.

5Sometimes simplified to ḟ = f0
TG

∆P . The exact representation is applied in the system model, but
simplifications are incorporated into the control schemes in Part II.
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Table 2.2.: Mechanisms of frequency control in normal and emergency operation. Values are
representative for the European Continental system (CE), optimistically assuming that load shed-
ding and LFSM-O conform to the latest guidelines [25] and recommendations [10].

Generation Load
N

or
m

al
op

er
at

io
n

Frequency containment reserve
(FCR): A power reserve of 3 GW
is activated in the range between
49.8 Hz and 50.2 Hz. This corre-
sponds to ±1 % FCR at 300 GW
generation, i.e. mean generation [9,
p. P1-32].

Load self-regulation (LSR): Load
is inherently dependent on fre-
quency due to motor load character-
istics [26].

Droop kFC = −2.5 pu/pu
∧
= −5 %/Hz kLSR = 0.5 pu/pu

∧
= 1 %/Hz

Frequency range fFC,min/max = [49.8 Hz; 50.2 Hz] unrestricted
Power range PFC,min/max = ±0.01 pu

Rate limit ṖFC,min/max = ±0.01 pu/30 s

E
m

er
ge

nc
y

op
er

at
io

n

Limited frequency sensitive mode
for over-frequency (LFSM-O):
Generator power is reduced above
50.2 Hz proportionally; In contrast
to FCR, the droop factor is greater,
all power plants participate and a
faster reaction is required. At the
maximum frequency of 51.5 Hz,
power generation is reduced by
52 % [25].

Load shedding (LS): For frequen-
cies below 49 Hz, load shedding re-
lays disconnect loads in four steps.
The four steps account to 50 % of
the load [10].

Droop kOF = −20 pu/pu
∧
= −40 %/Hz

Frequency range fOF,min/max = [50.2 Hz; 51.5 Hz] fLS = {49; 48.8; 48.6; 48.4}Hz

Power range POF,min/max = [−0.52 pu; 0] PLSi = −12.5 %

Rate limit ṖOF,min/max = ±∞
Activation delay TOF = 2 s (95 % rise time of PT1) TLS,s = 70 ms (switch)

Measurement delay TOF,m = 40 ms;DOF,m = 1 (PT2) TLS,m = 80 ms (four zero cross-
ings)

2.2.1. Frequency control in normal operation

The imbalance of load and generation is small during normal operation. However, even
minor imbalances cause the frequency to drift, due to the integral behavior of system in-
ertia. Frequency in the CE system shall remain above 49.2 Hz and settle within the nor-
mal operating range of 49.8 Hz to 50.2 Hz after faults like outages of plants or distribu-
tion feeders. The frequency containment reserve (FCR) stabilizes frequency around the
nominal value through a distributed proportional control scheme. Load self-regulation
(LSR) adds an inherent, frequency-supporting proportional feedback. The characteristic
parameters for the CE system are given in Table 2.2.

The amount of FCR in the CE system amounts to 3 GW and is intended to cover the
highest normal outage, i.e., a loss of all blocks of a large power plant. The reserve is
distributed across the control areas to enhance reliability [11, Annex V]. The full reserve
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Figure 2.4.: Model for frequency stability: Generation and load depend on frequency. Power is
normalized to PG0 for generation and inertia, and to load PL0 for load and import. From PG0 = 1
then follows PL0 = 1, and PIm denotes the share of load that is supplied by imports. TG is the
acceleration time constant relative to the total instantaneous generation. See Figure 2.6 for the
control subsystems.

power must be available within 30 s. Figure 2.5 depicts the minimum requirement ac-
cording to the European regulation [11, Art. 154]) and an example of the characteristic
of a conventional plant. In recent years, battery storage units increasingly provide FCR
with a precisely linear activation characteristic [27]. The linear activation characteristic
is applied in the model for the subsequent studies, see Figure 2.6a.

Motor loads introduce load self-regulation. Grid frequency deviations proportionally
influence the electrical power of rotating machinery and cause a stabilizing effect on
system frequency [9, p. A1-7]. The LSR effect was identified to be in the range between
1.2 %/Hz and 2.4 %/Hz in measurements from the years 1989 to 1991 [28]. This effect
is modeled by the multiplication of the load by the time-variable factor

cLSR(t) = 1 + kLSR
f0 − f(t)

f0

, (2.5)

see Figure 2.4. The droop coefficient kLSR (in pu/pu) is given in Table 2.2. In this way,
load self-regulation is correctly represented in combination with load shedding.

For the subsequent frequency stability studies, conservative approximations are ap-
plied: the linear activation characteristic is used for FCR. For load self-regulation, a
value of 1 %/Hz is assumed (see e.g. [4]). Frequency restoration reserve is not mod-
eled because it is not activated in the considered time-range up to 30 s and therefore not
relevant.

2.2.2. Frequency control in emergency conditions
When the reaction of FCR is too slow or the reserve is exhausted after a fault, the fre-
quency limits for normal operation are violated. Emergency control measures, referred
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Figure 2.5.: FCR Activation characeristics: Minimum requirement, conventional power plant
and battery storage. The minimum requirement from [11, Art. 154] is: 50 % of reserve power
needs to be available after 15 s and approach 100 % at 30 s with a linear slope.
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quency sensitive mode for over-frequency LFSM-O, and (c) Load shedding (LS). See Table 2.2
for the parameters.



2.2. Aggregated model for frequency stability studies 17

to as defence plan [10], are then activated to stabilize the system in the emergency state
and avoid a full blackout. The operation range of frequency in the emergency state is
47.5 Hz to 51.5 Hz. In case of over-frequency, generators curtail their power rapidly in
the limited frequency-sensitive mode (LFSM-O). To counteract under-frequency, load
shedding (LS) is applied to parts of the consumption. These emergency measures can
reduce load or generation by up to one half of the pre-fault power level, and thus stabi-
lize the system even for power mismatches of that magnitude.

LFSM-O generation reduction is mandatory for all generators according to recent
standards [25]. It is activated for frequencies above 50.2 Hz with the goal to keep fre-
quency below the generator tripping value6 of 51.5 Hz. Active power is reduced propor-
tionally with a slope of kOF = −20. The general requirement requests that 90 % of the
power reduction is activated within TOF = 2 s. Exceptions like slow power rate limits
are granted for many plant types, see Section 2.3.4.

Table 2.2 states the baseline characteristics and Figure 2.6b depicts the block diagram
of LFSM-O. A first-order lag with time constant T = TOF/3 represents an activation
characteristic of 95 % power reduction within 2 s. An additional second-order delay
represents the measurement delay of a PLL [30] with transfer function

GOF,m =
1

T 2
OF,ms

2 + 2DOF,mTOF,ms+ 1
. (2.6)

This measurement delay represents the PLL of the inverter control in Section 5.3. In the
baseline case, the rate limit is inactive. This configuration slightly exceeds the require-
ment from the standard, reaching 94 % of the stationary value within 2 s.

Under-frequency load shedding disconnects groups of loads when certain under-
frequency thresholds are detected. As part of the defence plan, it is activated below
49 Hz. Loads are grouped such that defined shares, amounting to 50 % of total load,
are disconnected in several steps. Transmission system operators are responsible for
the coordination, see [10], while load shedding equipment is installed in distribution
networks. Four steps of 12.5 % are recommended in the German part of CE according
to [31]. Frequency measurements of the under-frequency load shedding relay are based
on the time between subsequent positive zero-crossings of the voltage. If the calculated
frequency is below the threshold between typically four zero-crossings, the breaker of
the load group is opened, see [32, 33]. In the model, see Figure 2.6c, the trigger thresh-
old must be exceeded for at least three grid cycles. Due to the uncertainty when the
zero-crossings occur relative to the fault event, an additional grid cycle is required in
the worst-case. The Flip-Flop in the model ensures that the load stays in disconnected
state. The resulting detection time is 80 ms. Opening time of the load breaker is consid-
ered by a 70 ms delay before the load step is tripped.

For the following studies, the baseline LFSM-O and LS characteristics according to
Table 2.2 are applied. Variations are introduced in the result sections.

6If frequency exceeds the tripping value, generators are permitted to disconnect. In old standards, e.g.
VDE4120-2015 [25], the disconnection has been a mandatory requirement. The current draft standards
envisage, for the first time, the voluntary operation of generators above 51.5 Hz, see EVDE4120-
2017 [29]. As long as a large number of legacy generators are disconnected at 51.5 Hz, the system will
be unable to operate above this frequency.
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2.3. Required area inertia after system split

Frequency stability is challenged most in the system split scenario. In the events from
2003, 2006 and 2015 in the CE system, the power mismatch (import/export) by far
exceeded the reference incident of 3 GW. Frequency stability depends on a sufficiently
large area inertia, to ensure proper functioning of emergency frequency control.

The goal of this chapter’s investigation is to identify the required minimal inertia.
Inter-dependencies with LFSM-O, load shedding and additional ROCOF limits will be
described. The required inertia will be determined for a wide range of import/export
power. From this result, specific findings will be deduced:

• From the expected inertia values for the near future, the remaining stable im-
port/export range will be derived. This aims at illustrating the problem of reduced
inertia and at exploring the options to restore robustness.

• By exemplarily defining reference ranges for import/export power, the required
inertia will be derived in Section 2.4. This specification will serve as basis for the
investigations in the following chapters.

The method to determine the required inertia is based on the aggregated model from
Section 2.2. The model represents an arbitrary, partial system area after a system split
with the amounts of FCR, LFSM-O and load shedding scaled to the area generation and
load respectively.

For each import/export power, a search algorithm is executed to find the required
minimal acceleration time constant. This algorithm repeatedly executes time-domain
simulations of the aggregated model, while evaluating frequency stability criteria.

Section overview The search algorithm and frequency stability criteria are intro-
duced in Section 2.3.1. Then, results regarding the minimally required inertia are pro-
vided

• for the baseline control configuration from Table 2.2 in Section 2.3.2,

• with an additional ROCOF limit criterion in Section 2.3.3,

• considering slower LFSM-O due to plant restrictions in Section 2.3.4, and

• the effect of slower load shedding in Section 2.3.5.

Section 2.3.6 provides a summary and comparison of these results. Section 2.3.7
discusses the difficulties which arise when trying to adapt to low inertia.

2.3.1. Search algorithm and criteria

Search algorithm To identify the required minimal inertia, a two-stage linear search
algorithm is executed for each value of import power PIm. Figure 2.7 depicts the flow-
chart of the algorithm. It starts with a high acceleration time constant TG and decrements
the value as long as all four criteria are passed. Each iteration of the algorithm calls a
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TG = 30 s

System Split
Simulation

fulfilled

TG = TG − 1 s

yes

no

end

criteria

System Split
Simulation

TG = TG − 0.1 s

yes

no

System Split
Simulation

TG = TG + 1 s

TG = TG + 0.1 s

return

System Split
Simulation

?

Stability

fulfilled
criteria

?

Stability

Figure 2.7.: Flow chart of the linear search algorithm. The required minimal inertia is identified
with an accuracy of 0.1 s in a two-stage linear search algorithm.

time-domain simulation of the system split in the aggregated frequency stability model.
On completion, the minimum value of TG is returned with 0.1 s accuracy.

The execution time of the algorithm is uncritical due to the low model order. Deter-
mining the required inertia for the full power range typically takes less than 10 min.

Frequency stability criteria The search algorithm evaluates a number of frequen-
cy stability criteria after each time-domain simulation. The following criteria must be
met after the system split:

1. Minimum frequency bound: fmin > 47.5 Hz,

2. maximum frequency bound: fmax < 51.5 Hz,

3. load shedding is to be minimized, i.e. unnecessary steps shall not be activated,

4. oscillations are adequately damped, i.e., in frequency maximum three relevant
oscillation cycles occur in the range t ∈ [15, 30]s. See below for details.

Figure 2.8 illustrates criteria 1 to 3 with scenarios and inertia values that distinguish
between passing the criterion and violating it. Criteria 1 and 2 directly result from
the operational limits for power plants as specified in the European regulation [34, p.
112/14] and detailed in national regulation, e.g. [25, 29]. Disconnection of power plants
outside these absolute frequency bounds were to cause an immediate blackout (gray
shaded areas in Figure 2.8). Criterion 3 restricts the amount of disconnected load power
to the minimum number of steps to cover the import deficit. It ensures that excessive
customer outage is avoided and that the stabilized system has - as far as possible - a
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Figure 2.9.: Limit cycle arising from low-inertia and the LFSM-O activation threshold at
50.2 Hz.

remaining load shedding reserve. National law [35, §13] prescribes load shedding to
avoid critical system states, while only the minimal amount shall be activated.

At low inertia values, marginally damped oscillations or limit cycles may arise. Fig-
ure 2.9 depicts an example of such a limit cycle (criterion 4), where frequency peri-
odically oscillates around the LFSM-O activation threshold of 50.2 Hz. The criterion
ensures not only the absence of limit cycles but also that oscillations decay within rea-
sonable time. Specifically, the frequency derivative ḟ in the range t ∈ [15, 30]s is pro-
cessed: After removing the linear trend7, the signal must not pass from below to above
the threshold value of ḟLim = 5 mHz/s more than three times.

The occurrence of limit cycles is strongly dependent on the frequency measurement
of LFSM-O. If the measurement delay were omitted, limit cycles would not occur at all.

7The slow activation characteristic of FCR with a rate limit causes a minor linear trend.
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Figure 2.10.: Baseline minimum inertia requirement for stability of system split, depending on
pre-split import power. Markers indicate the required inertia to fulfill each criterion - the marker
on top of the bar indicates the decisive criterion. TG is related to the power generated in the
area. The baseline scenario is reasonably optimistic regarding load shedding delays and LFSM-
O. For export situations the required amount of inertia increases monotonously, while in import
situations the rise is interrupted by each step of load shedding, also see Figure 2.11(a) versus (c)
and (d). The expected TG for 2023 (red line, see p. 10) restricts the stable range of PIm, whereas
a wider stability range results in the ”high conventional” scenario (blue line).

A second-order measurement delay is however included to represent a state of the art
PLL (see Section 2.2.2). It is to be noted that Criterion 4 is sensitive to the measurement
delay of LFSM-O, and a detailed investigation should be conducted. This is beyond the
scope of this thesis, as Criterion 4 will not be decisive for the subsequently derived
inertia requirements.

Export/import ranges The considered import/export range is −114 % ≤ PIm ≤
52 %. This range can in principle be stabilized by emergency frequency control, i.e.
the power reserves of LFSM-O and load shedding are reflected in the values. The im-
port/export range is evaluated with equally spaced points with 2 % spacing.

2.3.2. Baseline results

The minimum inertia requirement with the baseline configuration, see Table 2.2, is given
in Figure 2.10. To evaluate the minimum inertia values for each criterion, the algorithm
in Figure 2.7 was executed for each criterion separately. The gray bar indicates the
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Figure 2.11.: Selected results corresponding to Fig. 2.10 - legends indicate PIm |TG value pairs.
In each result depicted here, the inertia constant is just enough to meet criterion 1 to 4, i.e.
reducing TG by 0.1 s would cause a violation.

required inertia value to fulfill all criteria and the markers indicate the values for each
individual criterion. The marker on top of the bar thus indicates the critical criterion.

With increasing export power, see the left of Figure 2.10, the minimally required in-
ertia increases monotonously. With increasing import power, see the right, the required
inertia tends to increase, but not monotonically. The inertia value of a high conven-
tional generation scenario is indicated by a blue horizontal line (TG = 10 s), while the
estimated value for 2023, see p. 10, is indicated by a red line (TG = 4 s).

The results are only given for the partial range −0.8 pu ≤ PIm ≤ 0.52 pu, as for ex-
ports exceeding PIm < −0.8 pu the required TG is unrealistically large, and for imports
above PIm > 0.52 pu the stationary power balance cannot be fulfilled, as load shedding
is insufficient.

For export conditions, the relevant criteria are (4) oscillation damping and (2) over-
frequency limit. Exemplary frequency results are depicted in Figure 2.11(a). The delay
of LFSM-O reduction causes an over-swing of frequency. With increasing export im-
balance (−0.8 pu, −0.5 pu) , more inertia is required to limit the over-swing to the
permitted 51.5 Hz. At smaller export deficits, e.g. −0.2 pu, limit cycles are more
critical (criterion 4). With the reference inertia of TG = 10 s, export scenarios up to
PIm = −0.52 pu are stable.

The results for import conditions depend on all four criteria: limit-cycles for smaller
import deficits (e.g. 0.02 and 0.12 pu in Figure 2.11 (b)), excessive load shedding
(e.g. 0.24 pu, Figure 2.11 (c)), over-frequency limit after excessive load shedding (e.g.
0.18 pu) and under-frequency limit at PIm ≥ 0.38 pu (Figure 2.11 (d)). The load shed-
ding steps cause a repetitive pattern in the import range of Figure 2.10: With increasing
deficit, frequency approaches the threshold for the next, excessive load shedding step
more closely, and more inertia is required to prevent this. Over-frequency in the import
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range is always a result of excessive load shedding. At deficits that exceed 0.4 pu, all
load shedding steps need to be activated, and thus excessive load shedding cannot occur.
Thus, less inertia than for smaller imports is required.

For a reference system inertia of TG = 10 s, stability of the system split in the baseline
configuration is given for exports up to PIm = −0.52 pu and for imports up to PIm =
0.5 pu, i.e., the full range that is covered by load shedding. A reduced inertia of TG =
4 s, as expected for large parts of the CE system in the year 2023, narrows the range to
−0.28 pu < PIm < 0.1 pu. A critical range of inertia is reached for TG < 4 s: Instability
may result even from very small imbalances.

2.3.3. Considering ROCOF limits
Limits on the rate of change of frequency may arise due to different technical reasons:

• Proper functioning of emergency frequency control, i.e., LFSM-O and load shed-
ding.

• Limitations of equipment regarding the ROCOF withstand capability, e.g. of
power plants or high voltage direct current (HVDC) stations.

Here, the functioning of emergency frequency control is ensured directly through the
Criteria (1) to (4) from page 19, and thus does not depend on an explicit ROCOF limit.

To investigate the effect of equipment limitations, an additional criterion will be con-
sidered in this section:

5. ROCOF, averaged over a specified period TAV, shall not exceed a specified limit.

Specifically, a moving average filter is applied to the absolute value8 of the ROCOF:

ḟAV =
1

TAV

t∫
t−TAV

|ḟ | dt. (2.7)

ROCOF limitations related to equipment capabilities are specified throughout Eu-
rope for HVDC equipment [36], and in the Irish system additionally due to limitations
of conventional generation plants [37]. Table 2.3 provides an overview. The limited
capabilities of specific equipment indirectly introduce a general system-wide ROCOF
limit. See references [37, 20] for more a more extensive overview.

8Applying the absolute value is necessary to avoid ”blindness” to a typical feature of the ROCOF re-
sponse that is caused by load shedding: a (excessive) negative ROCOF is followed by a (excessive)
positive ROCOF within less than one second. Such events may cancel out due to the averaging, unless
the absolute value is included.

9The share of converter-based generation (termed Non-synchronous penetration, NSP) is limited in Ire-
land in order to meet the ROCOF limit. Due to the small size of the power system, single plant outages
or an outage of north-south interconnectors are large disturbances, comparable to a system split in the
CE system. These outages are treated as normal contingencies in the n− 1 regime. Limiting ROCOF
leads to redispatch, i.e. limiting wind generation to account for conventional must-run. Increasing
the NSP limit thus requires either additional (power-electronic) inertia or an extended ROCOF limit.
Conventional power plant operators are in the process of validating the extended limit.
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Table 2.3.: Minimum ROCOF withstand capabilities from grid connection requirements

Regulation Critical factor Limit Averaging period
Hz/s TAV/s

Ireland - Grid Code Conventional Plants 9 0.5 0.5
Ireland - future Grid Code Conventional Plants 1 0.5
Europe - RfG DC HVDC Control 2.5 1

The effect of ROCOF limits on the required minimum inertia TG has been evaluated
by applying the ROCOF criterion (5) in addition to Criteria (1) to (4).

Figure 2.12 provides the results. The limit of 2.5 Hz/s mainly influences the most
severe under-frequency cases with four steps of load shedding. The required inertia for
the third step of load shedding (PIm = 0.36 pu) is still decisive. In most cases the re-
quirements on inertia do not change with a ROCOF limit of 2.5 Hz/s. With the more
strict limit of 1 Hz/s, the required inertia increases in all cases. For the conventional ref-
erence value TG = 10 s, the maximum import power is reduced from 0.5 pu to 0.16 pu,
and the maximum export power from 0.52 pu to 0.24 pu solely due to the ROCOF cri-
terion. With the high renewable reference TG = 4 s, limit violations occur in all import
cases and would permit a maximum export of 0.08 pu.

The investigations here directly consider the functionality of LFSM-O and load shed-
ding, and thus a general limit on ROCOF is not necessary from the perspective of fre-
quency stability. The operational limit of HVDC systems of 2.5 Hz/s does not lead
to increased inertia requirements, as the worst-case scenario is determined by the load
shedding criterion. The potential future limit of the Irish system of 1 Hz/s leads to
unrealistically high inertia requirements or respectively poor capabilities regarding the
permissible range of PIm.

2.3.4. Effect of plant-specific exceptions in the LFSM-O
The general dynamic requirement for LFSM-O is that 95 % of the power reduction is
activated within TOF = 2 s. However there are - depending on the national implemen-
tation of the European regulation [34] - exceptions that permit a slower reaction for
many plant types: conventional steam turbine, conventional gas turbine, wind turbines
and internal combustion engines. The current draft of VDE-4120 [29] in fact proposes
new exceptions with even slower reaction times than in the preceding versions of the
standard [25].

For conventional gas turbine-based plants, the proposed exception is a reaction time
of TOF = 8 s and a power ramp rate limit of 20 %/min [29]. In high conventional sce-
narios of the future, a dominant share of generation is subject to this exception, and the
remaining share, e.g. steam or wind turbines, is subject to other exceptions. To compare
the effect of the gas turbine plant exception to the baseline requirement, it is applied to
100 % of the generation. This scenario approximates a likely future scenario, when gas
turbine plants temporarily fill the power gap in times of low renewable generation.

The required inertia is depicted in Figure 2.13. At the reference inertia value of
TG = 10 s, only 0.04 pu export are manageable and even small import deficits would
cause an over-frequency violation after load shedding.
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Figure 2.12.: Effect of ROCOF limits on required inertia TG: The limit of 2.5 Hz/s (gray) only
affects very high import power, but does not change the critical case (PIm = 0.36). Limiting
ROCOF to 1 Hz/s (green) strongly increases the required inertia for all scenarios.

This result indicates that exceptions to the activation characteristic should only be
introduced after careful evaluation. To reduce adverse effects on frequency stability,
exceptions should only be granted for existing plants when strictly necessary. Newly
installed plants should conform to the baseline requirement of 95 % power reduction
within 2 s.

2.3.5. Effect of the load shedding delay

The delay of load shedding consists of the detection time and the switch opening time.
In the CE Operation manual, two different values for the maximum delay are given:
150 ms [10, p. 8] and 350 ms [10, appendix p. 44]. The short delay value can be
achieved with digital frequency relays and fast acting switch types. Older, mechanic
relays in combination with slow switch types can only be activated within 350 ms [31].

The effect of slower load shedding on the minimally required inertia is evaluated in
Figure 2.14. The study was repeated with a delay of 350 ms and the result is compared
against the baseline case with a delay of 150 ms. With slower load shedding, the re-
quired inertia increases from TG = 9.3 s to 23.3 s to cover the full import power range.
With the reference inertia TG = 10 s the maximum permitted import power is only
0.1 pu instead of 0.5 pu.
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2.3.6. Result overview

Figure 2.15 provides a summary of the results in this chapter: The permitted range
of export/import power is indicated for two fixed inertia values, the high conventional
(blue, TG = 10 s) and the high renewable (yellow, TG = 4 s) scenario.

In the baseline configuration frequency stability is provided for exports up to 52 % and
for imports up to 50 % at high conventional generation and at high renewable generation
for a reduced range of 28 % export and 10 % import. Reduced inertia due to a high share
of renewable generation leads to a strongly diminished stability range in case of a system
split.

Considering the ROCOF capability standard for HVDC systems [36] of 2.5 Hz/s,
averaged over 0.5 s, does not influence the stability range. The ROCOF capability for
the Irish power system will be limited to 1 Hz/s averaged over 1 s in the future. This
limit in the CE system would reduce the stability range to 24 % export and 16 % import
at high conventional generation and to an unsuitably restricted range of 8 % export and
zero import at high renewable generation.

The potential exception for the over-frequency power reduction (LFSM-O) of gas-
turbine-based conventional generation fundamentally impairs frequency stability: in-
stability results for all import cases and the export range is reduced to 8 % (4 %) at high
conventional (renewable) generation. It is to be noted that LFSM-O is a critical factor
in the export range as well as in the import range.

Slower load shedding due to old equipment leads to severe restrictions in the import
power range: at high conventional (renewable) generation, up to 10 % (4 %) import
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power are permitted.
The red dotted lines in Figure 2.15 correspond to the imbalances of events in the past

(see Table 2.1). The separation of the north-eastern region of the CE system in the 2006
three-area split would even have been stable at reduced inertia under the assumptions in
Table 2.2. Stability of this event would, however, have been jeopardized by exceptions
to the general 2 s activation time requirement of LFSM-O. The separation of Italy in
2003 happened under a large import deficit and this event resulted in a blackout, caused
by the tripping of power plants [16] and an insufficient amount of load shedding. The
results here indicate that with correct functionality of load shedding and LFSM-O ac-
cording to the baseline configuration, the event would have been stable with regard to
frequency stability. With reduced inertia or slower reaction of emergency controls, this
event would have gone far beyond the withstand capability of the system (as in 2003).

The required amount of inertia to provide stability for the observed import/export
ranges of past system splits can directly be determined from the maximum power mis-
match values from Table 2.1 and the minimum inertia requirement from Figure 2.10: To
provide stability in these specific system splits with up to 42 % export and up to 24 %
import power, a minimum inertia value of TG = 7 s is strictly required. To increase ro-
bustness, the possible power range can be enhanced to the full range of load shedding,
i.e., up to 50 % import. An inertia constant of at least TG = 9.3 s is then necessary.
In Section 2.5, two robustness levels are derived from these requirements and a safety
margin of 7 % is added to these TG values.

Reduced inertia endangers the system’s stability after system split events. Thus, it
seems obvious that additional inertia will be required in the future. One could argue
against this statement, that adapting to low inertia by improving LFSM-O and load
shedding is an alternative. The limited feasibility of this option is discussed below in
Section 2.3.7. The final conclusions are then presented in Section 2.5.

2.3.7. Discussion: Adapting to low inertia?

This discussion section elaborates on improvements of load shedding and LFSM-O and
an extension of the operating frequency range. Introducing these measures would adapt
the system to operate robustly with reduced inertia. The summary at the end of this
section concludes on the effectiveness of these approaches.

Improve LFSM-O and load shedding
LFSM-O and load shedding were shown to be critical when determining the minimum
inertia, see Sections 2.3.4 and 2.3.5. But is it technically feasible to improve load shed-
ding and LFSM-O, such that the operation with reduced inertia becomes unproblematic?
If this were the case, additional inertia would not be necessary.

The ongoing discussion of exceptions for LFSM-O of wind turbines, steam turbines
and gas turbines illustrates that even the current baseline requirement is difficult to meet
(see the draft standard [29]). An even faster reaction would require extensive technical
enhancements and cause additional cost for new installations and retrofitting of existing
plants. For more details, see e.g. [22]. Let us optimistically assume that a reaction time
of TOF = 0.5 s is technically feasible.

As the load shedding time is already moderately optimistic in the baseline config-



2.3. Required area inertia after system split 29

ba
se

lin
e

op
tim

ist
ic

0

2

4

6

8

10

P
Im

 = 0.36 pu(L)

T
G

 / 
s

TG,min

Overfreq.
Underfreq.
Load Shedding
Limit Cycle

Figure 2.16.: Comparison of required minimal inertia of the optimistic configuration versus
the baseline configuration. Load-shedding is the decisive criterion and the required inertia is
approximately proportional to the load shedding reaction time.

0 10 20 30

48

49

50

51

t / s

f 
/ H

z

0.36 pu | 9.3 s | baseline
0.36 pu | 6.9 s | optimistic

Figure 2.17.: Comparison of system split with baseline configuration against an optimistic con-
figuration with fast LFSM-O and fast load shedding. The inertia requirement is then slightly
reduced.

uration (150 ms), its further reduction is difficult: First, a certain measurement period
is necessary to securely detect the frequency deviation and reliably distinguish it from
voltage angle transients. Secondly, breaker opening times depend on internal mechani-
cal movement and faster equipment is not readily available, see [31] and [32] for details.
A total reaction time of 100 ms, consisting of 60 ms detection and 40 ms opening time
could be feasible with high additional effort, and is assumed for the following compari-
son.

The required minimal inertia for the case PIm = 0.36 pu has been evaluated and is
compared to the baseline minimum requirement of TG = 9.3 s in Figure 2.16. With
the very optimistic characteristics of LFSM-O and load shedding, the required minimal
inertia is TG = 6.9 s. The frequency response is depicted in Figure 2.17. This minimum
inertia requirement still exceeds the expected values for the near future.

There is only little space for improvement due to the technical lower limit of the
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reaction time of load shedding and LFSM-O. Thus, the required minimal inertia can
not be significantly reduced and additional inertia is unconditionally required in high
renewable situations.

ROCOF-based load shedding
Load-shedding can alternatively be activated according to the rate of change of fre-
quency. The rate of change indicates the magnitude of the imbalance and thus allows, in
principle, to determine the amount of necessary load shedding. However, power system
oscillations also cause an (oscillating) ROCOF and thus may cause erroneous activa-
tion of load shedding. To prevent this, the ROCOF condition needs to be combined with
fixed frequency thresholds. The potential advantage of the smaller delay is thus reduced.
Load-shedding is implemented in this way in New Zealand and Tasmania [38, 39]. Fur-
ther investigations regarding ROCOF-triggered load shedding are recommended, but
are not the focus of this thesis.

Extending the frequency range
The frequency range has so far been fixed to 47.5 Hz to 51.5 Hz in the criteria, see
Section 2.3. This range could be extended to account for operation with lower iner-
tia. The load shedding activation frequencies should then be distributed over a wider
range. Eigen-frequencies of turbine-generator assemblies are however located closely
outside the current frequency range. Operating outside the range may cause mechanical
resonance with the potential consequence of mechanical failure and accidents.

The extension of the operating range to frequencies above 51.5 Hz is under way:
power plants may voluntarily continue to operate at higher frequencies in the future [29].
The introduction of a mandatory requirement is however very unlikely in the consensus-
based standardization process. Adapting to a wider frequency range is technically dif-
ficult for existing power plants. For new power plants, it is in principle an option, but
additional engineering and manufacturing effort leads to increased cost. The transition
to a widened frequency range would take decades, as all existing power plants would
have to be reviewed, reconfigured and potentially retrofitted.

Summary of the discussion
The approaches to deal with reduced inertia are not suitable to keep the robustness dur-
ing system splits at a high level: All options require extensive technical and regulatory
effort and thus would take a long time to implement. Introducing ROCOF-based load
shedding is the only option that could realistically be implemented within a few years.
The expected outcome of any of the three options merely reduces the required minimum
inertia to some extent, but does not help in the long term when inertia continuously de-
cays.

2.4. Requirements for additional inertia

This section defines specific requirements for additional inertia. Two defined refer-
ence scenarios and corresponding specific requirements regarding power and energy
capabilities will be derived, based on the minimum inertia study from Section 2.3.
These requirements apply to the area inertia – equally to electro-mechanical and power-
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electronic shares.

Robustness levels and reference incidents The system split scenario is, to
date, not specified as a reference incident for the CE system.

