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Coordination of ROCOF and frequency elements in
power systems with high penetration of distributed generation

Koordynacja cztonéw ROCOF i czestotliwo$Sciowych w systemach elektroenergetycznych z duzym
rozpowszechnieniem generacji rozproszonej

Abstract. This article presents various methods for calculating frequency deviations in response to changes in parameters affecting the operation of
the power system, such as load, power flows, distributed generation, and inertia. The paper also includes a comprehensive analysis of frequency
disturbance tests conducted under different scenarios, evaluating the performance and response of power system protection mechanisms. By studying
the impact of these disturbances on system stability and the operation of protective devices, the paper provides insights into the critical role of Rate of
Change of Frequency (ROCOF) calculation in ensuring the reliability and resilience of electrical grids. The findings highlight the importance of accurate
ROCOF calculations and robust protection schemes to mitigate potential system failures.

Streszczenie. W artykule przedstawiono rézne metody obliczania zmian czestotliwosci w odpowiedzi na zmiany parametréw wplywajacych na prace
systemu elektroenergetycznego, takich jak obcigzenie, przeptywy mocy, generacja rozproszona i inercja. Artykut zawiera réwniez kompleksowag
analize testéw zaburzen czestotliwo$ci przeprowadzonych w réznych scenariuszach, oceniajgcych wydajno$¢ i reakcje zabezpieczen
czestotliwosciowych. Badajgc wptyw tych zaktécen na stabilno$¢ systemu i dziatanie urzgdzen zabezpieczajgcych, artykut dostarcza wglgdu w
krytyczng role obliczen szybko$ci zmian czestotliwosci w czasie (ROCOF) w zapewnianiu niezawodnos$ci pracy systemu elektroenergetycznego.
Wyniki badar podkre$lajg znaczenie dokfadnych obliczen ROCOF | stosowania pewnych zabezpieczen czestotliwoSciowych w celu ztagodzenia

potencjalnych awarii systemowych.
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Introduction

Over the past decades, there has been a definite
development in renewable energy sources. A growing
amount of distributed generation is installed in the electric
power system [1]. Distributed generation has an increasing
impact on the operation of the power system. Especially, the
values of voltage or its frequency may rapidly change [2], [3].
The increase in installations also leads to phenomena that
have not previously occurred in power systems. However, it
also creates new opportunities that, shaped appropriately,
can be useful in aspects of ensuring the power system
stability. The article presents one aspect of integrating
distributed generation into the system: the analysis of the
impact of distributed generation on frequency changes.

Many documents describe frequency protection
requirements; for instance, in Europe, the requirements are
in documents issued by ENTSO-E (European Network of
Transmission System Operators for Electricity) [4]. According
to [3], load-shedding automation should be executed using
underfrequency relays and those responding to the rate of
change of frequency (ROCOF). What is more, the authors of
[5] have developed an underfrequency load-shedding
scheme based on ROCOF measurements and a static-
voltage stability estimation. The implementation of this
algorithm may allow the mitigation of frequency deviations
during system disturbances.

Another interesting issue is the inverse dependence of
the rate of change of frequency on the total inertia of the
system [6]. The lower the inertia of a given section of the grid
- for example, in the case of a high dissemination of inverter-
based resources, such as photovoltaic or wind farms - the
higher the value of ROCOF can be expected. In addition, the
European power system should remain stable with a power
imbalance of about 40%, which may correspond to a rate of
frequency change of 2 Hz/s [6].

