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1 Introduction  

1.1 Learning objectives of the course 

Learning objectives: Upon completion of this course, you should be able to: 

• Understand the wider context of inertia’s importance to power system stability.  

• Distinguish the different timescales for frequency control. 

• Differentiate between conventional and renewable power plants, in terms of their control 

behaviour. 

• Identify and determine relevant dynamic stability measures. 

• Recognise the different standards for frequency stability in different countries. 

• Define inertia (in the context of conventional power plants). 

• Illustrate renewable power system challenges, with respect to inertia. 

• Explain how decreasing inertia changes the frequency gradient. 

• Define measures to increase power system inertia, with or without storage solutions. 

• Operate a software framework for modelling the dynamic stability of power grids, in order to 

investigate the necessary amount of inertia in relevant power systems. 

• Analyse a case study in the open-source software, PowerDynamics.jl, in order to evaluate 

different solutions to increase inertia. 

• Identify measures for wind and PV generation, which will ensure that inertia does not 

become a limiting factor in integrating variable renewable energies. 

 

1.2 Motivation for the course 

The increasing penetration of renewable energy sources and the replacement of fossil-fuel based 

power plants is changing the dynamics and stability of today’s electrical power systems. The 

substitution of well-known synchronous machines with power-electronic interfaced generation 

presents a challenge, particularly with respect to frequency behaviour.1 In recent reports, e.g. from the 

European transmission system operators (TSOs), reduced inertia was cited as the highest ranking 

system stability issue related to power electronics proliferation2. Due to the lack of inertial response 

from current converter types, the question arises whether it is necessary to limit the penetration of 

converter-interfaced generation (CIG), in order to preserve system security. So far there is no plan to 

increase to 100% CIG, even if new converter types (for example, from wind power plants) could provide 

such an inertial response under certain operating conditions.3 

This online course focuses on frequency and inertia issues and how to approach them using dynamic 

power system models that are based on open-source software. However, it is noted that replacing 

synchronous machines with non-rotational sources also has more general consequences.4 

 
1 Ahmadyar et al., 2017; Milano, 2018. 

2 MIGRATE, 2016; ENTSO-E, 2017. 

3 Milano, 2018. 

4 MIGRATE, 2016; ENTSO-E, 2017. 
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The modelling part of this course relies on open-source software, namely PowerDynamics.jl, because 

it makes modelling assumptions and thus results transparent. In a comparison of different commercial 

simulation tools for defined elementary tests the results varied5. Due to black-box modelling, 

transparency lacks clear identification of the differences between models. For this reason, this online 

course uses open-source software to build dynamic power system models and to analyse their stability. 

This makes it much easier for online course participants to model their own grid. 

The topic of adequate control of renewable power plants is still subject to research, and control 

engineers are still investigating better control schemes. Hence the strong developmental need asks for 

cooperation between the research community and practitioners where common tools (like open-

source frameworks) are a necessary basis.  

 

1.3 Introduction to the course 

The course starts with an introduction to the concepts of power system stability and control. 

Chapter 2 illustrates the different timescales for power system control, explains the relevant stability 

measures with respect to inertia, and gives brief example standards for frequency stability.  

Chapter 3 explains the importance of inertia in renewable power systems, by stating the definition of 

inertia and its effect on power system dynamics. It also considers the challenges that arise in power 

systems with increasing shares of renewable energies, due to a lack of inertia. Measures to increase 

overall system inertia, with or without storage solutions, are also introduced and compared with 

respect to their feasibility. 

Chapter 4 forms an introduction to the modelling world of dynamic power systems. The process for 

building and running a grid model is illustrated. This chapter also explains individual components of 

conventional and renewable generators in more detail. 

Chapter 5 introduces the course participant to a case study that he/she is able to access in an online 

simulation environment. The power grid model for this case study is built step-by-step. The course 

analyses the grid with respect to its stability, and discusses measures to improve that stability. 

Chapter 6 summarises the lessons learned during this online course. It includes an evaluation of the 

different methods for increasing inertia in power systems. An important question is: How can 

renewable energies contribute to a power system's overall inertia, in order to prevent such 

inertia becoming a limiting factor in the integration of variable renewable energies? 

 
5 ENTSO-E, 2013. 
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2 The Concepts of Power System Stability and Control 

2.1 The different timescales for power system control 

Learning objectives: Upon completion of this page, you should be able to: 

• Distinguish between different timescales for frequency control. 

• Differentiate between the control behaviour of conventional and renewable power plants.  

At any point in time, power system supply and demand must be equal, in order to keep frequency 

deviations (Δ𝑓) as low as possible. This is because generators automatically disconnect for certain 

thresholds of Δ𝑓, load shedding sets in etc. However, deviations are unavoidable in practice, and 

they are usually dealt with by employing several layers of power system control6 (see Fehler! 

Verweisquelle konnte nicht gefunden werden.). These layers can be distinguished, as follows: 

1. Inertial response takes place 0-2 seconds after a disturbance. The generators either absorb or 

release their kinetic energy, arresting the change in frequency. This phase is called “inertial 

response”, because inertia dampens changes in frequency. 

2. Primary control is activated during the “frequency containment phase”, as frequency 

containment reserve (FCR). It is local and automatic. Within seconds after a disturbance being 

detected, the generators’ controllers stabilise the frequency at a steady state (the frequency 

is not changing anymore). However, there is still an offset against the frequency set point (𝑓0). 

3. Secondary control is activated during the “frequency restoration phase”. Within minutes the 

frequency offset is corrected, and the frequency set point (𝑓0) is restored. Secondary control 

uses:  

a. automatic frequency restoration reserves (aFRR); and  

b. manual frequency restoration reserves (mFFR).  

4. Tertiary control with replacement reserve (RR) refers to manual changes in generator 

dispatching within tens of minutes to several hours after a disturbance. The goal here is local 

balancing of the power deviation, and the restoration of primary and secondary reserves. 

 
6 Delille, 2017; MIGRATE, 2016; Tielens, 2012. 
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Figure 1: Typical timescales for frequency control (Source: adapted from Milano, 2018) 

These levels of power system control are changing with the increasing penetration of RES. 

Conventional power plants using steam and hydro turbines always have short-term active power, in 

terms of the kinetic energy in their rotating masses. As so-called “synchronous machines”, their 

rotational speed and the electrical field are strongly coupled. In contrast, typical inverter-interfaced 

RESs have no rotating masses, and without any additional storage they are limited (by their actual 

power generation) in their capacity to provide such balancing energy. Hence, when a disturbance or 

supply/demand imbalance occurs, the system has no natural physical reaction (such as inertial 

response) to it, and the RES controllers need some time to take action (see “Converter-interfaced 

primary control” in Figure 1).7 Possible solutions to this issue are presented in Sections 3.3 and 3.4. 

 

2.2 The basics of frequency stability 

Learning objectives: Upon completion of this page, you should be able to: 

• Explain dynamic stability in the context of power system stability. 

• Identify relevant dynamic stability measures. 

• Name methods for determining different stability measures. 