To obtain a precise definition of the reference scenarios for the dimensioning of sys-
tem inertia, extensive investigations would be necessary: Operational schedules for fu-
ture scenarios, load flow calculations and a definition of ”viable” areas would be neces-
sary. Such a definition is not available to date.

Thus two pragmatic scenarios are defined here:

• Low robustness level: The reference peak import and peak export power is derived
from the past system split events in Table 2.1, i.e., up to 24 % import and up to
42 % export.

• High robustness level: The reference peak import power is chosen to match the
amount of load under load shedding, i.e., up to 50 %. The reference export power
shall be at least 50 %, i.e., identical to the import power range. In that way the
robustness in case of unexpected large-scale faults remains at a high level.

These two levels indicate a lower and upper bound of potential scenarios. Deriving
the low robustness level from past events may be slightly optimistic, considering the
rapidly changing generation portfolio and increasing power transits. On the other hand,
the high robustness scenario aims at handling any fault that can be balanced by 50 % load
shedding. This may prove to be conservative in more detailed large-scale investigations,
which are beyond the scope here.

Area-wide requirement The area-wide requirements are derived for each robust-
ness level using the results from Section 2.3. The minimum acceleration time constant
is derived from the baseline result in Figure 2.10 and the import/export range of the
robustness level. Two more specific requirements are subsequently derived: The peak
power ∆P̂ and the maximum energy ∆Ê the inertia needs to deliver. The requirements
are focused on import deficit scenarios, where the power and energy requirements are
positive. The negative peak power and negative energy in the export reference cases are
less relevant: they are of lower magnitude and opposite sign. Reducing power is con-
sidered to be less of a difficulty than increasing power. Thus, the over-frequency case
does not need to be considered in the requirements.

Figure 2.18 depicts ∆P (see Figure 2.4 and (2.2)) for the reference import cases of
the low and high robustness level. Instantly after the split event, the peak power ∆P̂ is
equal to the import deficit PIm, assuming the same reference power. However, different
per-unit systems are applied for generation and import, as introduced in Section 2.2:
inertia power ∆P is given relative to the pre-split instantaneous generation (G) and
the import deficit PIm is given relative to the initial load (L). For the high robustness
level in the case shown in blue in Figure 2.18b, to compensate an import deficit of
PIm = 50 %(L), the generation plants in the area need to increase their instantaneous
power output by ∆P = 100 %(G). For the low robustness scenario the peak power
requirement is ∆P̂ = 32 %(G), see Figure 2.18a.
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Figure 2.18.: Inertia power ∆P for the reference import case (blue). The initial power peak of
∆P is equal to the import deficit PIm. Note that the per-unit base power is different, see (2.1).

Considering (2.1), the peak inertia power results direclty from the import as

∆P̂ =
PIm

1− PIm
(2.8)

with [PIm] = pu(L) and [∆P̂ ] = pu(G).

The energy requirement results from the integral of the inertia power. Frequency itself
is qualitatively proportional to the power integral, see (2.3). Thus, the largest amount
of energy is released from the inertia when the lowest frequency is reached. In the
search for the minimum inertia requirement in Section 2.3 it was ensured that frequency
remains above the lower operational limit of 47.5 Hz. From operational considerations,
system inertia must be able to operate down to the lower frequency limit. The maximum
energy is derived based on the kinetic energy

E = 1/2TG
f 2

f 2
0

, (2.9)

with [E] = pu(G)s and [f ] = Hz.

The maximum energy ∆Ê that is discharged from the inertia results from the energy
E0 at rated frequency f0 = 50 Hz minus the energy Emin at the lower frequency limit
fmin = 47.5 Hz:

∆Ê = E0 − Emin = 1/2TG

(
1− f 2

min

f 2
0

)
. (2.10)

The energy requirement for the high robustness level is ∆Ê = 0.49 pu(G)s and for
low robustness it is ∆Ê = 0.37 pu(G)s.
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Table 2.4.: Summary of the requirements for the area inertia in the low- and high robustness
level.

Robustness level pu
Symbol Low High base

Export / import range PIm [−42 %, 24 %] [−52 %, 50 %] L

Minimum inertia TG 7.5 s 10 s G

Inertia peak power ∆P̂ 0.32 pu 1 pu G
Inertia maximum energy ∆Ê 0.37 pu s 0.49 pu s G

For electro-mechanical inertia, the above relation is merely a representation of the
physical reality. The stored rotational energy is equal toE0, while only ∆Ê is accessible
within the operational limit f ≥ fmin. In contrast, for emulated inertia, the energy
storage can be realized independent of system frequency, and only the accessible amount
of energy ∆Ê needs to be available.

Table 2.4 provides a summary of the requirements. For low robustness, the required
peak-power capability is significantly lower in comparison to high robustness.

These requirements are the basis for the subsequent studies regarding inertia from
wind plants in Chapter 3 and regarding the cost of additional inertia in Chapter 4.

Remark: The power and energy requirements can be transferred directly to individual
units, e.g. converter units with inertia emulation. In that case, they need to be scaled
according to the acceleration time constant of the unit in the unit’s per-unit system.

Need for additional inertia in Germany 2030 Based on the area-wide require-
ments in Table 2.4 and the remaining synchronous machine-based inertia, the need for
additional inertia can be quantified. Figure 2.19 shows the forecasted annual duration
curve of inertia in Germany for the year 2030 from [3], assuming that no additional
inertia plants will be installed. Only for 12 % of the year the low robustness level is
reached.

The shaded areas in Figure 2.19 correspond to the required additional inertia to reach
the low or high robustness level. Up to 90 % of the system inertia have to be made
available by additional inertia in the year 2030 in Germany.

2.5. Conclusion

Frequency stability after system split events was investigated in detail in this chapter.
The effect of reduced inertia and the critical aspects of emergency frequency control
were laid out. The following general requirements are deduced from Section 2.3.6.

In order to maintain the robustness of the system, three key points need to be consid-
ered:

1. Inertia must be kept at a reasonably high level,
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Figure 2.19.: Annual duration curve for system inertia in Germany in 2030, adapted from Ref-
erence [3, p. 28], compare Figure 2.3. The shaded areas indicate the requirement for additional
inertia.

2. LFSM-O must operate reasonably fast and without plant-specific exceptions, and

3. load shedding must operate with a low delay, i.e., old equipment should be re-
placed.

The discussion in Section 2.3.7 revealed that there is little room for improvement
beyond the state of the art for LFSM-O and load shedding. Thus, system inertia needs
to be maintained at a certain level.

Two robustness levels, based on the results from the simulation study in Section 2.3,
have been introduced in order to derive specific requirements for inertia. The low ro-
bustness level ensures stability for the power deficit range of past system splits, i.e., up
to 24 % import and up to 42 % export. The high robustness level ensures stability for
import deficits up to the full range of load shedding, i.e., up to 50 %, accompanied by a
capability for export up to 52 %, see Section 2.4.

Specific area-wide requirements for system inertia have been derived:

• Low robustness requires an acceleration time constant of TG = 7.5 s, peak power
capability of ∆P̂ = 32 %(G) and energy of ∆Ê = 0.37 pu(G)s.

• High robustness requires an acceleration time constant of TG = 10 s, peak power
capability of ∆P̂ = 100 %(G) and energy of ∆Ê = 0.49 pu(G)s.
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System inertia, and thus robustness, is strongly reduced in high renewable scenarios.
To maintain the desired robustness level, action is required. An obvious and favoured
solution is to provide emulated inertia with power-electronic-based renewable plants,
see e.g. [2, 20, 34].

Emulated inertia from renewable plants is the focus of this thesis. Chapter 3 describes
important aspects of providing system inertia with wind turbines. The costs for inertia
provision with wind turbines and photovoltaic plants are estimated in Chapter 4. A cost
comparison to supplying inertia by centralized synchronous condenser units is included
there. Part II then focuses on different inertia emulation schemes for power-electronics-
based plants and a comparative evaluation thereof.





3. Inertia emulation with wind
turbines

Wind turbines constitute a large and continuously growing share of the installed gen-
eration capacity. Wind energy is one of the reasons for the declining system inertia –
but it could also be the solution, if wind turbines were made to contribute to system
inertia. Inertia emulation with wind turbines is the focus of this chapter. The aim here is
to identify potential issues, solve these issues and finally to demonstrate that wind tur-
bines with suitable control algorithms are able to provide emulated inertia that is fully
equivalent to conventional inertia.

This chapter starts with a description of the state of the art in Section 3.1. A wind
turbine model with inertia emulation is introduced in Section 3.2 and its effect on system
level is investigated in Section 3.3. A new control scheme for the inertia emulation in
below-rated operation is introduced in Section 3.4. Section 3.5 reports experimental
results, followed by a conclusion in Section 3.6.

3.1. State of the art and definitions of frequency
control with wind turbines

This section introduces inertia emulation in wind turbines and provides an overview of
the state of the art. Differences regarding grid-side inertia between the common wind
turbine types are laid out. Control functions regarding inertia and frequency control are
introduced along with an unambiguous terminology. The focus is on inertia emulation
and virtual synchronous machines (VSM), but related techniques are briefly treated as
well.

Wind turbines possess a kinetic energy storage in their rotor, with a similar amount
of energy as conventional power plants, relative to rated power. For the now outdated
turbines with directly coupled induction machine (Type 1 and Type 2), the rotor inertia is
electrically coupled to the system inertia, see [40]. For – now state of the art – variable-
speed wind turbines, the rotor inertia is decoupled from the system inertia through power
electronics. Either a partial-power converter with a doubly-fed induction machine (Type
3) or a full power converter (Type 4) is used. The active power and rotor speed control
in these types aims to maximize power production and minimize mechanical loads – as
such, the control targets are independent of the grid situation and the turbines do not
contribute to system inertia.

As Type 3 and Type 4 turbines account for the largest share of wind generation and are
continuously being installed at large scale, wind energy does not contribute to system
inertia in a significant way.



38 3. Inertia emulation with wind turbines

Still, the energy from the rotor inertia is available and with suitable inertia emulation
control schemes, it can become a part of system inertia. To date, inertia emulation is
under discussion for the specification in future grid codes. The European regulation [34]
delegates the specification of ”synthetic inertia” to transmission system operators and
enables them to demand such a functionality in the future.

It is important to distinguish inertia emulation from other contributions to power / fre-
quency control. Some authors consider any contribution to frequency control that relies
on the energy stored in the wind turbine rotor, as ”synthetic”, ”emulated” or ”virtual”
inertia. Elsewhere, the same terms are applied to the grid-side behavior that replicates
the effect of the inertia of synchronous machines. The prevailing definitions are often
ambiguous and sometimes incompatible between different authors. In this thesis, the
term ”inertia emulation” refers to the grid-side contribution to system inertia. Further
consistent definitions are given subsequently.

The following review papers are recommended for further overview: Reference [41]
provides an overview of frequency control through wind turbines. A definition of ”syn-
thetic inertia” is provided in [42] (in this thesis, the term ”emulated inertia” is applied
instead). The review article [43] focuses on renewable plants (i.e., PV and wind) that
participate in frequency control. References [40] and [44] are focused on frequency
stability after large disturbances at high renewable penetration.

3.1.1. Inertia emulation

Definition: Inertia emulation is based on replicating the relation between fre-
quency derivative and active power

ḟ =
f0

TAI
∆P , (3.1)

with the acceleration constant TAI of the emulated inertia.

Two approaches are based on this relation:

• derivative-based inertia emulation and

• virtual synchronous machine control.

The literature overview in this section is focused on the derivative-based approach and
inertia emulation with virtual synchronous machines is considered in Section 3.1.4.
Part II provides a detailed comparison of these approaches.

The original proposal of inertia emulation with wind power plants is given in [45]
– it is proposed that a torque offset which is proportional to the frequency derivative
is added to the generator torque command. A system study with this approach was
performed in [46].

The authors of another system study [47] elaborate that the power contribution from
the emulated inertia decays during a fault when the wind-speed is below rated or at rated
speed. The additional power in-feed from the inertia leads to a decrease of rotor speed
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which causes an undesired interference of maximum power point tracking (MPPT) gen-
erator control, which reduces the power in-feed and cancels out the inertia contribution.
The worst interaction occurs near rated wind-speed. As a solution it is proposed to hold
the power set-point of the MPPT controller at a fixed value during the disturbance.

A more advanced approach to reduce the negative interference through generator con-
trol is presented in [48], where the generator curve is modified during the disturbance
depending on grid frequency. More detailed investigations of this approach are pre-
sented in [49] and [23]. The investigations reveal an improved frequency response, but
the interaction with generator control is not fully canceled. In Section 3.4, an approach
is presented that fully eliminates the undesired interaction between MPPT control and
inertia emulation control.

Although maintaining a power reserve through de-loaded operation avoids the above-
mentioned complications, it is economically unattractive as it reduces energy yield sig-
nificantly.

3.1.2. Proportional frequency response

Definition: Proportional frequency response provides a power offset that is pro-
portional to the frequency deviation with the droop factor kfp.

∆P = kPf (f ∗ − f) (3.2)

The above relation is applied in wind turbines in different modes: (1) Without de-
loading, such that in under-frequency conditions the response can only be sustained for
a short time. (2) In LFSM-O generation reduction it is applied only for over-frequency,
where power is reduced. (3) In combination with de-loaded operation, such that a pos-
itive power reserve can be activated permanently in under-frequency conditions. In all
three cases, the response is typically much faster than for frequency containment con-
trol.

The first mode without de-loading has been reported in the literature [45]. In [50] it
is shown that the required recovery period and interaction with turbine control can lead
to deteriorated performance. For a specific pre-defined fault, the approach reduces the
frequency minimum, under the condition that the control parameters are adapted to the
current system configuration. This mode is a topic of research, but not applied in the
field.

The second mode, LFSM-O, only concerns negative power offsets, see Section 2.2.2.
After a fault, the generator power is to be limited relative to the pre-fault power, see
e.g. [25]. This mode is considered state of the art in emergency frequency control.

The third mode requires a permanent reduction of the wind turbine power below the
available power, referred to as ”de-loaded operation”. Such a control mode is demanded
in current grid-codes [34, Art. 15] for units with a power greater than 100 MW in region
CE and greater than 5 MW in the Irish system, and as such not applicable to most wind
turbines. It can however be applied to voluntarily contribute (market-based) services.
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In the UK system for example, an ”enhanced frequency response” (EFR) is aimed at
reducing frequency fluctuations through a proportional reaction within 1 s. In the first
tender, only battery-storage systems were competitive [51]. Specific approaches for de-
loaded operation in the below-rated region are presented e.g. in [52] and [53]. The
effect of de-loaded operation on turbine lifetime is described in [54].

When dimensioned to balance a system-split in under-frequency conditions, see Sec-
tion 2.4, de-loaded operation causes exceptionally high cost. For the high robustness
level, the de-loading would have to provide 100 % power reserve, i.e., the wind farms
only feed in 50 % of the available power during normal operation. Even reaching the
low robustness level with 32 % de-loading would cause unacceptable cost.

Proportional frequency control by wind turbines needs to be distinguished from iner-
tia emulation. LFSM-O is required in addition to system inertia in system split condi-
tions. The excessive losses and resulting cost of de-loading prohibit the application of
proportional frequency control with the aim of stabilizing system splits.

3.1.3. Event-based frequency response

Definition: Event-based frequency response provides a constant power offset for
a pre-determined duration once a frequency threshold is violated. A recovery period
is strictly required in below-rated operation.

The event-based approach executes a pre-defined power offset curve when a frequency
threshold is violated. This is especially beneficial for systems with predominantly
hydro-power, as hydro plants suffer from a temporary negative power dip when the
valves are opened in order to increase power (non-minimum phase behavior). In the Hy-
dro Québec system such an event-based response is demanded from wind turbines [55],
under the (ambiguous) name ”synthetic inertia”. Detailed analysis of the control ap-
proach are presented in [56] and in [57, Chapter 4]. Operational experience is reported
in [58] and [59].

Event-based frequency response is suitable for hydro-dominated systems with low to
medium shares of wind energy, where the response can be tailored for common fault
types. It is however not suitable for systems with very high wind penetration.

3.1.4. Virtual synchronous machines in wind turbines

Virtual synchronous machines inherently contribute to system inertia according to the
virtual representation of the machine mechanics, based on (3.1). The application of
VSM to full inverter wind turbines (Type 4) has been described for the first time in the
patent application [60] and in the conference paper [61]. An adapted control framework
that enables the participation in proportional frequency control is elaborated on in more
detail in [52]. The contribution to system inertia is in the focus of [62]. In a wind
turbine with VSM, the turbine control needs to tolerate active power deviations from the
setpoint. Also, the DC-link voltage should be controlled by the generator-side converter,
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such that the DC-link voltage remains constant even during grid-side disturbances, see
Section 5.1.1 and References [63, p. 205], [61] and [62].

The development of VSM algorithms for doubly-fed generators in Type 3 wind tur-
bines is reported in [64]. The rotor-side converter can be controlled to apply a rotating
excitation flux to the machine, and thus enables the variable speed operation with the
electrical behavior of a synchronous machine. These control schemes are fundamen-
tally different from the current-control schemes which are typically applied, see [65]
and [66].

Applying VSM to wind turbine generator systems enables these plants to contribute
to system inertia and - optionally - to proportional frequency control. A specific VSM
implementation is one of the two control schemes that are the focus of Part II of this
thesis.

3.2. Modeling

To understand the interactions between inertia emulation, wind turbine control and aero-
dynamics, a wind turbine model is introduced in Section 3.2.1. The reaction of a wind
turbine to power offset commands is demonstrated in Section 3.2.2.

The link to the inertia emulation scheme and the aggregated system model is de-
scribed in Section 3.3. Undesirable interactions between wind turbine control and sys-
tem frequency through inertia are illustrated there.

Remark: A generalized inertia emulation scheme will be applied in this chapter. It
neglects implementation details related to converter control, but it is suitable to study
global effects related to turbine control and aerodynamics.

3.2.1. Wind turbine model

The wind turbine model consists of a mechanical drivetrain model, aerodynamic charac-
teristic and the turbine controller. These subsystems are subsequently introduced. While
the model structure generically represents variable-speed turbines (Type 3 and Type 4),
the parameters are those of the NREL 5 MW research turbine and the corresponding
reference controller [67]. See [68] for a general introduction to wind turbine modeling
and control.

The inertia of the rotor, gearbox and generator is aggregated into a first-order drive-
train model. The aerodynamic torque τAero accelerates the drivetrain and the generator
torque τEl decelerates it:

Ω̇Rot =
1

JW
(τAero − τEl) . (3.3)

With the rotational speed ΩRot and torque τ normalized to the rated values (i.e., per-
unit quantities), JW is the acceleration time constant of the drivetrain, i.e., rotor, gearbox
and generator. For the NREL 5 MW turbine JW = 12.1 s.
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Aerodynamics are modeled through a two-dimensional characteristic of the power
coefficient

CP = f(λ, θ), (3.4)

which depends on the pitch angle θ and the tip-speed ratio

λ =
ΩRot r

vW
. (3.5)

The rotor radius is denoted r. With the above equation, it results that the power
coefficient depends on the wind speed vW, rotor speed and pitch angle. The aerodynamic
power results from

PAero =
1

2
CP(λ, θ)Aρ v3

W. (3.6)

The circular rotor area is denoted A and the air density is ρ. To capture the maximum
power for a given wind speed, CP shall reach a maximum. The maximum is located at
θ = 0 and the optimum tip-speed ratio λopt, which is typically λopt ≈ 8. That is, the
rotor needs to be operated at a rotational speed that is optimal for the given wind speed.

Wind turbine control has two distinct control targets: (a) for below-rated wind speed,
the maximum power shall be captured, and (b) for above-rated wind speed, the power
and rotational speed shall be limited to rated values.

Figure 3.1 illustrates the below-rated operation regions: The gray lines depict, for a
range of wind speeds, the dependency of aerodynamic power on the rotational speed.
For each wind speed, there is a power maximum at a specific rotational speed. The
dashed line is the ideal generator curve which intersects the maxima for all wind speeds.
It results from (3.6) and (3.5) as

PAero,opt =
1

2
CP,maxAρ

r3

λ3
opt

Ω3
Rot. (3.7)

It is the objective of below-rated control to keep generator power and rotational speed
on the generator curve (Region 2 in Figure 3.1). When this is achieved, the maximum
power is extracted. Due to a limited operational range of rotor speed, there are transition
regions 11

2
and 21

2
. In these transition regions, the generator curve (blue) deviates from

the ideal curve (dashed). Limiting the rotor speed range reduces overall system cost and
outweighs the slightly reduced efficiency.

Figure 3.2 depicts the wind turbine control scheme, consisting of the generator control
(upper branch) and the pitch control (lower branch). The generator control is responsible
for reaching the below-rated control objective. In order to operate on the power curve,
the rotor speed ΩRot is measured, low-pass filtered and the corresponding generator
power setpoint P ∗W is determined from the generator curve. This setpoint may be limited
by the LFSM-O, with the limited set-point denoted as PW. The generator power and
torque control, as part of the converter control, is much faster than the turbine control
bandwidth. Thus, the dynamics of generator control can be neglected here, and the set-
point PW is considered to act instantly on the generator. That is, the set-point is identical
to the actual value – unless an inertia emulation-related offset is active.
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Figure 3.1.: Generator curve (blue) of the NREL 5 MW Turbine [67] as normalized power-speed
characteristic. In region 2, it intersects the curves of aerodynamic power (gray, for selected vw)
at their maximum, such that the maximum power point is inherently approached. Due to the flat
maximum of aerodynamic power, rotor speed deviations in the percent-range only cause power
deviations in the per-mil range. Region 11

2 and 21
2 are transition regions where the operating

point deviates from the maximum power point. These transition regions are required due to
a restricted speed range of the generator. In region 3, constant power is demanded and pitch
control regulates the rotor speed to its nominal value.

The offset ∆PW will be added to PW due to inertia emulation. As ideal inertia emu-
lation is assumed, this offset is derived directly in the aggregated power system model,
see Section 3.3.3.

The total electrical generator power results as

PEl = PW + ∆PW . (3.8)

For interfacing to the drivetrain model, the electrical torque τEl is calculated from the
electrical power through division by the rotor speed:

τEl = PEl/ΩRot. (3.9)

The power set-point from turbine control PW, equal to the actual electrical power in
undisturbed conditions, is forwarded to the power system model. The inertia emulation
power offset ∆PW will be determined in the power system model, and its effect on the
power system will be readily considered there. Thus, it is not considered in the value PW

that is interfaced from the turbine control model to the power system. This interfacing
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Figure 3.2.: Wind turbine control scheme with generator curve (upper branch) and pitch control
(lower branch). LFSM-O and inertia emulation are part of the simplified converter subsystem,
which interfaces to the power system model (see Figure 3.5).

approach avoids algebraic loops in the overall model of the wind turbine and aggregated
power system.

In above-rated conditions (Region 3 in Figure 3.1) the control objective changes to
maintain the generator power and rotor speed close to the rated values. Maintaining
power at the rated value is achieved by setting a constant setpoint P ∗W = 1 pu. Keeping
the rotor speed near the nominal speed is achieved through the lower branch of Fig-
ure 3.2. A proportional-integral (PI) controller regulates rotor speed by actuating on the
pitch angle θ. The power coefficient CP decreases with larger pitch angles, that is, the
rotor speed will settle at rated speed once the aerodynamic power PAero is equal to the
electrical power PEl. Due to non-linearities in the CP characteristic and in the relation
between wind speed and power in (3.6), the gain scheduling factor (1/(1 + kSch))θ is
beneficial for performance and robustness [68, 69]. In effect, the controller gains are
reduced with increasing wind speed.

To avoid cyclical alternation between the below-rated and above-rated controls, espe-
cially near rated wind speed, additional transition logic and anti-windup measures are
necessary. As a simple approach, the generator power setpoint is fixed to 1 pu whenever
the pitch angle is greater than zero. That is even when in above-rated operation, due to
turbulence, the rotational speed is intermittently smaller than rated speed, the generator
power remains constant. If wind speed transitions to below-rated values, the pitch angle
reaches zero and the below-rated controller is activated again.

The wind turbine model introduced above captures aerodynamics and turbine control
and will be applied to investigate the effect of external power offsets due to inertia
emulation.
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3.2.2. Reaction of the wind turbine to power offset
commands

A power offset causes rotor deceleration (or acceleration) and a reaction of the turbine
controller. The effect on the commanded power offset is subsequently investigated for
below-rated and above-rated conditions. The requirement for high robustness from Sec-
tion 2.4 is taken as a basis for the power offset: A rectangular pulse power offset of 1 pu
with a duration of 0.5 s is applied, see Figure 2.18.

Below-rated operation

Figure 3.3a depicts the result for below-rated conditions, i.e., region 2 at a wind speed
of vw = 8 m/s. The power pulse causes the rotor speed ΩRot to decelerate by about 6 %
(upper plot). The electric power is, however, only increased to the desired value in the
first instant – due to the reduced rotor speed the power setpoint from the generator curve
P ∗W decreases and the total electric power setpoint PEl = PW + ∆PW does not reach the
desired value for the pulse duration (middle plot). In the lower plot a zoom on the
aerodynamic power and the generator curve setpoint reveals that (1) the aerodynamic
power is only marginally affected, and (2) the power setpoint from the generator curve
is reduced during and after the offset pulse:

(1) The aerodynamic efficiency is not reduced significantly, although the rotor speed
changes by 6 %. This follows from the gray curve for 8 m/s in Figure 3.1: The
aerodynamic power has a flat maximum near the operating curve, and thus effi-
ciency is only marginally affected by such small speed deviations. This illustrates
that it is not necessary to restore the rotor speed back to the pre-fault value.

(2) Nonetheless, the generator controller reacts to the reduced speed with a reduced
power setpoint according to the generator curve. Due to the low-pass filter in the
controller, the maximum of this power reduction occurs delayed relative to the
power offset command at t = 1.5 s. In effect, the rotor speed is recovered by
the turbine controller through the power reduction. Thereby the additional energy
from the power offset command is taken back from the grid.

In below-rated conditions the turbine controller counteracts the power offset com-
mand. As the rotor speed is recovered within several seconds, the energy that flows to
the grid due to the offset command is taken back directly after. The turbine controller
does in effect not allow to deliver additional energy to the grid. This causes undesired
interactions in conjunction with inertia emulation, see Section 3.3.4.

Above-rated operation

Figure 3.3b depicts the reaction to the power pulse in above-rated operation (region 3).
The offset power causes a deceleration of the rotor by 5 % (top plot). As a reaction, the
pitch controller reduces the pitch angle (middle plot) and thus increases the aerodynamic
power (bottom plot), until the rotor speed is restored back to normal. The power offset
is fully effective in the above-rated operating region without adverse effects.
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Figure 3.3.: Reaction of the wind turbine to a power offset command of 1 pu for a duration of
0.5 s. In below-rated conditions, the dip in rotor speed ΩRot causes a reduction of the power
setpoint P ∗W from the generator curve. Note that aerodynamic power PAero in (a) remains al-
most constant even at reduced rotor speed. In above-rated conditions in (b) the pitch controller
increases the aerodynamic power to restore the rotor speed.

Summary These results indicate that for below-rated conditions the action of the
turbine controller that compensates the power offset command needs further considera-
tion. In above-rated conditions there are no undesired interactions. Section 3.3 focuses
on global interactions in the aggregated system model.

3.3. Frequency stability with emulated inertia from
wind turbines

The wind turbine model from the previous section will be applied to study the system-
level behavior at high wind penetration. The investigations aim at identifying potential
limitations with inertia emulation from wind turbines. Such limitations can arise due to
different reasons:

• From power amplitude limits or related mechanical torque and electrical current
limits,

• from aerodynamics, i.e. reduced efficiency or even stall,

• from control interference in the below-rated region, as described in Section 3.2.2.

The first point, power limits, needs to be accounted for in the turbine design and is
not regarded in detail here. It is assumed that the turbine design has the capability for
the inertia-related additional power, torque and current peaks.

As a prerequisite to the subsequent investigations, two approaches to resource coor-
dination are presented in Section 3.3.1. The reduction of aerodynamic efficiency will
be evaluated in the next Section 3.3.2. The integration of the wind turbine model into
the frequency stability model is described in Section 3.3.3. The behavior of the overall
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system and especially the effect of control interference on system frequency will then
be evaluated in dynamic simulations in Section 3.3.4.

3.3.1. Resource coordination and scheduling

This section addresses the question of how the total inertia requirement in a power
system may be distributed to individual turbines.

It was pointed out that a large amount of additional power is required from the ag-
gregated system inertia. When supplying this additional power from wind turbines, as
many turbines as possible should participate in order to distribute the power impact.
This is beneficial for the power system because the power flow is distributed across the
system and it is beneficial for wind turbines because the over-load is distributed, and
thus smaller for individual turbines.

The following two solutions can be implemented without central coordination and
thus with low additional effort:

1. Each turbine shall supply a constant amount of inertia relative to its rated power.
The inertia contribution would be independent of the instantaneously generated
power. In that way, the total inertia from wind turbines would be maximized. This
option would cause the overall system inertia TG to fluctuate with wind speed:
Firstly, TG is defined relative to the instantaneous generation, i.e. the base quantity
itself depends on the wind conditions. Secondly, other plant types are dispatched
depending on wind speed and would then supply additional inertia. Thirdly, wind
turbines would only contribute their share of inertia above the cut-in wind speed.

2. Each turbine shall supply an amount of inertia TGW,mom that is proportional to its
instantaneous power. Thus, the total amount of wind system inertia TGW would be
constant relative to the instantaneous total supply of wind power. Together with
conventional power plants that are dispatched as required, overall system inertia
would be approximately constant over time.

Other relations between inertia and instantaneous power, or other mechanisms (e.g.
market-based approaches [70]) to determine the desired amount of inertia are under
discussion [71] but are beyond the scope of this thesis.

A scheduling strategy is required for the second approach on wind turbine or wind
plant level. It needs to adjust the emulated acceleration time constant TGW according
to the instantaneous power production. It might for example operate on quarter-hourly
basis, that is, determine the inertia constant based on the average feed-in of the previous
15 min.

For the system-level studies in Sections 3.3.4 and 3.4, the second approach is se-
lected, mainly because constant inertia relative to the total wind power in the system is
beneficial for principal studies: For different shares of wind power among total gener-
ation and for different wind speeds, the overall system inertia value remains constant.
Thus, results can be compared easily.
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3.3.2. Effect of inertia-related rotor speed deviations on
aerodynamic efficiency

In this section the effect of inertia emulation on the aerodynamic efficiency will be
evaluated, focusing on the worst-case under-frequency scenarios. The relevant question
is, if aerodynamic efficiency in below-rated wind conditions (Regions 11

2
, 2, 21

2
) is re-

duced substantially in case of the activation of the inertia reserve. A stationary analysis
is conducted for the disturbed state with reduced rotor speed. The aim is to relate the
undisturbed efficiency CP,0 to the disturbed efficiency CP,D. This allows a qualitative
assessment of the effect on system level.

1. For a given wind speed vw the undisturbed, stationary operating point as defined
by the generator curve in Figure 3.1 is identified. The undisturbed rotor speed
ΩRot,0 and the undisturbed aerodynamic efficiency CP,0 are determined numeri-
cally using the generator curve and CP characteristic. The mechanically stored
energy in the rotor in undisturbed conditions is

ERot,0 =
1

2
JWΩ2

Rot,0 . (3.10)

2. The worst-case rotor under-speed ΩRot,D due to inertia emulation is determined
based on the mechanical energy balance of the rotor. It occurs when the inertia
energy reserve ∆Ê, see (2.10), is fully deployed1. The remaining mechanically
stored energy in disturbed conditions ERot,D is

ERot,D = ERot,0 −∆Ê . (3.11)

The mechanically stored energy in the rotor

ERot,D =
1

2
JWΩ2

Rot,D (3.12)

is then solved for ΩRot,D:

ΩRot,D =

√
2

JW
ERot,D . (3.13)

3. Using the disturbed rotor speed ΩRot,D, the disturbed aerodynamic efficiency CP,D

is determined from the CP characteristic.

