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Abstract  

Existing power systems are facing new challenges in maintaining the security of the power system as the 
penetration of variable renewable energy technologies, such as variable speed wind turbines, increases. System 
non-synchronous generation replaces conventional generators as penetration of renewable increases. This affects 
system rotational inertia and limits the number of online thermal generators that can provide frequency stability 
services and system-wide areas voltage stability. This evolution has resulted in some changes to existing grid 
codes and new ancillary services. Furthermore, it could provide opportunities to address the security of the 
system utilizing modern smart technologies, e.g. smart loads, heat pumps, electric vehicles. The aim of this paper 
is to evaluate the impacts of large-scale renewable power generation on power system dynamics from the 
perspective of the power system operator. It focuses on the grid codes implications and challenges specifically. 
Synthetic inertia response opportunities from smart loads, electric vehicles, energy storage technologies and 
dispatching wind farms during frequency excursions are analyzed and thoroughly discussed. The key finding is 
that rethink in the development of grid code requirements and market mechanisms is needed if a power system 
based on 100% power electronic renewable generation is to be achieved. This type of power system would 
require a range of technologies to provide the types of ancillary services required, as none of the technologies 
alone can tackle all the challenges presented.  
 
 
Keywords  

Dynamic impact, grid codes, fast frequency response, wind energy, battery energy storage, rate of change of 
frequency 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nomenclature 

Abbreviations Notations  

BESS Battery energy storage system �� Steady state frequency 

CHP Combined heat and power �1 Updated frequency state 
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DR Demand response  ∆�� Kinetic energy 

DFIG Doubly fed induction generator ��� Energy storage within the machine 

ERCOT Electric reliability council of Texas �� Rotor rated speed 

EV Electric vehicle  �	 Rotor speed after frequency deviations 

EPRI Electric Power Research Institute 
 Inertia constant 

FSM Frequency sensitive mode �����  Nominal power 

FSIG Fixed speed induction generators �� Power system base 

FRT Fault ride through  � Moment of inertia 

FFR Fast frequency response n Numbers 

FCWG 
Fully converted wind generator 

��
��  

Rate of change of frequency 

HVRT High voltage ride through  �� Power generation 

HP Heat pump �� Demand power 

IEA International Energy Agency ∆� Change in power 

IoT Internet of things   

ISEM Integrated single electricity market  Units  

LVRT Low voltage ride through °C degrees Celsius 

MPP Maximum power point kW kilowatt 

NER National Electricity Rules MW Megawatt 

PV Photovoltaic GW Gigawatt 

PCC Point of common coupling MVA Mega-volt ampere 

POR Primary operating response s Second 

RoCoF Rate of change of frequency ms millisecond 

SNSP System non-synchronous penetration Hz Hertz 

STATCOM Static synchronous compensator p.u. Per unit 

SIR Synchronous inertia response   

SOR Secondary operating response   

TSO Transmission system operators   

UK United Kingdom   

USA United States of America   

V2G Vehicle-to-grid   

VSWT Variable speed wind turbine   

 
 
 
 
 
 
 
 
 
 
 
 
 
1. Introduction 

As part of the climate change strategies, the last decade has witnessed a significant increase in renewable energy 
integration especially wind power and solar photovoltaic (PV) systems. Challenging penetration goals are set at 
national and regional levels to help deliver the global initiative of a low carbon future. Consequently, many 
power systems will experience substantial decarbonization of their electricity generation systems. Wind power 
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generation is dominant among these renewable generations. In 2018, an additional of 50.2 GW wind power 
generation and 100.1 GW solar photovoltaic (PV) were added to power systems globally. This brings the total 
worldwide installed capacity of wind generation to 563.7 GW and solar PV to 485.8 GW [1]. Thus, wind and PV 
systems play an important role in the price variability of fossil fuel-based electric power generation. The global 
trend of installed wind power and PV systems in recent years is shown in Fig. 1. In the case of Ireland, the 
government set a target of 40% of electricity to come from renewable energy sources by 2020 as part of the 
European Union (EU) goals of achieving 16% of all energy consumptions from renewable sources [2]. 
Currently, 30% of the all-island electricity comes from renewable energy predominantly variable speed wind 
turbine (VSWT) power generation [3]. The plan is to increase reliance on renewable to 70% by 2030 that will 
add 12 GW renewable energy installed capacity. This is putting in place of long anticipated regime change in 
relation to how power systems will be operated in future to facilitate large inertia-less renewable generations.  

 
Fig. 1. Global installed wind and solar PV systems. 

 
As system non-synchronous penetration (SNSP) increases due to increasing wind and solar PV, so too the 
number of conventional synchronous generators being displaced. A key issue is the lack of adequate reserves as 
a result of limited number of online power plants participating in ancillary services. The second major challenge 
is a reduction in system inertia resulting in deeper frequency excursions (nadir) and higher rate of change of 
frequency (RoCoF) with fragile dynamic responses following power imbalances. This is because renewable 
energy technologies are typically decoupled from the grid by power electronic converters that limit their natural 
response to frequency variations [4]. In the first few seconds following a major frequency event, system inertia is 
critical and plays essential roles in reducing RoCoF and counterbalancing the frequency recovery to the pre-
event value. Large system RoCoF may results in the unintended tripping of wind farms, costumer load shedding 
and could eventually lead to a total system blackout. Therefore, maintaining adequate frequency response after a 
large generator trip is a critical challenge [5].  
 
The impacts of high penetration of wind power will be particularly crucial in islanded power systems (e.g. 
Ireland, United Kingdom (UK), Australia, and New Zealand) that are synchronously isolated from larger 
synchronous power systems [6]. In both Ireland and the UK the reduced system inertia level have emerging 
concerns for high RoCoF values. Inadequate frequency support can create operation, control, and security 
problems [7]. In contrast, larger interconnected grids such as Denmark, Germany and the USA are inertia rich 
areas are unlikely to face issues related to RoCoF at present. However, as more and more renewable power is 
installed, it will eventually result in a system-wide low inertia issue similar to that experienced in small isolated 
systems.  
 
The solutions to these challenges are crucial using the approach of smart energy systems with a large-scale 
renewable generation, demand response (DR) and energy storage systems [8]. This adds flexibility to the 
complete system by integrating the electricity, heating, cooling and transport together. The smart energy systems 
are technically proven to be future solutions that enables intermittent variable renewable generation penetrations 
towards 100% [8] [9]. The transition from conventional generations towards integration of large-scale renewable 
generation necessitates restructuring and redesigning the energy system management both on the generation and 
distribution sides [8]. This is forcing system operators to enhance grid requirements with new capabilities as well 
as new grid codes requiring various ancillary services e.g. inertia enhancement, RoCoF mitigation, and fast 
frequency response schemes during power system frequency excursions. 
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Driven by these challenges a broad range of system services have been reported in the literature that can be 
provided from wind generators, energy storage and demand response [10] [11] [12]. However, there are still 
many technical and economic barriers limiting the large-scale application of these technologies. In this context, 
the work in [13] provided a high-level overview of the impact of large-scale power electronic-based renewable 
generators such as wind and solar power on the existing fault ride through and grid standard requirements. 
However, it does not include the role of fast response devices to ensure future grid stability as part of the recent 
grid code developments. A broader analysis of the impact of the converter-based wind turbine on the power 
system frequency, voltage, and small-signal stability was considered in [14]. The research demonstrated that 
although technical solutions are available, large-scale wind integration is still can present system stability 
challenges as well as market and environmental-related challenges.  