The operation of the ROCOF criterion is accompanied by
certain technical problems. The first is related to the non-
detection zone (NDZ), i.e., the zone in which the protective
relay may trip or may not trip [7]. Throughout the isolation of
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an island with a relatively precise power balance, the ROCOF
relays may have problems identifying this incident [8]. The
detection time may increase, thereby reducing the security of
the grid operation [9]. Additionally, the islanding process
cannot be detected in the case of an almost ideal power
balance [10]. The articles [11], [12] present the scrutiny
related to the accuracy of island detection in different active
and reactive power balance scenarios. Their authors
demonstrated that the tripping time of the ROCOF criterion
decreases in compliance with the increase of active power
imbalance. Some research papers have described the
operation problem of the ROCOF criterion. The papers
present additional methods to calculate frequency and
ROCOF precisely, e.g., using maximum likelihood frequency
and ROCOF estimator [13], [14]. Another approach is to use
additional criteria, e.g., by adding small signals to the
inverter's modulation indexes to cause voltage disturbances
at the Point of Common Coupling (PCC), where the ROCOF
is monitored [15], or by monitoring voltage waveform to
detect step changes of its parameters [16].

The crucial issue related to ROCOF calculations is
energy production’s large share of inverter-based resources
(IBRs). The IBRs are characterized by almost zero inertia;
therefore, the frequency changes during events in the power
system may be rapid. This phenomenon is known as fast
frequency response (FFR) [17]. There are several strategies
to control sources, such as photovoltaics and wind turbines,
to mitigate FFR: synthetic inertia [18], emulated inertia [19],
or virtual inertia [20].

The ROCOF criterion is most widely utilized in island
detection [21]. In this application, the critical issue is the
estimation of ROCOF value. The obtained rate of change of
frequency and, consequently, the detection effectiveness
depends on the chosen time window. For example, the
shorter the measurement window, the higher the value of
ROCOF [22]. Moreover, a large window size tends to filter
high-speed oscillations and displace the time of the
maximum instantaneous ROCOF [23]. The important issue
is also the type of measurement window. In [23], the authors
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propose the utilization of a rolling window and illustrate the
benefits of its use over a fixed window. Another approach is
using more than one window with different sizes and multiple
thresholds to detect an ROCOF event [24].

Furthermore, the described criterion might also be utilized
in power system stability determining, for example, center of
inertia (Col) calculations [25]. The inertia can be calculated
using mathematical formulas presented in [26] for different
types of power systems, including photovoltaic-based
distribution systems. This information can be further utilized
in different control algorithms for IBRs [27].

The authors of this article focused on other properties and
applications of the ROCOF criterion. Especially on the
measurements of ROCOF during island isolation in the
medium voltage grids with a large share of inverter-based
resources. The conducted research is related to the tests of
variability of frequency in different system scenarios. These
conditions have been adapted to the phenomena occurring
in the Continental European Power System [28]. During the
tests, the power flows, the generator parameters, such as
inertia or damping factor, and the types of loads were varied.
In contrast to the cited research papers, the power imbalance
during simulations was changed in both directions, i.e.,
power deficiency and power exceedance. In addition, the
authors have also examined the sensitivity of the power
system protection utilized in the Continental European Power
System on frequency deviations. Different protection criteria,
such as under- and overfrequency or ROCOF, were tested
in this aspect. Throughout the tests, the protection settings
and frequency disturbances were changed.

The conducted research proved that the value of ROCOF
is affected by many parameters describing the devices
installed in the power system. Thus, the operation of the
power system protection might be susceptible to these
changes. The exemplified analysis of the coordination of
frequency elements is the main contribution of this article and
introduces a novel approach to the ROCOF estimation.
Moreover, the latest literature emphasizes the importance
and actuality of this topic.

Theoretical analysis

The supply voltage frequency is one of the most
important parameters describing the operation of the power
system. The frequency is closely related to the balance of
active power - when there is an excess of generated power
over the power of loads, the frequency increases, while when
there is a shortage of generated power, the frequency
decreases. This phenomenon is related to synchronous
generators' operating characteristics and control systems.
The following analysis can be used for both 50 Hz and 60 Hz
power systems. A simplified model of the relationship
between generated power and synchronous generator speed
is described in Figure 1 [29].

