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Abstract
The grid-tied inverter synchronizes with the network on the basis of the instantaneous voltage phase angle.
This angle is computed by the so-called synchronization algorithms. During grid disturbances, it is estimated
with a certain accuracy, which varies for different disturbances and depends on the choice of algorithm.
The tests presented here determine how to make an optimal selection of the synchronization algorithm.
The research methods used are modeling, simulation and analysis of the results obtained. One of the most
important outcomes is the determination of the root-mean-square sync error and its dynamics denotation.
The research conclusions should be of particular interest to designers of distributed energy systems with
a large number of inverter energy sources.
Keywords: inverter synchronization, synchronization angle, PLL, sync error, distributed grid.
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1. Introduction

The synchronization of distributed energy sources which are connected to the electrical grid
through power electronic converter requires precise identification of the instantaneous phase
voltage angle. The determination of this angle causes no problem for an ideal power grid voltage
characterizing a constant frequency and monoharmonic voltage shape. Unfortunately, in practice,
such working conditions do not exist. Usually, the voltage in the power grid is distorted and the
frequency may change slightly. Thus, accurate identification of the voltage phase angle plays a key
role in the synchronization process and the quality of inverter operation.

Therefore, all generation systems connected to the power grid require accurate, continuous
identification of the instantaneous phase angle. These systems include both large turbogenerators
of conventional steam in coal power plants and hydrogenerators as well as distributed energy
sources such as wind, diesel, photovoltaic and battery supplied micro-generators.
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As shown in paper [12], regardless of the type of generator, the synchronization process
requires very accurate identification of the instantaneous voltage phase angle. This angle corre-
sponds to the angular path of the fundamental harmonic of the supply voltage. For a three-phase
system (1) of power grid voltage ug (t), or its equivalent notation Uαβ (t) in a two-phase αβ
frame (3) [16], the instantaneous synchronization angle (sync angle) is determined by the integral
function (2) [9]:
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Due to the periodicity of trigonometric functions, the θg (t) angle of monoharmonic voltage
takes a sawtooth shape corresponding to the instantaneous phase shift angle of the uα (ωgt) voltage
component (Fig. 1).

Fig. 1. Interpretation of the grid synchronization angle specified for a monoharmonic symmetrical voltage.

A generation system connected to the power grid must be synchronized with this network.
Thus, in the remaining part of the paper, the instantaneous phase angle θg (t) is determined as
the synchronization angle. The voltage of the exemplary micro-generator connected to the grid
and its instantaneous phase angle is represented by the analogous formula as (1) and (2), with the
difference that, instead of index g, index µ is applied to describe voltage uµ (t) and angle θµ (t).

There are several methods that identify the synchronization angle. These methods include
direct and indirect identification methods that use computational structures working in feedback
or feedforward lines.

Indirect methods can have various computational complexity. The classic solution for three-
phase systems is the Synchronous Reference Frame Phase Locked Loop (SRF PLL) algorithm
[2, 3, 6, 22]. Its extensions use decomposition into positive and negative components [5] (e.g.
Double Decoupled Synchronous Reference Frame DDSRF) [3], adaptive algorithms based on
Model Reference Adaptive Systems (MRAS) [23], etc. [3, 6, 11, 13, 15, 23].

The choice of a synchronization algorithm depends on the type of disturbance and the tasks
of the power electronic inverter, which includes active network support under the Fault Ride
Through (FRT) grid codes [4, 10]. Meeting these tasks is especially important in distributed grids
with a high amount of modern renewable energy generators.

356



Metrol. Meas. Syst.,Vol. 27 (2020), No. 2, pp. 355–371
DOI: 10.24425/mms.2020.132780

However, despite the importance of synchronization, the choice of its algorithm is most
often based on the expert knowledge of the designer. It is difficult to find information about
objective methods of assessing synchronization algorithms. Therefore, the aim of this paper
is the objectification of the assessment of synchronization algorithms. The research methods
applied include mathematical modeling, computer simulation and analysis of results. The scope
of work comprises an introduction to the synchronization of power electronic inverters, a brief
description of synchronization algorithms, conducting simulation tests and their analyses, and
the formulation of conclusions. The grid disturbances studied are especially dangerous for the
stability of power grids [20], and concern voltage sags and incorrect switching of power lines
in distribution power stations as well as higher harmonic impact in steady and instantaneous
states.