Against this background, this study adds to the literature examining the impact of high penetration of renewable 
generation on power system dynamics. It focuses on the challenges as well as solutions from a grid operator 
point of view to maintain system security operating with low inertia. It is concluded that the impact of reduced 
inertia on frequency stability is typically considered as the main challenge for future operation of power system. 
However, with the additional measures and solutions listed in this research, these issues can be reduced. 
Moreover, it highlights research gaps, limitations and proposes future directions to develop the project. The 
remainder of the paper is organized as follows: Section 2 introduces the background of the wind turbine 
technologies. Section 3 examines the impact of renewable generation on power system dynamics from a grid 
code perspective focused on power system operators. Section 4 identifies and discusses the application of energy 
storage and emerging smart loads in frequency regulation services. Section 5 investigates the impacts that these 
changes have had and are having on power system operations, management, and grid codes. In section 6 a 
discussion on future challenges of the subject is presented and section 7 concludes the work. 
 
2. Wind power generation  

Wind turbines are typically installed as large-scale wind farms in remote parts of the network. There are 
stochastic models of wind turbine technologies existing depending on the availability of wind speed and 
geographic area. These can typically be categorized to fixed speed wind generators and VSWT.  
 
2.1 Fixed speed wind turbine 

The early stages of wind generators were based on fixed-speed induction generators (FSIG) type 1 and semi-
variable speed induction generator type 2. At high wind power penetration levels, it became obvious that the 
FSIG type had some limitations in terms of dynamic stability margins due to their considerable reactive power 
consumption during grid instabilities. Therefore, dynamic reactive power compensators became an essential part 
of this technology during large-scale wind power generation. These power factor correctors are typically rated at 
30% of the nominal apparent power rating of the wind generator [15].  
 
Fixed speed wind turbines generally provide small inertial response during system frequency variations due to 
the inherent nature of their induction machines. Commercially, FSIG rated over 1 MW have a typical inertia 
constant of 3 to 5 s which is the period over which the generator can deliver nominal output power from its 
stored kinetic energy [16]. The kinetic energy released from synchronous generators and fixed speed wind 
generators for any variation in system frequency from the steady-state nominal frequency �� to the new state �	 
is given by: 

∆�� = ��� �1 − �	
��

� … … … … … … (1) 

where ∆�� is the kinetic energy released from generators in response to the frequency change, ��� total energy 
storage within the machines, �� is the rotor rated speed, �	 is the rotor speed after frequency deviations.   
 
2.2 Variable speed wind turbine 

The vast majority of the current installed large-scale wind power generations are of variable speed wound-rotor 
doubly-fed induction generator (DFIG) type 3 and synchronous or asynchronous fully converted wind generator 
(FCWG) type 4. It is mainly because of their superior energy capture and enhanced control ability. These are 
either partly or fully decoupled from the power grid via power electronics converter and do not inherently exhibit 
inertia response. Consequently, high penetration levels of these technologies will have significant implications 
for the dynamic response of the power systems, as the overall system inertia will be reduced [17]. The traditional 
solution to this issue is to curtail wind power plants during low system demand, modify reserve policy and extra 
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static reserve at times of low system inertia and high wind generation. However, maximum power generation 
will be required from wind turbines in the future power system. Therefore, a more effective solution has to be 
provided with special control systems emulated on generators electronically controlled to provide inertia in the 
form of governor response to the system frequency variations [4]. 
 
3. Impacts of renewable generation on power system dynamics  

The stability of traditional power systems depends mainly on the rotating masses of the synchronous thermal 
generators rotor coupled with the grid. This is known as system inertia. It is a measure of the degree of power 
system stability to ride through disturbances, maintain voltage and frequency stability. Power system stability 
can be typically classified into voltage stability, frequency stability and rotor angle stability (out of the scope of 
this paper) [14].  
 
3.1 Voltage stability 

Voltage stability is defined as the ability of a system to maintain voltage within a certain limit for a specific time 
and maintain a steady-state voltage profile after disturbances. Static power flow based analysis techniques i.e. 
PV and QV curves are among the most common to analyze voltage stability [18]. However, the study of 
dynamic voltage stability is really important to determine a system voltage profile accurately. This is usually 
done using dynamic stability modeling of power systems components e.g. tap changing transformers [19]. 
 
At high penetrations of wind power, voltage stability is crucial to power system stability. The key issue for 
power systems with high levels of wind power penetration is the ability to ride through a voltage dip after being 
subjected to fault events. Some distributed wind power generators (i.e. type 3 and type 4 wind power plants) are 
able to regulate reactive power output in response to voltage variation at the point of common coupling (PCC). 
To do this, special control systems are required to monitor voltage variations and regulate reactive power 
injection accordingly. However, this is different for induction type wind generators as their speed accelerates 
during fault events leading to a large amount of reactive power consumption. Consequently, reactive power 
compensators (i.e. capacitors) are required to support the voltage drop at the PCC to ride through the fault 
condition [20].  
 
A number of solutions have recently been proposed to enhance the dynamic voltage stability of the power system 
with the presence of large-scale wind power generation. Research conducted in [20] examined the impact of 
induction motor loads, FSIG based wind turbines and over-excitation limiters of synchronous generators on the 
short-term dynamic voltage stability issues. The integration of controlled energy storage systems to support 
dynamic voltage stability during and after disturbances is proposed. The result demonstrated an improvement in 
dynamic voltage stability especially when inverter devices are equipped with fault ride through and time-
overload capabilities. The work on this is further developed in [18], showed the impact of fixed and variable-
speed wind turbine generators on long-term dynamic voltage stability considering load levels and dynamic 
reactive power capability of the wind generators. The result demonstrated that VSWT have a better reactive 
power regulation compared to fixed speed. However, at high penetration levels, long-term voltage stability 
requires additional reactive power support devices.  
 
The issue of reactive power consumption is then addressed in [21] using a mixed-integer dynamic optimization 
approach to examine the role of dynamic reactive power source locations in voltage stability performance with 
the integration of large-scale wind turbines and the least amount of synchronous generators. The study suggested 
that better utilization of the current wind farms and refurbishment of the existing synchronous generator to 
compensators will strengthen both voltage stability and system inertia capability.  Another solution is proposed 
in [22], investigating the optimal location and the role of the static synchronous compensator (STATCOM) to 
support voltage stability of the distributed system when FSIG and DFIG are integrated. Wind farms are obligated 
to support reactive power during low voltage ride through to comply with the grid codes requirements. The 
simulation results presented some enhancements in feeder load-ability and fast voltage recovery after being 
subjected to a severe fault.  
 