The aforementioned calculation has been performed for the below-rated wind speed
range for the NREL 5 MW wind turbine with an emulated inertia acceleration time
constant TW = 10 s, relative to the turbine rated power. This corresponds to the first
scheduling approach from Section 3.3.1, and would cause wind turbines in below-rated
operation to provide a share of inertia that exceeds the requirement for the high robust-
ness scenario from Section 2.4. Thus, the resulting efficiency reductions are a conser-
vative estimation.

1This coincides with reaching a system frequency of 47.5 Hz.
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Figure 3.4.: Effect of inertia emulation on the power coefficient in the worst-case of rotor under-
speed due to inertia emulation and the corresponding relative efficiency CP,D/CP,0.

Figure 3.4 depicts the result: A comparison of the undisturbed aerodynamic efficiency
CP,0 and the disturbed valueCP,D, as well as the relative efficiencyCP,D/CP,0. Throughout
region 2 and 21

2
the efficiency is reduced to a small extent. The relative efficiency

remains above 99 % for all considered operating points. In Region 11
2

the efficiency is
even increased, as the generator curve is located to the right of the power maximum (see
Figure 3.1).

In conclusion the relative aerodynamic efficiency, and thus aerodynamic power, re-
mains above 99 % of the undisturbed value, even in the worst-case of full deployment
of the inertia emulation energy reserve. From the perspective of aerodynamic efficiency
and available stored energy, the NREL 5 MW wind turbine is able to provide inertia
emulation under all operating conditions.

This result qualitatively applies to all variable-speed wind turbines, where special
attention should be paid to turbines with exceptionally low rotor inertia.

3.3.3. Integration of the wind turbine into the aggregated
system model

This section describes how the aggregated wind turbine model from Section 3.2.1 is
integrated into the frequency stability model of Section 2.2. A simplified, general inertia
emulation scheme is applied.

Similar modeling approaches are presented in [50, 23]. In [50] it is suggested that
multiple wind generation models are integrated simultaneously to investigate the be-
havior of clusters of wind turbines operating at different wind speeds. The subsequent
studies aim at showing that the system model behaves identical for any wind speed and
wind penetration. Thus, only one wind turbine sub-model is considered subsequently.

The extended aggregated system model is depicted in Figure 3.5: the generation is
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Figure 3.5.: Integration of the wind generation sub-model into the aggregated system model
(compare Figure 2.4). Assuming ideal inertia emulation, a share ∆PGW of the inertia power ∆P
is applied to the wind turbine model to account for interactions with aerodynamics, drivetrain
inertia and generator and pitch control (see Figure 3.2).

divided into wind generation and other generation. See Figure 2.4 for the load model.

Generation scenarios Generation scenarios with specific shares of wind genera-
tion and ”other generation” need to be defined for this model. The initial generation for
the scenario consists of wind generation PGW and other generation PGS:

PG = PGW + PGS , with PG = 1 pu(G) , (3.14)

in the generation per-unit system (reference power: total instantaneous generation PG).
Subsequently, only scenarios with either 0 % or 100 % wind generation are consid-

ered. The parameters of these two configurations are provided in Table 3.1 and will be
introduced below in detail.

For each generation sub-model a capacity factor is defined: rW for wind generation
and rS for other generation. These factors describe the installed capacities for each
generation type in a specific scenario.

For the wind generation, the scenario is further defined by the constant wind speed
vW. For the given wind speed the initial generation PW (in the wind per-unit base) is
determined using the initialization procedure of the turbine model. The capacity factor
rW is then adjusted for the wind generation in the system per-unit base PGW to reach the
desired value:

rW = PW/PGW . (3.15)
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Table 3.1.: Definition of Scenarios 0 % Wind and 100 % Wind. The wind capacity ratio rW
additionally depends on the wind speed - for wind speeds below rated speed, an installed capacity
greater than 1 pu(G)/pu(W) is required to reach 100 % instantaneous wind generation.

Capacity Inertia
Wind share Other Wind Wind Other Total

PGW/% rS/
pu(G)

pu(S) rW/
pu(G)

pu(W) TGW/s TGS/s TG/s

pu base (G) (G) (G) (G) (G) (G)
0 % 1 0 0 10 10

100 % 0 ≥ 1 10 0 10

For other generation, the initial generation PS0 = 1 pu(S) in the other generation per-
unit base. Thus, rS is equal to PGS in the system per-unit base:

rS = PGS . (3.16)

System inertia TG is provided in part by wind generation TGW and in part by other
generation TGS:

TG = TGW + TGS . (3.17)

The acceleration time constants for the scenario are derived proportionally according to
the generated power. The total system inertia conforms to the high robustness scenario
from Section 2.4 with TG = 10 s.

Dynamic consideration of wind inertia System inertia is modeled as a single
degree of freedom in the aggregated model. To distribute the inertia power ∆P to two
different plant types, sharing according to the ratio of the acceleration time constants is
applicable2 . The wind inertia power is determined as

∆PGW =
TGW

TG
∆P . (3.18)

In the scenarios in Table 3.1 either none or all of the inertia is provided by the wind
turbine – in the 100 % scenario ∆PGW = ∆P .

After a per-unit conversion to the turbine per-unit base with factor 1/rW, it is applied
as ∆PW to the wind turbine model. It acts in addition to the undisturbed power PW (as
determined by the turbine control set-point) on the electrical power, see (3.8).

Applying a share of ∆P to the turbine drivetrain represents an idealized inertia em-
ulation control scheme. This idealized inertia emulation scheme is applied here to in-
vestigate the effect of turbine control and aerodynamics on system frequency dynamics.

2Power sharing among plants with inertia is initially determined by the electrical impedance (synchro-
nization phase) and then, after approx. 100 ms by their inertia shares, see e.g. [12, 62]. Considering
only the sharing mechanism of the second phase (inertia shares) is unavoidable in the aggregated model,
as electrical effects are not represented. A basic validation will be performed through the experiments
in Section 3.5.
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Detailed representations of such control schemes will be the focus of Part II of this
thesis.

The wind turbine model block in Figure 3.5 corresponds to the model in Figure 3.2: It
contains a turbine controller for the full operating range, aerodynamics based on a two-
dimensional CP characteristic and a rigid drivetrain model. Interactions between turbine
control, aerodynamics and system frequency are thus represented. An over-frequency
generation reduction (LFSM-O) is part of the wind turbine generator controller: The
power setpoint PW is limited above the LFSM-O threshold of 50.2 Hz, relative to the
pre-fault generation. This conforms to [25] with an activation time of TOF = 2 s, also
see Table 2.2. Thus, the LFSM-O characteristic of the wind plant is identical to that of
the other generation.

In the other generation block, LFSM-O is considered for that part of generation. The
output is scaled by the synchronous capacity ratio rS. For any division of capacity
between wind and other generation, the LFSM-O behavior remains the same on system-
level. The frequency containment reserve is modeled independently, such that it remains
independent of capacity ratios.

With the above scenarios and initialization procedure, the total system inertia remains
constant, and the behavior after a system split can be easily compared for different wind
speeds and different wind power penetration levels. Ideally, the behavior on system
level should be identical for all wind speeds – in that case, the emulated inertia from the
wind turbine would be proven to be fully effective in all operating conditions.

3.3.4. Performance in below- and above-rated conditions
The aggregated system model with wind-based inertia emulation is preliminarily evalu-
ated here, to illustrate the characteristic behavior in below-rated and above-rated opera-
tion of the wind turbine.

In Section 3.2.2 it was pointed out that in below-rated operation the generator con-
troller counteracts external power offsets by reducing its power set-point. An interfer-
ence with inertia emulation is therefore to be expected in below-rated operation. With
the system model with high wind penetration, the effect of this interference on system
frequency will be determined subsequently. References [56, 47, 23] describe similar or
related interactions between wind turbine control and system frequency.

Only one severe under-frequency system split scenario is considered at first. More
variations will be considered in Section 3.4.3.

As evaluation scenario the reference system split of the high robustness level with
PIm = 0.50 pu is selected. The behavior at 100 % wind penetration is evaluated
for above-rated operation and for below-rated operation. The wind generation is
operated without power reserve, i.e., with state-of-the-art MPP tracking in below-
rated operation. The FCR is provided by an additional dedicated unit (e.g. battery
storage).

Above-rated operation Figure 3.6 illustrates the result at above-rated operation
(region 3, vw = 15 m/s). Frequency is compared between the scenario with 100 % wind
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Figure 3.6.: System split with 100 % wind power versus the conventional configuration for
above-rated wind speed: System frequency reaches the same level of performance. The wind
plant is able to compensate the power pulse by reducing the pitch angle θ.

power (blue) and the baseline scenario with 0 % wind power (black, dashed). Frequency
behaves identical in these two scenarios.

The remaining curves are given for the 100 % wind scenario only and illustrate the
rotor speed, power setpoint and electrical power, and pitch angle. The rotor speed de-
viation of about −5 % is caused by an increase in electrical power from 1 pu to 2 pu.
As after only approx. 0.5 s load shedding is activated, system frequency deceleration
ceases and the power withdrawal due to inertia emulation stops. The pitch control loop
reduces the pitch angle for a brief period to re-accelerate the rotor, and after only 10 s
the turbine is very close to normal operating conditions. System frequency settles to a
constant value after approx. 60 s.

At above-rated operation of the wind turbine, the power system can be supplied with
wind only. The main challenge is the increase of electrical power by 1 pu for 0.5 s – a
detailed analysis of the mechanical and electrical stress on components is required.

Below-rated operation The result for below-rated operation in region 2 (vw =
8 m/s) is depicted in Figure 3.7. Frequency is compared between the scenario with
100 % wind power (blue) and the baseline scenario without wind power (black, dashed).
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Figure 3.7.: System split with 100 % wind power versus the conventional configuration for
below-rated wind speed: A critical under-frequency occurs with the wind plant due to an unde-
sired interaction with generator control. Although aerodynamic power PAero remains constant,
the power setpoint P ∗W is unneccesarily reduced.

After the system split, a steep frequency drop is observed until all four load shedding
steps are activated.

At 48.2 Hz the behavior with wind generation (blue) begins to deviate from the base-
line case (black, dashed). Frequency continues to drop and violates the absolute min-
imum of 47.5 Hz. This behavior is related to the – at this moment undesired – re-
acceleration of the turbine rotor. As a reaction to the reduced rotor speed (second plot),
the generator controller reduces the power setpoint PW (blue, two bottom plots) in order
to re-accelerate the rotor. This leads to a system-wide power deficit which is covered
from the emulated inertia, indicated by the difference between PW and PEl (red, third
plot), and thus causes the further decline of system frequency. The reduction in the
power setpoint PW is fully compensated by inertia power. Thus, the acceleration power
for the turbine rotor is provided here by the frequency-dependent reduction of load
power.

The simulation is continued, even though a blackout would result from the violation
of the 47.5 Hz limit. At 46.9 Hz the load reduction due to self-regulation is hypotheti-
cally sufficient to cover the power discrepancy, and ultimately a sufficient amount of the
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frequency containment reserve is activated after about 10 s. Frequency then stabilizes in
the over-frequency region.

In the described situation, an interaction with generator control reduces the effective-
ness of the grid-side emulated inertia that would cause a full blackout. In Sections 3.2.2
and 3.3.2 it was shown that aerodynamic power is largely unaffected by small rotor
speed deviations, and thus the power setpoint reduction of the generator controller is
unnecessary. The next section introduces an enhanced control scheme that eliminates
the undesired interaction in below-rated operation.

3.4. Enhanced inertia emulation scheme for wind
turbines

In the previous section it was shown that in below-rated operation an undesired interac-
tion with generator control leads to unacceptable performance of the inertia emulation.
To overcome this, the generator controller should explicitly not attempt to restore the
rotor speed when it deviates from the optimum due to an inertia-related event.

3.4.1. State of the art of compensation schemes
The state of the art regarding schemes that prevent the control interaction was already
briefly introduced in Section 3.1.1 and is presented in greater detail here. Two general
approaches are known: (1) freezing the power set-point and (2) compensation schemes
that cancel the interaction between inertia emulation and the generator curve.

The first approach to simply freeze the power set-point from the generator curve
during a frequency excursion, is proposed e.g. in [47]. This only performs well under
constant wind conditions - when the wind speed changes while the set-point is frozen,
the rotor speed runs away from the optimum and aerodynamic power may be reduced
significantly. Also, a recovery strategy to transition back to normal operation (i.e., un-
freezing the set-point) is required, which may again interact with system frequency.

The second approach are compensation schemes which intend to cancel the interac-
tions between generator control and inertia emulation.

The scheme that was first described in [72, 48] and is further investigated in [73, 23]
is based on a similar derivation as the following enhanced compensation scheme (see
Section 3.4.2). The fundamental idea is to dynamically re-scale the generator curve, i.e.
instead of applying the constant factor k in

PW = kΩ3
Rot , compare (3.7),

the generator curve shall be dynamically adapted, i.e.

PW = kVIC(fV)Ω3
Rot , (3.19)

with kVIC(fV) being a function of the high-pass filtered grid frequency.
With this approach, the interaction can be reduced but is not fully cancelled. The

involved high-pass filter and an additional scaling parameter (λ in [48]) introduce inac-
curacies. The subsequently introduced new scheme shows that re-scaling the generator
curve is also unnecessary.
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Figure 3.8.: Related control scheme with inverted generator curve, replicated from patent CN
105226723 B [74]. The pre-fault rotor speed is applied instead of the instantaneous rotor speed.
Thus a requirement for a mode switching/recovery strategy arises and performance under turbu-
lent wind conditions may be compromised. Copyright notice: The CC license does not apply to
this individual figure.

Another related scheme is described in the patent [74] and replicated in Figure 3.8. It
operates with an inverted generator curve ΩRot(PEl) and is based on a correction factor
calculation similar to the one in the subsequently introduced scheme, see (3.22) (see
below). However, instead of dynamically applying the instantaneous rotor speed, the
pre-disturbance rotor speed ωr0 is applied. Thus the scheme may only properly function
under constant wind conditions and further requires a switching strategy to hold the pre-
disturbance rotor speed and return to normal operation. Another complication may arise
due to the underlying rotor speed control, which does not allow to modify the electrical
power set-point directly.

The subsequently presented control scheme solves the aforementioned limitations.

3.4.2. Enhanced compensation scheme

This section introduces an enhanced compensation approach, which compensates se-
lectively the effect of rotor speed deviations due to inertia emulation on the power set-
point. It operates continuously and is able to distinguish between inertia-related and
wind speed-related deviations of rotor speed. Thus, the generator curve’s power setpoint
will only be adjusted based on aerodynamic changes, even during system disturbances
that are supported with the rotor inertial energy.

The compensation scheme is based on determining in real-time a variable that quan-
tifies the hypothetical rotor speed ΩRot,H, i.e., the hypothetical speed when no inertia-
related power exchange had occurred. This hypothetical rotor speed is applied to the
generator curve to determine the power set-point PW. In that way the set-point remains
unaffected from rotor-speed deviations due to inertia emulation. The integration into
the control scheme is depicted in Figure 3.9. The underlying formula is derived below.

Definition: The hypothetical undisturbed rotor speed ΩRot,H equals the value
that would be present if there had been no energy exchange due to inertia emulation.

Problem statement: Determine the hypothetical rotor speed ΩRot,H in real-
time from the actual rotor speed ΩRot and system frequency f .
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Figure 3.9.: Enhanced control scheme to avoid undesired interactions: Changes due to inertia
emulation are canceled out in the hypothetical rotor speed ΩRot,H(ΩRot, f). By feeding it to the
generator curve, the power set-point PW remains unaffected.

Approach: The energy that has been taken in or out due to emulated inertia ∆EW

is equal at the electrical grid interface and mechanically at the rotor. It is expressed

(a) electrically by the system frequency f and undisturbed system frequency f0,
compare (2.10), as

∆EW = EW0 − EW =
1

2
TW

(
1− f 2

f 2
0

)
, (3.20)

(b) and mechanically by the actual rotor speed ΩRot and the hypothetical undis-
turbed rotor speed ΩRot,H as

∆EW = ERot,H − ERot =
1

2
JW
(
Ω2

Rot,H − Ω2
Rot

)
. (3.21)

Note that the unit of ΩRot is pu.
Solution: Setting equal the expressions for ∆EW in (3.20) and (3.21) and solving

for ΩRot,H yields the solution

ΩRot,H =

√[
TW

JW
(1− f 2

f 2
0

)

]
+ Ω2

Rot. (3.22)

The above equation shall be evaluated in each control cycle by the turbine controller,
as indicated in Figure 3.9.

Only two simply identifiable parameters are involved: The grid-side acceleration time
constant TW of the emulated inertia and the rotor acceleration time constant JW. Thus
the compensation scheme can be applied with minimal parametrization effort.

Feeding the hypothetical rotor speed to the generator controller can also be interpreted
as shifting the generator curve horizontally to ”hide” the inertia-related speed offset and



58 3. Inertia emulation with wind turbines

P ∗W P ∗W

ΩRot

ΩRot,H

ΩRot

P ∗W

ΩRot ΩRot

P ∗WWithout

With

Normal Operation

(under-frequency, rotor under-speed)

Inertia activated

Compensation

Scheme

Compensation

Scheme

Figure 3.10.: Illustration of the effect of the compensation scheme. Without the scheme, a
negative rotor speed deviation (upper right) causes a reduction of the power setpoint (orange).
With the compensation scheme, the reduction in actual rotor speed is ”hidden” through applying
the hypothetical rotor speed ΩRot,H. This is equivalent to horizontally shifting the generator
curve (lower right, green).

thereby avoid an adjustment of the power setpoint, see Figure 3.10.
In contrast to the effect of inertia emulation, rotor speed deviations due to aerody-

namic effects remain fully observable by the generator controller. Aerodynamic effects
include changes of wind speed (turbulence) but also reduced efficiency. It was laid out
before that efficiency is not reduced by more than 1 % due to the inertia-related rotor
speed deviation. As a second-order effect, this small reduction in aerodynamic effi-
ciency may on a longer time-scale cause a slow deceleration of the rotor. It remains
observable by the generator controller and thus will be compensated through an appro-
priate adjustment of the power set-point. Thus, even in case of long-lasting large system
frequency deviations the turbine will never reach a critical operation state, as the gen-
erator controller slowly adjusts to these aerodynamic changes. The magnitude of this
second-order effect on system frequency is quantified in the example below.

Exemplary result

The principal functionality is explained along an example of a system split result in Fig-
ure 3.11. The same setup as in Figure 3.7 is evaluated – with a wind speed of 8 m/s and
100 % instantaneous wind penetration – but this time with the enhanced compensation
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Figure 3.11.: Example of a system split in below-rated wind speed, with the enhanced com-
pensation scheme: The performance is similar to the conventional configuration, as the negative
interference of the generator control is canceled out.

scheme.
System frequency f reaches the same performance as in the baseline case with 0 %

wind penetration – the curves are almost indistinguishable – quite in contrast to the case
without the enhanced scheme (compare Figure 3.7). The rotor speed ΩRot (blue, second
plot) is reduced due to the power of inertia emulation (third plot, pulse in red curve).
The rotor speed behaves qualitatively proportional to system frequency.

The hypothetical rotor speed ΩRot,H (red, second plot), calculated according to (3.22),
remains constant within a few per-mil during the whole incident. As the power set-point
P ∗W is derived from ΩRot,H through the generator curve, it also appears as constant. A
zoom in the bottom plot reveals what happens on a per-mil scale: The aerodynamic
power PAero is reduced by approx. 1.4 h due to the rotor deceleration. This reduction,
integrated over time, causes a slight second-order deceleration of the rotor, which is
not compensated in the hypothetical speed ΩRot,H. Thus, the operating point on the
generator curve shifts accordingly, and a reduction of the power setpoint P ∗W by approx.
0.7 h results. This effect is barely noticeable on system level, as the system frequency
response is quasi-identical to the baseline configuration.

This example illustrated the principal functioning of the inertia emulation with en-
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hanced compensation scheme. The undesired interactions that were identified previ-
ously (see Section 3.3.4) are effectively suppressed. More variations that cover the full
wind speed range are evaluated in Section 3.4.3. Results from a laboratory experiment
with two inverters and real-time simulation of wind turbines will be reported in Sec-
tion 3.5.

3.4.3. System-level performance

So far, the enhanced scheme has only been demonstrated for one example. In this
section the investigation is extended for the full operating range of wind speeds and to
system splits with two export and two import power levels. For each combination of
these two factors, the frequency response is evaluated.

The generation configuration is always a 100 % wind setup. Depending on the wind
speed, the installed wind capacity is adjusted in order to supply the desired locally
generated power. In this case, the area inertia is fully provided by the wind plant, and
the acceleration time constant of the area is fixed to TG = TGW = 10 s. This means that
in the aggregated wind plant’s per-unit system the acceleration time constant is adjusted
depending on the wind speed, as explained in Section 3.3.1. In that way, the system
frequency response should be identical to the baseline configuration if the emulated
inertia of the wind plant is free of undesired interactions.

The extreme export/import power of the high-robustness level and one moderate case
each have been selected: Exports of 52 % and 20 % and imports of 50 % and 20 % were
evaluated. The considered wind speed range is 4 m/s to 24 m/s with 2 m/s spacing.

Figure 3.12 depicts the result as one set of curves for each export configuration. Each
set consists of 11 green curves, one for each wind speed, and one blue dashed curve
for the baseline configuration. For both export cases and the moderate import case, the
curves overlap perfectly. Only for the worst-case import case with PIm = 50 % a small
variation with wind speed can be observed. Due to the large frequency deviation and the
relatively long duration of the recovery, the aerodynamic efficiency is reduced for some
wind speeds and causes a noticeable, yet insignificant delay in the recovery. Stability is
maintained even in this worst case scenario.

Frequency stability after system split events can be ensured by inertia emulation in
wind turbines when the enhanced compensation scheme is applied. With the enhanced
turbine controller, undesired interference with inertia emulation is cancelled completely
and aerodynamic efficiency remains close to the optimum even under the worst distur-
bances. The presented results demonstrate that the high robustness level can be achieved
even at 100 % wind penetration.

3.5. Experimental validation

The validation in the last section focused on the system level and applied aggregated
models. This section now presents experimental results that confirm the functionality
down to the component level in a medium-voltage microgrid test system.

The experiment setup is depicted in Figure 3.13: Two inverters and one diesel gener-
ator supply a resistive load of 100 kW. The diesel generator is based on a synchronous
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Figure 3.12.: Result for system split at 100 % wind penetration (green) in comparison to base-
line, i.e. ideal inertia with 0 % wind power (blue dashed). Each set of green curves consists of
11 curves that represent a wind speed range from 4 m/s up to 24 m/s with 2 m/s spacing.

generator with a rated power of 200 kVA and an acceleration time constant TAD ≈ 1.5 s.
It was configured to regulate frequency with a proportional droop. Load-steps were
applied to trigger a defined frequency response.

The wind farm is based on two 90 kVA inverters that are coupled to a real-time sim-
ulation of two wind turbines [75]. The inverters are operated with virtual synchronous
machine control and thus emulate inertia on the grid-side, see Section 5.4. The rated
active power of each inverter is scaled to 30 kW and supplies inertia with an acceler-
ation time constant of TAI = 30 s. 3 The wind turbine model represents a 1.5 MW
wind turbine of light-wind type. The power set-point from the wind turbine controller
is interfaced to the inverter control. The measured active power output of the inverter is
applied to the drivetrain of the real-time wind turbine model. In that way closed-loop
feedback between the virtual and physical part of the wind farm is introduced. The
electrical generator model and generator-side inverter are not modeled and assumed to
”forward” the measured grid-side power demand to the drivetrain instantly. The virtual
aerodynamic power is physically drawn from the auxiliary lab supply. In that way, the
virtual wind turbines are coupled to the experimental grid in a realistic manner.

In the experiment, load steps of 10 kW have been applied to the test system in three
configurations:

3The acceleration time constant relative to the scaled turbine power of 30 kW is TAI = 30 s, and relative
to the rated inverter power of 90 kVA it is TAI = 10 s.
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Figure 3.13.: Laboratory setup in the medium voltage test grid: The electrical subsystems of
two wind turbines are physically represented and connected to a hardware-in-the-loop (HiL)
representation of the wind turbines. The test system is operated as an islanded grid, supplied by
a diesel generator and two wind turbines.

Configuration 1: the load is supplied only by the diesel generator (baseline case)4

Configuration 2: the wind farm is connected in addition to the diesel. Wind turbine
control is not adapted, but the inverter provides emulated inertia.

Configuration 3: like Configuration 2 but turbine control is enhanced with the com-
pensation controller from Section 3.4.

In Configurations 2 and 3 both turbines are operated in the below-rated region at a
constant wind speed of 8 m/s. The turbines are operated at the maximum power point.
In Configuration 2 the undesired interaction that has been reported in Section 3.3.4 is
expected, while in Configuration 3 this should not be the case.

The results are provided for Configuration 2 in Figure 3.14a and for Configuration 3 in
Figure 3.14b, with the results of Configuration 1 shown as comparison on both figures
in gray. In Configuration 1 only the diesel supplies the load power, and frequency is
determined by the diesel alone.

In the result of Configuration 2 the wind turbines supply power, but turbine control
is unmodified. Due to inertia emulation, the turbines contribute to the additional load
initially, but an oscillation with a frequency of 0.2 Hz between the wind turbines and

4In Configuration 1 the experiment has accidentially been conducted with a load-step of 20 kW instead
of 10 kW. In the given results of Configuration 1, the power and frequency response to a 20 kW
load step has been scaled, that is, the deviation from the pre-event value was scaled to one half of the
recorded value.
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Figure 3.14.: Experimental result of a load step in the wind-supplied micro-grid in comparison
to the exclusive supply by the diesel generator (Configuration 1).



64 3. Inertia emulation with wind turbines

the diesel is initiated. It is caused by an interaction of the diesel governor and wind
turbine control: The maximum power point tracking interferes with inertia emulation
and reduces the inertia emulation power with some delay. This effect is counteracted
by the diesel governor, and in effect the oscillation results. It decays only after several
minutes, emphasizing the need for a modified turbine control.

The enhanced inertia emulation has been activated in Configuration 3. Figure 3.14b
provides the resulting behavior after the load step. The wind turbines contribute to
the load power step and the frequency behavior is improved: the rate of change and
maximum negative deviation of frequency are both reduced compared to Configura-
tion 1. The rate of change of frequency is reduced from 1.6 Hz/s in Configuration 1 to
0.35 Hz/s in Configuration 3. The low-frequency interaction does not occur any more.

The reaction in Configuration 3 illustrates the different phases of the power sharing
mechanism: For the initial approx. 100 ms power is shared according to the impedances
(electrical distance) to the load. Afterwards, during the negative ROCOF, according to
the inertia constants. And lastly according to the proportional frequency control gains.
The effective reactance (sum of generator and transformer) is very different in the set-
up: that of the diesel genset is relatively low with xΣ ≈ 0.06 pu (sub-transient, no
transformer), while it was relatively high for the inverter of the turbines with xΣ ≈
0.5 pu. Thus, the diesel takes over the first power ’spike’ up to t = 0.1 s, see the bottom
plot in Figure 3.14b. The inertia of the wind plant is much higher with TAI = 10 s,
per 90 kVA, than of the diesel with TAD ≈ 3.3 s, per the same 90 kVA. Due to this
difference, the second power sharing phase (0.1 ... 2 s) is dominated by power from the
VSM, before proportional frequency control of the diesel takes over afterwards.

An additional experiment has been conducted with turbulent wind conditions for the
virtual wind turbine. It is described in Appendix A.2. The experiment confirms the
principal ability to operate in turbulent wind conditions.

The experiments have confirmed that the enhanced compensation scheme from Sec-
tion 3.4 cancels control interactions and is able to operate in turbulent wind conditions.

3.6. Conclusion

This section started with a wind turbine model that has been applied in a system study to
identify potential issues of emulated inertia from wind turbines. Studying the operating
conditions revealed that aerodynamic efficiency remains very close to the optimum even
when the rotor speed is disturbed. A controller interaction was identified as the source of
unacceptable performance in below-rated conditions. An enhancement in the generator
controller that avoids such interactions was introduced. With this enhanced control
scheme the performance of inertia emulation is equal to conventional inertia, regardless
of wind speed. The new control scheme was validated in laboratory experiments using
real-time models of wind turbines that were interfaced to real inverters.

Limitations regarding the practical application may arise due to the step-wise increase
of power. In the worst-case scenario, the turbines would have to supply a power of 2 pu
for 0.5 s, and be able to increase power ”instantaneously” to that level. Allowing such
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a step-wise increase of power may cause severe mechanical and electrical stress on the
components involved. An over-dimensioning of the drivetrain, generator and converter
may be necessary, if the expected loads are found to exceed the design loads. As an
alternative to reinforce components, a short-term electrical energy storage like a super-
capacitor or battery is possibly more economical.

The peak power is much lower in the low robustness scenario with 1.32 pu. It may
even be possible to restrict the contribution of inertia to the below rated operating region,
so that the total power never exceeds the rated power. When considering that option,
a more complex approach at scheduling the inertia emulation for each wind farm were
necessary. Detailed operating schedules for all involved power plants and all potential
system split boundaries would have to be evaluated.

In future research, two aspects could be investigated in more detail in relation to
system split events: First, the mechanical and electrical stress in wind turbines, and
second, statistics of generation and load conditions.

Even with the prevailing uncertainty regarding the effect on component design, cost
for adapted turbine designs with suitably increased power rating is estimated in Chap-
ter 4, along with a comparison to the cost for an additional battery storage.

Summary Wind plants with suitable inertia emulation schemes are capable of stabi-
lizing system splits with the same performance as conventional plants. This is even true
for 100 % wind penetration and for the full range of wind speeds.

One major issue that has been identified is the peak power that needs to be supplied
instantly. The power pulses that occur due to inertia emulation may reach up to 1 pu on
top of the rated power. Thus, the short-term overload capability – both electrically and
mechanically – is the decisive factor that needs consideration in the turbine design.





4. Cost estimation for additional
inertia

The decline of inertia in the Continental European power system causes an increased
risk of blackouts after system splits. Chapter 2 has quantified the required minimal
inertia and a specification for additional inertia. Figure 2.19 on page 34 shows the
forecasted annual duration curve of inertia in Germany for the year 2030 from [3],
assuming that no additional inertia plants will be installed. Only for 12 % of the year
the low robustness level is reached, and during 88 % of the year a system split would
likely cause a large-scale blackout.

In order to maintain robustness against blackouts after system splits, additional inertia
is strictly required. This chapter aims at evaluating the cost of different technologies for
additional inertia.

Wind and photovoltaic plants are the main reasons for the decline of inertia, but may
also solve the problem. The results from Chapter 3 indicate that wind plants are techni-
cally suitable to provide additional inertia. Photovoltaic plants (PV) can supply inertia
when an energy storage is added, see e.g. [76]. And there is a third option to add inertia
to the system: Synchronous condensers with additional rotating masses.

To ensure an adequate amount of inertia throughout the year, a sufficient and geo-
graphically distributed inertia reserve needs to be installed. The cost for this reserve -
consisting of capital and operational expenses - must be minimized. To find an optimum,
knowledge about the cost of each technological option is required. An optimal reserve
configuration can then be derived under consideration of the operational schedule.

This chapter aims at providing estimates for (1) the specific cost of the three afore-
mentioned technologies and (2) the total annual cost of the reserve for Germany in
2030. Three illustrative reserve configurations in terms of the installed capacity per
plant type will be considered: Configuration (A) involves all installed wind and pho-
tovoltaic plants, Configuration (B) is based on additional battery storage in some wind
and photovoltaic plants and Configuration (C) is based on synchronous condensers with
flywheel. These case studies are not necessarily optimal solutions, but they are based
on reasonable assumptions. Optimization of the configuration and of the operational
schedule is beyond the scope here. The results are rough estimations for the cost of
inertia provision in Germany in 2030.