+ Ta 1

T
m ™ 2hs

» Aw,

Te

Fig. 1. The relationship between the change in speed and the change
in the load torque of the synchronous generator

Parameters Tm, Te, and Taare the values of the mechanical
torque supplied to the machine, the electric torque, and the
resultant torque, respectively, usually expressed per unit.
Changing the resultant torque considering the inertia of the
machine H expressed in seconds causes a change in the
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rotor speed of the generator Awr, and consequently the
frequency of the generated voltage. The rotational speed and
torque can be used to calculate the power (1) [29]

1) P=oT

Assuming a steady-state speed wr = 1pu, we can write
formula (2) [29]. The block diagram considering (2) is shown
in Figure 2.

) AP —AP, = AT —AT,
+ 1
APy, > s » Ao,
AP,

Fig. 2. The relationship between the change in speed and the change
in the load power of the synchronous generator, where M=2H

Based on the block diagram presented above, it is possible
to calculate the impact of load or mechanical power changes
on the frequency change in the network. Considering the
step change in electrical power APe, we get the frequency
change relation in the frequency domain (3) [29].

-AP, 1
= *—
S Ms

@A) Aw, (s)

Performing the inverse Laplace transform, the formula for a
straight line that describes the relative change in rotor speed
of a generator over time can be obtained (4) [29].

~AP,
t

4) Ao, (t)=

The slope of the linear function determines the rate of change
in the speed of the generator. This coefficient depends in
direct proportion to the changes in load power and inverse
proportion to the inertia of the machine. Using the
relationship w = 2mf, we obtain the formula for the straight
line describing the change in frequency of the generated
voltage in response to a change in load occurring in the grid.
However, the actual synchronous generator is a more
complex system. Changes in the frequency of the generated
voltage depend on the design of the machine. These
changes are not only related to the dimensions of the
generator or the utilized mechanical components but also to
the electrical part of the generator - the windings. This aspect
concerns the so-called damping windings. The damping
windings impact the suppression of rapid changes in the rotor
speed of the generator, which directly affects the rate of
change of frequency [30]. The value of the damping
coefficient Ko for a specific generator can be calculated from
the rated parameters of the machine using formula (5) [30],

E? (g =X ) Tgo8
iy

where: E - rated voltage, XQ - subtransient reactance in the

®) Kp =

direct axis, x, - subtransient reactance in the direct axis, T,
- open-circuit subtransient time constant in the direct axis, s
- slip, w - angular frequency.

In addition, the load-damping constant D has a similar
effect on the change in rotor speed. This constant is
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expressed as a percentage of load power change per 1%
change in frequency. Typical values range from 1 to 2%. In
particular, the D factor is essential for frequency-sensitive
loads, such as electric drives.

Considering the suppression of changes in the rotor
speed of the generator, resulting from both the use of
damping windings (Ko - damping coefficient) and the
application of load-damping constant D in the calculations
affect the frequency waveform. The block diagram of the
generator with the consideration of damping is shown in
Figure 3.

+ 1
AP —— X W5
D
APe

Fig. 3. The block diagram of a synchronous generator considering
the damping factor

Awy

The changes in frequency cease to be linear, rapidly
varying, and take on an exponential character, clearly
moving toward some steady state [29]. This relationship is
described by equation (6) [29] based on the above diagram,
assuming a constant value of APm and a step change in APe.

—AP, 1
6 Aw, (8)=—"2*
© (5) s Ms+D
Considering in relation (6): K= 1/D and T = M/D, and then
performing the inverse Laplace transform, it can be obtained
(7) [29]:

t
@ Aw, (t)=-APKe T + APK

which illustrates that frequency changes with damping
coefficient have an exponential character.