3.2 Frequency stability 

Frequency dynamics and stability are the key metrics that identifies security of the grid as well as the balance 
condition between generation and consumption. It typically deviates when a bulk load, generation, or 
transmission event occurs across the grid due to unexpected faults. The operational synchronous generators 
regulate output power by frequency control loops to maintain system frequency response. Frequency controllers 
cover several timeframes within the fault period including synchronous inertia response (SIR), primary operating 
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response (POR), secondary operating response (SOR) followed by automatic generation control (tertiary control) 
[23]. This can be clearly seen from actual frequency event occurred in the Irish power system in 2017 as shown 
in Fig. 2. During the event displayed a 379 MW synchronous generator tripped resulting in a frequency nadir of 
49.4 Hz in which the system experienced large RoCoF of 0.42 Hz/s. 
 

 
Fig. 2. Frequency services in the Irish power system 

 
As part from the dynamic frequency support, conventional generators equipped with governor response provides 
two main ancillary services namely rotational inertia and droop response following frequency deviations [24]. 
However, at high-level of system non-synchronous VSWT penetration, frequency regulations become one of the 
crucial barriers. This is mainly because governor droop adjustment will be insufficient due to the limited number 
of online governor-response synchronous generators. This reduces the over-all system inertia creating a higher 
RoCoF in response to the loss of a large generation or rapid increase in demand profile [25]. Therefore, without 
Fast Frequency Response (FFR) systems with strict grid codes, the lack of system wide inertia may lead to 
extreme frequency nadir and RoCoF in the event of system disturbances. This increases the risk of trigger under 
frequency load shedding relay, and the main decoupling relay that could be cost effective for both costumer and 
power suppliers alike.  
 
3.2.1 Inertia in the power system 

Inertia is an inherent property of the power system that resists change in speed and its value depends on the 
number of online synchronous generators [26]. It is a physical behavior of the system that plays an essential role 
in limiting RoCoF during disturbances and effects the eigenvalues and vectors that limit the stability and mode 
shape of transient stability response. The higher rotational inertia allows more time for the turbine governors and 
other service providers to respond when generation/demand power balance is lost. Furthermore, during the first 
few cycles after the events, RoCoF depends on the available system inertia and the amount of imbalance 
between generation and demand [27]. 
 
A synchronous machines inertia constant H in seconds (s) can be determined from equation (2): 


 = ∆��
�����

= 1
2

�	. "#

�����
… … … … … … … … . . (2) 

where ∆�� the kinetic energy of a synchronous machine, �����  nominal power in (MVA), " rotor rotational 
speed in (rad/s), and � moment of inertia in (Joule).  

From equation (2), the complete system inertia constant 
$%$ containing n numbers of online synchronous and 
asynchronous machines can be calculated as follows: 


$%$ = ∑ 
' . �'(')	
��

… … … … … … … … … … (3) 

where 
' inertia constant of machine i, �' nominal power of machine i, nth unit, and �� specific power system 
rating. The total system inertia is typically estimated by transmission system operators (TSO) using aggregated 
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number of online synchronous generators. Although rotational loads e.g. induction motors can also provide 
inertial response, its contribution is relatively limited and it is difficult to estimate.  

The initial RoCoF is determined as a function of the system inertia and size of power imbalance using swing 
equation: 

��
�� = �+

2
$%$��
,�� − ��- = ∆�	�+

2
$%$�� 	 … … … … . . (4) 

where 
�/
��  is the RoCoF in Hz/s, �� − �� = ∆� are the power generation and demand in (MW) respectively, and 

�� is the nominal frequency of the system in (Hz). It is obvious the initial RoCoF is larger when the power 
imbalance is bigger or the inertia of the system is smaller. The more conventional synchronous generators 
replaced with the VSWT power generation, the smaller the amount of Hsys.  

In Ireland system inertia is also affected by the High Voltage Direct Current (HVDC) interconnectors to Great 
Britain which at certain levels limits the number of online synchronous generators. Thus an operational metric 
known as SNSP is identified by the TSO in both jurisdictions to ensure secure and prudent operation of the 
system [23]. 
 

�0�� = (0�1 − 2314ℎ6�1�72	89196:�;�1 + 09�	=1964�1194��6	=>?�6�2)
(@9>:1� + 09�	=1�964�1194��6	�A?�6�) 	A	100 

 
At high net import via HVDC, system inertia lower than it would be otherwise leading to the risk of extreme 
frequency deviations and RoCoF during unexpected generator outages compared with areas tightly integrated 
into large synchronous systems [14]. There is a measurement window of a few cycles over which the RoCoF is 
normally measured. At present, the RoCoF limit, in Ireland, is 0.5 Hz/s measured over 500 ms. The TSO has 
determined that the minimum system inertia requirement for the all-island power system is 23 GW.s with a 
maximum SNSP of 65% [28]. It has been shown that higher SNSP levels may necessitate wind curtailment, 
unless different alternative measures are considered to maintain system stability. There is an ambitious target to 
increase the RoCoF from ± 0.5 Hz/s to ± 1.0 Hz/s to facilitate operation at 75% SNSP [27]. This makes it 
essential to determine the volume of synchronous and synthetic inertia that will be required to run the system 
securely and reliably. 
 
3.2.2 Fast frequency services 

In recent years, due to the high renewable energy targets and increasing concern of decreasing system inertia, 
various frequency services are being developed which featured fast and coordinated response, namely Fast 
Frequency Response (FFR). Maintaining system frequency security and stability will require fast response from 
a wider range of supplementary devices including renewable technologies, demand response, and energy storage. 
These devices will be required to act fast during periods of  low system inertia, high RoCoF and extreme 
frequency events. A fast response from these devices during frequency events can effectively reduce the system 
frequency nadir and RoCoF [29].  
 
The TSO of Ireland has established a long term program called Delivering a Secure, Sustainable Electricity 
System (DS3) that proposes two new fast frequency services explicitly SIR and FFR [23]. The FFR service is 
defined in the DS3 program as the additional increase in MW output of a synchronous generator or the reduction 
in demand within a timeframe of 2 s to 10 s from the time of event initiation. It is noteworthy that the total delay 
time of this service is much longer than the timeframe over which the RoCoF is typically measured. Thus it is  
not possible for this service to make improvements to the system RoCoF. However, the usefulness of the FFR 
service will clearly appear in frequency deviations as it is expected to bridge the gap between SIR and POR 
services. Technically, energy provided as a FFR within the timeframe 2 to 10 s has to be more than energy 
drawn within the period 10 to 20 s following an event, compared to the pre-event output power. Thus, the 
volume of available FFR is evaluated according to the additional power output provided.  

 
National Grid, UK has also introduced a service namely enhanced frequency control capability (EFCC) project 
[30]. This service aims new fast service providers to respond to a frequency event within the timeframe of 0.5 s 
from the time of event began. This includes the time required to detect a disturbance plus the time to response. 
System frequency RoCoF is proposed as a faster way to detect and responds to faster frequency excursions. 
Although there are still many technical barriers preventing the wide implementation of large-scale FFR devices, 
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there has been active development and standard regulatory for FFR in other some other countries as well e.g. 
Australia (AEMO) [29], USA (ERCOT) [31], and Canada (Hydro-Quebec) [32] as shown in Table 1.  
 

Table 1. International new fast frequency services. 