An electric power system is stable if it has the “ability [...], for a given initial operating condition, 

to regain a state of operating equilibrium after being subjected to a physical disturbance, […] so 

that practically the entire system remains intact”8. 

 
7 Milano, 2018. 

8 Kundur, 2004. 
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Figure 2: IEEE/CIGRE classification of power system stability (Source: Kundur, 2004) 

Severe disturbances (such as the tripping of transmission lines or large generators) relate to 

transient stability, frequency stability, and large-disturbance voltage stability (see the glossary in 

Chapter 8). Whereas small continuous disturbances (such as load changes) relate to small-

disturbance angle stability and small-disturbance voltage stability. The timeframe of interest 

usually ranges from seconds to tens of seconds, for short-term stability aspects, and from tens of 

seconds to tens of minutes, for long-term stability aspects.9 

In investigating inertia-related issues, the focus of this course is on short-term stability aspects 

involving rotor and frequency stability. For small disturbances, an analytical approach can be taken 

by linearising the system dynamics.10 However, in order to cover both small and severe 

disturbances, this course follows a simulations-based approach (as described in Chapter 4) to 

investigate both transient and short-term frequency stability (synonymously called “dynamic 

stability”) and all non-linear system dynamics.11 

 
9 Kundur, 2004; MIGRATE, 2016. 

10 Ahmadayar, 2017. 

11 Milano, 2018. 
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Figure 3: Frequency response after a large power drop, e.g. due to a generation outage (adapted 
according to Delille, 2010, and Milano, 2018) 

Figure 3 shows the frequency response after a sudden power drop. After the inertial frequency 

response with the frequency gradient  Δ𝑓′(𝑡0), the frequency drops to 𝑓𝑚𝑖𝑛, is stabilised by primary 

control at 𝑓∞, and is finally restored by secondary control to its setpoint of 𝑓0. This example illustrates 

the most relevant measures for dynamic stability: 

1. The rate of change in frequency (RoCoF), also called the frequency gradient: Δ𝑓′(𝑡0) 

2. The frequency nadir (the greatest frequency deviation after the disturbance): 𝑓𝑚𝑖𝑛 

3. Time to reach the nadir: 𝑡𝑛 

The RoCoF value demonstrates the power system’s capability to withstand sudden power imbalances. 

Operational experience suggests that overshooting the threshold of an over-frequency gradient leads 

to a point of no-return, because available counter-measures do not have sufficient time to react. High 

RoCoF values may induce severe faults (such as pole slipping), especially in synchronous machines, and 

lead to network splitting.12 

 

2.3 Standards for frequency stability 

Learning objective: Upon completion of this page, you should be able to: 

• Recognise different frequency stability standards in various countries. 

Historically, issues of dynamic stability, such as angle and frequency stability issues, are the 

responsibility of transmission system operators (TSOs). The European Network of Transmission System 

 
12 ENTSO-E, 2016. 
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Operators for Electricity (ENTSO-E) develops network codes applicable to the entire EU and European 

Economic Area.13 The following dynamic stability limits are prescribed by the ENTSO-e code14: 

• For RoCoF:   |Δ𝑓′(𝑡0)| ≤ 1Hz/s 

• For the frequency nadir: |𝑓𝑚𝑖𝑛 ≤ 0.2|Hz 

Frequency deviations are stabilised by primary control reserves, to ensure that they stay within the 

frequency range of 49.8 Hz ≤ 𝑓 ≤50.2 Hz during ordinary and exceptional contingencies. If the system 

frequency leaves this range load, shedding is activated and the system reaches an emergency state. 

Outside the range of 47.5 Hz ≤ 𝑓 ≤51.5 Hz a black-out can hardly be avoided.  

Concerning RoCoF, values greater than 1Hz/s are considered to be critical, since exceedance of this 
frequency can cause the loss of generation units, tripping of generators, etc. A straightforward solution 
to the RoCoF concern is to enhance the capabilities of generators (both conventional and renewable) 

to withstand RoCoF, to prevent generation tripping during frequency events15. Power system 
operators are changing their future requirements in this respect (see  

Table 1). With dispersed generation frequency gradient tolerance could be extended to 2 Hz/s, 

requiring future improvements with respect to generation performance and load shedding. 

Country Requirements 

for RoCoF 

capability 

Future requirements for 

RoCoF capability 

Normal operation 

frequency band 

Operational 

frequency 

tolerance band 

Australia ±4Hz/s for 

0.25s, minimum 

standard: 

±1Hz/s for 1s   

Non-synchronous system:  

±4Hz/s for 0.25s, ±3Hz/s 

for 1s   

Synchronous system:  

±4Hz/s for 0.25s, ±3Hz/s 

for 1s; minimum 

standard: ±1Hz/s for 1s   

Interconnected 

system: ±0.15Hz 

Islanded system: 

±0.55Hz  

±1Hz (extreme 

tolerance band: 

47-52 Hz) 

Great 

Britain 

0.125 Hz/s for 

0.5 s 

New synchronous and 

non-synchronous units: 

±1Hz/s for 0.5s 

Existing synchronous 

units: ±0.5Hz/s for 0.5s   

 

±0.5Hz (target 

frequency band: 

±0.05Hz) 

±1Hz, under-

frequency load 

shedding: 48.8 

Hz 

 
13 MIGRATE, 2016. 

14 ENTSO-E, 2016. 

15 Fang, 2018. 
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ENTSO-E 1Hz/s 2Hz/s ±0.2Hz ±0.2Hz 

Ireland 0.5 Hz/s for 0.5s 1 Hz/s for 0.5s See Europe See Europe 

China - - System>3GW: ±0.2Hz 

System>3GW: ±0.3Hz 

±1Hz 

Japan - - ±0.2Hz or ±0.3Hz - 

 

Table 1: Rules (and changes to rules) for RoCoF withstand capabilities, for different countries. The 
normal operating frequency band denotes the limits for long-term frequency deviations, while the 

operational frequency tolerance band sets the allowable ranges for instantaneous frequency 
deviations (Source: Fang, 2018) 

3 The Importance of Inertia in Renewable Power Systems 

3.1 What is inertia in conventional power systems? 

Learning objectives: Upon completion of this page, you should be able to: 

• Define inertia 

• Estimate inertia caused by conventional power plants 

 

As mentioned before, large conventional generators are usually synchronous machines. Under steady-

state conditions, synchronous machines rotate at the same speed as the induced voltage which drives 

the alternating current (AC) of an AC power grid. 

 

 

Figure 4: Left: Schematic of a generator rotating at frequency of 𝜔𝑟 = 2𝜋𝑓0. The rotor has a moment 
of inertia, J (Source: Fang, 2018). Right: Photograph of a conventional of power station (Source: 

Wikimedia Commons, 2011) 
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Inertia defines the capability of rotating machines (including motors) to store their kinetic energy and 

inject it into the power system to dampen frequency fluctuations. The amount of inertia influences the 

frequency gradient (RoCoF) and transient frequency values (including the frequency nadir) after a 

disturbance (see Figure 5).16  

 

Figure 5: Change in frequency after a sudden power imbalance with increasing inertia (Source: 
RENAC) 

The inertia constant of a generator can be calculated with:  

𝐻 =
𝐽⋅(2𝜋𝑓0)²

2𝑝2⋅𝑆
  

Where:  

             𝐻 = Inertia constant [s] 

             𝐽 = Moment of inertia [kgm2] 

             𝑆 = Nominal apparent power [VA] 

           𝑓0 = Nominal system frequency [Hz] 

             𝑝 = Number of pole pairs [1] 

The “moment of inertia” is a standard physical quantity that determines the necessary torque for a 

desired angular acceleration. The “inertia constant” has a range of 2-9 s, for large power plants. 