Section 4.1 provides the necessary basics of the annuity method. In Section 4.2, the
technological solutions are described and their specific costs and annuities are derived.
Different reserve configuration scenarios and the associated total annual cost are then
compared in Section 4.3. The chapter is concluded in Section 4.4.
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4.1. Annuity method
In the next sections, the cost for different technical solutions will be derived. As com-
ponents with different lifetimes are involved in these solutions, a method that accounts
for different depreciation periods is required: The annuity method.

The annuity method is suitable to evaluate the cost of technical alternatives with
different lifetimes. The specific procedure is oriented at the technical guideline VDI
2067 [77]. Cost are determined separately for the investment, operation and mainte-
nance (O&M) and for loss energy. The annuity denotes the constant annual effort for a
prescribed number of years T as the period of consideration.

The annuity AN describes the annual effort for capital AN,C, operation and mainte-
nance AN,OM and loss energy AN,L:

AN = AN,C + AN,OM + τo · AN,L . (4.1)

The operating time weighing factor τo accounts for the share of operating time through-
out the year. In this Section 4.2, τo = 1, i.e. permanent operation is assumed. Only in
the case study of Section 4.3 the factor will be set to values smaller than one.

The cost in the base year, usually the first year of operation, serves as basis to deter-
mine the annuity. Specifically required is knowledge of

1. the initial investment sum A0,

2. the operating and maintenance cost in the first year AOM

3. and the cost for loss energy in the first year AL.

The annuity method assumes a constant interest rate i and constant price change rate
over the period under consideration. The interest factor q = 1 + i and the price change
factor r = (1 + price change rate) are derived from the change rates.

From the aforementioned input data, each component of the annuity in (4.1) is sub-
sequently derived. The following is reproduced and adapted from [77].

• Annuity of the capital-related cost

The annuity of capital-related cost AN,C is determined from the cash value of the
total investment AΣ:

AN,C = a · AΣ , (4.2)

where a denotes the annuity factor

a =
q − 1

1− q−T
. (4.3)

It describes the annual share of interest and repayment relative to the cash value
of the total investment.
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Determining the cash value of the total investment is based on the initial invest-
ment sum A0 and the number of years of the depreciation period TN (equal to the
expected lifetime). To determine the cash value of the total investment over the
period of consideration, repeated investments and the residual value need to be
considered. If required, i.e., when TN < T , the investment has to be repeated
n-times to cover the period of consideration T , i.e. to fulfill

n · TN ≥ T , with n ∈ N. (4.4)

The cash value (i.e., the value of the future investment at the time of the initial
investment) of the i-th repeated investmentAi depends on the interest factor q and
considers the price change through the price change factor r:

Ai = A0
ri·TN

qi·TN
. (4.5)

The residual value of the last, i.e., n-th investment at the end of the period under
consideration is determined, based on linear depreciation, as

RW = A0 r
n·TN

(n+ 1)TN − T
TN

1

qT
. (4.6)

The sum of the cash values, at the time of the initial investment, of all investments
under consideration of the residual value results as

AΣ =

(
n∑
i=0

Ai

)
−RW. (4.7)

• Annuity of operation-and-maintenance-related cost

Cost for operation and maintenance are approximated as a fraction fOM of the
initial investment A0:

AOM = fOMA0 , (4.8)

describing the cost in the first year after the installation. The related annuity
AN,OM in addition considers the cost change rate relative to the interest rate:

AN,OM = AOM · a · b, (4.9)

where b denotes the price-dynamic cash value factor:

b =
1−

(
r
q

)T
q − r

. (4.10)
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Remark: If the cost change rate were equal to the interest rate (r = q), the factors
a and b would cancel, i.e., a · b = 1, and the maintenance annuity would be equal
to the maintenance cost in the first year AN,OM = AOM. While this is generally not
the case, it illustrates the difference between annuity and first-year annual cost.

• Annuity of loss-related cost

The annual cost for loss energy are derived from the annual loss energy QL and
the specific cost of energy CL, with the cost given for the first year:

AL = QL · CL, (4.11)

and the annuity is

AN,L = AL · a · b. (4.12)

The annuity of loss-related cost considers the change rate of energy cost.

The specific assumptions for the subsequent application of the annuity method are
summarized in Table 4.1.

Table 4.1.: Parameters for the annuity method

Period under consideration T in a 20
Interest factor q 1.05

Price change factor r 1.02
Annuity factor a 0.0802

Price-dynamic cash value factor b 14.7
O&M cost fraction fOM (optimistic) in % 1 %

O&M cost fraction fOM (conservative) in % 2 %
Cost for loss energy CL in e/kWh 0.05

The period of 20 years is a reasonable planning horizon, considering the rapid tran-
sition of the power system. It is also the average of the involved lifetimes (depreciation
periods) of 10, 20 and 30 years. The interest rate of 5 % lies within the ranges reported
in [78, Table 2]. The inaccuracy introduced by assuming specific and constant interest
and price change rate parameters for the whole period is a known and inherent limitation
of the annuity method. This uncertainty needs to be acknowledged when interpreting
the results. Sensitivity studies to these parameters may be conducted to quantify the
uncertainty – that is beyond the scope of this thesis.

In the next section, the cost base and annuities for different technical solutions will
be described.

4.2. Technological options and their specific cost
The specific cost and specific annuities are derived in this section for three technological
options: Wind turbines, DC-coupled battery storage and synchronous condensers with
flywheel.

The procedure for each option is to determine
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1. the specific investment cost per inertia power in e/kW,

2. the specific cost for loss energy per year and per inertia power in e/kW/a, and
then

3. the specific annuity in e/kW.

Where necessary, costs in USD have been converted to e at 1 USD = 0.8 e , as of
February 2018.

4.2.1. Wind turbine with adapted design

Supplying emulated inertia with wind turbines according to the specifications from Sec-
tion 2.4 requires an increased peak power capability. The energy storage is readily avail-
able from the rotor inertia. Significant over-loading capability of the turbine structure,
the generator and the drivetrain is available in state of the art turbine designs: Such
capability results from standard design load cases, e.g. two-phase generator short cir-
cuit, runaway of the blade pitch and erroneous activation of a braking system [79]. To
determine exactly which components need to be adapted for inertia emulation requires
detailed investigations on turbine level, which remains an open point for future research
and development.

To come to a first cost estimate, two scenarios are derived: The optimistic case is that
only the converter subsystem, and in this subsystem mainly the semiconductors, need to
be reinforced. In the conservative case, the converter is upgraded to a larger extent and
an additional reinforcement of the drivetrain is considered.

There are no capacity-related costs, because the rotor inertia is intrinsically available.
It suffices to meet the energy demand even in the worst-case scenarios, see Section 3.3.2.
Thus, only power-related costs are subsequently considered.

The cost structure of the wind turbine is taken from the review [80] and of the con-
verter subsystem from the report [81]. The wind turbine total specific cost is 977e/kW.
Subsequently, the converter and drivetrain subsystems are considered for reinforcement.
Table 4.2 provides the subsystem costs, and for the converter also the individual com-
ponent costs. The necessary specific additional investment A0 for inertia emulation is
calculated by applying a ”reinforcement factor” for each affected component.

In the optimistic scenario, see Table 4.2, mainly the IGBT semiconductors are re-
inforced to account for the additional peak power – by a factor 100 %, i.e. for each
additional kilowatt the cost increases by the base kilowatt cost. It is further assumed
that additional losses do not occur, so that the cooling system and mechanical parts
need only minor reinforcement, 10 % each.

Additional reinforcement is considered in the conservative scenario: The drivetrain
reinforcement is accounted for by a 50 % increase. Furthermore, the converter is rein-
forced additionally. To account for reinforcement of inductors (to avoid saturation), pas-
sive components are reinforced by 25 %. Furthermore, additional losses are accounted
for in the cooling system and mechanical parts through an increased factors of 50 %
each.

For the total initial investment sum A0 results a range of 14.1e/kW to 133e/kW,
see Table 4.2.
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Table 4.2.: Specific investment for the reinforcement of wind turbine subsystems, component-
wise for the converter subsystem, in order to provide additional peak power capability for inertia.
Cost base from [80] and [81].

Investment cost base Invest for additional inertia
peak power

optimistic conservative
e/kW % e/kW % e/kW

Drivetrain 192 0 0 50 96
Converter 84 (see below)

IGBT 11 100 11 100 11
Cooling system 11 10 1.1 50 5.5

Mechanical parts 20 10 2 50 10
Passive components 42 25 10.5

Additional investment A0 14.1 133

Table 4.3.: Specific annuity for additional peak power capability for inertia provision with wind
turbines.

Unit optimistic conservative

Depreciation period TN = 20 a
Initial investment A0 e /kW 14.1 133
Investment sum AΣ e /kW 14.1 133

Capital annuity AN,C e /kW/a 1.13 10.67

Cost fraction for O&M fOM % 1 2
O&M annuity AN,OM e /kW/a 0.17 3.13

additional losses fL % 0 1.2
Loss annuity AN,L e /kW/a 0 6.19

Total annuity AN e /kW/a 1.30 20.0

To derive the annuity, a depreciation period of TN = 20 a is assumed, based on the
typical design lifetime of wind turbines. Table 4.3 provides the resulting capital annuity
AN,C. The O&M annuity is derived by applying the factors fOM (see the assumptions in
Table 4.1) to A0, see (4.9).

For determining the loss cost, it is necessary to quantify the expected losses. In the
optimistic scenario, no additional losses are assumed1. In the conservative scenario,
additional losses of fL = 1.2 % of the additional peak power are considered, assuming
that the increased semiconductor rating causes additional switching losses2.

The specific annual loss energy (in W/W), assuming permanent operation, is

QL = fL · 24 h · 365 d, (4.13)

1This is justified when additional parallel switches are not activated in normal operation, but only when
they are actually required. This requires suitable PWM control.

2Losses occur on both sides of the back-to-back converter.
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and the loss annuity AN,L results with (4.11) and (4.12), see Table 4.3. The actually
expected operating hours will be considered in Section 4.3.

Table 4.3 provides the total annuity AN. The range of 1.3e to 20e reflects the large
uncertainty regarding the actual need for reinforcement of components.

4.2.2. DC-coupled battery storage for photovoltaic and wind
power plants

Coupling a battery storage to the DC-link of existing converter-based plants allows to
provide inertia regardless of the energy source. It is explicitly intended for photovoltaic
power plants, but may also be attractive for wind turbines to avoid potentially expensive
over-dimensioning of the drivetrain. Such a battery storage can in principle also be
connected to high voltage direct current (HVDC) transmission systems or to loads with
active rectifier, but here the focus is on the said renewable generation plants.

With the specific approach of interfacing to an existing converter in an existing plant,
only the battery pack and an upgrade of the converter system is required. The cost of
these two main components are subsequently derived for the optimistic and conservative
scenario.

Electrochemical batteries are considered in detail here, even though double-layer ”su-
per capacitors” have a more suitable power-to-energy ratio. The latter exhibit two major
disadvantages: (1) Capacity-related cost for super capacitors are approx. one-hundred
times greater than for lithium-ion batteries3 and (2) interfacing a super-capacitor re-
quires an increased current rating of the DC-DC converter, as the voltage drops signif-
icantly due to the discharge. Thus, power-related cost of a super-capacitor solution are
in the same range as for the battery storage. As an advantage, the battery solution has
surplus capacity available for additional services.

Subsequently, power-specific cost will be required, but cost for battery storage are
commonly provided as energy-specific cost. The power capability of batteries, relative
to the stored energy4 is characterized by

Crate =
maximum continuous discharge current in A

rated capacity in Ah
. (4.14)

Thus, the desired power-specific cost can be derived by dividing by the the Crate:

power-specific cost =
energy-specific cost

Crate
. (4.15)

Lithium-ion batteries have emerged as the dominant technology for hybrid-electric
and battery-electric vehicles in recent years. This process causes ongoing cost re-
ductions: The energy-specific investment cost for battery packs have dropped from
800e/kWh in 2007 to 240e/kWh in 20145. Projections based on learning curves

3In the range of 10 000 to 20 000e/kWh, see [82].
4Strictly, the peak current capability is not exactly equal to the peak power capability, due to the voltage-
drop under load. Approximating peak power by peak current capability is considered acceptable here,
in the context of cost estimation.

5Values converted at 1 USD = 0.8e , as of February 2018.
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estimate 184e/kWh for the year 2018 [83] and 96e/kWh for the year 2030 [84].6

The references give cost estimates for automotive battery packs, i.e. of cells mounted
in a suitable encasing. It is assumed here that a stationary rack mount is feasible at the
same cost.

In typical electric vehicle applications the Crate is approximately 4 h−1 [87], theoreti-
cally enabling 15 minutes operation at maximum power. High-power battery types are
applied in hybrid electric vehicles with typical values of Crate = 10 h−1. The battery
cell [88] has, for example, a particularly high peak discharge rate of 48 h−1 over 10 s.
High-power battery packs for hybrid-electric vehicles are reported to cost 30 to 50 %
more than normal types [87, 83].

In the conservative scenario, a high-power battery pack with Crate = 10 h−1 is as-
sumed at cost of 276e/kWh. 7 The optimistic scenario is based on an increased peak
discharge capability Crate = 15 h−1 at cost of 125e/kWh. 8

The specific investment cost for the battery pack, according to (4.15), are given in
Table 4.4: The cost range is between 8.32e/kW (optimistic) and 27.6e/kW (conser-
vative). The annuity is derived in Table 4.5 (Part 1), based on a depreciation period of
10 years (lifetime of the battery pack).

The converter system needs to be modified to accommodate for the additional battery.
An additional DC-DC converter is required and the grid-side inverter needs to be rein-
forced for the additional power. The underlying cost structure is that of the back-to-back
wind converter [81] that was also applied in Section 4.2.1. The cost increase now relates
to the grid-side inverter and an additional DC-DC converter. For the grid-side inverter,
one half of the back to back modifications from Section 4.2.1 are considered, and cost
shares for the DC-DC converter are added.

In the optimistic case, the DC-DC converter is considered to cause a cost increase of
25 % for semiconductors and of 10 % for passive components. The increased current
rating of the grid-side semiconductors increases semiconductor cost by additional 50 %,
i.e., in total by 75 %. Cost for the cooling system and mechanical parts increase by
20 % each, partially to account for the additional DC-DC subsystem. No switching
losses area assumed – the additional semiconductors only need to be activated when an
inertia-related energy discharge actually occurs. The optimistic investment cost for the
converter subsystem (Part 2) is 18.7e/kW, see Table 4.4.

For the conservative case, the cost increase due to the DC-DC converter is 50 % for
semiconductors, i.e. in total 100 %. For passive components 25 % increase is assumed.
Additional losses are expected in this scenario, causing a reinforced cooling system
and mechanical parts with 75 % each. The specific cost for the converter subsystem is
44.8e/kW. Switching losses account to 0.6 % of the peak power capability and are
allocated to the grid-side inverter. Losses of the DC-DC converter are not considered,
as such losses are only expected for short periods of battery discharging or charging.

For the power electronics a lifetime of 20 years is assumed. See Table 4.5 for the
individual annuities. The loss annuity is based on (4.13). A range of 2.98e to 12.3e

6Announcements from the automotive industry even suggest that cost of battery cells may become as
low as 80e/kWh by 2022 [85, 86].

7cost for 2018 [83] plus 50 % for high-power capability: 150 % · 184e/kWh.
8cost for 2030 [84] plus 30 % for high-power capability: 130 % · 96e/kWh. The increased Crate is
assumed to be feasible for the short duration of 0.5 s when it occurs only infrequently.
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Table 4.4.: Specific investment for an additional DC-coupled battery and reinforcement of the
grid-side inverter, in order to provide additional peak power capability for inertia in wind or PV
plants. Cost base from [81, 83, 84].

Investment cost base Invest for inertia peak power

optimistic conservative
e /kW % e /kW % e /kW

Part 1: Battery - 8.32 - 27.6

Invest A0 Part 1 (TN = 10 a) 8.30 27.6

Part 2: Converter 84 (see below)
IGBT 11 75 8.25 100 11

Cooling system 11 20 2.2 75 8.25
Mechanical parts 20 20 4 75 15

Passive components 42 10 4.2 25 10.5

Invest A0 Part 2 (TN = 20 a) 18.7 44.8

Table 4.5.: Specific annuity for additional peak power capability from additional DC-coupled
battery storage in wind or PV plants.

Unit optimistic conservative

Part 1: Battery
Depreciation period TN = 10 a

Initial investment A0 e /kW 8.32 27.6
First replacement A1 e /kW 6.21 20.7
Investment sum AΣ e /kW 14.5 48.3

Capital annuity AN,C e /kW/a 1.17 3.87

Part 2: Converter
Depreciation period TN = 20 a

Initial investment A0 e /kW 18.7 44.8
Investment sum AΣ e /kW 18.7 44.8

Capital annuity AN,C e /kW/a 1.50 3.59

Total initial investment (Part 1 and 2) e /kW 27.0 72.4
cost fraction for O&M fOM % 1 2

O&M annuity AN,OM e /kW/a 0.32 1.70

additional losses fL % 0 0.6
Loss annuity AN,L e /kW/a 0 3.09

Total annuity AN e /kW/a 2.98 12.3
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results for the total annuity AN.
The total initial investment sum is in the range of 27e/kW to 72.4e/kW, see Ta-

ble 4.5. Dedicated AC-coupled battery storage plants have not been considered because
they come at much higher cost: for example the Tesla Powerwall system with 2.7 h dis-
charge time costs 1088e/kW or 402e/kWh in 2018 [89]. Cost projections for the year
2030 for stationary storage plants are in the range of 232e/kWh to 416e/kWh [84].
The cost of the above add-on solution are much lower due to the comparably small
capacity and second due to the synergistic use of the grid-side equipment.

There are no capacity-related cost, because the battery storage is dimensioned for the
peak power. The battery storage provides plenty of excess capacity with corresponding
discharge times at peak power of 4 to 6 min. With the requirement being only peak
power for 0.5 s, the storage allows providing additional services like e.g. frequency
containment reserve.

4.2.3. Synchronous flywheel

This section describes a solution based on a synchronous condenser with an additional
flywheel. Synchronous condensers are applied at large scale to supply reactive power,
but typically have low acceleration time constants of approx. TA = 2 s. Mechanical
flywheels need to be linked to the machine to contribute more substantially to system
inertia.

The cost of the synchronous flywheel include a capacity-related share, which de-
pends on the flywheel size. Thus, a breakdown depending on the robustness level will
subsequently be necessary. By adjusting the size of the flywheel relative to the ma-
chine rating, the energy and power reserve will be matched to the specification from
Section 2.4. Distinct specific costs for low and high robustness will result.

Cost data for specific investment cost of synchronous condensers and of flywheels
are the basis for the cost estimation. In addition, specific operational cost will be de-
rived from two large-scale installations: The 1400 MW synchronous condenser plant in
the decommissioned nuclear power plant Biblis A [90, 91] and the 1514 MJ flywheel
that supplies pulse energy to the Tokamak fusion reactor ASDEX Upgrade [92] at the
Institute for Plasma Physics in Garching, Germany.

Investment cost for synchronous condensers are reported to be in the range of 50 to
100e/kVA [93]. These margins denote the estimate for the optimistic and the con-
servative scenario. An installation of 1 kVA synchronous condenser for 1 kW of inertia
peak power requirement is assumed. The generator and electrical connection of the Bib-
lis A plant are, due to their rating, especially efficient with 0.4 % total losses [90]. The
loss data of this plant are applied in the optimistic variant. For the conservative variant,
twice as many losses are assumed. Losses in that range also result from literature data
for transformers [94, p.229], excitation systems [95, p.274] and electrical machines [96,
Table I and III].

The cost range for flywheels is derived from the references [97, 98]. The optimistic
cost variant is reported in [98]. For the conservative variant, the flywheel subsystem
with bearings and housing, but without electrical machine is considered from [97]. A
cost increase of 36% based on historic inflation data (1996 to 2017) was applied in this
case. Loss assumptions for the conservative variant are based on actual values of the
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Garching flywheel [99]. For the optimistic variant, half the specific losses are assumed,
see Table 4.7.

Flywheel dimensioning The flywheel is dimensioned to increase the mechanical
inertia of the synchronous condenser to the specified level. The sizing of the flywheel
(energy) relative to the machine rating (power) depends on the robustness level from the
inertia specification. The requirements from Section 2.4 characterize the peak inertia
power P̂ and the acceleration time constant TG, both relative to the instantaneous gen-
eration. The acceleration time constant TSFW of the synchronous flywheel plant needs
however to be related to the rated power of the synchronous condenser.

From the system acceleration time constant TG and the peak inertia power require-
ment ∆P̂ the acceleration time relative to the synchronous condenser power rating is
derived as

TSFW =
TG

∆P̂
. (4.16)

A part of TSFW is provided by the synchronous machine, and the remaining part needs
to be added by the flywheel:

TFW = TSFW − TSM. (4.17)

The specific rated energy of the flywheel relative to the machine rated power is9

HFW = TFW/2. (4.18)

Assuming a value of TSM = 2 s, the resulting values are:

• For low robustness (∆P̂ = 32 % and TG = 7.5 s): HFW = 10.72 s.

• For high robustness (∆P̂ = 100 % and TG = 10 s): HFW = 4 s.

The energy-related flywheel cost are incorporated into the power-related investment
cost by multiplying with HFW, see Table 4.6.

The resulting total investment A0 is in the range of 54.5e/kW to 119.2e/kW for
low robustness – the investment for the flywheel constitutes a minor share in compari-
son to the synchronous condenser. For high robustness, slightly lower costs result, see
Table 4.6.

The annuities are derived in Table 4.7 for low robustness and in Table 4.8 for high
robustness. Losses of the flywheel are responsible for a large share of the total annuity.
The total annuity AN is in the range of

• 7.43e/kW/a to 17.00e/kW/a for low robustness, and

• 6.12e/kW/a to 13.78e/kW/a for high robustness.

9This value is inertia constant H , which is often applied instead of the acceleration time constant. Note
that the unit of [H] = s can be rewritten as [H] = kJ/kW.
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Table 4.6.: Specific investment for the synchronous flywheel plant, based on the components
”flywheel” and ”synchronous condenser”. Cost base from [93, 97, 98]

Invest for inertia peak power

optimistic conservative
e /kJ e /kW e /kJ e /kW

Flywheel HFW in s 0.42 1.79

low robustness 10.72 4.50 19.2
high robustness 4 1.68 7.16

Synchronous condenser 50 100

Investment A0 / low robustness 54.5 119.2
Investment A0 / high robustness 51.7 107.2

Table 4.7.: Specific annuity for the synchronous flywheel plant, low robustness variant.

Low robustness Unit optimistic conservative

Initial investment A0 e /kW 54.5 119.2
Residual value RW e /kW 13.7 30.0

Investment sum AΣ e /kW 40.8 89.2
Capital annuity AN,C e /kW/a 3.27 7.16

cost fraction for O&M fOM % 1 2
O&M annuity AN,OM e /kW/a 0.64 2.81

additional losses fL,SC % (W/W) 0.4 0.8
additional losses [99] fL,FW W/kJ 0.375 0.75

Loss annuity AN,L e /kW/a 3.51 7.03

Total annuity AN e /kW/a 7.43 16.99

Table 4.8.: Specific annuity for the synchronous flywheel plant, high robustness variant.

High robustness Unit optimistic conservative

Initial investment A0 e /kW 51.7 107.2
Residual value RW e /kW 13.0 26.9

Investment sum AΣ e /kW 38.7 80.2
Capital annuity AN,C e /kW/a 3.10 6.44

cost fraction for O&M fOM % 1 2
O&M annuity AN,OM e /kW/a 0.61 2.52

additional losses fL,SC % W/W 0.4 0,8
additional losses fL,FW W/kJ 0.375 0.75

Loss annuity AN,L e /kW/a 2.41 4.82

Total annuity AN e /kW/a 6.12 13.78
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Figure 4.1.: Specific annual cost of inertia for wind, battery and flywheel solution, from Ta-
bles 4.3, 4.5, 4.7 and 4.8.

4.2.4. Overview and specific annuities

The total annuity AN allow a comparison of the three solutions from the previous sec-
tions. It is the sum of the annuities for investment, operation and maintenance, and loss
energy, see (4.1). For the comparison in this section, permanent operation is assumed,
i.e., the operating time weighing factor τo = 1.

Figure 4.1 illustrates the annual cost ranges for the three options. Cost for wind inertia
is in the range of 1 to 20e/kW/a. Cost for the flywheel are in the interval between 6
and 17e/kW/a and for the DC-battery in the range of 3 to 12e/kW/a. Uncertainty is
the lowest for the flywheel and the highest for wind inertia. See Tables 4.3, 4.5, 4.7 and
4.8 for the specific annual cost in detail.

Due to the overlap in the ranges and large uncertainties, the comparison does not
single out one best solution. However, it points out potentially attractive directions that
should be investigated further:

• Wind inertia should be evaluated with detailed mechanical models regarding the
reaction to severe system split events. Narrowing down the actual need for rein-
forcements would allow for a more precise cost estimation. If mechanical rein-
forcements could be avoided, wind inertia might be the most cost-efficient solu-
tion.

• The battery-storage solution can serve different purposes besides inertia emula-
tion, e.g. for frequency control, limiting power ramp rates or reduce the effect
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of turbulence. A combined analysis of the technical requirements should be con-
ducted and combined cost and potential revenues should be incorporated. When
synergies with other services are utilized, the battery storage option would likely
become the most attractive solution.

• Cost of the flywheel solution are to a large extent caused by losses of the flywheel.
Approaches to reduce losses should be evaluated, e.g. vacuum chambers and
alternative bearing technologies.

In all three variants, the specific inertia costs depend almost exclusively on the peak
inertia power and only to a minor extent on the size of the energy storage. Thus, total
cost is mainly determined by the specified maximum inertia power ∆P̂ .

Discussion As costs are nearly independent of storage capacity, increasing the ac-
celeration time constant TG is possible with little or no effort. For the wind and DC-
battery solution the cost for increasing TG are zero, as cost are only dependent on peak
power. Specific annual cost of the flywheel solution increase with larger TG, mostly due
to higher losses.

A larger TG at the same peak power capability ∆P̂ allows for slower reactions of
frequency control, e.g. of load shedding after a system split (see Chapter 2). With the
cost being negligible, further increased inertia is an alternative to fast load shedding,
and thus an alternative to maintain high robustness.

4.3. Case study of inertia provision cost for
Germany

In this section, an estimate of the total annual cost for additional inertia in Germany in
the year 2030 is derived, based on the specific cost from the previous section.

The system-wide requirements for low robustness and high robustness from Sec-
tion 2.4 form the basis for the evaluation. Additional inertia shall be provided to in-
crease inertia in the German part of the system to the required level. Figure 2.19 shows
the annual duration curve of the system inertia in Germany in 2030 from [3, p. 28]
and the additionally required inertia. As the annual inertia minimum is close to zero,
additional inertia needs to cover the requirement to 100 % in terms of capacity.

The shaded areas in Figure 2.19 correspond to the operating time share of the ad-
ditional inertia. The time share is τI = 55 % for high robustness and 40 % for low
robustness. This time share is directly applicable as operating time share for the syn-
chronous flywheel: τo = τI. For the other options the operating time share τo depends
primarily on wind and PV irradiation availability.

The total annual cost TAC in e/a for Germany are derived as

TAC =
∑
v∈P

∆P̂ SI
v · (AN,C,v + AN,OM,v + τo,v · AN,L,v) . (4.19)
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from the sum of cost for each plant type v in the set of relevant plant types P, weighed
with the designated inertia capacity ∆P̂ SI

v in kW for each type. The cost base for each
type are the specific power-related annuities for invest, O&M and losses. The loss
annuity AN,L,v is weighed with the operating time share of the plant type τo,v.

4.3.1. Planning scenarios for additional inertia units
Planning of an optimal distribution of investments and optimizing the operation sched-
ule is a complex problem. Three hands-on planning approaches are introduced here to
allow a first estimate of the total annual cost.

Three different installation scenarios are compared:

(A) Wind and PV plants are subject to a general inertia requirement for all generation
plants. The required inertia peak power must be provided by each plant, relative
to its rated power. Costs are determined for equipping all PV plants with a DC-
battery and reinforcing all wind plants to provide inertia.

(B) DC-connected battery storage units in selected, geographically distributed PV and
Wind plants. The system-wide requirement of inertia peak power is suitably dis-
tributed among plants, without over-installation. When required, the plants are
dispatched10 to provide inertia even in the absence of wind or solar irradiation.

(C) Synchronous condensers with flywheel distributed throughout the system.

In Scenario (A) the capacity of the additional inertia is determined based on the in-
stalled wind and PV capacities PCap,v from Scenario 2030C in the grid development
plan [19]. The absolute inertia peak power for the plant types v ∈ {Wind, PV} is

∆P̂ SI
v = PCap,v ·∆P̂ , (4.20)

i.e. it is proportional to the installed capacity of each plant type. The system-wide
peak power factor ∆P̂ is applied to each plant type (and to each plant) and ensures that
sufficient inertia power is available regardless of the generation mix. The installed gen-
eration capacities are PCap,Wind = 62 GW and PCap,PV = 77 GW. In the high robustness
scenario, with ∆P̂ = 100 %, the inertia peak power is equal to the generation capacity
of each plant type. For the low robustness scenario with ∆P̂ = 32 %, the additional
inertia power is ∆P̂ SI

Wind = 20 GW from wind turbines and ∆P̂ SI
PV = 25 GW from PV

plants with DC battery. Whenever the plant is in power production operation, the addi-
tional inertia-related losses occur. Thus, characteristic operating time shares are chosen
for the average annual operating time share of wind and PV plants: τo,Wind = 80 % and
τo,PV = 50 %.

For Scenarios (B) and (C) the inertia peak power to be installed is

∆P̂ SI
v = PRef ·∆P̂ . (4.21)

The reference total generation is chosen as PRef = 90 GW to account for scenarios
in which relevant partial areas within Germany are potentially in a large-scale import

10E.g. by a coordinating entity that is responsible for inertia scheduling.
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Figure 4.2.: Annual cost estimate for inertia provision in the German part of the system.

situation. Absolute values are ∆P̂ SI = 28.8 GW for low robustness and ∆P̂ SI = 90 GW
for high robustness. The additional inertia power is distributed over suitable power
plants, aiming at a spatially distributed inertia provision.

In Scenario (B) the annual operation duration of the inertia-enabled plants primarily
results from the normal plant operation (wind or irradiation availability). It needs how-
ever to be increased due to additional operation without power production for a certain
time share. Here, τo,Avg = 75 % is applied, based on the average of the annual operating
time of wind and PV and a surplus of 10 % to account for ”pure inertia” operation.

In Scenario (C) it is assumed that the additional installations are only activated when
their inertia is actually needed to reach the required TG. Thus, annual loss cost are
weighed with the annual inertia activation time share τo,Flywheel = τI as illustrated in
Figure 2.19, i.e. 40 % for low and 55 % for high robustness.

Scenarios (B) and (C) require appropriate scheduling in order to meet the inertia
demand.

The total annual cost that result for the scenarios are presented in the next section.

4.3.2. Annual cost for Germany

Total annual cost TAC according to (4.19) have been derived for the three installation
scenarios. Figure 4.2 presents the results for the low robustness requirement and the high
robustness requirement from Section 2.4. For low robustness the TAC range between
86 Millione/a and 636 Millione/a. Scenario (B) with DC-batteries is potentially the
least expensive solution. The cost uncertainty of inertia from wind turbines translates
to the relatively large uncertainty of Scenario (A). For high robustness the TAC are
approximately three-times higher than for low robustness.
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From the estimated total annual cost for inertia and the annual German net electricity
generation of 600 TWh, the cost of inertia in e− Cent per kWh are estimated to lie
between between

• 0.014 Cent/kWh for low robustness in Scenario (B) under optimistic assumptions
and

• 0.33 Cent/kWh for high robustness in Scenario (A) under conservative assump-
tions.