 
Country System services Type  Response 

time 
Duration Target 

Great Britain (National 
Grid) 

Enhanced frequency 
control capability 

(EFCC) 

Post-fault 0.5 s N/A Renewable technologies, demand 
side resources, and other new 
technologies  

Ireland and Northern 
Ireland (EirGrid) 

Fast frequency 
response (FFR) 

Post-fault 2.0 s 8.0 s Wind and other emerging 
technologies 

Australia (AEMO) Fast response 
regulation (FRR) 

Post-fault 1.0 s N/A Wind and other technologies 

Canada (Hydro-
Quebec) 

Fast frequency 
response (FFR) 

Post-fault 1.5 s 9.0 s Wind turbine (6% rated capacity 
boost) 

 
USA (ERCOT) 

 
Fast frequency 
response (FFR) 

 
Post-fault 

 
0.5 s 

FFR1: up to 10 min 
FFR2: indefinite 

(longer than 10 min) 

Wind cannot provide response for 
10 min. 
Demand response and Battery 
energy storage 

 
4. Technical solutions to maintain frequency stability 

4.1 Frequency stability with De-loading  

In the recent literature, there are three main techniques for wind generators to provide frequency services 
including synthetic inertia, de-loading with droop control, and overloading generator output power. From the 
economic perspective, these technologies have been designed to operate at the maximum power point (MPP) to 
extract maximum possible energy. Consequently, there is no room to support dynamic frequency deviations. 
However, system requirements to appropriate reserve margin during contingencies impose wind generator to 
work at a certain level below optimal [10]. This method has currently been implemented using two main 
techniques including rotor speed control and pitch angle control with a de-loading at 90% [33]. A typical 10% 
power reserve will be available for frequency services. In [34] rotor speed control and pitch angle control 
techniques with 10% wind power reserve to improve primary frequency control of a microgrid with DFIG and 
diesel generator integration were analyzed. The impact of droop control gain based on wind variations was also 
considered. The research concluded that wind generators were capable of mitigating the RoCoF value and 
provide dynamic frequency support.  
 
In the emulated response, the wind turbine releases the stored kinetic energy within the rotating masses to inject 
temporary power. This is followed by a recovery period during which the wind turbine experiences output power 
curtailment in order to re-accelerate rotating speed of the turbine and to avoid stalling. The emulated power 
provided by the wind turbine will be relatively limited within a timeframe <30.0 ms [35]. However, the nature of 
the emulated power and the characteristics of the energy recovery mainly depend on the prevailing wind speed 
during the time of the disturbance. The ability of wind generators to provide emulated inertia at large-scale wind 
plants with varying wind, load, and synchronous generators conditions was examined in [36]. The effective 
response of the wind generator to guarantee frequency recovery at various system conditions was analyzed. It 
was shown that appropriate setting and deployment for the current synthetic inertia controls will be essential to 
avoid issues associated with frequency recovery period at high wind penetration.  
 
Similar to wind plants, it has been proven that solar PV generators can be incorporated to provide primary 
frequency support for both over and under frequency events. Power inverters of recent PV generators are 
equipped with advanced control systems to provide some ancillary services and enhance system stability. All 
these inverters are equipped with a maximum power point tracking algorithm that is desired for the PV plant to 
be regulated to generate active power at some degrees up and down of the MPP. Hence, during low-frequency 
values, the governor-like inverter control system will be modulated to operate at MPP to support system 
frequency dips. However, during high grid frequency, the inverter will generate below MPP to curtail active 
power generation [37]. In this context, a considerable amount of research has also been carried out to enable PV 
generators to support frequency deviations. Governor-like frequency-droop characteristics and inertia response 
are the two features that researchers want to achieve in PV generation output.  
 
In North America, FERC Order 842 [38] introduced in 2018 states that, all new non-synchronous generation, 
including PV generation, connecting to the grid must maintain and operate functioning governor-equivalent 
controls. De-loading control of the PV system is one of the approaches for adjusting PV system output power 
under the MPP and is usually used for implementing governor type control. In [39] and in [40] methods like 
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P&O, Newton quadratic interpolation, and look-up-table have been used respectively to control and regulate PV 
system output power to a given level below MPP. Then the frequency-droop characteristic can be applied to 
generate the output power reference. Emulating inertia response from the PV system is also of great interest. An 
alternative approach is taken by Hydro Québec for maintaining adequate inertia response [41]. In [42] inertia is 
emulated using the energy stored in the DC-link capacitor. By adjusting its voltage in response to frequency 
deviation, the capacitor can release or absorb power in the same fashion as rotating inertia. In [43] and in [44], 
inertia emulation is also achieved through inverter current control by assuming constant DC-link voltage. 
 
4.2 Frequency stability with BESS 

Battery energy storage has been suggested as a potential solution by the TSO in the integrated single electricity 
market (ISEM) to address frequency stability issues during disturbances. The reason is that this technology is 
capable of very fast response times, but this ability should be designed into the system when it is preliminary 
developed. In Northern Ireland a 10 MW lithium-ion battery energy storage system (BESS) array has 
implemented at Kilroot power station for this purpose. This has been implemented to have an aggressive droop 
response to ensure suitability for the FFR service. A typical BESS response to a frequency event is shown in Fig. 
3. However, its availability for dynamic frequency support is limited using the BESS controller’s frequency 
dead-band that is used to extend its lifespan. In Ireland, a minimum of ± 360 MW of BESS as supplementary 
synthetic inertia has been suggested for the duration of the RoCoF event. This along with the response time of at 
least 100 ms from the start of the event and achieve full active power within 200 ms [27]. However, there are 
still significant challenges with the performance of these devices especially response time and ramp rate. 

 

Fig. 3. Typical battery energy storage response to frequency disturbance 
 
Research by Brogan et al. (2019) at Queen’s University Belfast investigated BESS response time and ramp time 
to provide prompt and short-term frequency support during actual generator outage. The impact of BESS on 
system frequency nadir and RoCoF was examined using a calibrated actual frequency event that occurred in the 
Irish power system as a testbed. The work demonstrated that a 360 MW of BESS could replace 3 GW of 
conventional generators if the response time was less than 150 ms from the fault initiation and reach full active 
power within another 300 ms [24].  

A methodology to determine optimal BESS sizing using estimated values of system inertia and power/frequency 
characteristics is presented in [26]. The technique was validated using a power system real-time simulation 
during a high level of wind power generation. The analysis showed that BESS can be adopted to provide both 
inertia and primary frequency support similar to that achieved with synchronous generators.  

Research on this is further expanded in [6] using optimal BESS placement and sizing for primary frequency 
control in an isolated section of the Mexican power system. The study is conducted on a network that 25% of its 
synchronous generators are replaced by solar photovoltaic systems. The system was tested during under 
frequency events. Then the most sensitive buses to the frequency deviations are chosen as the best locations for 
the storage systems. Furthermore, optimal BESS sizing was selected using the bat optimization algorithm 
iterative technique. The study demonstrated that BESS sizing depends mainly on the penetration level of 
renewable power generation. 
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4.3 Frequency stability with flywheel energy storage 

Flywheels consist of an electrical machine, grid interface back-to-back converter that controls power exchange 
with the network and the flywheel rotating mass. A flywheel stores kinetic energy in its rotating mass that is 

proportional to the square of the rotating speed using [� = 	
# �"#] where � is the moment of inertia in (kg.m2) and 

" is the angular velocity in (rad/s). 
 