The RoCoF of a single generator can be determined by:  

 
16 Tielens, 2012; ENTSO-E, 2016. 
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Δ𝑓′(𝑡0) = 𝑓0

Δ𝑃(𝑡0)

2𝐻
 

where Δ𝑃(𝑡0) is the power imbalance.17 

 

 

 

3.2 Inertia in renewable power systems 

Learning objectives: Upon completion of this page, you should be able to: 

• Illustrate the challenges in renewable power systems, with respect to inertia. 

• Explain how decreasing inertia changes the frequency gradient. 

As mentioned in Section 2.1, typical wind and solar power plants are all equipped with converters. In 

solar power plants, converters transform DC power into AC power. In wind power plants converters 

typically decouple the motion of the generator from the grid frequency electrically. Hence without any 

additional control features for artificial inertia, wind power plant converters do not behave like 

synchronous machines, nor do they have an inertial response. Thus, if the penetration of RES continues 

to increase, system inertia will decrease, leading to higher absolute RoCoF and frequency nadir values. 

A high RoCoF leaves insufficient time for the activation and deployment of primary frequency control, 

which could trigger RoCoF protection of synchronous generators, resulting in cascading tripping of all 

synchronous generators and, ultimately, a blackout.18  

Lots of TSOs already require that wind turbines provide their own primary control (see Figure 6 for the 

Irish requirements in this regard)19. This is achieved by a proportional frequency response which 

adjusts power proportional to frequency deviation: 

f0 − f(t): ΔP(t)  =  KP(f0 − f(t)) 

where KP is the droop control constant. Figure 6 shows the adjustment of active power, according to 

measured frequency values. In cases of over-frequency (C in Figure 6, below), active power generation 

is gradually reduced until generation is completely shut down at 52 Hz (D). Within the range of normal 

operation (between B and C, in Figure 6), production is only slightly derated20 (power, at point B); 

hence, in terms of under-frequency control, there is limited possibility to increase active power 

injection (up to A, which is 100% in Figure 6).  

 

 
17 Delille, 2017. 

18 Ahmadyar, 2017. 

19 Tielens, 2012. 

20 This is because further derating the power plant would lead to higher economic losses. 
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Figure 6: Required proportional power-frequency response curve for wind turbines in Ireland (Tielens, 
2012) 

However, inertia emulation is different to proportional frequency response. It is based on the 

relationship between the frequency derivative (gradient) and the active power mismatch: 

𝑓̇(t) =  
𝑓0

𝐻
ΔP(t)     or    ΔP(t) = 𝑓̇(t)

𝐻

𝑓0
 

Nevertheless, in split system conditions proportional frequency control is required, in addition to 

system inertia (see glossary for an explanation).21  

It is still being debated whether or not power electronic devices, which actuate a proportional 

frequency response much faster than conventional power plants (see Fehler! Verweisquelle konnte 

nicht gefunden werden.), are able to compensate for a lack of inertia, even without the inertia 

emulation relationship. Despite the fast response, critics point out that proportional frequency control 

of typical inverters needs hundreds of milliseconds of reaction time, through measurements and 

controls.  

Nevertheless, by using advanced control schemes, inverters can either provide inertia emulation or 

mimic synchronous machines (for more details, see Sections 3.3 and 3.4). This can be achieved by 

curbing the generation of PV and wind power generators, although it is costly. Another possibility is to 

use wind rotor's inertia inertia – this is offered by several wind generator manufacturers and is even 

required in some countries, e.g. in the Quebec (Canada) grid code22. Finally, it is possible to modify 

retired rotating generators, so that they can be used as control power devices. More details on possible 

inertia solutions, with and without storage, follow in the next two sections. 

 
21 Duckwitz, 2019. 

22 Brisebois, 2011. 
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3.3 How to increase power system inertia without storage solutions 

Learning objective: Upon completion of this page, you should be able to: 

• Identify different possibilities for increasing power system inertia, without additional storage 

solutions. 

Curtailed photovoltaic and wind power plants 

Photovoltaic power plants and wind power plants can contribute to inertial response, under curtailed 

generation conditions. With adequate power control renewable power plants are able to ramp power 

up and down symmetrically, and can then provide ΔP(t) ∝ 𝑓̇(t). In such a case, renewable power 

plants operate below their maximum possible production at all times, releasing the withheld capacity 

only when the grid frequency dips. The economic loss from such curtailment often means that wind 

farm generators and network service providers do not support this approach. 

Use of the wind turbine’s kinetic energy 

Wind generators have been standardised (by IEC23 61400-27-1) into four types24 (see Figure 7). Types 

1 and 2 are the old generation of wind turbines. Modern wind farms therefore mostly rely on types 3 

and 4, which are newer.  

 
23 IEC stands for the International Electrotechnical Commission. 

24 Singh, 2011. 
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Figure 7: Different wind turbine types, according to the IEC standard (Source: RENAC) 

Type 1 turbines are fixed-speed wind turbines without any pitch control25, whereas Type 2 wind 

turbines (with pitch control) allow for a semi-variable speed operation of up to 10% above the 

synchronous rated speed. Type 1 and 2 turbines provide some inherent inertial contribution, since the 

rotor inertia is electrically coupled to the system inertia. However, the response is slower and has less 

magnitude than similarly rated conventional synchronous generation.  

Types 3 and 4 turbines are variable‐speed wind turbines. Compared to type 3 turbines (with a 

converter at around 25–35% of the generator rating), type 4 turbines are equipped with full-rated 

power converters and therefore perform slightly better than type 3 turbines. They are also more 

expensive, due to the need for a larger power converter rated the same size as the generator.  

Type 3 and 4 turbines decouple the wind turbine’s rotor from the grid, in order to obtain good control 

of active and reactive power. As such, they do not provide any inherent inertial response, but they can 

be supplemented with additional control systems to do so. The main difference between a wind 

 
25 Pitch control is used to operate and control the angle of the blades in a wind turbine, in order to adjust for wind changes. 
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turbine generator and a conventional one is that a wind turbine generator cannot increase the primary 

power supply - that is, the wind speed.  

There are two possible solutions to this problem: 1) (as mentioned before) the wind turbine’s 

generation can be curtailed; or 2) emulated inertia can be provided via either the temporary extraction 

of kinetic energy from the generator rotor, or the adjustment of the turbine blade pitch - the choice 

would depend on the prevailing wind speed and turbine operating point.  