Various types of control systems must be considered
during the analysis of changes in the frequency of the
generated voltage. For the purpose of this article, the authors
focused on simple regulators of the generator rotor speed
and generator excitation voltage. The implementation of the
generator rotor speed regulator is shown in Figure 4, where
AY — change of the valve position, Pm — mechanical power,
Pe — electrical power, wo — nominal speed, wr — current
speed, Awr — change of the speed. Using a speed regulator
allows the rotational speed to be kept within the rated limit,
and consequently, the rated frequency value of f = 50 Hz is
maintained. The generator excitation voltage regulator has a
similar structure. The difference is only in the controlled
signals.

steam —» —» Turbine Generator —

AY
Regulator

Fig. 4. The block diagram of the rotor speed control system

Turbine and excitation regulators typically have
significant time constants relative to the operating times of
protection relays. For this reason, the value and rate of
change of frequency (ROCOF) measured by frequency
criteria are affected by the mechanical parameters of the
generators, particularly their inertia.
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The simulations

Unidirectional power flow

A simulation study was conducted to determine the effect
of changing various parameters describing the operation of
synchronous generators (inertia H and damping D) and the
effect of load changes (APe) on the change in the frequency
of the generated voltage. Using MATLAB Simulink, a
simplified synchronous generator model was prepared based
on the block diagram shown in Figure 3.

During the first stage of the conducted simulations, the
authors focused on checking the performance of a small
synchronous generator with apparent power S = 1 MVA,
voltage U =400 V, and inertia H = 0.28 s at the value of the
damping factor D = 0 %, without additional control systems.
An example of the waveform of frequency changes resulting
from the disconnection of the load is shown in Figure 5. It can
be observed that the waveform, as expected, is linear. In this
case, the value of ROCOF is 2 Hz/s. In contrast, the relative
change in load APe is about 2.5%. The obtained result is
consistent with the formulas in the previous section.

The second stage was to verify the cases considering
damping resulting from both the load and the generator
design. In the case of the modeled generator using equation
(5), the damping factor Ko = 1% was calculated. As
mentioned earlier, the D coefficient associated with
frequency deviation-sensitive loads is selected from a range
of 1-2%. Figure 6 shows the waveform of frequency changes
with Kp = D = 1% coefficients. The exponential nature of the
changes can be observed, tending towards a certain steady
state. In the described case, the load change APe was about
5%. In Figures 5 and 6, the blue lines indicate the frequency
limits at which it is still possible to regulate this parameter.
Furthermore, this increase in frequency value might
accompany large system disturbances [31]. The red line is
the demand disconnection starting at the mandatory level for
the power system of continental Europe [28].

The rate of change of frequency is also affected by the
inertia of the generator. It is closely related to the design of
the machine and its moment of inertia. The larger the
machine, the greater the rotating mass, and thus, the greater
the inertia - the accumulated kinetic energy. In the next stage
of the study, the effect of changing the inertia of the modeled
generator on the frequency waveform was examined. For
this purpose, the first case was modified with the parameters
D=0%, H=3s, and APL = 2.5%. The obtained waveform is
shown in Figure 7. In this case, the rate of change of
frequency is significantly lower despite the disconnection of
the load with the same power. According to the theory
presented in the previous section, it can be concluded that
the value of ROCOF is inversely proportional to the inertia of
the generator H (4).
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Fig.5. The frequency change in the grid caused by the disconnection
of the load for D = 0%
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Fig.6. The frequency change in the grid due to disconnection of the
load for D = 1%
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Fig.7. The frequency change in the grid due to disconnection of the
load for H=3 s and D = 0%

Bidirectional power flow

The rate of change of frequency (ROCOF) is an important
parameter for detecting the island operation of generating
units. A simulation study was conducted to determine how
the change in load APe affects the change in frequency at the
time of islanding. The model from the previous section was
modified and adapted to the 20 kV rated voltage,
representing a real medium voltage grid. Speed and
excitation controllers enhanced the distributed synchronous
generator model, reducing steady-state power oscillations
[32]. The block representing a bulk power system with 2500
MVA short circuit power and 0,9 MVA PV power plant with a
Grid Following control scheme was also implemented. A
simplified block diagram of the modeled system is shown in