Compared to BESS, this technology can provide a very fast response in terms of seconds to a few minutes. 
Furthermore, a flywheel can provide a higher number full depth of discharge cycles around 200,000 compared to 
5000 for BESS and a higher energy density compared to super-capacitors [11]. In contrast to BESS, the flywheel 
can provide high power and restricted energy storage only for a short timeframe within the frequency ancillary 
services. Flywheels are not limited by the dead-band response and hence can be used to support both frequency 
dynamics and FFR services [45]. As the flywheels can generate and consume large bursts of energy by 
regulating the speed of the flywheel in proportion to the grid frequency within a short period, they can serve as a 
good source of inertia support during high penetration of wind power generation. This will play an important 
role in arresting frequency nadir at some point while allowing enough time for synchronous generators to 
respond. 
 
Under the background of high renewable energy target as well as the DS3 program, Ireland has established a 
480 kVA rated flywheel/battery hybrid energy storage installed by Schwungard Energie Limited. A 
demonstration case was analyzed to show how the hybrid solution responded to actual frequency events over a 
period of nine months. The aim was to provide frequency services for the duration of 5 minutes for the flywheel 
system and 20 minutes for the BESS system without participating in the market. Time-based measurement 
metrics such as response time and sustainability of power output are used to classify the quality of performance. 
For the event defined, when the system frequency fell below 49.5 Hz, the hybrid solution reached full power in 
the timeframe of 500 ms measured from the time of triggered frequency response at 49.8 Hz. Four different 
control modes were tested and compared including static response by ROCOF predicted triggering, static 
feedback response by RoCoF predicted triggering, frequency triggered static response and dynamic droop 
response. There are still a number of key issues to be clarified such as optimal use mode of the hybrid solution 
system and optimal coordination control strategy between BESS and flywheel, RoCoF based triggering method 
needs to be further examined as real world frequency RoCoF will be noisy. A detailed analysis of the project can 
be found in[46]. 
 
Detailed modeling of 50 MW flywheel energy storage based on permanent magnet machines using DIgSILENT 
time-domain simulation is examined in [11]. The system was implemented on the Chilean interconnected system 
to support primary frequency services during transient events. A sensitivity analysis based on eigenvalue was 
proposed to identify the optimal locations for the flywheel systems. The results demonstrated that siting is more 
related to the physical constraints rather than operational conditions of a system. A more robust approach was 
proposed in [48] using an adaptive control technique to provide output power balancing from a DFIG wind farm 
with the induction generator based flywheels in response to dynamic frequency excursions. The method shows 
that the requirements for crowbars during short circuit and reactive power compensators can be fully avoided 
meanwhile providing dynamic frequency support. 
 
4.4 Frequency stability with electric vehicles 

The global stock of electric vehicle (EV) exceeded 3 million cars in 2017 which was 56% more than 2016 [49]. 
The UK has ranked seventh worldwide by EV sold volume with 47,250 EV sold in 2017. The UK national grid 
has estimated to have 2.7 to 10.6 million electric cars by the end of 2030 and 36 million by the end of 2040 [50]. 
Ireland has an objective of having 560, 000 EVs on the road by the end of 2030, which accounts for 25% of the 
total number of vehicles [51]. Accordingly, EV are estimated to play an essential role in future transport sectors. 
However, the stochastic charging and discharging of a large number of EVs from the distribution level 
significantly affect the dynamic operation of the power system. The increasing number of public and individual 
charging stations results in increased peak demand, frequency instability, voltage sag, phase-unbalance, and 
system losses.  
 
Appropriate estimation of the aggregated EV stations to participate in frequency services are crucial to avoid 
over/under frequency issues. Research in [52] examined smart home optimal energy management with plug-in 
electric vehicle (PEV) as an energy storage using a stochastic dynamic programming framework. It was 
demonstrated with coordinated charging, EV can enhance voltage stability, reliability, and energy costs by 
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reducing power losses and modifying the distribution grid load factor. This was expanded in [53] considering the 
application of vehicle-to-grid (V2G) with hybrid energy storage systems for dynamic grid support and POR 
including both inertia response and droop response at their plug-in terminals. The performance of transmission 
frequency stability was tested using the standard 39 bus IEEE system with 30% V2G penetrations at different 
locations. It was obvious that the stability of the system will not be affected when the V2G stations were 
provided with both POR and dynamic grid support.  
 
In [54], a pareto-objective framework based on θ-CSA is used to provide more flexibility for better-supporting 
consumers and reducing the operating costs through remotely controlled switches. Re-configurability of power 
system associated with V2G technology brings more dynamic to the networks which require an appropriate 
model and approach to come up with a high level of nonlinearity and complexity, especially in large-scale 
networks. Electric vehicles are becoming more and more common and charging stations are a growing 
infrastructure, especially in urban areas. Smart electric vehicles are increasingly connected to roadside 
infrastructure, e.g. traffic management systems, to other vehicles in close proximity, and also more generally to 
the internet, thus making vehicles part of the internet of things (IoT) [55].  
 
Involving the demand side in the smart cities and electric autonomous vehicles requires large-scale utilization of 
distributed communication networks. As a result, there is a considerably increasing concern regarding the 
security and privacy of both the physical and communication layers of the network. Research in [56] utilized an 
advanced interdisciplinary approach to address the existing security and privacy issues of vehicular networks and 
propose legitimate countermeasures for each of them in the standpoint of both computing and electrical 
engineering. 
 
4.5 Frequency stability with smart appliances 

In addition to changes on the generation side outlined above, there are changes occurring in the characteristics of 
the electrical demand, with an increase in new, non-conventional load types that are interfaced with power 
electronics devices. These changes in the structure and characteristics of electrical demand need to be modeled 
accurately in order to fully assess system stability and power quality [57]. Recent years have also seen an 
increase in the number of controllable or flexible loads (i.e. heat pump (HP)), which can be involved to support 
system frequency services. For flexible demand participation in power system regulation in wholesale markets, 
there are some incentive-based programs [12]. Capacity bidding is the manageable power that is ready for use 
when power system operational limits have the risk of being violated. After a participant confirms to provide this 
service, a prepayment is settled. If the promised amount of demand change (reduction or increment) from the 
base profile is not achieved during an event, the participant is penalized.  

Another program is ancillary services bidding. Similar to capacity bidding, a prepayment is provided upon the 
confirmation to provide a certain amount of reserve. This service requires frequent dispatch of fast responding 
devices for short periods while providing higher incentives compared to other programs. Flexible demand also 
has the potential to provide fast services in distribution systems [58]. For power quality services related to 
transients and harmonics, inverter-interfaced flexible loads can make changes in their consumption. Steady-state 
voltage management as another service type can be done in several ways. One approach is to decrease the 
loading of a feeder, improving voltage drop at consumer busses. Another option is to specifically manage 
inductive loads and inverter-based loads to decrease reactive power consumption and even provide reactive 
power to the network. In voltage management, closeness to the area with the problem is important, requiring 
geographic specificity in the process of selecting the loads to be dispatched. In residential areas with a high 
percentage of single-phase loads, phase balancing can be done by reducing or increasing demand in different 
phases. All these mentioned services have frequently occurring events, requiring a rapid and sustained response. 
Demand management can even support outage recovery by performing coordinated and staggered load pickup to 
reduce recovery time and prevent reconnection problems. 
 