2a) Below the rated wind speed, stored kinetic energy from the turbine generator rotor is only allowed 

to be temporarily extracted and given to the grid, since the generator rotor speed drops. This leads to 

a deviation from the maximum power point (ideal operation) of the wind turbine, and a certain amount 

of time is necessary for the wind turbine to recover from the deviation. This leads to some financial 

losses.  

2b) At higher wind speeds (greater than rated), rather than extracting energy from the generator 

rotor, blade pitch control can be used to increase the captured wind power and increase electrical 

power output, temporarily exceeding the steady-state rating of the generator. At present, electronic 

power converters and the mechanical components of wind turbines have a marginal overload 

capability; however, providing significant inertial response would require uprating these to temporarily 

carry higher active power, beyond the continuous rating.26  

As an illustration of the inertial response capability of wind turbines: a 1.5 MW turbine is capable of 

releasing up  to  200  kW  from  inertia in 15  seconds, when  the  wind  rotor  slows  down by 5 rpm 

(rotations per minute) from the initial speed.     

Demand side management 

Finally, it is possible to intervene at the load side for inertial response emulation, through demand side 

management, by controlling a voltage-independent load to support the frequency. However, this 

needs additional metering, and control equipment and is therefore not considered further here.27 

 

3.4 How to increase power system inertia with storage solutions 

Learning objectives: Upon completion of this page, you should be able to: 

• Identify different possibilities (e.g. grid-forming inverters, for virtual inertia). 

• Compare all inertia increasing solutions, with respect to their feasibility.  

There are several possibilities for providing inertial response with storage solutions. Batteries, 

supercapacitors, and flywheels are all common choices28, when it comes to energy storage units. 

Hence, possible contributors to inertia may come from either electrical or mechanical storage 

solutions. 

 
26 AEM, 2013. 

27 Tielens, 2012. 

28 Yu, 2018. 
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Electrical storage systems as virtual synchronous machines 

An electrical storage system is able to provide virtual inertia with intelligent control. Since the inertial 

response requires a power reservoir, it is necessary to provide a storage system. This storage, whether 

it originates from electrical battery storage or super capacitors, replaces the rotational energy of the 

synchronous machines’ rotating masses.  

Since virtual synchronous machines mimic the behaviour of synchronous machines, they combine the 

provision of proportional frequency response (droop) control and inertial response emulation, 

expressed by:  

 

ΔP(t)  =  𝑘𝑝𝑓̇(t)  + 𝑘𝑖 (𝑓(𝑡) − 𝑓0) 

 

Mechanical storage systems: synchronous condensers and flywheel energy storage systems 

Synchronous condensers are synchronous generators which operate without a prime mover (meaning 

no power plant is backing the synchronous machine). This means they can be represented as 

synchronous machines with zero power infeed. Due to the lack of primary energy source, synchronous 

condensers cannot provide primary control in the form of a proportional frequency response. 

Nevertheless, they might contribute to reactive power control and system inertia. For this reason, 

German TSOs, like Tennet, are integrating new synchronous condensers into the grid. Another option 

is to retrofit old thermal units (for example, decommissioned coal or gas power plants) to operate in 

synchronous condenser mode.29 To further increase the inertia contribution from synchronous 

 
29 Beires, 2018. 
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condensers (and eventually also to add a proportional frequency response for primary control), 

flywheels can be coupled to their rotating axes. 

 

Figure 8: Synchronous condenser installation with 125 MVA, at Templestowe substation, Melbourne, 
Victoria, Australia (Figure taken from Wikipedia30) 

A flywheel energy storage system (FESS) is a mechanical storage device (mechanical energy is its 

primary energy source). The flywheel speeds up as it stores energy and slows down when it is 

discharging, to deliver the accumulated energy. The rotating flywheel is driven by an electrical motor-

generator (see M/G, in ), a synchronous machine which performs the interchange of electrical energy 

to mechanical energy, and vice versa. The flywheel and synchronous machine are coaxially connected. 

FESSs are able to provide both inertia emulation and a proportional frequency response31. An FESS 

consists of a spinning rotor, a synchronous motor-generator, bearings, a power electronics interface 

(bi-directional converter), and some form of containment or housing in a vacuum enclosure (see ). 

 
30 https://en.wikipedia.org/wiki/Synchronous_condenser, accessed October 29, 2019:  

31 Yu, 2018. 
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FESSs spin at speeds of 20,000 rpm to over 50,000 rpm. The converter is used to control the operation 

of both the motor-generator and the flywheel.  

 

Figure 9: Schematic illustration of a flywheel (Sources: Amiryar, 2017) 

 

When compared with batteries, flywheels have a much longer lifecycle32 and a higher power density. 

The charge-discharge cycle of batteries is very limited. In contrast, an FESS can provide several 

hundreds of thousands of charge-discharge cycles. Compared with supercapacitors, flywheels have a 

(few dozens of times) higher energy density. 

 

4 Dynamic Power System Modelling (for Experts)  

4.1 Introduction to PowerDynamics 

Learning objectives: Upon completion of this page, you should be able to: 

• Name the basic functionalities of PowerDynamics as an open-source software. 

• Restate the open-source licence of PowerDynamics, and rephrase its implications. 

PowerDynamics.jl is an open-source (OS) software framework for modelling the dynamics of 

conventional and renewable power grids. It enables questions related to transient stability to be 

 
32 A battery’s cycle life is the number of complete charge-discharge cycles before the battery’s capacity falls below 80% of its 
original capacity.  
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answered, such as what the necessary amount of inertia is in renewable power systems. It has models 

of conventional and renewable generators which were implemented according to IEC standards or 

ENTSO-E and CIGRE publications. Additionally, simulations will be validated against test lab 

measurements. Also, the user may choose from different standard line types and implement different 

fault scenarios (such as sudden loss of load, line drippings and short-circuits). PowerDynamics.jl does 

not have a graphical user interface (GUI) and it therefore requires a certain level of programming 

expertise from its user. However, Section 5.2 shows how a cloud simulation environment simplifies 

using PowerDynamics.jl, without local installation of either Julia or PowerDynamics.jl. 

PowerDynamics.jl is written in the programming language 'Julia’33. Julia is a high-level and high-

performance programming language, compared to MATLAB® or Python. At the same time, Julia offers 

easy usability, which ensures a growing user base for PowerDynamics.jl and fast transfer of innovation 

and research. 

PowerDynamics.jl is hosted on the open-source platform, GitHub34, which allows the open-source 

community to jointly develop PowerDynamics.jl with a functioning version control system, and to 

transparently undertake quality checks of PowerDynamics.jl. PowerDynamics.jl is maintained by elena 

international which supervises and reviews additions to the software. Documentation for 

PowerDynamics.jl can also be found on GitHub. 

 
33 https://julialang.org/ 

34 https://github.com/JuliaEnergy/PowerDynamics.jl 
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Figure 10: Screenshot of the GitHub repository (Source: 

https://github.com/JuliaEnergy/PowerDynamics.jl), where PowerDynamics.jl is available, open-
source. 