2. Priorities of synchronization algorithms and measures of estimating
the accuracy of the synchronization angle

It is most commonly accepted that the synchronization algorithm should produce the ideal
saw-tooth instantaneous phase angle, regardless of the type of disturbance. The key demands to
assess these requirements are:

i) precise identification of the zero crossing of the first harmonic of the grid voltage and
determination of the voltage frequency or period,

ii) determination of voltage phase angle linearity,
iii) identification of voltage phase angle delay.

Meeting these requirements allows active support of the power grid through collaborating
micro-generators. Regardless of the type of disturbance, a three-phase symmetrical voltage is
required at the output terminals of the inverter.

This paper investigates the meeting of i÷iii conditions by various synchronization algo-
rithms. The key value for this investigation is the synchronization error δ which is the input
to determine the root mean square error (rmsδ ). For several discussed disturbances and a se-
lected group of synchronization algorithms, an analysis of the root mean square error and its
changes over time was performed. The assessment of accuracy of the synchronization angle is
closely related to the listed priorities. Therefore, the measure of the estimation of zero crossing
and the first harmonic frequency are the estimates of angle δ(t) and rotation ω̂(t). These esti-
mates can change over time. The δ(t) error estimation can converge to zero or to another given
level.

The incompatibility with the ideal saw-tooth shape of θµ (t) may vary. The signal estimated
can be shifted by a fixed value in reference to the θg (t) angle of the voltage grid (Fig. 2a).
Disturbances also have a more complex form, as shown in Fig. 2b.

a) b)

Fig. 2. Incompatibility of the estimated synchronization angle θµ (t) of the micro-generator with the grid phase θg (t).
a) constant angular displacement, b) angular displacement with additional oscillations θµ (t).
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The following measures were taken to assess the estimation accuracy of the synchronization
angle:

– instantaneous value of the δ(t) phase error,

δ(t) = θg (t) − θµ (t), (4)

where: θg (t) – instantaneous grid phase in a symmetrical voltage state, θµ (t) – instantaneous
phase of the micro-generator defined later in the paper as of the estimated sync angle.
Moreover, the subscript “µ” is substituted by the name of the algorithm used: DSOGI,
DDSRF, SRF and ATAN;

– root-mean-square rmsδ of the instantaneous value of the δ(t) phase error.
The instantaneous value of phase error δ(t) determines the inaccuracy of synchronization, and
its graphic interpretation is shown in Fig. 2. This error allows the assessment of synchronization
in both steady and transient states. The quasi-stationary measure is the root mean square error.
This error calculated for the period T allows to determine if and how the rmsδ of the sync error
changes over time. Its formula is defined in the same way as the formula for the rms current or
voltage. Due to the symmetrical nature of the δ(t) error, in the paper rmsδ is computed for the
1/2 supply period. Thanks to this, it is possible to specify more precisely transient changes of δ(t)
and the time after which the sync error is negligible.

rmsδ =

√√√√√√ 1
T

T∫
0

(δ(t))2 d t . (5)

For an objective assessment of errors, it is preferable to use measures in the range [0; 1].
Such ranges are obtained for relative values, i.e. measures related to the base quantities. For
angular measures with a small value, additional possibilities make angle representation by its sine
function. For the tested cases, the estimated angles are very small on the order of several degrees.
Hence, in expression (5) instead of the synchronization error δ, it is possible to determine the
sinus function of this angle, i.e. sin(δ). The obtained results of sin(δ) measures are determined on
a set of values from the range [−1; 1], and the root mean square error rmssin(δ) on the range [0; 1].

rmssin(δ) =

√√√√√√ 1
T

T∫
0

[sin (δ(t))]2 d t. (6)

This method gives good results for small angles δ, hence it can be used to estimate synchro-
nization errors. In the computational program, variables are designated according to a description
shown in Table 1.

Table 1. Designation of variables and indicators used in the computational program (Matlab).