For many decades, energy-intensive industrial users and large customers have actively participated in DR 
schemes. A number of advances have been made in the breadth and scope of DR programs, with new programs 
designed to enhance transient stability during fault events by providing fast-acting frequency support from DR, 
e.g. [23]. Demand response to frequency excursions represents a novel technique to reduce the need for spinning 
reserves of conventional generators. However, demand utilization as a source to cover emergency power 
mismatch presents new challenges. The issue is associated with manipulating the power consumption of a  large 
number of participants in response to frequency variations [59]. Generally, DR should satisfy two conflicting 
requirements in order to participate in ancillary services. From grid operators’ viewpoint, loads are required to 
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provide fast response to frequency deviations and maintain full active power for long duration. Whereas 
customers perspective is to maximize customer operational comfort without affecting appliances lifetime.  
 
Increasingly, research in this area has aimed at expanding DR to include demand flexibility from smaller 
individual customers in the residential and commercial sectors [60]. A number of international efforts at 
standardization for DR and demand flexibility programs have been carried out [61]. It is expected that the 
electrification of domestic heating and the electrification of transport will lead to much higher penetrations of HP 
and EV, creating new opportunities for demand flexibility applications. 
 
4.5.1 Thermostatically controlled loads   

More than 30% of the final global energy consumption is used for domestic energy usage mainly for space 
heating and cooling accounting for more than 55% of final electricity demand [62]. The growth of HP is 
expected to reach 3.5 million units in the UK by 2030 [63]. In Ireland, it is anticipated that a total of 339,000 
residential houses will be heated through HP accounting for 17% of the complete domestic buildings [51]. 
 
As the Irish power system is synchronously isolated and has a small overall generation and demand size, DR 
including HP will offer a potential solution to address frequency stability issues arising from wind power 
integration. The application of HP for this purpose can compensate for power deficiencies and reduce the 
spinning reserve requirement by the grid utility. During times of high generation and low demand, these 
appliances can interact with the power system dynamics by shifting peak demand durations to reduce wind 
power plant curtailment [64]. There is an increasing research trend on the collective participation of controllable 
loads in system low inertia and grid frequency regulations under DR. The DR is typically exercised to participate 
in frequency excursions through scheduling of delay tolerant loads or by direct ON/OFF control of thermostatic 
loads like HP, refrigerators and air conditioners [65] [66].  
 
A dynamic frequency controller with a thermodynamic model for 500 domestic HPs to support frequency 
deviation in the UK is adopted in [65]. The research on this has been expanded and therefore the potential of 
aggregated domestic HP and fridges for dynamic frequency support for the UK power system model was 
established in [67]. The availability of these loads during particular times of winter and summer days over which 
the gathered low and high-frequency response was presented. Accordingly, the total HP and fridge units that can 
provide firm frequency service were estimated. For this, a decentralized coordinated control algorithm was 
developed to provide an aggregated response from all HP and fridges taking the buildings and the fridge 
temperature into consideration. It was shown that the method has the potential to offer significant frequency 
support by minimizing the governor actions of the spinning reserve conventional generators to 50%. The results 
have also demonstrated an improvement in system inertia and a reduction in RoCoF following frequency events. 
However, as the populated HP will be less available during the summer times, a substantial number of fridges 
will be required.   
 
Similarly research conducted in [68] developed a method to evaluate the role of demand-side in the UK power 
system inertia support using past frequency events when conventional generations disconnected. This is done 
first by isolating contributed generators from the complete system inertia and then using the ratio of power 
frequency as an indicator for the extra inertia support from the spinning reserve. The result shows that the 
average inertia constant of 1.75 s will be supported by the DR that represents 20% of the entire system inertia of 
the UK power system. Accordingly, the RoCoF, system inertia distribution and the minimum primary frequency 
response required are examined during different demand levels.  
 
In [69], a flexible interaction between a wind plant, combined heat and power (CHP) unit, electric boiler, and 
heat storage for optimum integration of wind generation was proposed. A linear centralized dispatch model is 
implemented to balance heat and power demands to reduce wind power curtailment. The work demonstrated that 
the integration of electrical boiler and heat storage tanks increases the flexibility of CHP operation times and 
reduces the level of wind curtailment. As part of a broader analysis in [70] various CHP and storage technologies 
including HP are studied to improve the balance between generation and demand to facilitate high amount of 
wind power generation. This study adds to the literature using a comprehensive hour-by-hour energy system 
analysis for a complete system that provides electricity, heat and transport using Danish power system as case 
study. Consequently, the most energy efficient and least cost effective technologies are identified using 
feasibility and energy system analysis.  
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5. International grid code requirements 

Grid code regulations are being frequently modified to ensure stable and continuous power system operation 
with the presence of wind power generation technologies. Power system operators have grid code requirements 
that differ from one country to another based on the structure and characteristics of the networks. On the industry 
side, there are also some efforts for comprehensively defining the grid supportive functions and services to meet 
the existing regulations, standardize inverter functions and shape future regulatory activities. An industry 
collaborative initiative (with above 500 individuals, ranging from inverter manufacturers to system integrators, 
utilities to universities and research organizations) led by Electric Power Research Institute (EPRI) defined 
common individual inverter functions [71]. The defined functions are aimed to be sufficiently flexible to support 
grid requirements. Detailed parameters for each function were listed by the initiative to provide a mechanism for 
the transfer of data. The presented toolkit of functions can be mapped into different protocols. Seven out of the 
23 defined functions are directly related to system stability.  
 
Low/high voltage/frequency ride-through functions (L/HVRT and L/HFRT) are defined for systems with high 
penetration of low-inertia resources or systems with poor quality (small system, islanded and with, long feeders 
with frequent voltage disturbances). Due to inverter current, VAr or thermal limits, the full power output of 
devices may be prevented at reduced or increased voltages. Such reductions are considered as normal and 
acceptable as the devices continue to support the grid with real and reactive power. For L/HVRT, momentary 
cessation region is defined as an additional option, allowing fast and full resumption of disconnected resources; 
while reconnection after conventional tripping is performed using a delay, followed by a randomization time 
window and ramp. Different timings can be used for short- and long-term disturbances.  
 
Ride-through functions can be accompanied by VAr and Watt support functions (Volt-VAr, Volt-Watt, 
Frequency-Watt, Dynamic reactive current support, Dynamic Volt-Watt support). VAr related functions can be 
configured to have or not have precedence over active power output. For each support function, several modes 
with P-V, Q-V or P-f curves can be defined for different periods (on-peak, off-peak) and operational conditions 
(islanded, grid-connected). The active power-reduction related support actions can also allow more reactive 
power to be managed at the same device (due to reduced use of overall VA capacity) as an additional advantage 
in improving the voltage. To avoid trigger the same problem another time, after the considered system parameter 
turns back to its nominal operation region, the hysteresis approach is suggested, based-on setting rather smaller 
values to inverters.  
 