PowerDynamics is published under the GNU General Public License v3.035 (gpl v3), which is a free, 

widely-used, copyleft license for software and other kinds of work. It guarantees end users the freedom 

to run, study, share and modify the software. The term “copyleft” indicates that derivative work must 

also be open-source and distributed under the same licence terms. This is the main difference between 

the General Public Licence and permissive free software licences (such as the BSD and MIT licenses). 

GPL was the first copyleft license created for general use.  

  

4.2 Building a power grid model in PowerDynamics 

Learning objectives: Upon completion of this page, you should be able to: 

• Distinguish node and line types. 

• Restate how to build a grid model in PowerDynamics. 

The main components of the PowerDynamics.jl library are node and line types. Node types represent 

generators, loads and inverters, whereas line types represent grid lines and transformers.   

 
35 https://www.gnu.org/licenses/gpl-3.0.html 
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The user can choose from the different node and line types to build a power grid model (see 

Figure 11). The first step is to create a list of nodes; examples include “SwingEq” or “PQAlgebraic” 

(see Section 4.4 for a detailed explanation), which represent a synchronous machine (for modelling 

conventional generators) and a simple constant load, respectively. These nodes need to be 

parametrised.  

E.g. the rotating mass of the generator “SwingEq” has an inertia H, a power infeed P, a damping 

constant D, and the reference grid frequency, f, is 50 Hz. The constant power load has active and 

reactive load, P and Q, respectively. Analogously, the grid lines that connect the different nodes, or 

busses, are listed in a “line_list”. In this example, lines are represented by constant admittances of 

the value Y. The example line connects node 1 with node 2. 

In the next step, the power grid  is built by calling “PowerGrid”, with the nodes and lines list as an 

input argument. Texts behind “#” are comments. 

 
 

Figure 11: Example code for building a power grid model in PowerDynamics.jl 

 

4.3 Running a grid model in PowerDynamics 

Learning objectives: Upon completion of this page, you should be able to: 

• Identify perturbation scenarios for grid analysis. 

• Describe how to run a grid analysis in PowerDynamics. 

There are a variety of possible fault scenarios in a power grid. PowerDynamics.jl demonstrates some 

of the most likely pre-implementation faults, such as: 

• Power perturbations 

• Three-phase short-circuits; and 

• Line faults 
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For a generator, a power perturbation might be a sudden change in generation. This is a plausible 

scenario for both conventional and renewable generators, but it occurs more frequently with the 

latter, because of the volatile nature of wind and solar production. In PowerDynamics, the function 

“PowerPerturbation (fraction = 0.9, node_number = 1, tspan_fault = (0.1,1)” reduces the power of 

node 1 to 90%, during the 0.1 s and 1 s time window. 

A ‘three-phase short circuit’ describes a situation where all three conductor phases become 

connected, and there is zero impedance between them. It may be caused by (for example) a break in 

a conductor, accidental electrical contact between two conductors (via a tool or animal), or an 

insulation breakdown due to heat, humidity or a corrosive environment. 

A ‘line fault’ describes the complete breakdown of a line. In PowerDynamics.jl it is represented by the 

function “LineFault(from=x, to=y)”, which leads to the complete removal of the line connecting node x 

and y. It may be caused by (for example) falling trees during stormy weather conditions.  

For a simulation in PowerDynamics.jl, the first step is to find the ‘stable point of operation’ for the 

created power grid model, using “find_operationpoint” (see  

Figure 12). The stable point of operation is when the system is in a steady state where there is no 

deviation from the synchronous state. Hence, it corresponds to the power flow solution and defines 

the voltage angles of the generators. In order to investigate the transient stability of the given power 

grid model, the simulation starts with a fault scenario disturbing the steady-state. The power grid, the 

operation point, and the time span for the simulation are inputs to the “simulate” function. This 

function returns the simulation results which the user can then plot. 

 
 

Figure 12: Example code for running a simulation with a fault scenario 

4.4 The dynamics of conventional generators 

Learning objectives: Upon completion of this page, you should be able to: 

• Explain how conventional generators are modelled as synchronous machines. 

• Understand the relevant model parameters. 
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Conventional generators are synchronous machines, and this applies to diesel generators, steam 
turbines (from thermal power plants, like coal, gas or nuclear), synchronous motors, and 

synchronous condensers. The machine consists of two essential elements: the armature and the 
rotor. The field windings of the rotor carry a direct current which, through the changing field of the 

rotation with frequency 𝜔, induces a magnetic field in the armature windings. If the rotor field is 
ideally sinusoidal, and if the rotor rotates at constant speed, this will induce ideally sinusoidal 

voltages in each of the three stator windings (blue, red and green - see  

Figure 13: Scheme of a synchronous machine and its output: a three-phase voltage signal over time 

(adapted from Wikipedia) . 

 
 

Figure 13: Scheme of a synchronous machine and its output: a three-phase voltage signal over time 
(adapted from Wikipedia)36  

Synchronous machine models are well-known and widely documented in engineering literature37. 

For this synchronous machine model, different orders of detail (the number of free variables used 

to describe the model) have been developed. Usually, the 2nd-order model is used for short time 

periods, to analyse the transient behaviour of generators in a power grid - the so-called, “first swing”, 

as expressed by:   

𝑓̇(𝑡) =
1

2𝜋𝐻
(𝑃 − 2𝜋𝐷𝑓 − 𝑝𝑔𝑟𝑖𝑑) 

Here, the generator frequency and the grid frequency are assumed to be equal (or ‘synchronised’). The 

dynamics of the 2nd-order synchronous machine are characterised by its inertia, 𝐻, and its damping 

coefficient, 𝐷. As mentioned in Section 3.1, high values of inertia reduce the rate of change of 

frequency after fault events (see  for the typical inertia values of different power plant types). The 

higher the damping coefficient, 𝐷, the faster the frequency oscillates back to its stable point of 

 
36 https://en.wikipedia.org/wiki/Rotor_(electric)#/media/File:Innenpolmaschine.svg, and 
https://commons.wikimedia.org/wiki/File:3_phase_AC_waveform.svg [accessed on November 12, 2019]. 

37 Kundur, 1994; Machowski, 2011. 
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operation. The 2nd-order model is also called a ‘swing-equation’, and is represented in 

PowerDynamics.jl by the node type, “SwingEq”.  

In the 4th-order synchronous machine model, the angle of the grid voltage and the angle of the 

rotating mass are no longer the same; instead, they become dynamically coupled. This model is 

represented in PowerDynamics.jl by the node type, “FourthOrderEq”. Additional parameters are 

needed in order to describe the dynamics of voltage induced in the armature coils.  

There can be even higher complexity levels for modelling synchronous machines. Including the 

dynamics of the damper windings, instead of simply representing the damping with the coefficient 𝐷 

gives two additional equations. Also, in a power plant, as with a synchronous machine, a governor and 

a voltage regulator both control the frequency and voltage output of the generator. For the purpose 

of this online course the level of complexity is reduced to the most necessary dynamics for inertial 

response studies – the focus is therefore on the 2nd-order model. 

