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Abstract 

By integrating the new production technologies into the electric power system (EPS) which are mainly inverter-based, the 

characteristics of the conventional bulk EPS are significantly changed leading to a reduction of synchronous inertia which causes 

faster frequency dynamics. Synchronous inertia directly affects the maximum value of the rate of change of frequency (ROCOF). 

The importance of ROCOF is vital: ROCOF is the main parameter for Loss of Mains relay, it is used as an input parameter for 

Fast Frequency Response and Synthetic Inertial Response control algorithms and can be used as a metric parameter for under-

frequency load shedding. In this paper, the importance of ROCOF in the inverter rich EPS will be described in detail, different 

grid code versions concerning ROCOF will be presented and the results of ROCOF analysis in Croatian EPS with respect to the 

future renewable energy source (RES) share scenarios will be shown. 

1 Introduction 

The electric power sector (EPS) is undergoing a major 

paradigm shift and the current challenge is to make the electric 

power sector sustainable (low-carbon or carbon free) with the 

inclusion of all the new and market-based technologies. These 

devices include renewable and conventional energy 

generation, loads and energy storage. The increased 

integration of inverter-based devices significantly changes the 

characteristics of conventional bulk EPS leading to a reduction 

of synchronous inertia which causes faster frequency 

dynamics. A parameter which describes frequency dynamics 

is rate of change of frequency (ROCOF). This parameter was 

of minor relevance for conventional EPS precisely due to 

synchronous generator inertia that limits and prevents the 

occurrence of high values of ROCOF. However, on the one 

hand, the increasing integration of inverter-based power plants 

that do not inherently contribute to system inertia, and on the 

other hand, the disconnection of synchronous generators, leads 

to the high values of ROCOF in the case of disturbances. The 

impact of the share of renewable energy sources (RES) on 

ROCOF is not straightforward so recently more and more 

research is being conducted to precisely establish the 

relationship between RES and ROCOF. Theoretically, the 

highest system ROCOF, just after the load disturbance occurs, 

depends on average system inertia and size of disturbance and 

can be calculated as follows [1]: 

𝑅𝑂𝐶𝑂𝐹𝑡=0+
𝑚𝑎𝑥 =

𝑑𝑓

𝑑𝑡
=

𝑃𝑘

2∑ 𝐻𝑖𝑆𝑖
𝑁
𝑖=1,𝑖≠𝑘

𝑓𝑛 (1)  

wherein 𝑓𝑛 is the nominal frequency [Hz], 𝑃𝑘 is the size of 

disturbance [MW], Hi is the inertia constant of the ith 

generator [s], Si is the nominal power of the ith generator 

[MVA]. Pk represents the disconnection of either a generator 

or load. The dependence of ROCOF on the average system 

inertia for the different size of disturbances is shown in Fig. 1. 

It can be seen the value of ROCOF increases significantly with 

a decrease in the average system inertia and an increase in the 

size of the disturbance. However, frequency measurement 

inevitably involves a signal filtering process meaning that 

measuring device usually does not detect a value of ROCOF 

as high as the theoretical maximum. Besides, due to the 

synchronous generator swinging, the ROCOF value is closely 

related to the measurement window length. The measured 

ROCOF values can vary greatly depending on the 

measurement window as shown in Fig. 2. The measurement 

window length is not specifically determined but depends on 

the type of phenomenon being investigated. In general, the use 

of short measuring windows provides more information on the 

local ROCOF value whereas the use of long measuring 

windows gives information on the average system ROCOF 

value. 

 

Fig. 1. The dependence of ROCOF on the average system 

inertia constant 
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Fig. 2. The dependence of ROCOF on the average system 

inertia constant [2] 

 

High values of ROCOF significantly affect the power system 

frequency stability. First of all, the appearance of high values 

of ROCOF during normal system operation may cause 

unwanted Loss of Mains relay activation which then leads to 

even larger problems due to the additional loss of power. 

Further, in the cases of genuine large imbalances event and 

high values of ROCOF, the typical under-frequency load 

shedding (UFLS) schemes may not respond quickly enough to 

such dynamics.  