The additional cost are in the range between 0.5 permil and 1 percent of a household
electricity price of 30 Cent/kWh.

In Figure 4.2 a cost comparison is provided: annual cost for frequency control re-
serves from [100, p. 142] and cost for 1 h of blackout in Germany from [101, p. 67].

The estimated annual effort for additional inertia is in the same range as for the fre-
quency control reserves in the past. Considering that the battery storages that are part
of Scenario (A) and (B) provide excess capacity, frequency control reserves can be pro-
vided by these plants at little or no extra cost. For example in Scenario (B) with low
robustness, 2 GWh of battery capacity are available, more than required to provide the
whole frequency containment reserve for Germany. Using these additional synergies
allows to reduce the overall cost for inertia and frequency control.

It was pointed out in Chapter 2 that the risk of blackouts increases due to insufficient
inertia. Black-out durations of up to 13.5 h have occurred after system splits in the past
15 years, see Table 2.1. The expected cost for inertia provision, even accumulated over
a decade, are lower11 than cost for one blackout with the aforementioned duration of
13.5 h in Germany.

4.4. Conclusion

In this chapter a cost estimate has been derived first for isolated technological solutions
and then for specific reserve configurations in Germany in 2030. The estimated cost
ranges indicate that the effort for additional inertia is justified and reasonable: Blackouts
that are likely to occur without additional inertia are most likely more expensive. A cost
increase between 0.5 permil and 1 percent of the houshold electricity price is to be
expected.

Specific findings that should be investigated in more detail are:

• The cost uncertainty is large, especially for wind plants. Detailed studies on tur-
bine design level should be conducted to narrow down the cost range.

11Except for the conservative end of the cost range for Scenario (A).
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• Synergies with frequency control reserves allow to reduce cost for inertia reserve
from DC-coupled batteries. Considering that the plants can provide multiple an-
cillary services renders the battery storage option a very attractive solution.

• The solutions for wind plants and battery-equipped wind or photovoltaic plants
are in a competitive cost range. Suitable control schemes for inertia emulation are
to be identified and their large-scale application must be considered.

The cost estimation confirmed that emulated inertia from power electronic plants is
not only a technically possible but also an economically attractive solution.

Part II of this thesis focuses on power electronic plants and providing inertia at
their grid interface. When inertia and other ancillary services are provided by power
electronics-based units, their control schemes need to function at up to 100 % penetra-
tion rate, i.e., without any synchronous machine. For the foreseeable future, shares of
synchronous machines and power electronic converters will vary continuously. Thus,
the control schemes for converters must provide a compatible behavior. Designing and
evaluating such control schemes is the goal of Part II of this thesis.



Part II.

Inertia from the perspective of
control of power electronics





5. Modeling and design of inverter
systems

In Chapter 2, the need for additional inertia has been identified and generic require-
ments for emulated inertia have been specified. The technical feasibility of inertia from
wind turbines has been confirmed in Chapter 3, and the economic analysis in Chapter 4
identified DC-coupled battery storage and inertia from wind turbines as candidates for
the cost-effective provision of inertia. Suitable control schemes constitute a critical part
of both solutions: inertia needs to be emulated and the schemes need to be suitable for
operation at high converter penetration.

Two well-known control schemes for voltage source inverters that provide emulated
inertia will be introduced in this chapter. For the emulated inertia to be effective, voltage
also needs to be controlled. Thus, a fast local voltage control is part of the schemes as
well.

This chapter is organized as follows: In Section 5.1, the state of the art regarding
power electronics in wind, photovoltaic and battery storage plants is presented. Then,
an inverter hardware model that represents many state-of-the-art plants is introduced in
Section 5.2. Subsequently, two control schemes are described and a design for each
is carried out: (1) extended current control in Section 5.3 and (2) virtual synchronous
machine control in Section 5.4. For each design, the robustness regarding operation at
low and high short-circuit ratio (SCR) is evaluated. The schemes are further evaluated
and compared in Chapter 6.

5.1. State of the art

5.1.1. Power converter technology and plant-specific
properties

Power electronic converter technology is applied in state-of-the-art types of wind, PV
and battery storage in order to feed electric power to the grid. While a contribution
to inertia is not provided by state-of-the-art converter control, the hardware of wind
turbines, PV plants and battery storage is in principle suitable to provide the required
energy for inertia emulation.

For a general overview and introduction to converter systems and their applications,
see the textbooks [102, 103] and the review papers [104, 105, 106].

This section provides an overview of power electronic converter technology. Specifics
for wind, PV and battery technology are presented and discussed regarding the suitabil-
ity for inertia emulation. Wind turbines have been identified as a suitable technology for
inertia emulation in Chapter 3 and are thus considered in more detail here. The chapter
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Figure 5.1.: 2-Level topology with IGBT switches in different applications. Partly adapted
from [104].

aims at preparing the common ground between the applications. It prepares the applica-
tion of the generalized inverter model in Section 5.2 which is independent of the source
of energy.

Power Electronic Converters

Power electronic converters interface energy converters to the AC grid, either as a con-
verter for variable-frequency AC sources, i.e. an electrical machine, or as an inverter for
a DC source, i.e. PV modules and battery storage.

Voltage-source converters (VSC) are the state of the art for the aforementioned plants
due to their

• reactive power capability,

• low harmonic distortion and

• full controllability of active power and generator torque respectively.

VSC are built around a DC-link capacitor: The DC-link capacitor voltage vDC is
repeatedly connected to the individual phases through electronic switches. Pulse-width
modulation (PWM) [107] is applied: The reference average voltage over one cycle is
synthesized by switching the output phases to ±vDC/2. Typical cycle times are in the
range from 1000µs ≥ τPWM ≥ 125µs, corresponding to switching frequencies between
1 kHz ≤ fPWM ≤ 8 kHz. Insulated-gate bipolar transistors (IGBT) or integrated gate-
commutated thyristors (IGCT) are commonly applied.

Figure 5.1 depicts an AC-AC converter and a DC-AC inverter consisting of 2-level
IGBT bridges. The inverter on the right connects each of the three AC phases to the
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Figure 5.2.: PWM cycle: The phase voltage vPh is switched to +vDC/2 whenever the reference
voltage v∗Ph is greater than the triangular carrier signal, otherwise to −vDC/2.

DC voltage through one bridge leg, i.e. two IGBT devices that connect the phase either
to +vDC/2 or to −vDC/2. Figure 5.2 illustrates a PWM cycle for one bridge leg. The
integral of the rectangular waveform of the phase voltage vPh over one PWM cycle∫ tk+τPWM

tk

vPh dt = v∗Ph (5.1)

equals the reference voltage v∗Ph [108, p. 29]. The LC network at the grid interface filters
the rectangular voltage waveform and is required to obtain near-sinusoidal voltage and
current at the output.

The optimum voltage level on DC and AC-side depends on the power rating. Up
to a few megawatts, low-voltage technology is cost-efficient, while for higher ratings
medium-voltage technology is advantageous [104, p. 754].

The DC-link voltage is required to be at least

vdc ≥
√

2 vac (5.2)

when space-vector modulation [107] is applied and vac denotes the phase-to-phase root-
mean-square (RMS) voltage.

The topology of inverters is dependent on the power rating and voltage levels. Two-
level topology is applied up to several megawatts at DC voltages up to 1200 V and
corresponding grid voltages up to 750 V. These voltages are restricted by the available
ratings of semiconductors, e.g. maximum voltage is 1750V for an IGBT. Multi-level
designs, e.g. 3-level neutral-point clamped or modular multi-level topologies, are pre-
ferred for higher power ratings [109, 110, 104, 111].

Application specific preferences on topologies and ratings are discussed in the subse-
quent chapters.

Wind Turbine Generator Systems

Two generator system types currently have about equal market shares: Fully-rated con-
verter systems (IEC Type 41) operate using a back-to-back converter (see Fig. 5.1a) that

1nomenclature according to IEC 61400-27
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is rated at full power. Doubly-fed induction generator systems (IEC Type 3) apply in-
duction generators with slip-rings for the three-phase rotor winding. A back-to-back
converter is connected to the rotor, thus allowing variable-speed operation with only
about 1/3 converter rated power relative to generator rated power. Type 3 turbines had
the largest market share in 2015, with Type 4 turbines expected to take over the largest
share according to announced future projects [104, p. 748].

Practically, only 2-level and 3-level converters are applied in wind turbines as of
today [104, p. 759], [112, 109]. The averaged model of the 3-level inverter is identical
to the 2-level inverter [102, pp. 153–155], that is, the same control schemes can be
applied.

This thesis focuses on a generalized inverter subsequently, see Chapter 5.2. This
generalized inverter represents the grid-side inverter of Type 4 wind turbines. Type 3
wind turbines are beyond the scope of this thesis. Control schemes of the VSM type for
Type 3 turbines are not in the scope of this thesis. First approaches are presented in [64,
113], also see Section 3.1.4. Such control schemes are a topic for further research.

Enabling instantaneous grid-side power demand In order to provide em-
ulated inertia, the control scheme of Type 4 wind turbine converters needs to be able
to account for instantaneous power demand on the grid-side, also see Section 3.1.4. To
achieve this, the DC-voltage shall be regulated by the machine side converter according
to the scheme in Figure 5.3. That is, the DC-voltage is maintained close to the rated
value with a high-bandwith control loop that uses the generator torque as actuating vari-
able.

In that way, the grid-side converter is responsible for power control – according to the
set-point from the turbine controller under undisturbed conditions – or according to the
grid-side power demand under disturbed grid conditions. The DC-voltage controller, by
adjusting the torque to reach the DC voltage setpoint, automatically follows the power
demand on the grid-side. In that configuration the grid-side converter remains fully
operational even during grid faults, because the DC-link voltage is maintained by the
machine-side converter.

This configuration was found to be beneficial during short circuits [63, p. 205] and
is required when sudden power demands due to inertia emulation need to be accounted
for, especially for the operation of grid-forming control like the VSM, see [61] and [62].

Photovoltaic Power Plants

In photovoltaic (PV) plants the DC input from the photovoltaic panels needs to be con-
verted to AC output. This is achieved by an AC inverter and an optional DC/DC con-
verter, see Figure 5.1b.

The power electronic topologies vary with plant size – in the megawatt size, usually
IGBT-based full bridge inverters that are similar to the grid-side converters of wind
turbines are applied, see e.g. [114]. The input voltage levels are restricted to typically
1500 V by the insulation of the PV panels. Thus, low-voltage technology is typically
used for the AC inverter. A technology overview is provided in [105]. For maximum
power point tracking (MPPT), the DC voltage needs to be adjusted according to the
module characteristic, see [115] for a review on tracking methods.
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Figure 5.3.: Control scheme to enable instantaneous power demand: the machine side converter
is responsible for providing a constant DC-link voltage. Adapted from [62].

Photovoltaic plants are able to provide active power control reserves which can be
applied for system frequency control or inertia emulation. This is achieved by de-rated
operation, i.e., permanently reducing the power below the maximum power point – it
can then be increased when required. The operating modes are referred to as limited
power point tracking or delta power control, see e.g. [116, 117, 118, 119], and [120]
for an overview. Alternatively, active power may be regulated to a constant value, see
e.g. [121]. The instantaneous availability of the power reserve is not ensured, i.e., ramp-
rates or other delays occur when the reserve is activated. Further technical enhance-
ments may be necessary to enable an instantaneous activation of the power reserve.

The de-rated operation causes reduced energy yield, meaning that in the use case of
inertia emulation it is more economical to add a storage system, e.g. a battery-based
one. Nonetheless, the subsequently introduced control schemes could in principle be
applied to a de-rated PV plant. Interfacing a battery storage with a DC/DC converter
to the DC link of a PV inverter is however an economically attractive approach, see
Chapter 4.

Battery Storage Plants

Battery storage plants require – similar to PV plants – a conversion from DC voltage to
AC voltage. A common solution is to connect a battery pack directly to the DC-link of a
2-level inverter, see Figure 5.1b. Variants include solutions with DC/DC converters and
medium voltage topologies, see [106] for an overview. Large-scale grid-connected bat-
tery storage systems, including different battery technologies and application examples
are discussed in [122, 123]. For an example of a 2 MW battery inverter, see [124].

Battery storage plants are perfectly suited to supply power system inertia, and up-
grading PV plants with a battery storage in the DC-link was shown to be a cost-effective
solution in Chapter 4. Batteries are also considered for upgrading wind power plants to
facilitate the provision of frequency control services [125].

From the technical perspective, super capacitors are well-suited for inertia provision:
The power to energy ratio fits well with the requirements, see [82]. Interfacing super
capacitors however requires higher effort for the DC interface, because when accessing
the stored energy the voltage drops significantly, and at the same time the DC input
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current increases. This is in contrast to battery storage, where the cell voltage depends
much less on the state of charge. A detailed technical and economic analysis of super
capacitors remains an open topic for future research.

Conclusion - Generalized Inverter

Subsequently, a generalized inverter with constant DC voltage is applied for the inves-
tigations. Even when the DC voltage in practice fluctuates within a defined range, this
has no effect because the pulse width is adjusted according to the measured DC voltage.
Only the delay between voltage measurement and the PWM pulse may introduce some
inaccuracy in the compensation.

Two-level inverters are representative for many wind and PV power plants and storage
applications and are thus applied throughout this thesis. This choice paves the way for
experimental validation. From the control point of view, the averaged model is identical
for two-level and many multi-level topologies.

5.1.2. Control principles

Grid-connected inverters for renewable generators or storage units can be operated by a
variety of control schemes. This section describes common state of the art solutions and
alternative control schemes that are mainly the concern of research and that - at least up
to now - constitute, if any, a niche role in application.

Inverters in grid-connected applications have been introduced when situations with
up to 100 % inverter-based generation were not considered as a realistic option. Thus,
it was always assumed that the grid connection provides a stiff voltage. Under these
circumstances, current control, see e.g. [126], became the dominantly applied contol
scheme: It allows to adjust active and reactive current within milliseconds. Active
current can then be adjusted to optimize the renewable plant’s energy conversion, e.g.
maximimum power point tracking for photovoltaics and wind turbines.

When the shares of inverter-based generation increased, concerns regarding short-
circuit currents and voltage control have led to extensions of current control that pro-
vide a reactive current reaction to deviations of the voltage amplitude. Furthermore it
was noticed that in system split conditions with over-frequency conditions, the plants
should reduce their active power infeed: a proportional frequency control, active only
in the over-frequency range, was introduced. Current control with voltage support and
over-frequency generation reduction (LFSM-O) constitutes today’s state of the art, see
e.g. [25]. With the added functions, the behavior resembles that of conventional power
plants. However, even with such functions, there are limits for the maximum share of
inverter-based generation, e.g. in Ireland [127]. State of the art inverters are not able to
supply a power system in the absence of synchronous machines.

There are however two niches in which inverters have supplied power systems with-
out synchronous machines for decades: (1) small islanded power systems, e.g. in re-
mote areas and (2) in uninterruptible power supplies, e.g. for critical infrastructure.
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So-called grid-forming control is applied in battery storage systems in these use cases,
see e.g. [128] for an overview.

Recent publications, e.g. [129, 130], suggest the application of grid-forming con-
trol schemes for interconnected systems with large shares of inverter-based generation.
As of the time of writing (2018), new publications with various grid-forming control
schemes are appearing permanently (see e.g. the conference programme [131]). A cat-
egorization and unified evaluation according to criteria commonly agreed upon is often
missing.

One way of categorizing the schemes is according to the synchronization principle:

• Swing-equation based synchronization: Those schemes emulate inertia according
to the swing equation, and thus show a behavior that is similar to synchronous
machines, see [132] for an overview.

• Power synchronization: Synchronization is performed by relating active power to
the phase angle through a first-order dynamic system, see e.g. [103, 133, 134].

• Centralized synchronization: The angle reference is transmitted to all inverters
through a broadcast signal or derived from a synchronized time signal (e.g. GPS
or DCF-77), see [135].

• Other: A PLL or voltage feedforward is involved in the synchronization, see
e.g. [136, 137, 138]; Virtual Oscillator, see e.g. [139].

Other classification approaches include: (a) according to the control principle, i.e.,
voltage-controlled or current-controlled, or (b) regarding the grid-forming ability, i.e.
grid-forming or grid-following. These classifications are helpful to characterize propos-
als of control schemes, but clear definitions are required to reach unambiguous descrip-
tions.

In this thesis, only control schemes that emulate inertia according to the swing-
equation are considered. From Chapter 2 the required amount of inertia has been identi-
fied, and a contribution to inertia according to the swing-equation is desired. This limita-
tion is not mandatory: mixing different synchronization principles in one power system
is possible, but it would not necessarily interact properly with the existing load shed-
ding and LFSM-O functions. In case that different synchronization principles should
be mixed or the principle be changed completely, a re-design of load shedding and
LFSM-O may be necessary. Also, the compatibility to existing equipment, especially
synchronous machines, would have to be proven.

In this chapter, two control schemes that synchronize according to the swing-equation
will be investigated. The extended current control is an extension to the current con-
trol scheme, and it synchronizes according to the swing-equation, supported by a PLL.
The second scheme is the virtual synchronous machine, which directly implements the
swing equation. The schemes will be evaluated regarding their grid-forming capabil-
ity. For this purpose, a definition of ”grid-forming” and a test setup are introduced in
Section 6.2.

Remark on un-intentional islanding: There is a complication regarding the state of
the art: inverter-based generation and storage in low- and medium-voltage shall not sus-
tain the operation when the connection to the bulk power system is lost. The islanded
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operation is considered dangerous for personnel and equipment: During maintenance
work, it is not ensured that disconnecting a network section from the bulk system re-
liably results in a de-energized state. Harmonic over-voltages may occur and damage
equipment [140]. Due to these dangers, generation plants that are connected in the low-
and medium voltage shall detect islanded situations, e.g. through frequency deviations,
and reliably shut down in order to de-energize the partial system, see [140, 141].

At least the technical hazards of harmonic over-voltage are likely to be solved by
inverters that are explicitly designed for islanded operation: those devices would then
ensure that voltage quality and amplitude remain in a safe operating range.

The criteria for the reliable shut down in case of un-intentional islanding must ensure
that in case of a system split the inverter remains in operating state. There may be a
contradiction between avoiding un-intentional islanded operation on the one hand and
reliably operate islanded larger partial systems on the other hand. Further research and
development may be necessary to distinguish between desired and un-desired islanded
conditions. Solutions to this problems are of great importance to ensure system stability,
but are beyond the scope here.

5.1.3. Modeling of voltage source converters for control
design

Suitable models of inverters are required for control design, evaluation and system stud-
ies. Non-linear models are available in power system simulation software with emphasis
on time-domain analysis, see the references [102, 103] for a general introduction. Linear
models are required for many control design methods and also for small-signal stability
assessment of power systems.

Regarding the control design, different models are often applied for different control
components: For example the PLL is designed using a simplified PLL model, e.g. [30].
Current control is often designed using a simplified model that essentially represents a
three-phase inductor, see e.g. [126], and LC resonance damping is then designed using
a different model of the LC filter, e.g. [142]. In such a compartmentalized approach, in-
teractions between the control blocks are inaccurately represented. As a result, stability
or performance problems are potentially only noticed in time-domain simulations with
more complex models, in experiments or even in the field.

In model-based impedance analysis, the terminal behavior of inverters is described
under consideration of all control components, see [143, 144] for an overview. The
approach allows to evaluate the robustness of specific designs and, through sensitivity
analysis, the improvement of control systems. It is however infrequently applied for
control design purposes.

Another approach are direct implementations of linear models in the d/q domain.
This approach allows to incorporate all control blocks, including the reference frame
transformations. These transformations introduce feedback that can not be ignored [145,
146]. It is suitable when the control system is operated in a d/q frame, or when it can
be transformed into a d/q transfer function. Examples of such complete models are
available e.g. in [145, 147, 148, 149].

An enhancement of complete d/q models towards accurate time-discrete modeling
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Figure 5.4.: 2-level Voltage Source Inverter with LCL network.

was introduced in [146], and this approach will be applied in the subsequent control
design. The advantage of the time-discrete model is its accuracy up to the LC reso-
nance frequency range. In the control design of Section 5.3 this accurate time-discrete
modeling approach is a necessity, because the LC resonance interacts with the extended
current control loops.

5.2. Model of the voltage-source inverter

Figure 5.4 depicts the inverter hardware topology that is represented by the subsequently
introduced model. The modeling approach is introduced first and then described in
detail in the next sections.

This section on modeling describes the same hardware and interface model as in the
author’s publication [146]. Although the underlying model is the same, the following
description is more generic, as the model shall subsequently be interfaced to different
control schemes, i.e., either current control or to the virtual synchronous machine.

The inverter model for the control design is of the average model type, see e.g. [102].
Instead of modeling each semiconductor switch and applying PWM pulses, an ideal
voltage source replaces each bridge leg. This voltage source applies a constant voltage
during each PWM cycle - the same voltage that would otherwise result as average from
the rectangular-shaped PWM voltage, see (5.1).

Apart from the switching transients, and in the frequency range below the sampling
frequency, the effect of this voltage on the electrical network is similar to the pulsed
voltage. However, the PWM introduces a delay between the voltage setpoint and the
actual pulse, as the pulse begins and ends within the PWM cycle with a variable de-
lay. These delay effects are considered in the discrete-time model together with the
measurement pre-processing through an appropriate discretization method.

The electrical network is modeled in a rotating d/q reference frame (d/q frame) –
with this approach, the fundamental frequency components in AC voltages and current
appear as dc components in the d/q frame. This is beneficial for linearization, as the
operating point in the d/q frame is constant, so that a time-invariant linear model can be
deduced. The inverter control schemes are also operated in d/q frames - but these control
d/q frames dynamically change their alignment, with respect to the grid reference frame,
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Figure 5.5.: Single-line diagram of the LCL network and the interface to the inverter control
scheme. Adapted from [146].

according to electrical quantities, i.e., the terminal voltage (current control) or active
power balance (VSM). The effects that result from this dynamic alignment are decisive
for stability of the control schemes, and thus need to be considered.

For an accurate modeling, the electrical network is modeled in the grid d/q frame that
rotates with constant frequency and the control scheme is modeled in a separate control
d/q frame that is dynamically re-aligned to the grid d/q frame by the inverter control
algorithm. Thus, the control d/q frame can oscillate against the grid d/q frame, and in
steady state there is a constant angle offset between the frames. The linear model is of
course only valid for small deviations of the angle between the reference frames, but this
is appropriate for many aspects of the control design. Non-linear effects are considered
in additional validation steps, i.e., in non-linear time-domain simulations.

The LCL network represents the output filter of the inverter of LC type and an
outer grid impedance. Each L and C element also contains a series resistor, which is
parametrized according to data-sheet or estimated values. The semiconductor losses are
approximated in the average model as a resistive component R1 in series to L1.

5.2.1. LCL network in d/q coordinates

The vector notation denotes the quantities in a d/q reference frame:

x =

[
xd

xq

]
.

The amplitude-invariant d/q transformation is applied throughout this thesis. See e.g. [102,
150] for a general introduction to d/q-frame modeling.
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Figure 5.5 depicts the single-phase equivalent of the LCL network in the gray area.
This circuit represents the inverter’s LC filter and the inductive-resistive grid impedance.

The linear model of the LCL network is compiled from state-space representations of
individual series RL and series RC elements, as described in [146]. For each RL series
element k ∈ {1, 2}, with voltages as inputs and currents as outputs, we get

d

dt
ik =

[
−Rk
Lk

ω0

−ω0 −Rk
Lk

]
ik +

[
1
Lk

0

0 1
Lk

]
vk (5.3a)

ik =

[
1 0
0 1

]
ik . (5.3b)

The inputs are defined by the voltage differences over the filter and grid-side ele-
ments:

v1 = vb − vc,

v2 = vc − vg.
(5.4)

For the RC element, the signal flow is reversed, i.e. the inputs are currents and the
outputs are voltages:

d

dt
vx =

[
0 ω0

−ω0 0

]
vx +

[
1
C 0
0 1

C

]
ic (5.5a)

vc =

[
1 0
0 1

]
vx +

[
Rc 0
0 Rc

]
ic. (5.5b)

The input current to the capacitor is

ic = i− ig. (5.6)

Combining the three elements according to (5.3) and (5.6), the linear, continuous 6th
order MIMO transfer function GLCL (s) results. It represents the dynamics from the
inputs bridge and grid voltage vb, vg, to the outputs filter and grid currents i, ig and the
filter capacitor voltage vc:  i

ig
vc

 = GLCL (s)

[
vb

vg

]
. (5.7)

For the control design, an infinite bus model is applied, i.e., vg is constant and R2 +
jω0L2 represents the grid impedance.

5.2.2. PWM and measurement processing
In the inverter, a sampled control system is interfaced to the LCL network. To account
for sampling and discrete computation, the time-continuous transfer function GLCL (s)
from (5.7) needs to be discretized. The specific characteristics of input and output sig-
nal processing must be represented. A specific discretization approach has first been
described in [146] and is presented below.
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Figure 5.6.: Schematic representation of the interface between time-discrete inverter control
and time-continuous LCL network. The measurement averaging is categorized as ’quasi-
continuous’, as it operates at a much high sampling frequency than the inverter control task.
fS refers to the inverter control sampling frequency. Revised from [146].

Measurement averaging during each PWM period is applied for the measurements of
voltage and current2. Figure 5.6 shows a block schematic of the inverter control loop
for the purpose of model discretization. Averaged values of the measured quantities are
discretized (left) and then applied as inputs to the discrete-time inverter control (center).
The controller computes a control signal, which is, through the pulse-width modulation
block, transitioned back to the continuous-time physical LCL network (right).

More specifically: Measurements are averaged over one control sample period TS =
1/fS by a field-programmable gate array (FPGA) that runs with a much higher clock fre-
quency3. Averaging is equivalent to an integration over one control cycle and a division
by the sample period:

x̄(kTs) =
1

Ts

∫ kTs

(k−1)Ts

x(t)dt . (5.8)

The first part of the averaging is modeled by a continuous integration and multiplica-
tion with the sampling frequency: fs

1
s

(denoted ”quasi-continuous” in Figure 5.6). As
second part the resulting value is sampled with fS and processed in discrete-time. The
value of the previous step is subtracted in order to get the averaged value over one sam-
ple period by applying the time discrete difference 1− 1

z
, see [146].

In the discrete control task, reference values for the PWM v∗b are determined. A
computation delay of one sample 1

z
is added.

The single-update symmetrical pulse-width-modulation (PWM) block is approxi-
mated by a stepwise constant input to the continuous model. It is represented by apply-
ing the zero-order-hold equivalent discretization method ZZOH{·}. This discretization
rule is defined as

ZZOH {G (s)} =
(
1− z−1

)
Z
{
G (s)

s

}
, (5.9)

2Averaging of measurements is implemented in the experimental inverter that was used for validation
in this thesis. Other sampling and measurement schemes can be applied in other inverters and may
require a different discretization approach, see e.g. [126, 151].

3For the experimental inverter, the FPGA clock is 15 Mhz and the control frequency is fS = 8 kHz.
These values are in the same order of magnitude as for many other inverters.
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with Z{·} being the Z-transform of sampled impulse response of the system, see [152].
An overall transformation rule results from combining the representation of measure-

ment processing and of PWM for obtaining the time discrete equivalent GLCL,A (z):

GLCL,A (z) =
(
1− z−1

)
ZZOH

{
GLCL (s)

fs

s

}
(5.10)

=
(
1− z−1

)2Z
{
GLCL (s)

fs

s2

}
.

Validation of the discrete-time linear model GLCL,A (z) against a detailed switched
model, sampled at 15 MHz, is provided in Figure 5.7, also see [146]. The steps applied
on the d- and q-channel reference of v∗b result in very good agreement between the
discrete GLCL,A (z) and the full switched model at the sample instants.

5.2.3. Reference frame transformations
The control system establishes its own d/q-reference frame, which is oriented (1) for
the VSM with the virtual mechanical angle and (2) for the (extended) current control
scheme with the filter capacitor voltage space-phasor.

The d/q-transformation is used in the model three times: For transforming the mea-
surements of vc and i to the control d/q-frame, with φ = φC, and to transform the
reference bridge voltage v∗b to the grid d/q-frame, φ = −φC, see Figure 5.5. For the
transformation of a signal in the grid d/q-frame xG to the corresponding signal in the
control d/q-frame x, the rotation is given by:
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x = R(φ) · xG, R(φ) =

[
cos(φ) sin(φ)
− sin(φ) cos(φ)

]
. (5.11)

For the linear model this equation is linearized for the operating point (0xG, 0φ):

x = R(0φ) · xG + R′(0φ) 0xG · φ. (5.12)

Subsequently, for the control design the model is applied in a linearized context, i.e.,
linearized quantities are generally applied. Later on in the context of validation and
experiments, the non-linear model variants will be applied.

5.2.4. Model implementation

The hardware model from this section and the subsequently introduced control schemes
have been modeled in two different ways:

1. Linear time invariant models in discrete time: For individual components, the lin-
ear models have been created separately: The LCL filter and many control blocks
are linear in the first place and are discretized individually. Non-linear blocks
are first linearized for the operating point - this concerns mainly d/q rotations
and instantaneous power calculation. From these individual elements, the overall
inverter model is created by connecting the individual elements. This was imple-
mented as Matlab LTI-object in state-space form, and the result has been validated
against non-linear models and experiments.

2. As non-linear model where the hardware is implemented in the physical modeling
toolbox SimScape. This is convenient for interfacing the inverter to larger power
system models.

Both models are based on an averaged inverter bridge model, i.e. they do not consider
switching pulses but apply the average voltage over one control cycle. A switched
model with ideal switches has been created in addition for the comparison in Figure 5.7,
and excellent agreement was reached. The non-linear models have also been validated
against experiments, see [146, 153]. Still, one effect remains uncovered: A major source
of harmonics voltage distortion are dead-times in switching, which are not represented
in the average models. However, the small-signal behavior in the harmonic frequency
range is well represented. Thus, even with the averaged models, resonances are noticed
and active damping can be designed to attenuate the effect of the harmonic excitation.
Harmonics have been evaluated from laboratory measurements, see Figure 6.8.

5.2.5. Parameters of the experimental inverter

The model is parametrized for a specific 90 kVA inverter that was used in the laboratory
tests (see Sections 3.5 and 6.2.4). Apart from its relatively low rated power, it is a typical
inverter and representative for many devices in the field: It is an IGBT-based inverter
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with LC(L)-filter. Symmetric PWM has been applied at 8 kHz switching and control
sampling frequency.

Two units are available in the laboratory setup, each connected to the medium-voltage
test grid through a dedicated unit transformer with uk = 6 %, also see Section 3.5. The
parameters of the inverter are given in Table 5.1. Both devices are back to back convert-
ers with the ”back-end” responsible for regulating the DC-link voltage and maintaining
it at the desired value. Power is supplied either from the utility AC grid or from a
laboratory DC supply. The back-end supply supports source and sink operation.

Table 5.1.: Inverter parameters and hardware setup

90 kVA Inverter: TriPhase PM90F33 and PM90F60

rated frequency f0 50 Hz
rated Current (RMS) I0 130 A

rated Voltage (Ph-N RMS) V0 230 V
PWM and control freq fS 8 kHz

DC capacitor CDC 1.8 mF
bridge-side inductor L1 500µH

- series resistance R1 100 mΩ
filter capacitor Cf 47µF

- series resistance RCf 5 mΩ
grid-side inductor L2 250µH
- series resistance R2 50 mΩ

DC voltage VDC 700...740 V

The introduced inverter model is applied for the design of inverter controls in the next
sections: For extended current control in Section 5.3 and virtual synchronous machine
control in Section 5.4.