Variable description Variable Designation in the
computational program

synchronisation angle θ (t) theta

synchronisation error δ(t) delta

root mean square error rmssin(δ ) rms(delta)

response time – delay
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3. Synchronization algorithms

The number of synchronization algorithms applied in power electronic converters is very large
[1–4]. For three-phase networks, one can distinguish algorithms based on zero-crossing detection,
operation in open-loop systems, or in closed-loop systems. The first of these systems, based on
zero-crossing detection, is not resistant to disturbances. It is sensitive to accidental zero crossings
and cannot estimate the synchronization angle online. Its maximal synchronization errors can
reach a value close to the voltage period. The other two types of algorithms, operating in open
as well as in closed loop systems, are used in various configurations, such as: low and band-pass
filter [3], weighted least square estimation [6], notch filter or resonant filter [19] or trigonometric
filters [8]. They can be an attractive alternative, especially due to short computation time.

The closed-loop algorithms offer more advanced possibilities. They can operate with high
accuracy even in asymmetric or nonlinear conditions. Among many different structures, the
most frequently described algorithms include Synchronous Reference Frame Phase Locked Loop
(SRF-PLL) [1, 7, 21], Double Synchronous Reference Frame or Double Decoupled Synchronous
Reference Frame (DDSRF PLL) [17], Second-Order Integrator (SOGI PLL) and Double Second-
Order Integrator (DSOGI PLL) [16, 17], Robust PLL [17] or adaptive algorithms. Out of the
mentioned synchronization algorithms, the four most often used were selected for the tests in
question i.e. SRF-PLL – Synchronous Reference Frame Phase Locked Loop, ATAN – Arc
Tangent filter estimating the synchronization angle based on the space vector in the αβ reference
frame, DDSRF PLL – Double Decoupled Synchronous Reference Frame Phase Locked Loop and
DSOGI PLL – Double Second-Order Generalized Integrator PLL.

Parameters of the SRF-PLL, DDSRF and DSOGI regulator algorithms have been tuned in
accordance with the guidelines of optimal settings, which are described in the scientific literature
and academic textbooks [1, 21, 24]. They consistently indicate that the optimal settings are
selected by tuning the damping factor ζ and the settling time Ts, described in detail among
others by a team from the Aalborg University of Technology [1, 21]. It can, obviously, happen
that under specific disturbance conditions and modifications of the control aims, the controller
settings should be changed. However, such a research task goes beyond the purpose of the present
article. It is expected that the problem in question will be addressed in a follow-up study by the
authors.

3.1. Synchronous Reference Frame PLL

The basic algorithm for the synchronization of three-phase voltages is the SRF-PLL shown
in Fig. 3a where the instantaneous value of the phase angle is detected by synchronization of
the rotating reference frame with the power grid voltage vector. The SRF-PLL algorithm uses
variables received after the application of the Clarke transformation, which converts a natural
abc frame into an αβ two-phase frame, and then the Park transformation converting αβ into
a rotating dq frame. The position of a grid angle is obtained by setting the Uq at zero and then
the result of the comparison is processed by a PI controller. The estimated synchronization speed
ωθ after adding grid frequency ω0 and integration of the result generates the θPLL(t) sync angle
with a grid saw-tooth shape for sinusoidal and symmetrical grid voltages.

3.2. Double Decoupled Synchronous Reference Frame PLL

As in SRF-PLL, in this algorithm (Fig. 3b) the instantaneous value of the grid voltage phase
angle is detected by synchronization of a rotating reference frame with the grid voltage vector.
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a) b)

c) d)

Fig. 3. Synchronization algorithms considered in the paper: a) Synchronous Reference Frame SRF-PLL; b) Double
Decoupled Synchronous Reference Frame DDSRF; c) Double Second-Order Generalized Integrator DSOGI PLL, where

QSG are Quadrature Signal Generators; d) ATAN simplified Tangent filter algorithm.