The displacement of the conventional power plants by RES 

leads not only to a reduction of the average system inertia but 

also to a smaller number of the synchronous generators which 

participate in system frequency control. As a result, there is a 

growing need to enable RES to participate in system frequency 

control. Through a supplementary control based on the 

ROCOF signal, RES can provide a virtual inertial response 

(VIR). This paper is organized as follows: In Section II, the 

main uses of ROCOF in power system are presented; Section 

III brings different grid codes provisions concerning ROCOF 

withstand capability; the results of ROCOF analysis in 

Croatian EPS with respect to the future renewable energy 

source (RES) share scenarios is shown in Section IV, the 

conclusions are given in Section V.  

 

 

2 The application of ROCOF in power system 

2.1 Loss of Mains relay 

In the case of disturbances event in the power system, parts of 

the distribution network may separate from the main system. 

If there is a distributed generation (DG) in the part of the 

network that has disconnected from the main system, then 

local consumers in that part of the network are supplied by 

these DG. Thus, the independent operation of a part of the 

distribution network after separation from the main system is 

called island operation. Although in some situations it is 

desirable to continue supplying a separate part of the network, 

in most power systems island operation in the distribution 

network is not allowed. The reason for this is that a large 

number of DG (wind power plants, photovoltaic power plants) 

do not have the ability to regulate frequency and voltage, and 

in the case of island operation of such sources the following 

problems may occur:  

 If the synchronizing process is not done correctly 

(asynchronous re-closure), the power system 

equipment can be seriously damaged; 

 Poor voltage quality at consumer terminals; 

 The safety of workers is endangered if part of the 

network remains energized. 

One of the most common methods of Loss of Mains (LOM) 

protection is the ROCOF-based method. The method was 

developed on the fact that the isolated part of the system will 

very likely be in a condition of imbalance between the 

generation and demand in the initial moments of separation 

and as a result, much higher ROCOF will be experienced than 

the usual values in the normal system. Thus, the protective 

devices, after measuring the ROCOF higher than the set 

threshold, disconnect the power plant from the grid.  

However, in power systems with a high share of inverter-based 

RES, due to a decrease in the system inertia, higher ROCOF 

values appear during normal operation. In such power systems, 

false LOM relay activation can happen due to the load 

connection/disconnection, transient phenomena or a fault in 

the network which will cause further problems. The settings of 

the ROCOF relay must be such that on the one hand, the relay 

does not react to transients, and on the other hand to detect the 

genuine LOM events and consequently disconnect the power 

plant from the network. In the conventional power systems, the 

LOM relay trip threshold could be determined with respect to 

the ROCOF value in the case of loss of the largest generating 

unit, but that information is no longer relevant for the new 

power systems with high RES share due to the decreased 

system inertia. In general, the system operator should 

determine the relay trip settings taking into account the 

characteristics of the entire power system. The usual relay trip 

threshold in conventional power systems was around 200 

mHz/s, while in today’s power systems with high RES 

integration, this threshold can have a value of up to 1 Hz/s [3]. 

ENTSO-E recommendations regarding ROCOF measurement 

require measurement accuracy up to 0.05 Hz/s, a measurement 

window length of between 180 ms and 240 ms, and latency 

between 90 ms and 120 ms [4]. 

2.2 Under-frequency load shedding  

UFLS is a measure of the system operator to maintain the 

system stability and prevent possible black-out of the system 

due to a large frequency deviation from the nominal value. The 

basic principle is to disconnect a pre-determined part of 

consumption when frequency falls below a certain value. In 

this way, the initial imbalance between the generation and 

demand is reduced. According to the Croatian power system 

grid code [5], the disconnection of demand is performed in 

several stages of which the first stage is the disconnection of 

about 5% of demand when the frequency reaches 49.0 Hz. 

As in the case of LOM protection, in newer power systems 

with large integration of RES that are connected to the grid via 

converters, there are situations where these measures are no 

longer sufficient for maintaining system stability, so changes 

and improvements are required to the protection algorithms. 