Figure 8.
Loads Loads
P =var P =var

PV distributed
generation
5=0,9 MVA

Bulk power system
S¢” =2500 MVA

Meas.
U,

Synchronous
distributed
generation
$=1MVA

Excitation
regulator

Fig.8. The block diagram of the tested simulation model

During the simulation, the separation of the island was
modeled by switching off the circuit breaker (Fig. 8). The
different cases of power balance were examined. The first
instance is excess power in the separated island, i.e., the
generated power is greater than the load power (Pc > Pe).
The second is power deficiency in the separated island, i.e.,
the generated power is less than the load power (Pc < Pe).
Throughout the tests, the inertia of the synchronous
generator was set to H = 2 s, and the damping factor was set
to D = 0 %. The frequency response of the PV power plant
does not have inertia because of the control scheme that was
implemented.

Figures 9 and 10 present examples of current flows
during and after the islanding process in the case of excess
generated power. At a steady state (t = 0-2 s), all three
sources operate parallel and supply the 1,2 MW loads. PV
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power plant energizes the MV grid with nominal power, a
small synchronous generator operates with half of the
nominal power, and a small excess of generated power is
transferred to the power system. When the breaker is
switched off (t = 2 s), the island is separated, and the
distributed sources take over all the power of the loads. The
generator current decreases (Fig. 9), whereas the current of
photovoltaics remains constant (Fig. 10). During this
process, the island is disconnected from the power system.
Furthermore, Figure 11 shows the change in voltage
frequency for this case. It is worth emphasizing that
implementing different types of energy storage systems,
such as electrochemical [33], mechanical [34], or thermal
[35], can mitigate the frequency deviations in isolated islands
[36].

Using the voltage waveforms obtained during simulation
studies of various cases, COMTRADE files were generated
and used further in laboratory tests.
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Fig.9. The generator current during isolation of an island with power
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Fig.10. The PV power plant current during isolation of an island with
power excess
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Fig.11. The change of the frequency during isolation of an island with
power excess

The laboratory tests

Laboratory tests were conducted to verify the
performance of frequency protection relays. A protection
relay equipped with over- and underfrequency and ROCOF
criteria was investigated. Using the Omicron CMC356 tester
and COMTRADE type files generated from simulation
studies, different variants of frequency changes were
simulated. Furthermore, the response of the protection
device, manufactured by one of the key companies on the
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market, was verified. The block diagram of the measurement
system is shown in Figure 12.

Typical for the European power system settings of
frequency criteria were used during laboratory tests.
According to the network code on requirements for grid
connection of generators established by the European
Commission, the settings for frequency relays should be
defined by the proper Distribution System Operator [28], [37].
On the other hand, the American standard IEEE-1547
designates the ranges of setting groups for the under- and
overfrequency criteria [38]. For the purpose of the tests, the
different lengths of time delay for over- and underfrequency
protection were examined. Moreover, in the case of the
ROCOF criterion, the parameters of the measurement
windows were varied. These settings have a significant effect
on the tripping time of ROCOF protection. A summary of the
settings of the tested frequency criteria is shown in Table 1.
The settings of ROCOF's measurement windows were
programmed to obtain a window with a short tripping time
(about 250 ms) and a window with a long tripping time (about
750 ms). It must be emphasized that in the case of using the
ROCOF criterion, time delays are not utilized. The time of its
operation depends strongly on the measurement window
settings.