5.3. Inverter with extended current control

Current control is widely applied in grid-connected inverters, and one of the most com-
mon schemes is PI current control in a d/q frame. Grid-support features will be added
in the form of outer control loops that modify the current set-points based on measured
quantities at the grid interface. In that manner, voltage support, inertia emulation and
frequency control functions can be implemented.

Previous research of the author on the derivative-based inertia emulation scheme
(df/dt) revealed two major drawbacks of this approach: First, considerable low-pass
filtering limits the reaction time severely, and second, voltage control issues on system
level arise due to lacking voltage support.

The reaction time is limited in order to ensure robustness: a low-pass filter time con-
stant in the range τRI = [0.4...1]s was found to be necessary [146]. This causes a
delayed reaction to active power disturbances and limits the effectiveness of the emu-
lated inertia. Modifying the inner current control was identified as a possible approach
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to reduce this delay. Hence, two alternative design approaches for the inner current con-
trol will be compared and the more robust approach will be applied. Furthermore, in
contrast to the analysis in [146], the bandwidth of the underlying current control will be
an explicit design variable in the df/dt control design.

The voltage control issues have been identified in situations with high inverter pene-
tration – even though emulated inertia was beneficial for frequency stability, large de-
viations of the system voltage occur in the system study [154]. Adding an outer loop
for voltage support was identified as a potential solution. The extended current control
scheme in this section incorporates such a voltage control component.

The control design approach in this section aims at providing fast inertia emulation
and fast voltage control while maintaining robustness. The approach is a revised version
of the one presented in the author’s publications [146] and [154].

The remaining section is organized as follows: Section 5.3.1 introduces the PLL
and current control (inner control loops) and Section 5.3.2 describes the design of the
grid-support extensions (outer control loops). Two design variants are identified and
further evaluated in Section 5.3.3, regarding their behavior in normal and disturbed
operation conditions. The achieved improvements in comparison to the state of the art
are discussed at the end of the section.

5.3.1. Current control scheme and baseline design
The overall control scheme of the inverter consists of a PLL, the current controller and
the outer-loop extensions for grid support. Figure 5.8 depicts an overview: The con-
trol scheme is operated in the synchronously rotating control reference frame, which
is aligned to the capacitor voltage vc (i.e., the inverter terminal voltage) through the
PLL. Current control regulates active and reactive current, and the (outer) grid support
extension loops adjust active current and reactive current setpoints depending on the
measured frequency and terminal voltage amplitude. This section introduces the com-
ponents PLL and current control, while the grid support extension loops are the focus
of Section 5.3.2.

For the baseline design an operating point of P = 0.3 pu, Q = 0 and a grid connec-
tion with SCR = 4 and X/R = 5 are applied4. Robustness for the full operating range
and variations of the grid properties will be evaluated for the extended current control
scheme in Section 5.3.3.

Each main block of the control scheme is introduced subsequently along with the
baseline control design.

PLL The synchronous reference frame phase locked loop (SRF-PLL), see e.g. [30],
aligns the control reference frame with the capacitor voltage phasor, by adjusting the
transformation angle φPLL accordingly. The transformation angle is applied to the d/q
transformation of the three-phase measurements of i and vc to the d/q control frame, and

4The short-circuit ratio is SCR = 1/ |Z2|, with the grid impedance Z2 in pu, relative to the base power
of the inverter or power plant. It characterizes the ”strength” of the grid connection regarding the short-
circuit current (see e.g. [13]). The X/R ratio quantifies in how far the grid impedance is inductive or
resistive. Higher voltage levels are characterized by larger X/R values. The value of X/R = 5 is
typical for medium voltage networks.
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Figure 5.8.: Extended current control - overview and hardware interface. See Figure 5.9 for
details of current control and PLL and Figure 5.12 for the grid support extension. Extended and
adapted from [146].

for the inverse d/q transformation of the d/q PWM voltage setpoint v∗b to three-phase
values. At the same time, the frequency of the terminal voltage ωPLL is determined.
This frequency measurement is required for the outer-loop inertia emulation and the
frequency controller.

The control scheme in Figure 5.9a determines the PLL angle through a PI-controller
and a subsequent integration:

ωPLL = (kPpll + kIpll/s) (0− vc,q) (5.13)
φPLL = ωPLL/s. (5.14)

The control variable is the q-axis voltage component vc,q in the control reference
frame. It is regulated to zero by adjusting the transformation angle in Equation (5.11).
That is, the feedback loop is closed through the d/q transformation of vc,q. Using the
linearization of (5.12), the small-signal transfer function is derived:[

ωPLL

φPLL

]
= Gpll (s) vc,q. (5.15)

For the bandwidth of the PLL a moderate value of 4 Hz is selected, equivalent to
TPLL = 40 ms, along with aperiodic damping ζPLL = 1. This choice is made to avoid
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Figure 5.9.: Detailed control schemes of the current-controlled inverter. Figure 5.8 shows how
these schemes are connected.

stability issues that have been reported for high-bandwith PLL designs [155, 145]. The
corresponding PI controller parameters are calculated as

kPpll =
2ζPLL

|0vc|TPLL
kIpll =

1

|0vc|T 2
PLL

, (5.16)

according to [30], and the result is given in Table 5.2.

d/q current control The d/q current control is responsible for adjusting the active
and reactive current. An active damping filter is added in the voltage feed-forward path.
The approach is described in [126, 142]. Figure 5.9b depicts the control scheme. Two PI
controllers regulate the current, one for active current in the d-axis and one for reactive
current in the q-axis (where over-excited reactive current corresponds to negative values
of iq). The intermediate output of the PI controllers u results from

ud = (kPcc + kIcc/s)(i
∗
d − id) (5.17)

uq = (kPcc + kIcc/s)(i
∗
q − iq). (5.18)

Two terms are added to form the controller output v∗b: Firstly, the decoupling factor
xff, applied to the measured filter current, compensates the axis cross-coupling due to
the filter inductance L1, i.e., cancels the effect of the opposite diagonal terms in (5.3).
Secondly, the filter Gad(s) introduces feed-forward of the measured capacitor voltage,
which allows to compensate disturbances and/or to actively damp the LC resonance.
The bridge voltage reference v∗b results as:

v∗b,d = ud − xffiq +Gad(s)vc,d (5.19)
v∗b,q = uq + xffid +Gad(s)vc,q. (5.20)

Due to the axis decoupling, the PI current controller for each axis can be designed
independently, i.e., with single-input-single-output (SISO) methodology. This approach
is commonly described in the literature, but practical limitations arise due to sampling
delays – these limitations are illustrated briefly below.
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The PI gains are determined according to the technical optimum, see [102, 126]:

kIcc = R/TCC (5.21)
kPcc = L/TCC. (5.22)

Depending on the design variant, R and L represent either only the inverter’s internal
impedance or the sum of the inverter and grid impedance, see the next paragraph.

The decoupling term is

xff = ω0L. (5.23)

To derive discrete controllers, the PI integrator is replaced with a forward-Euler inte-
grator for the PLL and current control, and the Tustin approximation is applied for the
lead-lag filter.

Current control design variants Two variants for the current controller design
are introduced and discussed subsequently:

1. Variant (1) with ideal voltage feed-forward, or

2. variant (2) with active LC damping.

The two variants differ in the PI gains kPcc and kIcc, in the feed-forward term xff and
in the voltage feedforward filter Gad (s). Either the external grid impedance is ”hidden”
(decoupled) from the current controller or not hidden through voltage feedforward.

Using variant (1), the control is decoupled from the external impedance, and the cur-
rent PI controller acts only on the filter inductor current. Thus, the design is independent
of the grid impedance. The variant (1) is expected to be robust in disturbed grid con-
ditions, as the external voltage is measured and fed forward directly. In variant (1),
L = L1 and R = R1 in the design (5.21), (5.22) and (5.23), and the terminal voltage vc

is forwarded unfiltered:

Gad (s) = 1. (5.24)

In variant (2), the grid impedance is accounted for in the current controller design,
and voltage feedforward is omitted instead. That is, L = L1 + L2 and R = R1 + R2

in (5.21), (5.22) and (5.23). To increase damping of the LC resonance, a lead-lag filter
with high-pass characteristic is applied in the voltage feedforward path:

Gad (s) = kll
s+ ωlead

s+ ωlag
. (5.25)

This filter modifies the phase of the feedback signal, so that the resulting component in
the bridge voltage counteracts the LC oscillation, see Table 5.2 for the filter parameters
and [142] for design guidelines. The lead-lag filter has a high-pass characteristic, and
the filter gain is restricted to kll = 1 in order to limit the amplification of high-frequency
noise.

For each variant, a current controller is designed with a specified first-order time
constant of TCC = 1 ms, equivalent to a bandwith of 160 Hz.
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Figure 5.10.: Current step response for variant 1 and 2.
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Figure 5.11.: Pole locations of the current-controlled inverter for variant 1 and 2.

Figure 5.10 depicts the step-response (i∗d to id) of the time-discrete linear closed-loop
model (and, as reference an ideal first-order response 5 ) and Figure 5.11 depicts the
corresponding pole-zero map.

Remark: Z-plane root loci: The linear analysis is conducted using discrete-time mod-
els and analyzing their root loci in the z-plane. A grid with natural frequencies f0 in
Hz and damping ratios ζ (dimensionless) is part of these z-plane plots. These values
illustrate the oscillation characteristics related to the system’s poles. See e.g. [152, p.
72] or [156, p. 500] for a general introduction and the relation to continuous-time root
loci.

The unity circle generally constitutes the stability boundary. In the specific pole-zero-
map of Figure 5.11, curved grid-lines indicate (a) damping levels of ζ = {100, 50, 10}%

5According to the design rule of the technical optimum, see [126], an ideal first-order response should be
established. However, the delays in the voltage and current feedforward render the behavior non-ideal.
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as near-circular and heart-shaped contours, and (b) eigenfrequencies, in the left plot of
2 kHz as an approximately vertical curve close to the center, and of 160 Hz in the right
zoom plot, as a half-circle around the point (1, 0). This half-circle corresponds to the
bandwidth specification of the current controller, and ideally one pole for the d- and
q-axis each should be located at the intersection with the real axis, corresponding to
first-order behavior.

For variant (1), the step-response features considerable overshoot and oscillatory be-
havior. The corresponding pole pair in the pole-zero map reveals an eigenfrequency of
142 Hz and a damping of ζ = 32 %. In the related literature [102, 126, 145], ideal first-
order behavior is derived, when discrete sampling and computation delays are neglected
or simplified. Here, these delays are accurately considered, so that the critical depen-
dency of the design on these delays becomes obvious. Due to the undesired oscillatory
current response, variant (1) is disregarded subsequently.

For variant (2), the step-response in Figure 5.10 matches the design specification
quite well, although with noticeable LC resonance. The corresponding pole pair in
Figure 5.11 features an eigenfrequency of 189 Hz and a damping of ζ = 99 %. The
PI controller gains are larger with this variant, causing the LC resonance frequency
component in the current response – even though active LC damping is applied. The
active damping approach is limited by the feedback gain kll – it cannot be increased
further without negative impact on the current control loop. Still, the two related LC
pole pairs at 1650 Hz reach a reasonable damping level ζ = 8 %, in the same range as
for variant (1) 6 . This variant of the current control closely matches the specification,
especially regarding the damping of the current response. This design variant is thus
applied throughout the rest of this thesis. See Table 5.2 for the control parameters.

Summary The baseline design for the PLL and current control was described above.
It was pointed out that limitations due to sampling effects apply to direct voltage feed-
forward. Direct voltage feed-forward was shown to cause reduced damping of the cur-
rent control response, and is thus disregarded. In contrast, the approach with LC damp-
ing filter reaches the specified performance. In case of stability issues, especially with
weak grid connections, the current controller bandwidth may need to be reduced.

5.3.2. Outer control loops for grid support
The inner control loops from the previous section allow to regulate the current in a fast
manner - and even in case of grid-side disturbances, the current controller aims at keep-
ing the current at the pre-fault value. This behavior must change to support voltage and
frequency. Defined reactions are introduced through additional ”outer” control loops,
see Figure 5.12. These outer loops modify the current set-points for

• active current id, depending on the measured frequency – introducing inertia con-
trol and (proportional) frequency control, and for

6A value of ζ = 8 % is reasonable, considering that the physical damping of the LC filter is very low,
the resonance frequency is about 1/5 of the sampling frequency, computation and sampling delays are
involved in the active-damping feedback, and noise shall not be amplified through excessive damping
feedback gains.
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Table 5.2.: Design characteristics and controller gains of inner loop controls

SRF-PLL
TPLL = 40 ms ζPLL = 1
kIpll = 625 kPpll = 50

Current PI Control
TCC = 1 ms
kIcc = 84.4 kPcc = 1.08

Lead-Lag LC Damping
flead = 1 Hz flag = 1500 Hz

kll = 1

i∗fd

i∗df
d

TPfkPf

−TAI τRI

TQv−kQv

fpu

|vc|

Frequency Droop

Inertia Emulation (df/dt)

Voltage Droop

i∗vq

f∗pu

|vc|∗

τHF
ωPLL

1/ω0

τHF

Figure 5.12.: Grid support control schematic - see Figure 5.8 for the interconnection to current
control.

• reactive current iq, depending on the measured voltage amplitude – to provide
proportional voltage support, subsequently termed voltage control.

Before describing the particular choice of blocks, a formal specification of the control
design is given.

The performance requirements for the ECC design are:

(a) For proportional voltage control, the reactive current response shall reach
95 % after 30 ms, with a voltage to current droop of kQv = 5, to conform
to standards, e.g. [29] (which demands 90 % after 30 ms), and for

(b) inertia emulation, the inverse swing equation shall be implemented with an
acceleration time constant TAI = 10 s and with the least possible delay, and
for

(c) proportional frequency control, the active power shall be reduced with a fre-
quency to current droop of kPf = 20 (or 40 %/Hz), while reaching 95 % of the
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stationary value after 2 s, to conform to the LFSM-O requirement in e.g. [29]
(where 90 % after 2 s are demanded).

Robustness requirement are formulated regarding the minimum damping ζ of
the closed loop pole-pairs:

• For low-frequency pole pairs, with eigenfrequencies f0 <= 500 Hz, damping
shall exceed ζ >= 50 %, and for

• high-frequency pole pairs, with eigenfrequencies f0 > 500 Hz, damping shall
exceed ζ >= 10 %.

These robustness requirements and performance requirements (a) and (b) must be
met with and without the proportional frequency control function (c).

The sequential design procedure consists of three steps:

1. The voltage control loop is parametrized such that the connection standards
are met, and a pole pair that will be critical in the second step remains well
damped,

2. the inertia emulation is designed by searching the design-space with the aim
of placing the closed-loop poles in sectors that are permitted within the ro-
bustness specification, while reducing the total delay of the inertia loop. The
inner current control time constant is an additional design parameter in this
step.

3. The proportional frequency control loop, conforming to the connection stan-
dard, is added, and it is confirmed that the robustness criterion remains ful-
filled.

The baseline design is, just as for the inner current control, conducted for the operat-
ing point of P = 0.3 pu, Q = 0 and a grid connection with SCR = 4 and X/R = 5.
Robustness for the full operating range and variations of the grid properties will be
evaluated for the extended current control scheme in Section 5.3.3.

After introducing the current set-points, the three outer loops are subsequently intro-
duced along with the detailed design.

Current set-points In undisturbed grid conditions, only the external reference from
the plant control i∗ext is relevant. In case of disturbances, the subsequently introduced
grid support extensions modify the set-point: inertia and frequency control contribute to
active current through i∗df

d and i∗fd , and voltage control contributes to the reactive current
through i∗vq . The overall set-point thus results as

i∗d = i∗ext
d + i∗df

d + i∗fd (5.26)
i∗q = i∗ext

q + i∗vq , (5.27)

see Figure 5.8.
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Figure 5.13.: Voltage control design – Pole location for a variation of the delay TQv: without
voltage control (blue), and for a reduction of the delay from 20 ms (red) to 1 ms (purple). The
pole pair on the real axis corresponds to the voltage control loop. With a delay of Tiqv = 10 ms
(yellow), the current control pole remains well damped at ζ = 95 % and f0 = 169 Hz.

Voltage control A voltage droop control is demanded from inverter-based gener-
ation in the case of voltage dips in many grid codes. A reactive current reaction is
established through the factor kQv (commonly referred to as k-factor). When the ter-
minal voltage is lower than the set-point, a proportional over-excited reactive current is
contributed by the unit:

i∗vq (s) =
−kQv

TQvs+ 1
(v∗ − |vc| (s)). (5.28)

In grid connection standards, e.g. [29], a reaction is demanded where 90 % of the step
response is reached within 30 ms. This requirement is exceeded with TQv = 10 ms (or
16 Hz bandwidth). The gain kQv is specified by the grid operator in a range of 2 ... 6.

A value of kQv = 5 is selected – intending a relatively large contribution to voltage
support, and a contribution to a stiff system voltage. The small-signal properties of the
inverter with the baseline inner control and the outer voltage loop is now investigated for
a moderately stiff grid connection (SCR = 4). In the pole-zero map of Figure 5.13 the
effect of a variation of the parameter TQv is illustrated: An additional real pole appears
- it corresponds to the voltage control loop. By reducing TQv, this pole shifts to the
left, i.e., a higher natural frequency. When the voltage control bandwidth approaches
the current control bandwidth, the current control pole pair is shifted towards lower
damping, and for values TQv < 1 ms even towards the stability boundary. A value of
TQv = 10 ms is selected: damping of the current control pole pair remains at reasonable
ζ = 95 %, and the above-mentioned requirement from grid connection standards is met
or exceeded.
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Figure 5.14.: Pole locations for variation of TCC, τRI and τHF: the forbidden sectors, marked
in pale red, correspond to the low-frequency and the high-frequency minimum damping target.
See Figure 5.15 for the correlation between damping and the design parameters. The highlighted
baseline design fulfills the requirements and has a minimal total delay.

Inertia control The df/dt controller implements an equivalent acceleration time con-
stant TAI by differentiating the measured frequency and calculating an active current
set-point from it. The intended result is behavior equivalent to an electrical machine
with acceleration time constant TAI. A low pass filter with time constant τRI must be
applied to get a proper controller, and an additional low-pass with time constant τHF

reduces feedback of high-frequency noise:

i∗df
d (s) =

−TAIs

(τRIs+ 1)(τHFs+ 1)

1

ω0

ωPLL (s) . (5.29)

Design and stability analysis From previous studies [146] it is known that
reducing the time constant τRI lowers the damping of the current controller pole pair
– with a current control time constant of TCC = 1 ms, an oscillatory pole pair with an
eigenfrequency of 160 Hz results, see [146]. It can also be observed in Figure 5.13 that
this same pole pair is critical in the design of the voltage control loop. Furthermore,
the high-frequency filter time constant τHF may be modified. The inertia control design
involves three parameters: τRI, τHF and TCC. For each parameter, a search interval was
specified, and iteratively adapted.

The design is based on sector placement of the closed-loop pole pairs. For separate
low- and high-frequency ranges, according to the specification, a minimum damping is
demanded, that is,

• low-frequency pole pairs, with eigenfrequencies f0 <= 500 Hz shall possess a
damping of ζ >= 50 %, and
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Figure 5.15.: Inertia control: Dependency of damping on the three parameters TCC, τRI and τHF:
The heatmap represents the damping of the least damped pole pair below 500 Hz, each subplot
for a specific current control bandwidth. A damping of ζ ≥ 50 % (white) is acceptable. The
crossed-out configurations have insufficient damping ζ < 10 % in the high-frequency region
above 500 Hz (LC resonance). The baseline design with minimal total delay is highlighted with
a bold frame.

• high-frequency pole pairs, above eigenfrequencies f0 > 500 Hz shall possess a
damping of ζ >= 10 %.

This specification can be translated to ”forbidden sectors” in the z-Plane, where no
closed-loop pole pairs shall be located, see the red shaded areas in Figure 5.14. The gray
”pole clouds” indicate the pole locations for a certain search space, defined by ranges for
each of the three control parameters. To find parameter sets within the search-space that
fulfill the criterion, a set of heat-maps visualizes the 3-dimensional parameter space.

Figure 5.15 illustrates the variation of damping in the low-frequency range for an il-
lustrative range within the search-space: each heatmap corresponds to a different current
control time constant TCC = 1, 5, 10ms. For combinations of τRI and τHF, the heat-map
visualizes the damping of the least damped pole pair, in the low-frequency range. In
addition, the violation of the high-frequency criterion is indicated by crossing out the
field. This set of heat-maps is a tool to evaluate the robustness criterion throughout the
design space.

To choose a design with minimal delays, the combination with the lowest possible
sum of τRI + τHF + TCC is selected which fulfills both damping criteria. The search-
ranges were adapted in a few iterations, and the displayed range of Figure 5.15 contains
the relevant sub-space where the damping criteria are reached with a low total delay.

The current control time constant TCC influences the control performance in two
ways: (1) minimizing the total delay also benefits from a low inner current control de-
lay, but (2) with slower current control, the rejection of grid-side disturbances is weaker.
Weak disturbance rejection (for current control) may in fact provide a beneficial reaction
in terms of grid support.

The design variant with minimal overall delay is chosen as baseline design. It is
highlighted in Figure 5.14 and Figure 5.15. With a current control time constant TCC =
10 ms and filter time constants of τRI = 100 ms and τHF = 1 ms, it is the optimal
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configuration from the design-space: The total delay is minimal while the robustness
specification is fulfilled.

Another control variant with fast inner current control (TCC = 1 ms) has been eval-
uated, but was then disregarded: its total delay is higher (139 ms) than in the baseline
design (111 ms). Further analysis, which is not presented here, revealed that it is also
not robust for grid impedance variations.

Frequency control Proportional frequency control is added to the previously de-
signed loop. The control law with droop constant kPf is:

i∗fd (s) =
kPf

(τHFs+ 1)(TPfs+ 1)
(f ∗pu −

1

ω0

ωPLL (s)). (5.30)

(5.31)

With kPf = 20, a frequency deviation of ±2.5 Hz causes a setpoint of ±1 pu. De-
pending on the application, this control loop is subject to dead-bands and hysteresis -
the abovementioned kPf is characteristic for LFSM-O, which is activated only above
50.2 Hz, and an activation of 90 % within 2 s is demanded, see Chapter 2.2.2. This is
exceeded with a time constant TPf = 600 ms. For other frequency control services like
FCR, the gain is much lower and the time response requirements are less demanding.

The additional filtering with τHF from the inertia control design was found to be ben-
eficial and is negligible in comparison to the decisive time constant TPf.

When the frequency control loop is closed in addition to inertia and proportional
voltage control, the minimum damping values in the low- and high-frequency range
remain uninfluenced or increase slightly, see Table 5.3.

Table 5.3.: Frequency control: Damping in the low- and high frequency range (LF/HF) remains
constant or is increased when the proportional frequency loop is added.

Frequency Control off on

(LF) min(ζ)/% 50 59
(HF) min(ζ)/% 11.4 11.5

5.3.3. Evaluation of extended current control
The baseline design of extended current control shall now be evaluated regarding robust-
ness and its basic performance. First, the dependency on grid stiffness and the operating
point is evaluated with the linear model. Reference step responses are evaluated to il-
lustrate the reaction and for model validation. These results will also be considered for
the comparison to the VSM in Section 6. Proportional frequency control was generally
inactive in these investigations.

Dependency on grid stiffness and operating point

Under real-world conditions, the SCR is to a large extend fixed through the series
impedance of the unit and plant transformer, and only small fluctuations are expected.
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Table 5.4.: Grid support control parameters.

Current control
TCC 10 ms

Proportional voltage control
kQv 5
TQv 10 ms

Inertia emulation
TAI 10 s
τRI 100 ms
τHF 1 ms

Proportional frequency control
kPf 20
TPf 600 ms
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Figure 5.16.: Root locus for a variation of the short-circuit ratio in the range SCR = [1...10].

However, in system split conditions, the sudden formation of an area in island condition
may have considerable impact on the SCR.

The dependency of the design on the grid stiffness is evaluated using the linear plant
model. The root locus for a variation of the short-circuit ratio (SCR) in the range 1 to
10 is depicted in Figure 5.16.

The overview plot (a) reveals that in the frequency range above 500 Hz the LC reso-
nance is influenced. Generally, for lower SCR, the natural frequencies decrease. Damp-
ing is lower for decreased grid-stiffness (SCR = 2), but never approaches critical levels
in this frequency range. In the middle plot (b), a zoom on the frequency range around
50 Hz is depicted. The depicted pole is not leaving the ζ > 0.5 sector and remains well
damped.

The right subplot (c) is a zoom on the low-frequency region around 1.5 Hz. First,
this pole pair is of special relevance: It is caused by the replication of the swing mode
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through the frequency-derivative feedback in the inertia emulation loop (inverse swing
equation). Similar as for synchronous machines, the natural frequency decreases for
lower SCR. It is, in contrast to the corresponding mode of typical synchronous ma-
chines, well damped. Due to the delays in the inertia emulation loop, i.e., τRI, τHF, TPLL

and TCC, the swing equation is replicated imperfectly – and due to an advantageous
phase shift, damping is introduced. Even for SCR = 1 damping remains sufficiently
large (ζHF > 0.05 and ζLF > 0.2).

A fundamental disadvantage arises from the aforementioned cause of swing damping:
Improved swing damping is achieved by increasing delays in the inertia emulation loop.
That is, swing damping is negatively correlated to performance. In case of performance
issues, it is not possible to reduce delays without compromising swing damping.

In summary, all pole pairs remain close enough to the design specification in the full
SCR range. It is not strictly necessary to adapt the control design when the SCR changes
in a quite wide range – but improved robustness can be achieved by re-designing the
control for the actual SCR.

The dependency of the minimum damping values on the operating point is another
point of concern. For this investigation, the frequency range below 500 Hz has been
separated further into the range below 5 Hz and the medium-frequency range above
5 Hz up to 500 Hz.

The minimum damping has been determined for the full PQ-range, with the terminal
voltage initialized to |vc| = 1 pu. This means that e.g. in over-excited operation the
distant grid voltage (infinite-bus) is reduced, and the over-excited operation counteracts
this distant under-voltage. For under-excited operation, the distant voltage is increased.

Figure 5.17 illustrates the variation of the minimum damping value below 5 Hz with
the operating point. The bold frame indicates a typically demanded operation range. It
is observed that the minimum damping is not strongly dependent on the operating point,
as it remains above 41 % even for the worst-case operating point (P = 1, Q = 1).

The aforementioned definition of the voltage operating point reflects in the – possibly
slightly counterintuitive – reduced damping at over-excited operation.

Table 5.5 states the minimum damping values separately for the three frequency
ranges. Only the low-frequency range is influenced at all. An additional operating point
with under-voltage at the terminal |vc| = 0.9 pu has been evaluated. Low-frequency
damping remains well damped even for under-voltage, with a minimum value of ζ =
37 %.

The dependency on the operating point is small, and robustness is maintained for all
reasonable operating conditions.

Current step response

The current step response is evaluated in Figure 5.18 for two purposes: (1) validate the
linear against a non-linear model and (2) to illustrate how the grid support extensions
change the response to set-point changes.

For the validation between the linear and the non-linear model, the response of the
linear model (dashed) is depicted in addition to the response of the non-linear model
(solid) in Figure 5.18. The agreement is excellent, with one exception: For the i∗q re-
sponse of the current controller (left of Figure 5.18b), a slight deviation is observed at
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f 5 5 Hz
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Figure 5.17.: Dependency of damping in the low-frequency range on the operating point. Typi-
cal operating conditions are located within the bold frame.

approx. t = 0.03 s. This may be explained by the PLL re-adjusting the reference frame,
which involves the non-linear Equation (5.11), and can not be replicated exactly by the
linear model. Overall, the matching responses confirm that the linear model is adequate
for the control design.

Looking at the i∗d response in Figure 5.18a, for the ’pure current control’ on the left,
i.e., only the inner current controller, the expected dynamics are observed: the set-
point is reached within approx. 30 ms – the desired current control time constant TCC is
reflected in this response.

When looking at the case with extended current control on the right of Figure 5.18a,
a distinct behavior results: The response only reaches the setpoint after several hundred
milliseconds and a noticeable overshoot. The dominant time constant and damping of
this response corresponds to the pole pair at approx. 1.5 Hz in Figure 5.16. With inertia
emulation and voltage control, the active current response is no longer dominated by the
current controller, but by the emulated swing equation. That is, the advantage of fast
and accurate reference tracking of current control is no longer existent.

Figure 5.18a depicts the response of i∗q: With pure current control on the left, the
dynamics of the current controller are dominant. On the right side, the response of the
inverter with extended current control is quite different: The response never reaches the
set-point, but settles at less than half the set-point value. This is caused by proportional
voltage control: the rising iq causes the terminal voltage to decrease, which again causes
a reduction of the set-point i∗vq , and ultimately a settling of iq at a value below the set-
point.

Concluding on the current reference step-response behavior, the grid support exten-
sions strongly influence the dynamic response. Inertia emulation leads to a slower be-
havior that resembles the electro-mechanical swing equation of the synchronous ma-
chine in the active current response, and proportional voltage control causes the reactive
current to settle at approx. half of the commanded set-point.
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Table 5.5.: Dependency of damping on operating point. The baseline damping ζ0 at P = 0.3 pu,
Q = 0 is given as a reference. The minimum damping ζmin is given for rated terminal voltage,
and ζminUV for terminal under-voltage of |vc| = 0.9 pu.

Low-Frequency f ≤ 5 Hz
ζ0 52 %

ζmin 41 %
ζminUV 37 %

Medium-Frequency 5 Hz < f < 500 Hz
ζ0 59 %

ζmin 59 %
ζminUV 55 %

High-Frequency f ≥ 500 Hz
ζ0 11 %

ζmin 11 %
ζminUV 11 %
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Figure 5.18.: Current step response of the inverter, with pure current control (left), and with
extended current control (right). Solid lines are results of the non-linear model, and the dashed
lines result from the linear model.
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Summary on extended current control

A robust design of extended current control is the result of this section. Based on prior
experience [146], the control structure and design process have been improved: a new,
robust approach for the inner current controller parametrization was applied and a si-
multaneous design of current control and the inertia emulation was introduced. This
allows to reduce the delay while increasing overall robustness. Introducing a fast volt-
age control loop with relatively high gain aimed at reducing voltage deviations.

The design process is quite complicated, due to the nested control structure with par-
tially conflicting control objectives: the inner current control aims at regulating current,
while the outer loops aim at establishing a voltage source-like behavior. The inverter
alone, without any control, already is a voltage source, so that the behavior is changed
twice, in large parts to restore the principal behavior of the uncontrolled inverter. The
virtual synchronous machine approach in Section 5.4 avoids such contradictions by in-
troducing the desired functionality in a straightforward manner.

In the small-signal analysis, the pole pair at f0 ≈ 1.5 Hz, which represents the ’swing
mode’, arises due to the imitation of inertia and due to voltage being controlled. The
pole pair is located in the typical frequency range of the swing mode of synchronous
machines, although it features larger damping with ζ ≈ 0.5. The active current step
response is dominantly influenced by this ’swing mode’ - the settling time with the grid
support extensions is approx. 200 ms instead of 30 ms with pure current control. The
reactive current step settles at less than half the reference command, due to the voltage
feedback and the relatively weak grid connection.

As the newly introduced ”slow” behavior reflects to the current control bandwidth,
current limitation can not be performed with the ECC control scheme, unless – in the
event of an imminent limit violation – the outer loops are disabled and the bandwidth
of the inner current control loop is increased, e.g. by switching to a different set of
parameters. Current limitation with ECC needs to be evaluated in detail, but is beyond
the scope here.