An example is an event that led to the collapse of the South 
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Australian power system in September 2016 [6]. At the 

moment of the disturbance, the wind power plants (WPP) were 

supplying 50% of the load, and there was a frequency drop of 

almost 4 Hz in less than one second, with an estimated initial 

ROCOF of 6.25 Hz/s. In such cases of high dynamics of 

frequency change, conventional UFLS algorithms based only 

on frequency deviation are not able to stop further frequency 

drop and prevent power system collapse. 

In such power systems, advanced ROCOF-based UFLS 

algorithms must be used to successfully protect the power 

system against unforeseen disturbances. In moments of large 

RES production in the system, i.e. reduction of inertia, after 

disturbance occurs, ROCOF-based UFLS relays can activate 

the trip off of a certain part of demand before the frequency 

falls below the threshold that would activate the trip off in the 

case of the conventional UFLS algorithm. Ideally, by means of 

the measured value of ROCOF and estimated system inertia 

and using the basic equation for ROCOF calculating (1), the 

size of the disturbance could be calculated and thus the optimal 

percentage of demand to be disconnected could be determined. 

In this way, early demand disconnection leaves the system and 

generators more time to react. 

The shortcoming of this method is, as in the case of LOM 

relays, the possibility of false activation due to transients in the 

system. Therefore, detailed research and development of these 

methods are needed to avoid unwanted activations. In addition, 

it is necessary to determine the percentages of loads to be shed 

with respect to the value of ROCOF. This largely depends on 

the characteristics and dynamics of each power system 

meaning the relay settings can differ significantly in different 

power systems. An example of possible ROCOF-based UFLS 

relay settings is shown in Table 1 [7]. 

Table 1 An example of a ROCOF-based UFLS settings 

ROCOF [Hz/s] 
Load-shedding 

[%] 

Total load-

shedding [%] 

0.3 5 5 

0.4 5 10 

0.6 5 15 

0.7 10 25 

1 15 40 

1.2 10 50 

 

In [7], the authors use the data from Table 1 to analyse the 

functionality of UFLS on the IEEE 39 system whose total 

capacity is approximately 20 GW with the share of WPPs 

being approximately 10% of the total capacity. The situation 

in which load disturbance of 0.1 pu occurs was analysed. 

ROCOF-based UFLS proved to be a more efficient solution 

compared to conventional UFLS. Another interesting solution 

of advanced UFLS algorithm has been proposed in [8]. The 

authors use the measured values of both ROCOF and 

frequency deviations to activate UFLS relay. The scheme of 

the algorithm is shown in Fig. 3. The sensitivity of the 

algorithm can be regulated by adjusting the value of the 

coefficient k. The usual value of the coefficient k is 0.1. 

-k

> ROCOFthreshold

   fthreshold – k· ROCOF

ROCOF

f

– k· ROCOF

Load-shedding
 

Fig. 3. Scheme of UFLS algorithm based on ROCOF and 

frequency [8] 

2.3 Virtual Inertial Response and Fast Frequency Response 

The ROCOF signal can be used as an input parameter for 

virtual inertial response (VIR) control algorithms as well as for 

fast frequency response (FFR) control algorithms. Although 

these two terms (VIR and FFR) are often mutually 

interchangeable, it should be noted that VIR primarily refers 

to extracting power from the kinetic energy of aggregates by 

adding control loops sensitive to ROCOF (e.g. type III and IV 

wind turbines), whereas FFR is a term related to RES that do 

not have rotating parts (e.g. photovoltaic power plants), but 

due to the fast response of the converter system can react in a 

time frame equal to the inertial response of synchronous 

generators.  

VIR of the WPPs produces additional power by temporarily 

slowing down the turbine rotor, thus using the kinetic energy 

stored in the turbine blades. Fig. 4 shows the typical concept 

of a control algorithm to enable VIR for the WPPs. By 

measuring the grid frequency fs and based on the ROCOF 

(df/dt) and the gain constant Kv, an additional power δ𝑃 is 

produced which summed with the optimal (maximum 

available) power Pmppt makes a new reference power 

propagated to the inverter control system. The coefficient Kv is 

called the virtual inertia constant and it is important to say that 

it does not have a physical meaning as is the case with the 

inertia constant of synchronous generators. By setting Kv to 

different values, faster or slower VIR is achieved, which 

means that VIR of the WPPs is fully controllable, unlike the 

inertial response of synchronous generators, which cannot be 

controlled.  