Dynamic active and reactive power support functions consider the rate of change of voltage, rather than voltage 
level itself as the controlling parameter. These functions are mapped to devices that may provide them in [72]. 
Distributed generation and batteries are capable of providing all the defined stability functions, while air 
conditioning-thermal storage and water heaters can also take part in active power-related functions, partially 
constrained by their primary duties and technical limitations, with the help of proper communication and control 
infrastructure. These studies paved the way for generalization of group management options for aggregator 
portfolios with a large number of generation and storage assets [73]. Although common group management 
approaches are still in the early stages of development, some trends have become clear. The devices located in 
the same region, distributed generation-storage facility or feeder can be grouped to receive broadcasted remote 
control commands while controlling parameters can belong to a single node or the calculated average of several 
nodes in the system. An overall management target can be distributed among the controlled devices evenly or 
proportionally, based on device capacities. 
 
5.1 Low voltage ride through and reactive power control  

Low voltage ride-through is the ability of the wind farm to ride through a significant voltage dip and remain 
connected to the grid for a certain time. This ability is required instantly after a short circuit event. It ensures the 
depth and duration of voltage dips at the PCC that the wind generator has to be capable of riding through without 
losing stability. Ultimately the active power generation decreases in response to voltage dip [74]. Recent grid 
codes require reactive power support from the VSWT to operate at zero reactive power exchange at the PCC. 
Further, during LVRT times dynamic reactive current injection is required in most of the grid codes to 
prevent/mitigate the terminal voltage drop during disturbances.  
 
In this situation, wind generators with rotation masses typically over-speed and move to instability because of 
their electromagnetic torque reduction. The FSIG types have a limited LVRT capability due to their constant 
reactive power consumption. Thus, large amounts of reactive power will be consumed to re-magnetize their 
generators during contingencies. Although VSWG are able to regulate reactive power output to support the 
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period of low voltage, they typically move from the MPP and the plant active power might reduce temporarily 
during the re-acceleration period of the turbine [17].  
 
Fig. 4 compares a typical LVRT ability requirement for large-scale wind farms integration in some dominant 
countries including Ireland EirGrid PLC 2018 [75], Australia AEMC 2018 [76], UK National Grid 2018 [77], 
Germany and Netherlands 2015 [78], Denmark Energinet 2016 [79], India [80], China and United States of 
America (USA) Electric Reliability Council of Texas (ERCOT) [81], and Spain [13]. Most grid codes require 
generator connection for some voltage dips range from (0, 0.15, 0.2 p.u.) during fault events for durations 
varying from 140 ms to 625 ms. When the fault is cleared, the generator terminal voltage will be recovered at 
specific ramp rates. During the recovery time, generator terminal voltage is typically recovered to up to 0.8 to 
0.9 p.u.  
 
In Ireland, wind generators are required to withstand voltage drops up to 85% of the nominal voltage for a 
considerable timeframe of 625 ms during the fault initiation and 10% for 3.0 s after fault clearance. As Ireland is 
isolated from large synchronous areas, the priority shall always be given to the active power. The reactive 
current response has to be proportional to the voltage dip at the PCC. The provision of the reactive current must 
continue until the terminal voltage recovers to the normal operating margin. The wind plant has to provide at 
least 90% of optimum active power within a certain timeframe (500 ms for faults cleared within 140 ms or 1.0 s 
for longer duration faults) once the transmission voltage recovers up to 90% of nominal voltage. Similar 
timeframes are imposed by Chinese grid codes. In TanneT 2015 and the national grid of the UK, generators must 
continue operating within timeframes of 150 ms and 140 ms respectively with voltage dip down to 0.0 p.u. [77], 
[78]. In some grid codes, for example, Denmark, it is not mandatory to consider LVRT for small-scale 
generators and single-phase solar PV generators rated less than 11 kW. These time variations mainly depend on 
the grid infrastructure of each country, fault clearing time and the reactive current in the network. 
 

 
Fig. 4. LVRT requirements in various countries. 

 
5.2 High voltage ride through 

As part of the LVRT, in some grid codes, wind plants must withstand some voltage values above the nominal of 
certain timeframes known as HVRT. This is illustrated in Table 2. These requirements typically vary from 
1.2 p.u. to 1.3 p.u. of the rated terminal voltage for durations ranging from 0.05 to 1.0 s for most of the grid 
codes. Reactive power regulation is required in all grid codes to support terminal voltage and power factor based 
on active power production and a voltage level at the PCC. It is essential to operate wind plants at least between 
0.95 power factor lagging and leading during rated power generation. In the UK grid codes, a linear reactive 
power reduction is required when the plant operates between 20% and 50% of its rated power. However, there is 
no constraint on the lagging reactive power. Whereas, German grid codes are demanding constant reactive power 
at different power productions. In the Danish grid codes the wind farm is required to receive a power factor set 
point with a resolution of 0.01. The wind plant must also provide 100% reactive current if the terminal voltage 
dropped to ≥50%. Similar requirements are imposed in German grid codes.  
 

Table 2. HVRT requirements in various grid codes. 
 

 HVRT Power Factor 
Vmax (p.u.) Tmax (s) Leading Lagging 
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Australia 1.3 0.05 0.93 0.93 
Denmark ≥ 1.5MW  1.2 0.1 0.975 0.975 

Tennet Onshore 1.26 0.1 0.95 0.925 
India - - 0.95 0.95 

Ireland 1.1 - 0.95 0.95 
Spain 1.3 0.5 0.99 0.99 
UK 1.1 - 0.95 0.95 

China - - 0.95 0.95 
USA ERCOT 1.175 0.2 0.95 0.95 

 

5.3 Frequency and active power control 

It is essential for the wind plant to ride-through a range of frequency variations during abnormal operating 
conditions for a specified time period. All the grid codes require wind plants to be able to adjust active output 
power in response to small frequency deviations. In the event of contingencies, active power support is required 
to respond to frequency excursions while wind farms are allowed to be isolated when the grid reaches maximum 
and minimum threshold frequency values. The ability to remain connected for a wide frequency ranges supports 
rapid system frequency restoration with the most extreme frequencies being 47 Hz and 52 Hz. Table 3, shows 
frequency limitations in the international grid codes.  

In the grid codes of the UK and Denmark operation with full active power is required in the range of ± 1.0 Hz 
frequency deviations while narrower limits ± 0.5 Hz are allowed by Ireland and Australia. In the grid codes of 
Ireland, it is still not mandatory for the wind plants to operate below the optimal point in order to provide POR 
service. However, they are required to curtail and support frequency at times of high generation and low 
demand. It is also necessary for the plants to be dispatched remotely by the TSO to operate in frequency 
sensitive mode (FSM). While the plants are in this mode, they have to provide 60% and 100% of their 
anticipated active power reserve within 5 and 15 s respectively [75].  
 
In TenneT 2015, active power curtailment is required for every frequency deviation at the rate of 40% if 
frequency rises above 50.2 Hz to 51.5 Hz. In Denmark, frequency support is essential within two seconds 
immediately after disturbance and the plant must curtail output power within 2 to 12% of its nominal power 
generation during high frequencies with an accuracy ± 10% [79]. In Chinese standards, wind plants have to 
follow instructions of the grid dispatch stations to regulate output power to support system frequency. However, 
frequency support is required in ERCOT (USA) only if the wind plants are curtailed to operate below maximum 
power point tracking [81]. Typically, small frequency variations are expected in large continental synchronized 
areas due to their relatively higher system inertia and well interconnection features. It is clear that the specific 
grid codes requirements for frequency services provided from wind generators if adopted, possibly vary from 
one country to another. As these mainly depend on the respective system dynamics, SNSP levels and market 
structures.  
 