The reaction to grid-side events and the behavior in islanding conditions will be inves-
tigated and be compared to a competing control scheme: Virtual synchronous machine
control, which will be introduced in the next section. A comparison then follows in
Section 6.

5.4. Virtual synchronous machine control

Virtual synchronous machine control is a control scheme that aims at replicating the
desired properties of synchronous machines and omit the undesired characteristics. The
essential desired behavior is that of a voltage source that synchronizes to the grid ac-
cording to the active power balance. This synchronization introduces at the same time
the swing mode and an ”instantaneous power reserve”. In contrast to real synchronous
machines, arbitrarily large damping of the swing mode is possible and should be made
use of: Angle oscillations are an undesired property of the synchronous machine and
should explicitly not be replicated.

This section describes a slightly modified version of the VSM scheme in [62, 153,
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Figure 5.19.: VSM control scheme - overview and hardware interface. See Figure 5.20 for the
VSM core and Figure 5.21 for the virtual circuit. Adapted from [153].

157, 158], and applies specific damping requirements for the full frequency range.
This section is organized as follows: The VSM control scheme is introduced in Sec-

tion 5.4.1 and the design is described in Section 5.4.2. Basic robustness and performance
evaluations are reported in Section 5.4.3.

5.4.1. Virtual synchronous machine control scheme
The control scheme of the VSM is depicted in Figure 5.19. The principal part is formed
by the ”VSM core”, which contains the swing equation and a simplified excitation sys-
tem. In addition, the ”Virtual Circuit” adds a virtual source impedance and the ”Active
Damping” path increases damping of the LC resonance. From these three blocks, the
outputs are summed up to form the control signal vb, i.e. the reference voltage for the
PWM generation. The angle δ from the VSM core defines the d/q control reference
frame, and in that way it also defines the voltage angle of the VSM.

In the following, the signal interface and the three main control components are in-
troduced. Each of the blocks is active in a distinct frequency range - this is explained
using the root locus.
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Figure 5.20.: VSM core scheme - the swing equation is modeled in the active power branch and
the simplified automatic voltage regulator (AVR) with droop in the reactive power branch.

Signal interface In the hardware interface of the VSM control scheme, the same
measurement signals as for current control (see Section 5.3) are involved. For the VSM,
the d/q control frame is aligned with the virtual mechanical angle δ of the VSM core.
Measurements are transformed from the grid coordinates to the control d/q frame by
rotating with δ and the PWM reference is transformed to the grid coordinates by rotating
with −δ. See Section 5.2.3 for the definition of the d/q transformation.

Active and reactive power are required as inputs to the VSM core. For this purpose,
instantaneous values are derived from the d/q transformed measurements of vc and i:

P = idvd + iqvq

Q = idvq − iqvd.
(5.32)

For the linear model this equation is linearized for the operating point (0vc, 0i), where
the operating point current 0i is derived from 0P , 0Q, 0vc. The linear power calculation
results as

P = id
0vd + vd

0id + iq
0vq + vq

0iq

Q = id
0vq + vq

0id − iq0vd − vd
0iq.

(5.33)

Subsequently, for the control design the model is applied in a linearized context, i.e.,
linearized quantities are generally applied. Later on in the context of validation and
experiments, the non-linear model variants will be applied.

The d/q control frame and the power calculation provide the interface for the VSM
core, which is introduced next.
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VSM Core The purpose of the VSM core is to provide a reference for the inner source
voltage of the VSM. This voltage reference shall synchronize its voltage angle δ to
the external power system with adequately damped reaction. The voltage amplitude is
adjusted in a suitable way, to contribute an appropriate reactive power response. This
functionality is provided by a third order model, see Figure 5.20.

The active power branch in Figure 5.20a describes the mechanical part of a syn-
chronous machine, i.e., the swing-equation, by linking the power balance to frequency
and machine angle through two integrations:

ω̇ = 1/TAI (P ∗ − P − Pp)

δ̇i = ω0 ω,
(5.34)

where P ∗ is the reference power, Pp is the proportional frequency control power, and P
is the measured power. TAI is the acceleration time constant of the virtual machine. To
introduce the effect of a damper winding, feed-forward damping is added [159, 62]. It
superimposes an angle offset that is proportional to frequency through the factor kDf:

δ = δi + kDf ω0 (ω − ω∗), (5.35)

causing the additional exchange of damping power [160], but without proportional fre-
quency control.

If desired, proportional frequency control with a droop of kPf may be added through
the term

Pp = kPf (ω∗ − ω) . (5.36)

The reactive power branch in Figure 5.20b establishes a droop kv between reactive
power and inner voltage amplitude. It’s first-order behavior approximates the effect of
an AVR in droop mode, which behaves, for kv > 0, similar to an increased steady-state
reactance. The inner voltage amplitude e is derived as

ė =
1

Tv
(kv (Q∗ −Q) + e∗ − e)

e = [e 0]T ,

(5.37)

where kv defines the voltage droop and Tv is the low-pass time constant.
In the subsequent baseline design, the droop kv = 0 (i.e., it is disabled) and the

functionality is replaced by a virtual reactance. The reactive power droop was described
here to give a complete picture of the VSM. The setpoint e∗ will be used to directly set
the inner source voltage, with the low-pass filter time constant Tv only applied to the
set-point.

Virtual Circuit The virtual circuit introduces a virtual impedance in series to the
inverter output filter. It consists of a virtual reactance xv and a transient resistor rv, see
Figure 5.21. The voltage drop along these virtual elements is determined as

vvc =

[
rv 0
0 rv

]
·Grv (s) · i +

[
0 xv

−xv 0

]
· i (5.38)
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Figure 5.21.: Virtual circuit scheme with transient virtual resistor rv and virtual reactance xv.

and subtracted from the voltage set-point of the VSM core.
The reactance xv is implemented as a quasi-stationary element: In order to avoid a

differentiation of the measured current, the derivative terms in the inductor model of
Eq. (5.3) are neglected in the virtual reactance of (5.38). This approach is more robust
than a dynamic reactance model, see [161].

The concept of the transient virtual resistor was introduced in [162]. The resistive
component rv in (5.38) is only active in the pass-band of the high-pass

Grv (s) =
s

1 + τrv s
. (5.39)

This transient resistor, with a suitable τrv, increases damping of the pole pair at around
50 Hz. In contrast to a normal (”stationary”) resistor, it does not negatively influence the
swing mode in the low-frequency region. The high-pass characteristic in the rotating
d/q control frame translates to a band-stop filter in fixed coordinates (αβ or ABC), with
center frequency ω (see e.g. [102] for the frequency-shifting property of the d/q frame).
Thus, the resistor is applied at all frequencies except the band-stop range around the
fundamental frequency ω. In that way, the transient virtual resistor causes a faster decay
of DC-components in the phase currents and reduces higher-order harmonic currents
due to distorted grid voltages. At the same time, the transient resistor has no impact
on the swing mode: active power is exchanged largely through fundamental-frequency
current in the ABC frame, i.e., below the high-pass cut-off frequency in the d/q frame.
References [153, 161, 163] elaborate on the limitations that would arise with the simple
”stationary” virtual resistor.

Active Damping The same active damping approach as for the current controlled
inverter is applied, see (5.25). The lead frequency of the filter is generally set to zero
in order to get a pure high-pass characteristic. This ensures that no stationary offset
voltages are introduced through active damping.

In contrast to the current controlled inverter, there is no undesired inter-dependency
with other parts of the control system. That is, neither the virtual impedance nor the
VSM core tend to impair the active LC damping. This is confirmed in the the subsequent
baseline design.
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5.4.2. Control design

The control design of the virtual synchronous machine is conducted sequentially and
without inter-dependencies between the design steps. The three main control blocks are
responsible for separate frequency regions. After introducing the design specification
and procedure, the straightforward pole-placement design process will be illustrated.

The design specification and basic procedure is given below.

Performance requirements for the VSM design are:

(a) The equivalent source impedance at fundamental frequency shall be inductive
with a total reactance of xΣ = 1/5. Dynamically, at least 95 % of the response
shall be reached after 30 ms, to conform to standards, e.g. [29], and for

(b) inertia emulation, the acceleration time constant shall be TAI = 10 s, and for

(c) proportional frequency control, the active power shall be reduced with a fre-
quency to power droop of kPf = 20 (or 40 %/Hz), while reaching 95 % of
the stationary value faster than 2 s, to conform to the LFSM-O requirement in
e.g. [29].

Robustness requirements are formulated regarding the minimum damping ζ of
the closed loop pole-pairs:

• For low-frequency pole pairs, with eigenfrequencies f0 <= 500 Hz, damping
shall exceed ζ >= 50 %, and for

• high-frequency pole pairs, with eigenfrequencies f0 > 500 Hz, damping shall
exceed ζ >= 10 %.

These robustness requirements and performance requirements (a) and (b) must be
met with and without the proportional frequency control function (c).

The sequential design procedure consists of four steps:

1. Active LC damping is designed to match the high-frequency damping speci-
fication,

2. the virtual circuit is added and adjusted to meet the above requirements (a)
and the low-frequency damping specification,

3. the VSM core is added and swing damping is established to conform to the
low-frequency damping requirement,

4. proportional frequency control is added (optional).

The above design specification is similar to the one for the current-controlled inverter,
see p. 108. Due to the different control approach, an adaption of the specification was
necessary: First, instead of a droop for terminal voltage to reactive current, the overall
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reactance xΣ is specified for the VSM. It depends on the virtual circuit and the filter
reactance x1. Secondly, the proportional frequency droop refers to power instead of
current.

For the baseline design an operating point of P = 0.3 pu, Q = 0 and a grid connec-
tion with SCR = 4 and X/R = 5 are applied. Robustness for the full operating range
and variations of the grid properties will be evaluated in Section 5.4.3.

Performing the design through pole placement The above design procedure
begins in the high-frequency range with LC-damping, followed by the medium-freq-
uency range with the virtual circuit and ends with the low-frequency swing-mode. One
specific parameter is responsible for reaching the desired damping in each frequency
range. This results in a straightforward and transparent design.

The design is carried out using the z-Plane root loci in Figure 5.22 – each row (a) to
(c) corresponds to one design step. Different zoom views are provided: the plot on the
left covers the frequency range up to 2 kHz, the center one up to 100 Hz and the right
plot focuses on the range up to 2 Hz.

Figure 5.22a shows the initial plant configuration (gray): Two pole pairs at about
1.3 kHz correspond to the LC resonance of the filter (ζ = 2 %), and one pole pair at
50 Hz is related to the inductor currents in L1 and L2.

In design Step 1, active damping of the LC resonance is introduced. The lead-lag
filter, (5.25), is added to the plant, and the gain kll is increased to exceed the specified
minimum damping, see the arrow in Figure 5.22a. Two additional pole pairs, related to
the lead-lag filter and the computation delay appear at f ≈ 1.5 kHz with ζ ≈ 50 %.

Focusing on the medium frequency range in Step 2, the virtual circuit (5.38), is added.
The virtual reactance results from the specification of the total reactance xΣ and the
physical filter reactance x1: xv = xΣ − x1. In Step 2.1, see Figure 5.22b, the virtual
reactance is added. It shifts the medium-frequency pole pair to 80 Hz. To obtain the
specified damping, the transient virtual resistor rv is applied, see the arrow and Step 2.2
in Figure 5.22b. The high-frequency range remains almost untouched.

In Step 3 the VSM core with the swing equation (5.34), is added, at first without
damping kDf = 0, and the specified TAI. With this Step 3.1 in Figure 5.22c an oscilla-
tory ”swing-mode” pole pair at 1.3 Hz appears. Damping is added in Step 3.2 through
increasing kDf until the specification ζ > 0.5 is met. Again, the high- and medium-
frequency ranges remain almost untouched. Increasing kDf and thus ζ further is possible,
but is not performed here to reach a comparable behavior to the ECC design.

Adding proportional frequency control in Step 4 does not leave any degree of free-
dom, as the droop factor kPf is explicitly stated in the specification. It further increases
damping of the low-frequency mode, see Step 4 in Figure 5.22c.

The resulting parameters are summarized in Table 5.6. The simplicity of this design
procedure is based on the separation of frequency ranges: one control parameter (kll, rv

and kDf) correlates to damping of the relevant modes – and it does not influence modes
outside of this frequency range. To evaluate the design further, the dependency of the
root loci on the operating point and on the grid connection properties and non-linear
simulations will be presented in the next section. The response time requirements (a)
and (c) on p. 123 are evaluated there as well.
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Figure 5.22.: VSM control design using pole placement: Each design step concerns one specific
frequency range. In each range, a specific control parameter allows to increase damping of the
relevant mode or modes.
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Table 5.6.: VSM control parameters.

Active Power Branch
TAI 10 s
kDf 0.125

(optional) kPf 20

Reactive Power Branch
Tv 10 ms
kv 0

Virtual Circuit
τrv 8 ms
rv 0.13 pu
xv 0.11 pu

Active LC Damping
flead 0
flag 1500 Hz
kll 1

5.4.3. Evaluation of virtual synchronous machine control

The virtual synchronous machine design from the previous section is evaluated here:
First, the robustness under varying grid connection properties (SCR, X/R) and for all
relevant operating points is considered. Second, the response to reference steps is il-
lustrated along with a validation of the linear model. The analysis has been conducted
without proportional frequency control.

Dependency on operating point

To quantify the influence of the operating point, the linear model is derived for equally-
spaced points on the P − Q-Plane. For each set of (P,Q) the terminal voltage is at
its rated value, |vc| = 1 pu, and the infinite bus voltage is lowered or increased to ac-
count for the load-flow. The minimum damping values have been evaluated separately
for three frequency ranges: up to 5 Hz, 5 to 500 Hz, and above 500 Hz. Figure 5.23
illustrates damping in the low-frequency region, i.e., damping of the swing-mode for
the P − Q-Plane. The bold frame contains the most relevant operating region that is
demanded in standards (e.g. [29]). Damping only varies in a negligible range. Damp-
ing ζmin in the medium- and high-frequency regions is completely independent of the
operating point, see Table 5.7.

The investigation has been repeated for operation at under-voltage of |vc| = 0.9 pu.
The worst-case damping at under-voltage (for the full range of Figure 5.23) is ζmin =
40 %. Damping in the medium- and high-frequency ranges is unaffected by the (P,Q)
operating point, see Table 5.7.

In summary, the operating point (P,Q) has no relevant influence on small-signal
stability. For under-voltage a slightly reduced damping of the swing-mode is observed.
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Figure 5.23.: Dependency of swing-mode damping on active and reactive power operating point,
with terminal voltage |vc| = 1. The operating region inside the bold frame covers all typically
demanded operating conditions.

Table 5.7.: VSM design - dependency of damping on operating point for the P − Q-range of
Figure 5.23. Baseline damping ζ0 at P = 0.3 pu, Q = 0 is given as reference. The minimum
damping ζmin is given for rated terminal voltage, and ζminUV for terminal under-voltage of |vc| =
0.9 pu.

f ≤ 5 Hz 5...500 Hz ≥ 500 Hz

ζ0 50 % 51 % 15 %
ζmin 46 % 51 % 15 %

ζminUV 40 % 51 % 15 %

Dependency on the grid connection

Under practical conditions the grid properties are not exactly known and vary over time.
Similar as for the extended current control design, see Section 5.3, the VSM control
has been designed for SCR = 4 and X/R = 5, and a wide range of variations is
subsequently considered.

Figure 5.24 shows the root loci for SCR = {2, 4, 8} and for X/R = {1, 5, 50}. The
LC-resonance and active damping pole pairs remain well damped under all conditions.
The medium-frequency pole pair depends on both SCR and X/R: the worst-case is low
SCR and high X/R, where damping is reduced to ζ ≈ 27 %. Damping of the low-
frequency swing-mode at ≈ 1.4 Hz is dependent on SCR, but remains acceptable even
in the worst-case with ζ > 36 %. For real synchronous machines, similar grid condi-
tions may impose serious risk of oscillatory instability, because their swing damping
is limited by the physical damper winding design from the start. The observed varia-
tions confirm that the VSM control design is robustly stable even for large variations of
the grid connection. It can be operated without modifications for a wide range of grid
properties.
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Reference step response and model validation

The step responses for active and reactive power illustrate the fundamental reference
behavior of the VSM control. In addition, the result is compared between the linear and
the non-linear model, to validate the linear model.

Figure 5.25a depicts the reaction to an active power reference step of +1 %. The
over-shoot and settling time are characteristic for the swing-mode with f0 = 1.4 Hz and
ζ = 50 %.

Figure 5.25a shows the reactive power reaction to a reference step of the internal volt-
age reference e∗. To obtain the same effect as for aQ∗ reference step, the step amplitude
of e∗ is scaled by the total source reactance xΣ, i.e. output filter and virtual reactance.
The dominant response characteristic directly results from the filter time constant Tv act-
ing on the reference e∗. The step response of Q does not reach the equivalent reference
step amplitude, because the terminal voltage increases, which lowers the exchanged Q
(similarly as for current control with grid support, see Figure 5.18b on page 117). To
obtain stationary accurate Q-control, an additional plant-level controller would have to
be added. Plant-level control is not within the scope here.

Both step reactions in Figure 5.25 confirm the adequacy of the linear model, as the
responses to the non-linear model match very well. Further successful experimental
validation of the linear model has been performed in [153].

Summary on VSM control

The VSM control structure and a design procedure have been introduced. In the control
structure, each functionality is represented by a dedicated control block. Unlike as
for the extended current controlled inverter, there are no conflicting control targets. The
design is thus straightforwardly performed in three steps: (1) active damping, (2) virtual
circuit and the (3) VSM core. The resulting design is robust for a wide range of grid
connections.
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solid of the non-linear model.

Further evaluation of the VSM is provided in the forthcoming comparisons to ex-
tended current control in Chapter 6. The reaction to grid events and the behavior in the
basic islanding test are discussed there.

5.5. Summary on control design

In this chapter two control schemes for voltage source inverters were described. Both
schemes provide emulated inertia according to the swing equation of the synchronous
machine.

In the extended current control scheme, a classical current controller with PLL forms
the inner loop, while an outer loop establishes the ”swing equation” behavior. In this
scheme, cause and effect of the swing equation are interchanged: the frequency deriva-
tive is obtained from a measurement and suitable filtering in order to derive an active
power setpoint.

The design process is complicated through conflicting control targets of the inner and
outer loop and a large number of associated control parameters. Even though a solution
that meets the defined requirements has been found in the design space, the way to this
solution is admittedly not straightforward: seven time constants are involved in the de-
sign, none of which is related directly to a design specification. It is merely necessary to
reduce these delays ”as far as possible”, while maintaining ”acceptable robustness”. By
choosing four of these parameters and keeping them constant, the design space reduced
to three dimensions, and a brute-force search for ”robust configurations with low overall
delay” was performed along the remaining parameters.

The virtual synchronous machine control scheme directly implements the swing-
equation in the voltage-source inverter. The design is straightforward – the parameters
for inertia and reactance result directly from the specification, and damping of all poten-
tially oscillatory pole pairs can be adjusted easily through specific control parameters.
The virtual synchronous machine control scheme is robust, simple to design and does
not add unnecessary delays.
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A comment on current limitation: This is an aspect that has not been covered so
far but is nonetheless important: a fast and accurate limitation of currents is strictly
required to protect the inverter hardware in case of severe grid faults. It is important
that the control schemes are able to sustain operation in such faulty conditions, in order
to at least support the grid within the current limits. The grid-forming behavior may be
partially impaired due to current limitation. Extended current control seems to have the
advantage of the inner current control loop, which allows limiting current easily. This
is however a fallacy: First, the current controller is tuned with a rather low bandwidth,
and would not be able to avoid over-current. Secondly, the outer grid support functions
should not be deactivated, especially not during grid faults, when the support is most
needed. The challenge is the same for extended current control and virtual synchronous
machine control: In case of grid faults, the current must be limited to protect the inverter
while the inverter must sustain the grid operation. Finding a robust solution to these
conflicting goals is one of the major future challenges in inverter dominated grids. Draft
solutions for this challenge are described in [164, 162, 157, 153, 158, 165].

To conclude, both control schemes have been robustly designed and small-signal sta-
bility was confirmed for a wide range of grid connection properties. In the next chapter,
extensive simulations and laboratory tests are described and the schemes are compared
against each other.



6. Comparison of extended current
control vs. virtual synchronous
machine control

Comparing extended current control (ECC) against the virtual synchronous machine
(VSM) in this chapter will illustrate the differences of the two approaches. Both have
been designed to conform to similar performance and robustness specifications, but are
completely different in their structure.

This chapter begins with an analysis of the reaction to grid events in Section 6.1. The
grid-forming behavior is the focus of the next Section 6.2. A system study that includes
detailed models of load shedding and over-frequency generation reduction is described
in Section 6.3 to validate the performance in system split conditions.

6.1. Reaction to grid events

This section provides a direct comparison regarding the reaction to grid events. The
simulations have been conducted using a non-linear EMT model of the single inverter
with the same degree of accuracy as the linear design model from Section 5.2 and the
parameters of the experimental inverter given in Section 5.2.5. To provide meaningful
comparisons, frequency is measured by the same PLL (see Table 5.2) for ECC and
VSM.

Figure 6.1 depicts the reaction to different grid voltage events: a voltage magnitude
step, a frequency ramp and a voltage angle step. These events are synthetic excitations
that give insight into the principal behavior of the control systems.

In reaction to the voltage magnitude step to 80 % in Figure 6.1a, both controllers
support the grid voltage by supplying reactive power. ECC shows a prolonged under-
shoot of the voltage before a stationary state is reached – this is due to the slower reactive
power rise, which barely reaches the required 90 % after 30 ms (see the marker in the
bottom plot). An active power oscillation is observed - it decays with the swing mode
characteristic within approx. 0.5 s. The VSM, in contrast, stabilizes voltage within less
than 5 ms through reactive power, and only supplies active power within the first grid
cycle after the voltage drop.

In response to the frequency ramp, an active power reaction is observed in Fig-
ure 6.1b. The response characteristic represents the swing-mode - it explains the slightly
faster reaction of ECC, because the swing eigenfrequency is a bit higher. In the station-
ary phase of the frequency decline with 1 Hz/s, active power increases by 20 % - this is
defined by the acceleration time constant. The VSM enters under-excited operation in
reaction to the increased active power. This is due to the voltage drop along the virtual
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Figure 6.1.: Response to grid events of ECC and VSM. Frequency is measured by the same PLL
for both schemes.
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reactance of the VSM in reaction to the active power. In contrast, the ECC inverter does
not change the reactive power exchange stationarily, because the voltage droop of ECC
is independent of active power.

The reaction to the angle step in Figure 6.1c is instantaneous active power for the
VSM and delayed active power for the ECC. The oscillation decays with the swing
mode characteristics. With ECC, after an initial negative deviation of reactive power,
a positive overshoot of reactive power follows, which hints at dynamic interactions be-
tween active and reactive power control.

In summary, the reaction to these synthetic grid voltage disturbances is largely similar
for ECC and the VSM. In reaction to the step-wise events (a) and (c), the VSM provides
an ”inherent” response, while the ECC inverter has a slower response due to the low-
pass filters in the feedback loops. The delays of ECC are however less pronounced
than the time constants of the outer loops would suggest (τRI = 100 ms, see Table 5.4).
This is related to the relatively weak disturbance rejection of the slow current controller
(TCC = 10 ms) and the derivative element in the inertia control loop. The effect of these
delays in the absence of an external voltage reference will be evaluated subsequently.

6.2. Islanding test

Islanded operation is the result of e.g. a system split, when only inverter-based genera-
tion remains in an isolated area. It is of greatest importance for the security of supply
that large-scale inverter-based generation is able to sustain the operation in such a sce-
nario (see the discussion on that point on p. 93). A minimal test system with one inverter
is applied for the evaluation in this section. The result of this test is of great significance:
It confirms or denies the grid-forming capability of the inverter under test.

The section is organized as follows: First, the grid-forming specification and the is-
landing test are introduced. Results are then presented in Section 6.2.1 for pure current
control, in Section 6.2.2 for extended current control and in Section 6.2.3 for the VSM.
Afterwards laboratory results are presented in Section 6.2.4, including a direct compar-
ison between ECC and the VSM. A conclusion is drawn in Section 6.2.5.

The following definition specifies the ”grid-forming” property:

Grid-forming is defined as the ability of an inverter to sustain the operation

• in the absence of any external voltage reference,

• in the absence of any rotating machines,

• with passive loads with inductive, capacitive and resistive components,

with defined voltage and frequency responses:

1. Voltage shall remain within a tolerance band of ±10 % relative to the rated
voltage and settle to a stationary value,
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2. in the absence of proportional frequency control – Frequency gradients shall
be proportional to the active power imbalance and inversely proportional to
the acceleration time constant TAI,

3. (optional) with proportional frequency control – Frequency shall settle at the
stationary value that is characterized by the active power imbalance and the
frequency control droop.

Criteria for frequency gradients and frequency aim at validating the performance of
inertia emulation. In principle, other kinds of frequency behavior are possible, but these
are not the subject of this work (e.g. VSM-H0 or angle control [134, 135]). The aim
here is to confirm that (1) the operation is sustained and (2) frequency responds to active
power imbalances according to the swing equation, see (5.34).

The test setup is depicted in Figure 6.2: The inverter is connected to passive RLC
loads, and initially operated in parallel to a stiff, external grid. By opening S1, the
inverter-load system transitions to islanded operation. The inverter is then solely re-
sponsible for sustaining the system operation. A load-step is applied as a test event.
Voltage and frequency are indicators for the principal ability to form a grid.

The test has been performed with different causes of the active power imbalance and
different load configurations:

• Simulation: The current to the external grid is regulated to exactly zero, through
the inverter set-points, before the switch S1 is opened. After 0.5 s in islanded
state, a resistive load of 10 kW (10 %) is switched on or off. The initial base load
is either resistive-inductive (50 kW + 10 kVar) or resistive-capacitive (50 kW −
10 kVar).
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• Laboratory: The inverter is operated with an active power set-point of either
36 kW (0.4 pu) or 63 kW (0.7 pu), while the resistive load is constant at 50 kW
(0.56 pu).

Reactive load variants with inductive and capacitive load components have been in-
cluded because a large, potentially disastrous influence on the behavior has been ob-
served for state of the art current control: The sign of the frequency deviation depends
on the reactive load. This is described in detail in Section 6.2.1. Performing these test
variants is necessary to ensure that the frequency behavior is independent of reactive
load.

The test has been conducted in two control configurations: with proportional fre-
quency control either disabled or enabled. When disabled, a characteristic frequency
ramp is expected, and when enabled, frequency shall settle to a stationary value.

Simulations have been conducted using a non-linear electromagnetic transient (EMT)
model of the test system with the same degree of accuracy as the linear design model
from Section 5.2. The displayed frequency has, for all variants, been measured at the
inverter terminal (filter capacitor) using the PLL from Section 5.3.1. In this way, the
results are directly comparable between current control, extended current control and
virtual synchronous machine control scheme.

6.2.1. Islanding results of pure current control

Today’s inverters in the field are typically operated with current control - and without
or with limited grid support functions, e.g.: voltage control with dead-band, frequency
control only for over-frequency with dead-band and without emulated inertia. There-
fore, pure current control is investigated here to illustrate its shortcomings. Only the d/q
current controller and the PLL from Section 5.3.1 are active.

The active and reactive current set-point is adjusted to reach zero current through the
switch S1 towards the external grid, see Figure 6.2. From such a balanced condition,
the system of inverter and load is separated by opening S1 at t = 0, and at t = 0.5 s a
decrease or increase of the resistive load by 10 kW is activated.

The results for decreasing load are given in Figure 6.3a and for increasing load in
Figure 6.3b: frequency f , voltage magnitude |vc| and d-axis current id. In all cases,
the active current is initially disturbed, but restored to the reference value within 2 s.
This constant-current characteristic is achieved through adjusting the voltage. This is of
course not acceptable for an AC constant voltage power system.

Looking at the frequency response reveals another complication: With decreasing
load, frequency initially declines, and for decreasing load, frequency rises. The sign is
opposite compared to the swing equation of conventional generators. Furthermore, the
shape of the frequency excursion is fundamentally different depending on the reactive
base load: With capacitive load, frequency is aperiodically unstable. With reactive load
and for a decrease of load, frequency initially declines but then rises again indefinitely
(towards +∞). And for reactive load and an increase of load, frequency even reaches a
steady state. While the behavior is unacceptable in all cases, there is one configuration,
i.e., inductive load and a decrease of active load, in which the inverter actually reaches a
stable equilibrium. Reaching such equilibria is otherwise referred to as ”un-intentional
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Figure 6.3.: Current control (without grid support) – Resistive load step at t = 0.5 s in islanded
operation with capacitive base load (dashed) and inductive base load (solid).

islanding” [140] and related ”un-intentional islanding tests” are conducted to validate a
reliable shut-down under such conditions.

In conclusion, the islanding test was used to analyze the behavior of ”pure” current
control, a scheme that is not designed to supply partial grids on its own. The results
revealed that (1) a variable voltage AC system results and (2) the frequency response is
of the opposite direction compared to synchronous machines. In all cases, the behavior
is unacceptable. In one particular configuration the system was able to reach a steady
state. These results re-confirm that additional measures are strictly required to establish
a defined behavior of voltage and frequency. The next sections focus on the same test
for the extended current control scheme and the virtual synchronous machine control
scheme, where such a defined behavior is expected.

6.2.2. Islanding results of extended current control

Extended current control is based on the pure current control that was evaluated in the
previous section. Are the additional grid support extensions able to introduce a defined
response of frequency and voltage in the islanding test? Figure 6.4 shows the results
of the islanding test for different configurations: load decrease and increase and for ca-
pacitive and inductive base load. In all cases frequency shows the desired stationary
response: a rising ramp for a load decrease and a falling ramp for a load increase. An
initial frequency transient in the ”wrong” sign occurs during the first 20 ms of the re-
sponse, see the over-frequency spike for the load increase (blue) and under-frequency
spike for the load decrease (red). This initial reaction is similar as for pure current con-
trol, compare Figure 6.3, but superseded by the desired ”correct”-sign quickly. A tran-
sient deviation of voltage settles within 100 ms after the event. Load power only rises
to the desired level once voltage reaches its steady-state level. The behavior on a slower
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Figure 6.4.: Islanding result of extended current control: Load decrease (red) and load increase
(blue), with capacitive base load (dashed) and inductive base load (solid).

time scale is independent of the reactive load configuration and conforms to the inertia
specification: The slope is proportional to the load step and inversely proportional to
the acceleration time constant. Transients will be analyzed further in comparison to the
VSM in Section 6.2.4. In that section, results with proportional frequency control are
also presented.

In addition to the above results, the islanding test has been conducted with different
configurations of the grid support loops. Stable results have only been obtained when
inertia emulation and proportional voltage control have both been enabled (see Fig-
ure 5.12). Instability occurred for the particular configuration with proportional voltage
control and proportional frequency control and without inertia emulation. This instabil-
ity is related to the ”wrong” sign of the initial frequency excursion, see Section 6.2.1. It
is overcome by introducing inertia emulation – then the frequency behavior is defined
and proportional frequency control can be added.

Instability may also result with very slow grid support loops: When voltage control
and inertia emulation are both slow, oscillatory behavior was observed. An example
of such an unstable configuration was however useful for model validation, see Ap-
pendix A.1.

For the baseline control configuration the islanding test was successful with all load
configurations: grid-forming of the inverter with extended current control has been con-
firmed.

6.2.3. Islanding results of virtual synchronous machine
control

With VSM control directly replicating the fundamental behavior of the synchronous
machine, there is little doubt that it is able to form a grid. The results in Figure 6.5
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Figure 6.5.: Islanding result of virtual synchronous machine control: Load decrease (red) and
Load increase (blue), with capacitive base load (dashed) and inductive base load (solid).

confirm this conjecture. The load step initiates a constantly rising or decaying frequency
according to the swing equation. Voltage deviations of 1.3 % follow the load-step - they
are caused by the total reactance, i.e. the combination of virtual and physical output
reactance xv + x1. A minor over-shoot of voltage for 20 ms is observed – caused by the
transient virtual resistor. The additional load power settles to a constant value once the
transient virtual resistor is faded out - for the initial 20 ms, the active power is slightly
reduced due to the voltage over-shoot. The initial frequency reaction is influenced by
the adjoining phase angle step and the PLL dynamics. The response is independent of
the reactive load situation.