 

Type of Synchronous Machine Inertia Constant, H (s) 

Thermal power: 

• Steam turbine 

• Gas turbine 

 

4 − 9 

7 − 10 

Hydro Power 

• Slow (< 200 min-1) 

• Fast (≥ 200 min-1) 

 

2 − 3 

2 − 4 

Synchronous condensers 1 − 1.5 

Synchronous motors ≈ 2 

Table 2: Typical inertia values, H, for different types of power plants (Source: Anderson, 2012). 

4.5 The dynamics of different inverters connecting renewable power plants to the grid 

Learning objectives: Upon completion of this page, you should be able to: 

• Distinguish between different types of inverters. 

• Understand the relevant model parameters.  

 

Different types of renewable power plants and storage units are usually connected to the grid by 

different types of inverters. 

 

Small photovoltaic power plants are usually connected via simple grid-feeding inverters. These 

inverters simply convert the DC photovoltaic power to AC and feed in the momentary power 

production of the cell, irrespective of the current grid situation38. This means that they feed in fixed 

 
38 Rocabert, 2012. 
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active and reactive power. They can be represented as simple, so-called “PQ-nodes”. In 

PowerDynamics.jl, this node type is called “PQAlgebraic”, which is defined by the active power, P, and 

the reactive power, Q, of the grid-feeding inverter. 

 

Larger photovoltaic power plants need to provide a certain amount of support for grid stability. They 

are then connected with so-called “grid-supporting inverters”. These are able to measure the grid 

frequency and adjust their power infeed accordingly. Usually, PV power plants only provide a 

proportional (or, droop) control response for over- frequencies. They react above a certain threshold 

of frequency deviation (outside a band gap, when 𝑓(𝑡) > 𝑓𝑠), then reduce their power infeed. In 

PowerDynamics.jl, this type of node is implemented as “PVInverterWithFrequencyControl”. Relevant 

parameters are the normal current, 𝐼𝑛, the droop coefficient, 𝑘𝑃, and the band gap frequency, 𝑓𝑠. 

 

Curtailed wind and solar power plants with inertial response emulation mimic the power response 

to frequency gradients of synchronous machines, by using additional control layers - as described in 

Duckwitz, 2017. Curtailing the power plants enables a symmetrical response to both positive and 

negative frequency gradients, by reducing and increasing power infeed, respectively. This is 

implemented in PowerDynamics as node type “CurtailedPowerPlantWithInertia”. The power infeed, P, 

and the constant 𝑇𝐴𝐼, are both relevant to an easy parameterisation, and this 𝑇𝐴𝐼 influences how much 

inertial response a curtailed power plant can provide. 

 

Wind power plants with inertia emulation via the kinetic energy of their rotors were explained in 

detail in Section 3.3. In PowerDynamics.jl they are implemented in accordance with both the IEC 

standard for type 4 wind generators and an inertia emulation according to General Electric’s 

WindINERTIATM model39 (the node type is called “WindTurbineGenType4_RotorControl”). The power 

infeed, P, and the constant 𝐾𝜔 are relevant to an easy parameterisation. 𝐾𝜔 determines the 

adjustment in rotational energy from the rotor that is necessary to provide an inertial response.  

 

Storage systems as virtual synchronous machines are represented as grid-forming inverters40 in 

PowerDynamics.jl. They are named “VSIMinimal”. The virtual inertia is determined by the controller 

parameter, 𝑘𝑃 and the time constant, 𝜏𝑃, with 𝐻 = 𝑘𝑃/ 𝜏𝑃. However, other control schemes for virtual 

synchronous machines are possible. 

 

 

 

 

 

 

 

 

 
 

 
39 Clark, 2010; Shang, 2017. 

40 Schiffer, 2014. 
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5 Case Study (for Experts)  

5.1 Introduction to a case study of a conventional and renewable power system 

Learning objective: Upon completion of this page, you should be able to: 

• Name the different components of the case study 

The IEEE 14 bus test case has been chosen, since it is a widely used test case for transient stability 

analysis. Generally, IEEE test cases are used by research and industry as standard grid models for 

simulation studies, in order to facilitate modelling results which are comparable and easy to 

reproduce. The IEEE 14 bus system represents a portion of the American Electric Power System (in 

Midwestern USA). The test system consists of 5 generators and 11 loads in the system. The five 

generators are represented as four synchronous machines and one slack bus (see glossary in 

Chapter 8). There are 14 buses in total, and 20 transmission or transformer lines. The loads total  

approximately 250 MW and 81.3 Mvar.41 

 

 

Figure 14: Illustration of the IEEE 14 bus system, adapted from the IEEE report42. 

 

In its original implementation, this historical test case is a power system based completely on 

conventional generation. In the following, two scenarios are distinguished for this test case: 

Base scenario 

 
41 Demetriou, 2013. 

42 Kodsi, 2003. 
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In the base scenario, the original composition of conventional power generation is not altered; instead, 

it is kept as a base scenario to start from – or, a “working example”. Here, the RoCoF and the frequency 

nadir are within the desired boundaries for the fault scenarios given.  

Renewable energy scenario 

In the renewable energy scenario, power generation is transformed completely into photovoltaic and 

wind generation. This means that all the synchronous machine nodes are replaced by type 4 wind 

generators with inertia emulation, photovoltaic inverters with frequency control, curtailed renewable 

power plants with inertia emulation, and/or virtual synchronous machines based on storage systems. 

Storage units are only added if necessary, in order to provide further inertial response. 

For each of the two scenarios, two different types of faults are considered: a sudden loss in load, and 

a transmission line fault within the power grid43. 

 

5.2 Accessing the simulation platform used to build the case study 

Learning objective: Upon completion of this page, you should be able to: 

• Operate a ready-to-use simulation environment with BinderHub, with Julia and 

PowerDynamics pre-installed. 

Please click here to access the simulation environment for the base scenario, and here for the 

equivalent renewable energy scenario. This is provided by mybinder.org44, which offers a publicly 

available cloud computing environment for Jupyter notebooks. The source code is stored publicly in a 

GitHub repository45, in the form of Jupyter notebooks46. After you have clicked on the link, pre-

compiling all the necessary packages will take some time, and you will see the following message 

appear on the Jupyter notebook:  

 

 

 
43 Knap, 2015. 

44 https://mybinder.readthedocs.io/en/latest/introduction.html 

45 https://github.com/SabineAuer/OnlineCourse-Inertia 

46 https://jupyter-notebook.readthedocs.io/en/stable/notebook.html 

https://mybinder.org/v2/gh/SabineAuer/OnlineCourse-Inertia/v1.0?filepath=StudyCase-ConventionalScenario.ipynb
https://mybinder.org/v2/gh/SabineAuer/OnlineCourse-Inertia/v1.0?filepath=StudyCase-RenewableScenario.ipynb
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After you have run through the pre-compilation process , you are ready to get started. The Jupyter 

notebook consists of several boxes (or “cells”) that can be executed individually, either by clicking on 

the box and choosing “cell” and “run cells”, or by clicking on the box and using the key combination, 

“shift+enter”. 

 

 

More background information on Jupyter notebooks: 

Jupyter notebooks enable the simulation code to be viewed and executed in the same user interface. 