 



4 
 

 

Fig. 4. VIR algorithm concept for the wind power plants of 

type III/IV 

Since photovoltaic power plants do not have rotating parts that 

could decrease or increase their kinetic energy, VIR is not 

possible in this case. There is, however, a solution that enables 

some kind of VIR for the photovoltaic power plants, and that 

solution is based on harnessing the stored energy of the 

capacitor at the DC link. A more common solution, however, 

is FFR for the photovoltaic power plants, which is based on 

PV operating at a point below the maximum power point (de-

loading mode) in order to provide power reserve that could be 

injected into the grid during a frequency drop. Fig. 5 shows the 

control algorithm concept of FFR for the photovoltaic power 

plant. In Fig. 5, Rpv is droop, Hpv is the synthetic inertia 

constant of PV system. It is important to note that the values 

of Rpv and Hpv can be arbitrarily chosen i.e. they are not limited 

by a narrow range of possible values and  depending on the 

desired response speed, they can be set to lower or higher 

values. Pmppt is the available maximum power, Pdel is the 

amount of reserve power, and PFFR represents the additional 

power produced during FFR. 

As can be seen, the measurement of frequency and ROCOF 

plays a significant role for VIR and FFR. The algorithms 

should be capable of distinguishing the value of ROCOF that 

appears due to a real disturbance event from the value of 

ROCOF that appears as a result of short-term transients or 

switching operations in the system. In that way, the generator 

can either provide VIR and FFR when really needed or 

continue normal operation. The problem that arises here is that 

on the one hand ROCOF is usually measured within a 

measurement window length of 500 ms in order to obtain as 

reliable information as possible about ROCOF, while on the 

other hand, the longer the ROCOF measurement window the 

slower is the response of VIR and FFR algorithms and 

consequently a smaller overall contribution to the system. 

Therefore, it is necessary to find a compromise between the 

measurement window length and the desired speed reaction of 

VIR and FFR algorithms. 

2Hpv

1

Rpv

ROCOF

Δ fs

+

+ -

+
+

Pmppt

Pdel

Pmax

Pmin

Converter

control

PFFR

Grid

Fig. 5. FFR algorithm concept for the photovoltaic power 

plants  

 

3 ROCOF   capability – grid code provisions 

ROCOF withstand capability implicates the ability of a 

generation unit to remain connected to the network as long as 

the ROCOF value is below the limit defined by the system 

operator or until LOM relays trip off the generator. The 

ROCOF limit value should be determined in accordance with 

the characteristics of the power system such as total capacity, 

type of generation units, interconnection to other power 

systems, inertia constant, etc. The system operator can 

determine the ROCOF limit value based on a detailed analysis 

and simulation of the power system in the event of 

disturbances or using data collected during actual disturbances 

in the power system. In the case of power system simulation, 

the reference disturbance is most often analysed, which can be, 

for example, the outage of the largest generation unit.  

In general, large-scale power systems still do not have 

significant problems due to the reduction of system inertia. 

The study presented in [9] analyses ROCOF in the ENTSO-E 

CE synchronous zone considering different disturbances. 

ROCOF values obtained in the case of load disturbances of 0.2 

pu were within the range of 500 mHz/s to 1 Hz/s, whereas the 

values above 1 Hz/s are considered critical for system 

operation. Nevertheless, simulations for future scenarios 

predict the occurrence of ROCOF values up to 2 Hz/s in the 

case of load disturbances of 0.4 pu. However, the kinetic 

energy required to maintain the ROCOF value of the 

synchronous CE zone within 1 Hz/s, in the case of a reference 

disturbance of 3 GW, is estimated at 75 GWs which is 

significantly less than the estimated overall kinetic energy 

contained in the system. It can be concluded that such 

disturbances are not a threat to system operation. ENTSO-E 

has not yet set a common standard for ROCOF limit values. 