Table 3. Frequency limitations in international grid codes. 
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In most grid codes, active power curtailment is mandatory on request by the transmission system operator. Some 
countries impose limitation on the rate at which the active power changes with minimum and maximum ramp 
rates. The rate at which the frequency changes were also defined in a number of international jurisdictions as 
standards for distribution generators. The current Irish grid codes require the wind plant to withstand RoCoF up 
to and including 0.5 Hz/s over a window of 500 ms. It was also proposed to increase the current setting to 
1.0 Hz/s for the same period. In Great Britain, a large number of distributed generations are still has a RoCoF 
protection settings set to 0.125 Hz/s. There are programs of work proposed to rectify the protection setting to 
0.5 Hz/s [77]. The UK National Grid noted that the timeframe of 500 ms might be appropriate to avoid issues 
related to oscillatory behavior in system frequency while the event cleared.  

In Australia, there is currently no system RoCoF limitation in East Coast Australia (NEM). All generators have 
to be compliant with National Electricity Rules (NER) that impose 4.0 Hz/s over 250 ms timeframe to meet the 
automatic access standard and 1.0 Hz/s measured over a window of 1.0 s to meet the minimum access standard 
[82]. Although the Danish power system is a large interconnected system with high synchronous inertia, it has a 
RoCoF standard of 2.5 Hz/s rolling over 80 ms following the loss of large generator [79]. Germany and USA are 
relatively large electricity demand networks with rigid AC power interconnections. Therefore, they are unlikely 
to exhibit issues related to RoCoF until a considerable high penetration of SNSP levels is achieved.  
 
6. Discussions and future suggestions 

This research has shown the potential scale of renewable power integration and that the power system is likely to 
be 100% dependent on converter based renewable generators during most of the time periods of the day. Thus 
for the power system to be able to highly depend on the converter based technologies, a superior fault ride 
through and new fast response devices to provide ancillary services such as frequency and voltage during and 
after fault conditions will be essential future needs.  
This study has identified that power system operators have introduced new stringent grid code requirements as a 
result of the significant increase of renewable power generation. These trends have been reflected in this review 
paper. However, the main issue with these requirements are based on the assumptions that large numbers of 
conventional synchronous generators remain in operation in the power system. Nevertheless, future power 
system will be operated with fewer conventional generators while the demand is likely to be fulfilled by 100% 
renewable generation. There is, therefore, a definite need for new fault ride through grid code requirements that 
consider future power system operation with 100% power electronic-based renewable generations. Thus, it is 
believed that several courses of actions will be required to modify current grid codes and market mechanisms to 
include DR, transport electrification, and wind plants within new fast response services. Continued efforts are 
needed to run future power system securely at high level of renewable power generation.  
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This research has critically reviewed a number of technical solutions such as operating wind plants below 
optimal conditions, BESS and HP as part of smart energy systems. Synthetic inertia from these devices is 
documented extensively over the past few years. However, it is obvious that none of the proposed solutions 
alone can solve all the issues as there are several concerns to be addressed with the increased connection of these 
technologies. Firstly, the response time required to detect the event and the time required to provide full active 
power. Research shows the response time in the range of 100 ms to 150 ms will be an objective to run the system 
at high SNSP. On the island of Ireland, the response later than 500 ms from the fault initiation will not be fast 
enough to improve the frequency nadir and the RoCoF. It is also found that energy storage devices are capable to 
respond in the timeframe of milliseconds but may do not have high power density required to provide FFR 
services. Therefore, hybrid energy storage solution operating in active control mode could be part of future 
solution to provide high power and high energy density covers both inertia and FFR services. Secondly, it is 
shown that variable speed wind turbines are able to provide frequency support via emulated inertia response. 
However, wind turbines exhibit an energy recovery phase during the post fault in order to track back to the 
maximum power point. That is mainly because emulated inertia from wind turbines remains for only a few 
seconds from the start of the event and therefore the turbine slows down in a recovery process. This is likely to 
cause a second frequency drop because of the turbine reduced output power.   
 
7. Conclusions   

There have been growing concerns about dynamic power system stability with high-levels of asynchronous wind 
and solar power penetration displacing synchronous generators. This review paper has indicated that system 
inertia and frequency stability of the power system in the presence of large-scale renewable generation have been 
active fields of recent research. A number of techniques, methods, and models have been reviewed from the 
literature to tackle these issues. These can be generally categorized into three methods including wind turbine 
emulated inertia, integration of energy storage devices, and involving customer smart controllable appliances.  
 
It is important to note that there are several issues with these solutions that could limit the ability to achieve 
100% renewable target. Firstly, emulated response of wind turbine is relatively limited within a short timeframe 
of <30.0 ms from the event initiation. This will be followed by an energy recovery period when the output power 
of the turbines reduces below the normal operating point unless the wind speed increases favourably. Secondly, 
in low inertia systems such as Ireland, Australia, and New Zealand, system frequency changes rapidly following 
generator trip events. The most obvious finding that emerges from this study is that, it is crucial for energy 
storage and smart appliances to detect and respond to the event in less than 500 ms to reduce the risk of tripping 
an anti-islanding RoCoF relay for example in Ireland this is set for 0.5 Hz/s over 500 ms). This has resulted in 
new FFR services appropriate for the future power systems with high penetration of power electronic-based 
devices. These services ensure new frequency response devices respond to large disturbances within 500 ms to 
2.0 s from the start of the event. 
 
These findings may help us to understand that none of the proposed solutions alone can provide all the necessary 
ancillary services. As shown, the solution will be crucial in smart energy systems with large-scale renewable-
generation, demand participation, and energy storage. It is worth highlighting that emerging smart loads such as 
thermal loads, HP, and EV will permit more flexible localized storage of energy for transport, heating, and 
electricity. This avoids large expansion of distribution grids else large grid-scale energy storage will be required 
to accommodate future 100% renewable generation penetration.  
 
Finally, this paper has also studied and compared the impact that the renewable generation systems have on 
power system frequency and voltage operation limits in international grid codes. It is demonstrated that although 
in past wind generators were allowed to trip off in response to nearby disturbances, at present most grid codes 
require wind farm connection for some voltage dips range from (0, 0.15, 0.2 p.u.) during fault events for 
durations varying from 140 ms to 625 ms. Further, in most grid codes, active power support is mandatory on 
request by the TSO when frequency increase over 50.2 Hz as well as during under frequency conditions. 
However, in future stringent grid code requirements should be applied to power electronic-based renewable 
generation to manage a power system without conventional generators. These requirements would be different 
from FFR services, as it would involve instantaneous frequency regulations rather participating in disturbances 
only.  
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• First thorough study of impact of converter-based renewable generation on grid system dynamics 
• Crucial for energy storage and smart appliances to respond in less than 500 ms to reduce trip risk 
• Anti-islanding RoCoF relays should be set for 0.5 Hz/s for a window of 500 ms 
• Frequency limitations in renewable dominant countries are typically between 49.8 Hz and 50.2 Hz 
• New fast frequency services to large disturbances are within 500 ms to 2.0 s from an event start 
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