They allow changes to be made to the code, and the results of those changes to be viewed instantly. A 

Jupyter notebook can be executed on a local desktop, requiring no internet access, or it can be installed 

on a remote server and accessed through the internet. For local usage, all necessary packages for 

running the simulation need to be installed locally. This would not be feasible for the demonstration 

purpose of this online course. Hence, this course provides the model example on a remote server, via 

mybinder.org. 

 

5.3 Model building - from nodes and lines to a power grid model 

Learning objective: Upon completion of this page, you should be able to: 

• Create nodes and lines to build the case study in PowerDynamics 

The IEEE 14 bus system is ready to use in the simulation environment. The node types are listed 
below as mainly “SwingEqLVS” (equivalent to “SwingEq”) nodes for the synchronous machines, and 

“PQAlgebraic” nodes for the loads. Additionally, all lines are listed in the Jupyter cell below (see  

Figure 15). The parameters are given in the per unit (pu) system, which is very common engineering 

practice47. In the per unit system, base units are defined for power and voltage and all parameters 

are given with respect to these base units: 

𝑃𝑝𝑢 = 𝑃/𝑃𝑏𝑎𝑠𝑒, 𝑉𝑝𝑢 = 𝑉/𝑉𝑏𝑎𝑠𝑒 

and so on. In our case study the base power corresponds to 100 MW; therefore, the actual  power 

values can be calculated with 𝑃 = 𝑃𝑝𝑢 ∙ 100 MW. 

 
47 Stevenson, 1982. 
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The power lines are represented as PI model lines48, which are characterised by an admittance that is 

the inverse of the impedance of a line and shunt capacitance. An impedance has a real part, the 

resistance, R, and an imaginary part, the reactance, X.  

 
 

Figure 15: Node and line list for the conventional generation scenario in PowerDynamics 

Alternatively, the nodes and lines can also be read from a text file (in json-format). 

 

 

5.4 Model building - data requirements 

Learning objectives: Upon completion of this page, you should be able to: 

• Calculate or identify parameters for node and line types. 

• Know how to make pragmatic guesses if data for the model parametrisation are missing. 

 
48 Andersson, 2012. 
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The correct parametrisation of a case study is crucial. Often, it is not clear how correct parameters can 

be defined, especially for nodes. In the following, the given parameter choices for each node type are 

described briefly. 

Base scenario: 

In total there are four conventional generators and synchronous condensers, and the largest generator 

has a power of 232 MW. Dividing by the base power of 𝑃𝑏𝑎𝑠𝑒 = 100 𝑀𝑊 gives the power infeed, in 

pu, for the simulation model. The inertia constant, H, is given in seconds and lies between H = 5 s to 7 

s for all generators; typical values for steam turbines. For the IEEE test case the exact inertia values 

were given. (However, if this information is missing, the right range for inertia values for different 

generation technologies can be chosen from . The damping factor is taken from the IEEE test case as 

well, and it represents typical friction and damper winding losses (with 𝐷 = 2/(2𝜋𝑓0)). The loads 

consume active and reactive power, and are also given in pu. This does not change in the renewable 

energy scenario. 

Renewable energy scenario: 

 

In the renewable energy scenario there is more freedom in parametrisation, since the inverter controls 

offer greater flexibility, but this also makes it more difficult to build adequate models. As mentioned in 

Section 4.5, the most relevant and tuneable model parameters for wind power plants with inertia 

emulation are the power infeed, P, and the constant, 𝐾𝜔. Here, the case study relies mostly on the 

parametrisation of GE wind turbines, according to their own publication49. It is also recommended that 

the specific wind turbine manufacturer’s values are followed here.  

 

For curtailed wind and solar power plants with inertial response emulation, the most relevant 

quantities are the power infeed, P, and the constant 𝑇𝐴𝐼, which influence how much inertial response 

a curtailed power plant can provide. These two values can be changed and tuned for greater stability, 

but the remaining parameters should be kept constant throughout the simulation, and are chosen 

according to Duckwitz, 2017. 

 

 

 

5.5 Results of the case study with base scenario 

Learning objective: Upon completion of this page, you should be able to: 

• Describe the stability of the case study's conventional power system  

After the power grid model is built and the operation point is successfully determined, analysis of the 

case study can start.   

First, build a copy of the power grid where all the generators’ inertia is decreased to 30% of its initial 

value.   

 
49 Clark, 2010. 
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Then run the simulation for a line tripping (between nodes 6 and 12) scenario, for the original power 

grid and for the power grid that has a reduced total system inertia. 

 

Finally, plot the results and compare the plots for both scenarios. 

 

After this visualisation of the model results, please execute the calculation of RoCoF and frequency 

nadir with:  

 

This returns a table for the frequency nadir and RoCoF for each generator in the system. Please 

compare the RoCoF and nadir for the power grids with normal and reduced system inertia (see the 

exercise for the results). 

In order to get to know a second fault scenario, in the next step a sudden loss of load is simulated. 

Here, a load node (node 4) has a sudden loss of 50 % of its consumption, at time 𝑡 = 0.5 s. The results 

are plotted immediately at the end: 
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After this, please execute the calculation for the RoCoF and nadir again. 

 

5.6 How to tune the renewable power system towards greater stability 

Learning objectives: Upon completion of this page, you should be able to: 

• Describe the effects of different solutions to increase inertia in the system, with respect to 

frequency stability. 

• State the necessary amount of inertia for the given case study.  

For the renewable scenario, all conventional generators are replaced by renewable generators.  The 

synchronous condensers are kept in the simulation since they do not consume fossil fuels and enhance 

system stability. 

In the following, two simulation scenarios compare the difference in performance of curtailed 

renewable (either solar or wind) and wind power plants. In addition, there is one scenario, where the 

simulation is run for a mix of renewable power technologies: 

1) Scenario with curtailed renewable power plants: Nodes 1,3 (conventional generators) and 7 (a 

load node) are replaced by a curtailed power plant with inertia.  

2) Scenario with type 4 wind power plants: Nodes 1, 3 and 7 are replaced by type 4 wind turbine 

models with inertial response. 

3) Scenario with mix of renewable generation technologies: Nodes 1 and 7 are replaced by a 

curtailed renewable power plant with inertia. Node 3 is replaced by a type 4 wind turbine 

model with inertial response and node 14 (a load node) is replaced by a simple current source 

representing a photovoltaic power plant without any control options for grid balancing 

services.  

All three scenarios can be found in the renewable case study and their simulations are run one after 

the other.  

Analogous to the base scenario, the power grid model is built from the corresponding nodes and lines 

list, and the operation point is determined (see below for scenario 1).  
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For all three scenarios a sudden loss of load is applied as fault where node 4 experiences a 50% loss of 

load for a time span of 4.5s. 

 

At the end, determine RoCoF and frequency nadir. Repeat this procedure for the other two scenarios 

of the renewable case study and compare the three results. 

Finally, the three implementations of the renewable energy scenario illustrate that the RoCoF and nadir 

can be kept within the acceptable range via smart control of the renewable power plants. The three 

different scenarios have the same underlying control (with inertia emulation with active power 

controlled proportional to the frequency gradient). Hence, their stabilizing effect on the grid is 

qualitatively the same. The tuning of the control parameters and their technical constraints is specific 

for each power plant technology though. E.g. curtailed power plants can not ramp up power unlimited.  
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There is no direct correspondence with the inertia constant of conventional power plants, but there 

are a couple of control parameters for each of the renewable power plants with inertia emulation. 