Each individual system operator within the synchronous zone 

is left to define ROCOF limit values within its own power 

system. 

Table 2 shows the ROCOF threshold values for several 

European and world power systems [10]. The power systems 

facing the need to change the grid code specifications 

regarding ROCOF withstand capability are mainly small and 

large island power systems. The Irish EPS increased the 

ROCOF threshold value from an initial 0.5 Hz/s to 1 Hz/s 

measured within a measurement window length of 500 ms; 

The UK power system has increased the ROCOF threshold 

value from an initial 0.125 Hz/s to 0.5 Hz/s for existing 

generators and to 1 Hz/s for asynchronous generators and all 

new generators, also within a measurement window of 500 ms 

[11]. In some island systems, although high ROCOF are 

experienced during disturbances, a grid code revision in regard 

to ROCOF withstand capability has not yet taken place. Thus, 

for example, a disturbance in the Cyprus power system caused 

a ROCOF value of 1.3 Hz/s, in the New Zealand power system 

0.73 Hz/s, in the Hawaiian power system 0.38 Hz/s, however, 

as said, there are no provisions related to ROCOF withstand 

capability [12]. 
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Table 2 ROCOF withstand capability requirements 

EPS ROCOF withstand capability 

Germany 2 Hz/s (500 ms) 

UK 1 Hz/s (500 ms) 

Denmark 2 Hz/s (500 ms) 

Ireland 1 Hz/s (500 ms) 

Italy 2.5 Hz/s (100 ms) 

South Africa 1.5 Hz/s (only for RES) 

Australia No standard for ROCOF 

New Zealand No standard for ROCOF 

USA No standard for ROCOF 

 

4  ROCOF analysis in Croatian EPS 

RES integration, primarily WPPs, is constantly increasing in 

the Croatian power system as well. According to the monthly 

report on WPP generation in Croatia [13], 21 WPPs with total 

installed capacity of 596.25 MW were operating in April 2020 

and 1 WPP with total capacity of 142 MW were in testing 

operation. In addition to the total installed capacity of WPPs, 

a very significant data is WPPs generation share in covering 

hourly power system demand. According to the report, the 

largest share of WPPs generation in covering hourly power 

system demand was 41.2% while on average this share was 

15%. A study of the impact of different shares of WPPs 

production on the frequency stability of the Croatian power 

system in the case of island operation is conducted in [14]. 

This study primarily investigated initial ROCOF values for 

current and future WPP capacity share scenarios. In addition, 

the impact of grid configuration, radial and loop, electrical 

distance and geographical distribution of inertia in the system 

on ROCOF was also analysed. In order to examine all these 

impacts on ROCOF, the power system is divided into four 

geographical areas: Osijek (OS), Zagreb (ZG), Rijeka (RI), 

Split (ST), whereby each area represents one so-called center 

of inertia (CoI). In each area, all hydropower plants are 

modelled as one generation unit with aggregated parameters, 

the same applies to thermal power plants and WPPs. WPPs are 

located in areas of RI and ST, while areas of ZG and OS consist 

exclusively of synchronous inertia. In Fig. 6, the concept of 

Croatian EPS simplified model is shown.  

 
Fig. 6 The concept of Croatian power system model [14] 

The main intention was to analyse the change in the initial 

ROCOF value with an increase in the WPP capacity and a 

consequent decrease in the thermal power plants capacity. 

Four scenarios were analysed: 1) base scenario representing 

the current condition of the system with 17% share of WPP in 

total capacity, 2) increase of WPP capacity to 25%, 3) increase 

of WPP capacity to 30%, and 4) increase of WPP capacity to 

40%. The increase in demand of 10% (250 MW) is simulated. 