The approach is also based on the coordinate transformation from abc to αβ, and then from αβ
to dq. The main difference is the use of the positive sequence voltage component. To achieve
this, two transformations are introduced which transfer variables to systems rotating in positive
dq+ and negative dq− sequences. Based on the results of the Tαβ/dq+ transformation and thanks
to the decoupling algorithm, the synchronization angle θ(t) can be determined according to the
classic SRF PLL algorithm. Such actions allow estimating the sync signal even with the presence
of asymmetrical voltages. However, due to a large number of computations, the processing time
is definitely longer than that of the classic SRF PLL.

3.3. Double Second Order Generalized Integrator PLL

One of the most frequently applied alternative synchronization algorithms is the Double
Second-Order Generalized Integrator PLL (DSOGI), shown in Fig. 3c. Unlike the DDSRF-PLL
algorithm, the components of the voltage spatial vector are filtered in the αβ stationary system
and not in the rotating system dq. Filtrations are carried out by two resonant filters shifted to
each other by 90 deg, which removes negative voltage components. From here, only the positive
component vector is fed to the SRF-PLL input.

3.4. Arc Tangent filter ATAN

The algorithm (Fig. 3d) belongs to the group of estimators working without a feedback loop.
It operates on variables in the αβ stationary frame. In its structure, the perpendicular voltage
paths α and β are filtered. After this action, voltages are fed to the inputs of the Arc Tangent block
which calculates the sync angle θ(t).

This type of algorithm is only useful in cases where the three-phase signal of the network is
symmetrically balanced. The advantages of this solution are short computation time and simplicity
of implementation.
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4. Sync angle estimation tests and their accuracy analysis

As mentioned in section 2, selected synchronization algorithms were tested against disturbance
on the step phase change of the voltage grid, single-phase short-circuit and two-phase short-circuit.
Four types of synchronization algorithms, SRF-PLL, ATAN, DDSRF PLL, and DSOGI PLL were
studied. The object of the research was a photovoltaic micro-generator which was coupled to the
power grid via a vector controlled inverter with the Voltage Oriented Control system (Fig. 4).
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Fig. 4. Simplified diagram of a photovoltaic micro-generator connected to a grid by a VOC inverter with switchable
synchronization algorithms and simulated disturbances in the power grid.

Computational research was carried out in the Matlab Simulink program. The results of each
test are presented in the graphical form showing instantaneous phase angle θg (t) and inverter
synchronization angle θµ (t), instantaneous error δ(t) and root mean square error value rmssin δ .
The cumulative comparative values of the root mean square errors for all the samples are presented
in the form of histograms shown in section 5.

In the computational program, variables are designated according to the description shown in
Table 2.

Table 2. Designation of variables and indicators in the applied computational program Matlab.

Variable description Variable Designation in the
computational program

synchronization angle θ (t) Theta

synchronization error δ(t) delta

root mean square error rmssin(δ ) rms(delta)

4.1. Effect of a phase angle step change on the accuracy of sync angle estimation

A step-change in the phase angle can happen as a result of switching the power line. If the
angle reaches several degrees, then this deviation can be caused by a different parameters of the
switched transmission line. If the angle is about 30 degrees or a multiple of this value, then the
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source of such a large shift is caused by a different group coupling the transformers supplying the
lines. For example, switching from Dz6 to Dy5 is accompanied by a step-change in a three-phase
voltage shift of 30 degrees. Such a case was considered during the research and it is illustrated
in Fig. 5.

Fig. 5. A 30-degree phase step of the Uabc voltage being the consequence the DZ6 to Dy5 switching at t = 0.11 s.

This switching qualifies for an emergency event. Its impact on the operation of the inverter
can be assessed on the basis of synchronisation errors. Figures 6a–d and 7a–d show the obtained
synchronisation results.

a) d)

b) e)

c) f)

Fig. 6. The impact of a 30-degree phase step on the synchronisation angle θ (t) (Theta(t) in the figure), sync error δ(t)
(delta(t)) and the root mean square of error rmsδ during synchronisation using the following algorithms: DSOGI PLL –

graphs a)÷c); DDSRF PLL – graphs d)÷f).