Relay

Omicron PC
CMC356 < (COMTRADE)

Fig.12. The block diagram of the measurement system

Table 1. The settings of frequency criteria

Criterion Threshold Time delay
Short | Long
Overfrequency 1%stage (>) 50,5 Hz 03s | 1s
Overfrequency 2™ stage (f>>) 51 Hz 02s | 0,5s
Underfrequency 1% stage (f<) 49,5 Hz 05s | 1s
Underfrequency 2" stage (f<<) 49 Hz 0,2s | 0,5s
ROCOF 2 Hz/s Os Os

The COMTRADE files used throughout the tests have
contained different frequency variations resulting from active
power excess or deficiency in the examined island. The
results of this experiment were divided into two variants —
increase (Table 2) and decrease (Table 3) of frequency.
Each variant is described with four different settings
combination:

1) Group 1 - Fast measurement window of ROCOF criterion
and short time delay of frequency criterion,

2) Group 2 - Fast measurement window of ROCOF criterion
and long time delay of frequency criterion,

3) Group 3 - Slow measurement window of ROCOF criterion
and short time delay of frequency criterion,

4) Group 4 - Slow measurement window of ROCOF criterion
and longtime delay of frequency criterion.
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Table 2. The results of laboratory tests — frequency increase

Group Criterion Reaction
Overfrequency 1% stage (f>) Pick-up
1 Overfrequency 2™ stage (f>>) -
ROCOF Trip
Overfrequency 1% stage (f>) Pick-up
2 Overfrequency 2™ stage (f>>) -
ROCOF Trip
Overfrequency 1% stage (f>) Trip
3 Overfrequency 2™ stage (f>>) -
ROCOF -
Overfrequency 1% stage (>) Pick-up
4 Overfrequency 2™ stage (f>>) -
ROCOF Trip

The impact of different setting groups and frequency
variations on the protection response was examined during
the tests. It can be concluded that the use of slow
measurement windows of the ROCOF criterion results in the
lack of response of this criterion to simulated frequency
changes. In such cases, over- and underfrequency criteria
with appropriate stages have proper conditions to trip.
Moreover, utilizing setting groups with fast measurement
window, the ROCOF criterion operates faster than under- or
overfrequency criteria. Under these terms, the frequency
criteria are only picked-up.

Table 3. The results of laboratory tests — frequency decrease

Group Criterion Reaction
Underfrequency 1% stage (f<) Pick-up
1 Underfrequency 2™ stage (f<<) -
ROCOF Trip
Underfrequency 1% stage (f<) Pick-up
2 Underfrequency 2™ stage (f<<) -
ROCOF Trip
Underfrequency 1% stage (f<) Trip
3 Underfrequency 2™ stage (f<<) -
ROCOF -
Underfrequency 1% stage (f<) Pick-up
4 Underfrequency 2™ stage (f<<) -
ROCOF Trip
Conclusion

Frequency protection is now required based on the
provisions of various documents and legal acts. An important
issue is their proper parameterization and selection for the
specific cases. As shown in the article, frequency variations
are affected by many factors. These are related to the
parameters and/or design of the distributed source itself
(inertia H, damping factor Kp), as well as to the loads installed
deep in the network (damping factor D).

The rate of change of frequency is affected mainly by the
inertia H of the source. The higher its value, the lower the
dynamics of change. In addition, the damping resulting from
the design of the generator and the character of the load
installed in the grid also affects the rate of change of
frequency. In the case of non-damping, the frequency
changes have a fast-variable linear character, while when the
damping increases, the changes assume an exponential
character; the slower the variable, the greater the value of
the damping factor is. When a distributed source is equipped
with control systems, the frequency dynamics change
depending on the devices used.

The properties of the distributed sources described above
significantly impact the performance of frequency protections
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installed in distribution grids. In addition, the performance of
these protections is closely related to their settings. In the
case of supplying the distribution system from sources with
low inertia, such as IBRs, the ROCOF criterion can detect the

elements should be well designed, considering the types of
sources installed in the power system and their share in
energy production. The analysis presented in the article can
be used to achieve the reliable coordination.

frequency disturbances faster than standard frequency
criteria. However, high inertia energy sources, such as
synchronous generators, are characterized by slower
frequency changes. Thus, in the case when their share is
dominant, the standard underfrequency and overfrequency
criteria might operate more reliably than the ROCOF
criterion. Therefore, coordination of the mentioned protection
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