It is important to note that the radial configuration represents 

the real situation after separation from neighbouring power 

systems, while the loop configuration is modelled by adding a 

fictional connection between areas of ST and OS. In Fig. 7, 

ROCOF in ST location for all four WPP shares scenarios is 

shown. ROCOF was measured within a measurement window 

of 5 ms. Table 3 shows the most significant of the obtained 

results, i.e. the minimum and maximum ROCOF value 

expressed in Hz/s taking into account the disturbance location 

and the grid configuration. The label (loc.) in Table 3 

represents the measuring location of ROCOF. Analysing the 

obtained results, the following can be concluded: regardless of 

the disturbance and measurement location, as well as the grid 

configuration, with the increase in the share of WPP 

generation, ROCOF value also increases; the highest values of 

ROCOF appear in OS location. The reason for this is the fact 

that CoI OS has the lowest value of inertia in the model, which 

is a confirmation of the fact that inertia directly affects 

ROCOF; very high ROCOF values can be expected in the 

current condition in case of large disturbances. 

 

 
Fig. 7 ROCOF in ST for different scenarios, radial grid (up) 

and loop grid (down)
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Table 3 ROCOF analysis results

 ROCOF [Hz/s] 

Base scenario (Wind 17%) 2. scenario (Wind 25%) 3. scenario (Wind 40%) 

radial loop radial loop radial loop 

min 

(loc.) 

max 

(loc.) 

min 

(loc.) 

max 

(loc.) 

min 

(loc.) 

max 

(loc.) 

min 

(loc.) 

max 

(loc.) 

min 

(loc.) 

max 

(loc.) 

min 

(loc.) 

max 

(loc.) 

D
is

tu
rb

an
ce

 l
o
ca

ti
o
n

 Os 
-0.05 
(St.) 

-2.01 
(Os.) 

-0.23 
(Ri.) 

-1.59 
(Os.) 

-0.10 
(St.) 

-2.10 
(Os.) 

-0.26 
(Ri.) 

-1.72 
(Os.) 

-0.11 
(St.) 

-2.40 
(Os.) 

-0.43 
(St.) 

-1.83 
(Os.) 

Zg 
-0.18 
(St.) 

-0.65 
(Os.) 

-0.29 
(St.) 

-0.59 
(Os.) 

-0.27 
(St.) 

-0.72 
(Os.) 

-0.36 
(St.) 

-0.63 
(Os.) 

-0.33 
(St.) 

-1.25 
(Zg.) 

-0.43 
(St.) 

-1.18 
(Zg.) 

Ri 
-0.34 
(Zg.) 

-0.66 
(Ri.) 

-0.38 
(Zg.) 

-0.62 
(Ri.) 

-0.46 
(St.) 

-0.74 
(Ri.) 

-0.46 
(St.) 

-0.69 
(Ri.) 

-0.54 
(St.) 

-1.24 
(Ri.) 

-0.72 
(St.) 

-1.10 
(Ri.) 

St 
-0.31 
(Os.) 

-0.96 
(St.) 

-0.34 
(Zg.) 

-0.83 
(Os.) 

-0.34 
(Os.) 

-0.99 
(St.) 

-0.38 
(Zg.) 

-0.90 
(St.) 

-0.57 
(Os.) 

-1.12 
(St.) 

-0.70 
(Zg.) 

-1.04 
(St.) 

5 Conclusion  

This paper analyzes ROCOF, its importance and application, 

in future power systems with a high share of RES. One of the 

significant differences between these power systems compared 

to conventional power systems is the much lower amount of 

synchronous inertia which is the main cause of the increase in 

an initial value of ROCOF. Problems that may occur as a result 

of an increase in ROCOF are: unwanted LOM relay triggering, 

conventional UFLS schemes fail to respond quickly enough 

and the system operators are forced to revise grid codes 

regarding ROCOF withstand capability. Therefore, ROCOF 

becomes of great importance for SIR or FFR control 

algorithms to preserve frequency stability. In the case of the 

Croatian power system in island operation, the presented 

results of ROCOF analysis with regard to current and future 

shares of WPP generation indicate the possibility of very high 

ROCOF values, even over 2 Hz/s, so it can be concluded that 

the necessary changes in the system control and operation will 

also occur in the Croatian power system if the trend of 

increasing RES integration continues. 
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