Alternative variants of the VSM have also been tested. Omitting the transient virtual
resistor or the whole virtual circuit was found to reduce the voltage deviations. Without
virtual circuit a minor initial synchronous power oscillation that is related to decaying
DC phase currents was observed.

In summary, grid-forming by the VSM is confirmed. The load is adequately supplied
and the frequency behavior represents the swing equation. Voltage is maintained close
to the rated value.

6.2.4. Experimental results and direct comparison

The grid-forming test has also been conducted in laboratory experiments in order to
validate the simulations and evaluate harmonics. An overview of the results is provided
first, followed by a comparison between ECC and VSM regarding the initial transients
and power quality.

The laboratory test setup is a variation of the simulation experiment in Figure 6.2: The
only load is a 50 kW resistor. The coupling impedance between the inverter and the load
is 0.04i pu. Instead of switching loads, an initial import or export to the external grid
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Figure 6.6.: Experimental results of basic islanding test - Comparison of ECC (black) vs. VSM
(gray), proportional frequency control active (solid) and inactive (dashed) , for under- and over-
frequency case. Low-pass filtering applied.

is interrupted by disconnecting from the external grid (opening S1). The initial inverter
power is 0.7 pu (63 kW) for export and 0.4 pu (36 kW) for import. After disconnection,
the resistive load of 0.56 pu (50 kW) must be supplied, i.e., an export of 14 % or an
import of 16 % is interrupted.

Figure 6.6 depicts the results for extended current control (black) and virtual syn-
chronous machine control (gray). Filtering was applied to remove harmonic ripple. The
solid curves show the result with enabled proportional frequency control, and (only for
frequency) the dashed curves show the behavior without proportional frequency con-
trol. The results are shown for over- and under-frequency in the same plot – the sign
of the response is correct, i.e. export prior to islanding causes over-frequency and im-
port causes under-frequency. Ignoring the initial transients (initial 100 ms), the dashed
response without proportional frequency control is nearly identical: The rate of change
of frequency has only a marginal deviation.

The solid frequency curves with proportional frequency control reveal an overshoot
of frequency for ECC, but an aperiodic characteristic for the VSM. The overshoot is
caused by the delay (τPf) in the outer-loop proportional frequency control of extended
current control. It is permitted within the specification, but the VSM does not require
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Figure 6.7.: Initial reaction in under-frequency case, Comparison of ECC (black) vs. VSM
(gray). Raw data, no filtering applied.

any delay in the proportional frequency feedback.
The stationary deviation of voltage, relative to the pre-fault value, is different for

ECC and the VSM. With ECC, voltage is reduced for both cases, export and import. It
remains closer to the pre-fault value than for the VSM. The voltage deviation with VSM
in contrast depends on the active power balance - over-voltage results in the export case
and under-voltage in the import case.

The stationary voltage deviation is slightly larger than with ECC but remains below
1 %. The different voltage behavior is caused by the particular behavior of the virtual
circuit and the reactive current droop: The reactive current droop in ECC is only ac-
tive in the q-axis, while the virtual circuit is symmetric in the d- and q-axis. Thus, an
increased active current causes a voltage drop with the VSM but not with ECC.

The stationary active power depends on the stationary voltage quadratically, and thus
has a noticeable deviation with VSM control. This is a voltage-related self regulation
effect, as described in [28]. The reactive current droop in ECC is only active in the
q-axis, while the virtual reactance is symmetric in the d- and q-axis. Thus, an increased
active current causes a voltage drop with the VSM but not with ECC. Both behaviors
appear to be uncritical, as the stationary voltage deviation is very small.

To analyze and compare the initial transient, a suitable time range is shown in Fig-
ure 6.7 for the under-frequency case. The transients are horizontally symmetrical for
over-frequency. No filtering has been applied to these results, i.e., the curves show raw
data from the inverter control system.

For extended current control (black) an initial over-frequency reaction for 20 ms and
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under-voltage for 40 ms is observed. Active power increases within 1 ms, but is then
reduced again before approaching a stationary value within 40 ms. The initial spike is
an effect of the passive electrical components (LCL-R) and the inner current control,
especially the proportional and decoupling feed-forward paths. For the voltage, the
initial oscillation is caused by the inner current control. After approx. 3 ms the extended
current controller is contributing to the reaction: the current set-points are modified
by voltage control and inertia control. The initial step-wise rise of frequency results
from the initial actuation voltage from the current controller (step-wise refers to the
sudden change within 1 ms): in reaction to the step-wise load change, the d-axis current
increases. Through the decoupling factor xff, the q-axis voltage set-point then rises.
This sudden increase of the q-axis voltage is measured at the terminals and causes the
observed frequency rise through the proportional control path in the PLL. It is to be
noted that after 1 ms the frequency derivative assumes a negative value, even though the
frequency deviation remains positive. Within the period up to approx. 40 ms, voltage
and inertia control with the inner current control reach an equilibrium state. Only after
60 ms the PLL measurement begins to reflect the steady decline of frequency.

The result of the VSM (gray) in Figure 6.7 features an inherent and direct transition
to the equilibrium state of voltage and active power. Within approx. 1 ms current and
voltage settles according to the passive electrical network properties. During 20 ms a
transient voltage amplitude dip of approx. 1 % due to the transient virtual resistor is
noticeable. The frequency measured by the PLL initially drops due to the phase angle
step that is caused by the changing load-flow.

In summary, the initial transients of ECC are a combined reaction of four involved
controllers: current, voltage, inertia and PLL. Only after approx. 40 ms voltage reaches
a stationary value and the load is supplied with its ”desired” power. For the VSM such
pronounced transients do not exist. Only the passive LCL-R circuit and the transient
virtual resistor determine the initial reaction. The frequency measurement with the PLL
is delayed in both cases.

The above experiments are also useful for comparing power quality of the control
approaches: In islanded configuration with a resistive load, the voltage and current har-
monics are a direct indicator for the harmonic emissions caused by the inverter.

Figure 6.8 shows the harmonic amplitudes of ECC and the VSM, for the phase-phase
voltage and for the phase current. A window of 5 s duration has been evaluated. Current
and voltage harmonics correlate quite well, but are not directly proportional. With ECC
the 7 th harmonic is more pronounced, while for the VSM the 5 th harmonic stands out.
With ECC the 11 th and 13 th harmonic is higher than for the VSM. The total harmonic
distortion (THD), i.e., geometric sum of the harmonics, is given relative to the actual
fundamental amplitude. It is similar for both control schemes at THD ≈ 1.6 % for
voltage and THD ≈ 1.9 % for current.

The measured THD values are below typically demanded limits. Evaluating the THD
under various operating conditions as well as dedicated control measures to selectively
reduce harmonics is beyond the scope of this thesis. The given results should be con-
sidered as a first indication regarding harmonic distortion.

The islanding test of ECC has additionally been performed without any load as a lab-
oratory experiment. The inverter has been disconnected at its terminals, see Figure 6.9:
Initially an active current is fed to the external grid. At t = 0 the switch is opened and
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Figure 6.8.: Comparison of Harmonics and THD in islanded operation with resistive load (Eval-
uated over 5 s [166], THD is related to actual fundamental values).

the current instantly breaks off. The terminal voltage remains within operating limits
and the inverter reaches a stationary state. This test provides additional confirmation of
the grid forming capability of the ECC control scheme.

6.2.5. Conclusion on islanding test

The islanding tests have confirmed that inverters with extended current control and vir-
tual synchronous machine control are grid-forming. Even without external voltage ref-
erence, the inverters operate within a defined voltage range and frequency is an indicator
for the active power balance. Both schemes provide emulated inertia according to the
swing equation of the synchronous machine.

For the VSM the successful result has been expected, but for the ECC scheme the
result was at first surprising: Current control with grid-support extensions is a grid-
forming scheme. Even though it synchronizes to the measured terminal voltage, it does
not require an external voltage reference. With the robust baseline design from Sec-
tion 5.3 it fulfills the grid-forming criteria from p. 133.

Extended current control is grid-forming.
It was demonstrated for the first time that inverters with inner current control and grid

support loops (ECC) are grid-forming in a defined way. An uninterrupted operation is
ensured even in the absence of an external voltage reference: The frequency response is
based on the swing-equation and similar to that of a synchronous machine. ROCOF is
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Figure 6.9.: Islanding of extended current control with open terminals: This experiment demon-
strates that ECC continues operation even with open terminals, after the external voltage refer-
ence is disconnected at t = 0.

proportional to the active power imbalance. Voltage is maintained sufficiently close to
the reference value.

From prior research and practical applications of un-intentional islanding tests, it
was known that current control-based inverters are under some circumstances able to
continue operation. Defined responses of frequency and voltage have, to the author’s
knowledge, not been reported, nor have they been desired. There has been considerable
uncertainty if such a defined response is possible at all, unless the structure of the inner
current controller is fundamentally revised (see e.g. [137, 138]). Thus the above re-
sults are a significant advancement in research regarding islanded operation and a major
contribution of this thesis to the state of the art.

The transient behavior of extended current control is characterized by a voltage dip
for about 40 ms that follows each load step. During this under-voltage, the resistive load
draws less power. The transient ”opposite-sign” deviation of frequency is also question-
able. Although these transient effects do not compromise stability in the grid-forming
test, they need careful attention when ECC inverters interact with other equipment, or
multiple inverters with each other. For the VSM, such transients have not been observed.
Stationary voltage deviations are slightly more pronounced with VSM control than with
ECC. This increased voltage drop is related to the virtual circuit of the VSM.

Apart from these results, the test procedure itself has proven to give insight into the
fundamental behavior of inverter control. Applying it to the ”pure” current control
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revealed a ”reversed-sign” frequency behavior for such units. A number of other control
schemes are currently evolving with the aim of enabling 100 % inverter penetration,
e.g. [137, 138, 139]. Performing an islanding test on these recently published control
schemes would give insight into their behavior as well, and allow a comprehensible
comparison to the schemes that have been considered here. The islanding test might
even be considered to become part of future certification procedures for power electronic
equipment.

To conclude, both control schemes have performed well in the relatively simple is-
landing test. But Chapter 2 identified an important dependency: stability after a system
split is decided within less than one second after the event, and any additional delay
may be critical. A more detailed analysis in system studies is the logical consequence
and will be performed in the next section for the system split scenario.

6.3. System split in the two-area system with four
inverters

In this section the system split will be investigated with detailed component models, i.e.,
inverter and load shedding relays in a multi-inverter system. Two important questions
need to be answered: 1. Is load shedding functional when only inverters form the partial
area? 2. Are the transient voltage and frequency deviations within reasonable limts even
after very large imbalances?

The system model consists of four generators that are distributed in two system areas.
This structure allows to study both local and inter-area effects and is based on the system
model used in [167]. The test cases are derived from the high robustness reference cases
with 50 % import and 52 % export, see Section 2.4.

6.3.1. System model and scenarios
The two-area system depicted in Figure 6.10 is supplied by four generators and an inter-
connection to the external grid. This connection is removed to initiate the system split.
The system is an aggregated representation of a large power system area. The system
power is however scaled down, so that the inverter model from the previous sections
can be used directly. Each inverter with a rated apparent power of 90 kVA has a rated
active power of 70 kW. The baseline control design for VSM and ECC from Chapter 5
is applied without modifications (it has been designed for SCR = 4).

Lines and transformers are represented by series RL elements. Line 1 is a relatively
weak interconnection with x = 0.2 pu at S0 = 200 kVA. The total reactance between
Inverter 1/2 and Inverter 3/4 is x = 0.5 pu, i.e. inter-area electrical coupling is relatively
low. The reactance between the inverters inside an area, e.g. Inverter 1 to Inverter 2, is
x = 0.14 pu, i.e. moderately strong, resembling typical conditions between neighboring
units in power plants. In the left system area, the peak load is 280 kW and in the right
area it is 40 kW. Load shedding is implemented at Load 1, with 4 steps of 40 kW each,
according to Table 2.2. The reactive power of the shunt capacitor C 1 is −20 kVAr.

Loads are represented by constant resistances. Rotating machines and power elec-
tronic loads are not included: omitting rotating machines ensures that stability does not
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Figure 6.10.: Two area system with four inverters. Line 1 has a large reactance and thus the
left and right areas are weakly coupled. The inverters in each area (1,2 and 3,4) are electrically
close, and thus more strongly dynamically coupled. The whole system is disconnected from the
external grid to investigate the system split (S1). It represents an aggregated large area.

depend on them, and power electronic loads are beyond the scope here (see e.g. [168,
158] for system split investigations that include these load types). The electrical system
parameters are provided in Table 6.1 and the inverter parameters in Table 5.1.

Table 6.1.: Electrical grid parameters of the two-area four inverter system.

S0 X X/R
in kVA pu −

Unit transformer 1 T 1 100 0.08 10
Unit transformer 2 T 2 100 0.06 10

Collection transformer 12 T 12 200 0.1 50
Load transformer 1 TL 1 300 0.1 20

Line 1 Line 1 200 0.2 100
Load transformer 2 TL 2 200 0.1 20

Collection transformer 34 T 34 200 0.1 50
Unit transformer 3 T 3 100 0.06 10
Unit transformer 4 T 4 100 0.08 10

Frequency control is only provided through load shedding and over-frequency gener-
ation reduction. Load self-regulation is not modeled – because it would require rotating
machines, which could be interpreted as external ”support” to grid-forming. A fre-
quency containment reserve is also not modeled – with the ramp rate characteristics
(see Section 2.2.1) it barely has an influence on the system split result. Emergency con-
trols, i.e., load shedding and LFSM-O, are sufficient to handle system splits, although
the possible import power range is slightly reduced due to the aforementioned absent
control features.
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The test cases are defined as follows:

1. Import of 45 %, i.e., PIm = 144 kW with a load of PL = 320 kW, and an ac-
celeration time constant of TAI = 4.9 s, relative to the rated inverter power, i.e.,
TG = 10 s relative to instantaneous generation,

2. Export of 52 %, i.e., PIm = −96 kW with a load of PL = 184 kW, and an ac-
celeration time constant of TAI = 7.8 s, relative to the rated inverter power, i.e.,
TG = 10 s relative to instantaneous generation.

The maximum possible import is reduced to 45 %, even with 50 % load shedding
capability. In comparison to the aggregated model from Chapter 2, load self-regulation
is missing (−2.5 %) and electrical losses are considered (−1.5 %). Stationary voltage
deviations and the omission of FCR also have a small effect.

All four inverters have the same active power set-point - it is provided by a slow
controller that regulates the import/export power to the external grid. The reactive power
exchange between the two areas and to the external grid is zero. This is achieved by slow
area controllers that distribute their reactive power set-point equally to the two inverters
in their area. The slow active and reactive power controllers are only active before the
system split.

6.3.2. Results

The result for the system split with 45 % import is depicted in Figure 6.11. In the
scenario ”VSM” all four inverters are controlled with the virtual synchronous machine
scheme (red), and in the scenario ”ECC” all four inverters are controlled by the extended
current control scheme (blue).

The frequency result is the averaged value of all four inverters, measured by a PLL
at the inverter terminals. The depicted voltage is measured at the central busbar Bus 1
in Area 1. Load and generation power is measured at the low-voltage terminal of the
corresponding devices.

At t = 0 the two-area system is separated from the external grid. In both control
scenarios the partial system remains stable and the responses with VSM and ECC are
qualitatively similar. Within the first second, all four steps of load shedding are triggered
and the active power balance is roughly restored. Frequency then rises slowly, and
reaches a stationary value once over-frequency generation reduction is activated (after
tens of seconds).

The system split with 45 % import deficit is successfully stabilized with 100 % in-
verter supply, for both control schemes, ECC and VSM. Voltage and frequency remain
within the operating limits.

With ECC, voltage dips to below 90 % during the first 50 ms after the system split.
Voltage is also disturbed transiently after each load shedding event. These voltage devi-
ations also cause transient frequency and power variations. At each active power event,
frequency undergoes a brief ”opposite sign” excursion. Right after the system split,
a frequency spike that almost reaches 51 Hz is observed. These effects are related to
the inner current control that initially counteracts the desired behavior, see Sections 5.3
and 6.2.
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Figure 6.11.: Result of the system split in the two-area system with 45 % import power, with all
four inverters either controlled with VSM or with ECC.

With VSM control the voltage transients also occur, but with lower magnitude and
an aperiodically damped settling characteristic. With VSM control the quasi-stationary
voltage deviation within the first 300 ms is larger. The deviation is helpful for the ac-
tive power balance, as it inherently causes a voltage-related load self regulation. This
effect has similarly been observed in the islanding test in Section 6.2, and is related to
the virtual reactance. The virtual reactance has been introduced to obtain the overall
reactance that is part of the control design specification, see p. 5.4.2. In supplementary
simulations that are not reported in detail, the test cases have been evaluated without
virtual reactance. Then the VSM’s quasi-stationary voltage deviations are similar to the
deviations of ECC, but transient ”dips” are completely absent.

When the original two-area test system was created, it served for investigating oscil-
lations between four synchronous machines, see [167]. Such oscillations do not occur
with either of the inverter control schemes. The individual inverter power outputs do
not oscillate against each other, but settle to a new power level with an almost aperi-
odic response. This is due to the enlarged swing damping in both control schemes with
ζ ≥ 50 %.
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Figure 6.12.: Result of the system split in the two-area system with 52 % export power, with all
four inverters either controlled with VSM or with ECC.

The inverters settle for a stationary active power with a well damped behavior, even
after the severe disturbance of the system split. The oscillatory swing behavior of real
synchronous machines can not be observed, neither in the VSM scheme nor in the ECC
scheme.

The results for over-frequency case with 52 % export are provided in Figure 6.12.
Both control schemes are suitable in this situation. The behavior is qualitatively simi-
lar to the experimental result from Section 6.2.4. With ECC the maximum frequency
is slightly larger, but the overshoot has been readily accounted for: Such a delay of
over-frequency generation reduction was considered in Chapter 2 and has then been
considered for the inertia requirement specification in Section 2.4. The initial over-
voltage deviation with ECC is 12 %. Future research should consider the effect of such
over-voltages in more detail.

Additional simulations have been conducted with mixed control schemes, i.e., two
VSM inverters and two ECC inverters in parallel operation. The resulting frequency
and voltage behavior was qualitatively an ”averaged version” of the variants that are
presented in Figures 6.11 and Figure 6.12.

The system split test cases in the two-area system has confirmed that both control
schemes can stabilize partial areas at 100 % inverter generation. Multiple inverters in
parallel were shown to operate in a stable manner. Together they ensured stability for
two very large active power disturbances.



6.4. Conclusion 149

6.4. Conclusion
Two control schemes have been compared regarding their performance in the absence of
rotating machines: The virtual synchronous machine control scheme and the extended
current control scheme. Both schemes are

• grid-forming, i.e. able to operate in the absence of an external voltage reference,

• able to reliably stabilize partial system areas even after extreme system split
events.

The experimental grid-forming test has been successfully performed for the first time
for the ECC scheme. Specifically, the experiments have proven that the inverter with
ECC scheme is able to stabilize itself with a resistive load and with open terminals. Fre-
quency and voltage remain within the normal operating range and the proper behavior
of the emulated inertia is confirmed.

The simulation study in the two-area system has investigated the behavior of multiple
inverters in conjunction with emergency frequency control. Load shedding was fully
functional with either control scheme, ECC and VSM.

The worst-case system split is successfully stabilized with 100 % inverter supply in
the absence of any rotating machine. Virtual synchronous machine control and extended
current control are both able to sustain operation and maintain frequency and voltage in
permissible bounds.

The inverters with inertia emulation settle for a stationary active power with a well
damped behavior, even after the strong excitation of the system split. Oscillatory swing
characteristics of real synchronous machines are not replicated, neither in the VSM
scheme nor in the ECC scheme.

In direct comparison, the behavior of extended current control is less favorable: Tran-
sient fluctuations of voltage and frequency may reach critical levels, even when only for
short intervals of a few tens of milliseconds. Looking back at the design process of
extended current control, conflicting control targets needed to be managed and many
”wrong turns” had to be avoided. Extended current control requires considerably more
effort in the design process.

Taking together the unfavorable transient deviations and the increased effort in the
design process, extended current control is the less favorable solution. The only reason
for choosing extended current control is that it is based on the widespread current control
scheme. This only reason is however not a good reason, because the inner current
control is also the cause of the unfavorable aspects of extended current control.

Considering the design process and the performance, the virtual synchronous ma-
chine control scheme is the favorable solution. It is simple to design and operates flaw-
lessly.
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These schemes should be considered in the future as standard control scheme, espe-
cially in system areas with large shares of renewable generation. Only with such suit-
able control schemes will these areas remain robust against extreme events that occur
infrequently.



7. Conclusion
The aim of this thesis was to develop and evaluate control schemes for converter-based
renewable power plants that ensure stability in case of large-scale disturbances. For this
purpose, a contribution to system inertia is required from converter-based plants.

While the need for additional inertia has been stated broadly, and numerous control
schemes that provide system inertia have been proposed in the literature, this thesis
contributes original research, specifically:

• A detailed specification of inertia requirements, based on pragmatically chosen
reference scenarios,

• a new, accurate compensation scheme for inertia emulation in wind turbines in
below-rated conditions, which has been validated by hardware-in-the-loop exper-
iments,

• an economic analysis that confirms that inertia from power-electronic plants is in
tendency cost-competitive.

• For two carefully selected control schemes:

1. extended current control,

2. virtual synchronous machine control,

it provides

– a validated and accurate linear inverter model for control design,

– engineering approaches to robust control design, based on pole sector place-
ment,

– a thorough investigation regarding the islanding behavior of the single in-
verter, including experimental validation,

– for the first time, the experimental proof that inverters with unmodified cur-
rent control scheme become grid-forming with suitable outer loop exten-
sions,

– a simulation study of the system split for a partial area with 100 % inverter
penetration, fed by four inverters, based on detailed models of the inverters
and of emergency frequency control.

7.1. Summary
A detailed specification for system inertia has been derived from frequency stability
studies of system split faults. The need for additional inertia has been quantified and
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specific requirements have been derived. Successfully handling a pre-split import power
of 24 % requires an acceleration time constant of TG = 7.5 s and an associated peak
power capability of 32 %, relative to the instantaneous generation. An enhanced ability
to deal with an import power of up to 50 % requires an acceleration time constant of
TG = 10 s and a peak power capability of 100 % (Chapter 2).

The option to provide emulated inertia with wind farms has then been investigated.
An existing performance issue in below-rated wind speeds has been solved through an
additional compensation scheme that extends turbine control. The technical feasibility
has been evaluated in system split simulations and successfully validated in a hardware-
in-the-loop experiment in a medium-voltage microgrid. Emulated wind inertia with the
new compensation scheme is fully equivalent to conventional inertia (Chapter 3).

The cost for inertia provision have then been compared for three different technical
solutions: Wind inertia, additional DC-coupled battery storage for PV and wind plants
and synchronous flywheel installations. The solutions for wind and PV plants are in
tendency economically competitive within the uncertainty of the estimation.

Wind inertia is attractive if cost due to mechanical reinforcements can be kept at
a low level. Inertia from additional DC-coupled battery storage has the potential of
generating additional revenue through providing additional frequency control reserve
(FCR and FRR) and other services. When additional revenue can be generated with
the battery storage, it is clearly the most attractive solution from the cost perspective
(Chapter 4).

For both options, wind inertia and battery storage, suitable converter control schemes
with inertia emulation need to be employed. Two schemes have been chosen for a
detailed investigation: An extension to state-of-the-art current control and a specific
virtual synchronous machine control scheme that would fully replace existing current
control schemes. A robust design procedure has been introduced for both schemes.

Special attention needed to be paid to the robust design of the extended current control
scheme, while keeping overall delays low. With the resulting design, it was shown for
the first time that the extended but otherwise unmodified state-of-the-art current control
scheme is grid-forming, i.e., able to form a grid without any external voltage reference
(Chapter 5).

The aim of stable operation at very high shares of converter-based generation has
been reached: Both schemes are capable of operating at shares of 100 % converter-
based generation. The performance has been validated in laboratory islanding tests and
in a simulation study in a two-area, four-generator system for severe system splits. The
principal behavior of frequency and voltage was shown to be equivalent for both control
schemes.

In the control design of the extended current control, the underlying current control
adds severe complications due to the conflicting control objectives of current control
and the outer-loop extensions for grid support. The transient behavior is characterized
by undesired deviations of voltage and frequency which are related to the underlying
current control. Virtual synchronous machine control on the other hand is characterized
by a simple and transparent control design process and flawless behavior. Thus, the
virtual synchronous machine approach is the recommended solution, as it avoids the
drawbacks of the extended current control scheme (Chapter 6).

As the main conclusion, the need for an additional inertia reserve has been substan-
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tiated through a detailed specification. Battery storage units, interfaced to the DC-links
of existing wind and PV plants, are potentially the most cost-effective solution when
they provide additional revenue-generating services. Virtual synchronous machine con-
trol is the preferred control scheme, taking into account the straightforward design and
flawless dynamic behavior.

7.2. Discussion and Outlook
This section discusses the results regarding limitations and potential directions for future
research.

• Requirements and future detailed planning and scheduling scenarios

The inertia requirements derived in this thesis are based on pragmatic assump-
tions, e.g. the reference incident magnitude for the ”low” robustness scenario
has been chosen based on historic events (Chapter 2). This pragmatic approach
was necessary due to a lack of reliable data. However, more detailed scenarios
need to be considered in the course of implementing the future inertia reserve.
The study [20] points into that direction. To come to a cost-effective solution,
using the power reserves of renewable power plants in below-rated operation is
an option that should be explored further. It would allow to reduce or omit over-
dimensioning of components in these plants, and thus allow for cost savings for
the inertia reserve.

• Wind inertia

For inertia from wind turbines, the cost study in Chapter 4 indicates overlapping
ranges of the estimated cost for two technical solutions: Using the rotor inertia and
adding a battery storage to the DC-link. Using the rotor inertia will only be cost-
effective if the over-dimensioning of mechanical components can be minimized.
To clarify on this, detailed wind turbine design studies should be conducted.

Dynamic interactions between individual turbines with inertia emulation, under
consideration of structural dynamics, are an open point for research.

The schemes from Chapter 5 need to be adapted for wind turbines with doubly-
fed generator (IEC Type 3), as first described in [64, 113]. Such schemes should
be further refined and investigated on component, turbine and system level.

• Converter control schemes

The result that extended current control is grid-forming, i.e., able to operate with-
out synchronous machines, was initially not expected. It remains however ques-
tionable why this scheme should be applied, because it has only disadvantages
compared to the virtual synchronous machine scheme. Several fine details, e.g.
the treatment of the terminal voltage feedforward in the inner current controller,
are decisive for the robustness of the resulting overall control configuration. Due
to the relatively high complexity and conflicting control targets, many wrong-
turns need to be avoided in the design process – in effect the chances of ending
up with a less robust design are high.
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Current limitation remains as an open challenge for extended current control and
virtual synchronous machine control. In case of grid faults, e.g. short circuit or
system split (that exceeds the specification), current needs to be reliably limited
while an acceptable behavior regarding grid support needs to be maintained. It
is important to note that the current control bandwidth needed to be reduced for
extended current control, i.e., the current controller will be unable to limit currents
in a fast manner. Current limitation schemes for grid-forming control schemes
have been described in the literature, see e.g. [165, 164, 162], but there is room
for further research. In the future, limitation schemes that are equally suited for
short circuit and system split scenarios need to be developed and evaluated in
system context. Specifying the desired, or required, behavior may be an additional
challenge.

• Un-intentional islanding protection

Protection against un-intentional islanding is in conflict with the intentional oper-
ation of larger separated systems. In the future, with suitably controlled converter-
based generation, the continued operation of islanded partial systems in a defined
and safe manner will be feasible. In some situations, islanding protection (shut-
down) may still be desirable, e.g. due to occupational safety reasons. Further
research and development is recommended to find protection schemes that distin-
guish between desired and un-desired islanded conditions. Alternative procedures
for occupational safety may also be worth consideration.

• Dynamic system analysis

The interaction between multiple inverters in the four-inverter, two-area system
(Chapter 6) was unproblematic with the robustly designed controllers. Evaluating
the dynamic behavior between many converters with different control schemes,
synchronous machines and different load types will however be an important new
area of research. For this purpose, time-domain or frequency-domain approaches
may be applied – both rely on accurate and tractable models of the relevant units.

Linear system analysis, e.g. modal analyis using participation factors is expected
to give insight into potential oscillatory phenomena. It may support in identify-
ing the origin of problems and in finding solutions. For this purpose, suitable
modeling approaches and analysis tools should be explored.

• Zero or infinite inertia with battery storage?

This thesis argues for additional inertia in order to maintain the functionality of
emergency frequency control. This is aimed at maintaining similar system charac-
teristics regardless of the relative shares of converters and synchronous machines
– in the near future each technology will alternatingly constitute the dominant
share of generation. However, other approaches for the frequency-load charac-
teristic of grid-forming units like zero inertia (inertia-less) control [134, 169] or
angle-based control [135] should be considered in more detail. The angle-based
approach may be interpreted as ”infinite” inertia. Especially when battery storage
or other converter-based storage technologies are deployed at large scale, these
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could in principle completely take over the functionality of active power control.
In that case, other mechanisms than traditional inertia could easily be employed.





Appendix A.

Supplementary experimental
results

A.1. Unstable islanding experiment
Figure A.1 depicts results of the islanding test (see Section 6.2) for an unstable config-
uration of extended current control. Simulation and laboratory results are shown side
by side. The effective series resistance of the inverter filter r1 has been identified as the
decisive model parameter to obtain simulation results that match the experiment.

Similar accuracy can be obtained in models directly by using accurate, switched semi-
conductor models. However, for the investigated inverter, the model sample frequency
would have to be increased from 8 kHz (PWM and control sample time) to 16 Mhz
(FPGA clock), causing three orders of magnitude higher computation time and poten-
tial accuracy issues.

The model validation using this unstable experimental result was an important step:
Only after improving the model accuracy, a more robust, practically usable controller
has been obtained.
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Figure A.1.: Unstable result of the islanding test
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A.2. Wind inertia with enhanced compensation
scheme in turbulent wind

An additional experiment has been conducted in the microgrid setup, see Figure 3.13,
with one virtual wind turbine. Due to malfunction of external laboratory equipment,
only one experimental converter was operational. The diesel generator and the turbine
jointly supply a constant load of 100 kW. The diesel generator applies proportional
frequency control and thereby balances the fluctuating wind power. The virtual wind
turbine is equipped with the enhanced compensation scheme from Section 3.4 and in-
terfaced to the experimental VSM converter. The aim of this experiment is to confirm
the proper functioning of the enhanced compensation scheme in turbulent wind condi-
tions.

The operational data from the turbine are depicted in Figure A.2: Frequency, wind
speed, turbine active power and generator speed. Until t = 20 s, the turbine is started
up, and is then operated in turbulent conditions. It enters the above-rated region several
times, indicating that the transition between below-rated and above-rated operation is
functional. All quantities fluctuate, but remain within the limits of normal operation.
Frequency fluctuates considerable, as with only one turbine there is no spatial averag-
ing of the wind power turbulence. In that respect, a different behavior is expected for
larger system areas with multiple wind turbines: Due to spatial averaging, much less
fluctuations would be present for the totality of wind turbines in the area.

The experiment confirms the principal ability of the wind turbine with VSM converter
and enhanced compensation scheme to operate in turbulent wind conditions.
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