These have to be tuned carefully, which needs great expertise in control theory.  

 

6 Lessons Learned  

6.1 How to overcome low inertia - an evaluation 

Learning objective: Upon completion of this page, you should be able to: 

• Evaluate different methods for increasing inertia in power systems. 

This course illustrates the importance of inertia for the transient stabil ity of power systems. It 

shows how inertia is defined in conventional power systems, and which intrinsic mechanisms in 

conventional generators produce this inertia: the rotating masses that respond to changes in the 

grid frequency gradient, with an adjusted power infeed. For example, when a negative frequency 

gradient leads to an increase in power infeed and the additional power is taken from the rotational 

energy of the generator. 

In the past, typical renewable power plants were connected to the grid with inverters that did not 

respond to changes in frequency gradients. Type 1 and 2 wind turbines, which are directly coupled 

to the grid without additional inverters, can only provide minor inertial response.  

Nowadays, however, certain methods for emulating inertia are available, for renewable power 

plants or for storage systems, or even for a combination of the two. In future , these solutions are 

expected to improve and develop further, since renewable power system inertia emulation is a 

hot topic in research and development. 

 

6.2 How renewable energy can contribute to a power system's overall inertia 

Learning objectives: Upon completion of this page, you should be able to: 

• Identify approaches to wind and PV generation which ensure that inertia does not become a 

limiting factor for the integration of renewable energy. 

In the case study for a specific generation scenario, a fully renewable power grid without conventional 

generation was shown to satisfy the typical RoCoF and nadir limits given. However, different methods 

have different costs and technical constraints. In the following, the most promising solutions for 

renewable power plants are named, and shortly evaluated with respect to their advantages and 

disadvantages.  

Curtailed wind and photovoltaic power plants can be controlled in such a manner that they are 

capable of providing a power response to frequency gradients, and hence emulate inertia. 

Nevertheless, the permanent curtailment of these renewable power plants leads to constant 

economic losses that accumulate over time. Also, provision of inertia depends on the current 
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production of the power plant. Without any curtailment, renewable power plants can only provide 

responses to positive frequency gradients, which is insufficient for a full inertial response.  

Type 3 and 4 wind power plants with rotor control do not need to be curtailed permanently, but 

will provide inertial response via intelligent control. This may require a larger capacity converter 

to connect the wind power plant. Also, wind conditions dictate whether or not using pitch control 

to increase power infeed is sufficient. It is not possible,below-rated wind speed, for pitch control 

to serve for inertia emulation, but the kinetic energy of the turbine’s rotor blades could be used 

instead. This inertial response is often given a certain time limit, since a reduced turbine speed 

over a longer time horizon worsens the power yield of the wind turbine. 

Whether their source is mechanical (like flywheels) or electrical (like batteries or capacitors), 

storage systems have the great advantage of providing inertial response at all times. However, due 

to their investment costs, they are only integrated if absolutely necessary. 

These solutions show possibilities for providing inertia in fully renewable systems.  
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7.1 Further reading (recommendations) 

Kundur, P., N. J. Balu, and M. G. Lauby. Power system stability and control (Vol. 7). (McGraw-Hill, New 

York, 1994).  

- The basics of power system stability and control, explained in detail. 

 
Andersson, G. Power system analysis-power flow analysis fault analysis power system dynamics and 

stability. (Relatório té, ETH Zurich, 2012). 

- The basics of power grid modelling are explained, including different node and line types. 
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8 Additional Glossary Terms 

Term Abbreviation Definition Source 

Frequency stability  Frequency stability refers to 

the system’s ability to keep 

the frequency within an 

acceptable range, and 

relates to the system’s 

generation and load 

imbalance. 

Kundur, P., N. J. Balu, and M. G. 

Lauby. Power system stability and 

control (Vol. 7.) (McGraw-Hill, 

New York, 1994). 

Governor  A governor, or speed 

controller, is used to 

measure and regulate the 

speed of a synchronous 

machine. This is usually 

achieved via drop control. 

Kundur, P., N. J. Balu, and M. G. 

Lauby. Power system stability and 

control (Vol. 7.) (McGraw-Hill, 

New York, 1994). 

Prime mover  A prime mover converts the 

primary source of electricity 

(kinetic energy from water, 

thermal energy from 

burning fossil fuels, etc.) 

into mechanical energy 

that, in turn, is converted 

into electrical energy by the 

generator. 

Kundur, P., N. J. Balu, and M. G. 

Lauby. Power system stability and 

control (Vol. 7.) (McGraw-Hill, 

New York, 1994). 

Rotor angle 

stability 

 Defines the power system’s 

ability to maintain 

synchrony, which then 

divides into small-signal 

stability and transient 

stability. 

Kundur, P., N. J. Balu, and M. G. 

Lauby. Power system stability and 

control (Vol. 7.) (McGraw-Hill, 

New York, 1994). 

Slack bus  A slack bus is usually a 

generator bus with a large 

real and reactive power 

output. Hence, the active 

and reactive power 

outputs are assumed to be 

large enough to guarantee 

the power balance of the 

whole system, so that a 

power flow solution exists.  

Andersson, G. Power system 

analysis-power flow analysis fault 

analysis power system dynamics 

and stability. (Relatório té, ETH 

Zurich, 2012). 
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Synchronisation  Synchronisation defines the 

matching of frequency 

between the dynamic grid 

units in an alternating 

current (AC) power system. 

Pikovsky, A., M. Rosenblum, and 

J. Kurths. Synchronization: a 

universal concept in nonlinear 

sciences (Vol. 12) (Cambridge 

University Press, 2003). 

System split 

conditions 

 In general, islanding 

corresponds to system “[..] 

splitting the electricity 

network into fragments 

that are able to self-sustain 

their internal power 

demand. It should preserve 

sensible loads from 

outages and guarantee the 

continuity in the electricity 

supply, when a high 

amount of distributed 

generation occurs”. 

Mureddu, M., Caldarelli, G., 

Damiano, A., Scala, A., & Meyer-

Ortmanns, H. ‘Islanding the 

power grid on the transmission 

level: less connections for more 

security.’ Scientific reports, 6, 

(2016), 34797. 

Variable speed 

operation of wind 

turbines 

 Variable speed operation 

allows the operation of the 

generator at any speed, 

from zero to maximum 

rated speed. 

Operator, Australian Energy 

Market. ‘Wind turbine plant 

capabilities report - 2013 Wind 

Integration Studies.’ (AEM, 2013). 

Automatic voltage 

regulator 

AVR Automatic voltage 

regulation stabilises a 

synchronous machine’s 

voltage as the load on the 

machine changes.  

Sauer, P. W., & Pai, M. A. Power 

system dynamics and stability 

(Vol. 101) (Upper Saddle River, 

NJ: Prentice Hall, 1998). 

 

 