For the estimated synchronization angle, the traces of the grid phase angle θg and the sync
angle θµ estimated by algorithms ATAN and SRF PLL overlap, so in Fig. 6a and Fig. 6d only
one line is visible. This is confirmed by an almost imperceptible error in the delta diagram –
b) and e) and rms (delta) in diagrams c) and f). In the case of the classic SRF PLL algorithm,
a noticeable error occurs only for the first half-cycle of the disturbance. In subsequent periods,
the error practically decreases to zero. The peaks in Fig. 7e) result from numerical processing
and due to their very short duration are not even visible in rms calculations and are of no practical
importance.
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a) d)

b) e)

c) f)

Fig. 7. The impact of a 30-degree phase step on the synchronisation angle θ (t) (Theta(t) in the figure), sync error δ(t)
(delta(t) in the figure) and the root mean square of error rmsδ during synchronisation using the following algorithms:

ATAN – graphs a)÷c); SRF PLL – graphs d)÷f).

4.2. Effect of a single-phase short circuit on the accuracy of sync angle estimation

The single-phase short circuit considered takes place during short-circuits in four-wire net-
works and happens during the connection of any line phase with a neutral line (Fig. 8).

Fig. 8. The L2 line short circuit to zero potential wire.

For this type of transient short circuit, the operating conditions must survive for the time
specified in the FRT codes of the grid operator. In the time required by these codes, active
participation in voltage recovery is required. This is why the full capacity of inverters to generate
symmetrical voltage is so important and correct synchronization is essential for obtaining such
a property. How individual synchronization algorithms implement this is shown in Figs. 9a–f and
Figs. 10a–f.

During a short circuit, the DSOGI PLL and DDSRF PLL synchronization the rmsδ errors
converge to zero (Fig. 9). It follows that inverters with these algorithms actively support the
electric grid during single-phase short-circuits.
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a) d)

b) e)

c) f)

Fig. 9. The impact of a single-phase short-circuit on the synchronisation angle θ (t) (Theta(t) in the figure), sync error
δ(t) (delta(t) in the figure) and the root mean square of error rmsδ during synchronisation using the following algorithms:

DSOGI PLL – graphs a)÷c); DDSRF PLL – graphs d)÷f).

a) d)

b) e)

c) f)

Fig. 10. The impact of a single-phase short-circuit on the synchronisation angle θ (t) (Theta in the figure), sync error
δ(t) (delta in the figure) and the root mean square of error rmsδ during synchronisation using the following algorithms:

ATAN – graphs a)÷c); SRF PLL – graphs d)÷f).
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The root mean square error for the ATAN and SRF PLL algorithms indicates that the rmsδ
error never decreases to zero (Fig. 10). Therefore, with single-phase short-circuits, neither of the
algorithm supports the network in response to a symmetrical three-phase supply voltage.

4.3. Effect of a two-phase short circuit on the accuracy of sync angle estimation

In the course of the analysis, it was assumed that a two-phase short circuit is a direct connection
of two phases.

Fig. 11. Voltage during a direct short circuit of two phases L2 and L3.

a) d)

b) e)

c) f)

Fig. 12. The impact of a two-phase short-circuit on the synchronisation angle θ (t) (Theta(t)), sync error δ(t) (delta(t))
and the root mean square of error rmsδ during synchronisation using the following algorithms: DSOGI PLL – graphs

a)÷c); DDSRF PLL – graphs d)÷f).

Similarly to a single-phase short-circuit, the use of synchronization algorithms SRF PLL and
ATAN leads to a constant high value of synchronization errors. Therefore, this solution does
not meet the conditions for correct operation of micro-generators supporting the electric grid.
In contrast, the advanced DSOGI PLL and DDSRF PLL algorithms overcome this short circuit
very well.
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a) d)

b) e)

c) f)

Fig. 13. The impact of a two-phase short-circuit on the synchronisation angle θ (t) (Theta(t) in the figure), sync error
δ(t) (delta(t) in the figure) and the root mean square of error rmsδ during synchronisation using the following algorithms

ATAN – graphs a)÷c); SRF PLL – graphs d)÷f).

4.4. Impact of unbalanced load on grid disturbed by higher harmonics

The synchronization algorithms used in the present research operate with high accuracy during
disturbances caused by higher harmonics of voltage at symmetrical three-phase grid voltages.
This is documented by research results conducted among others at the universities of Aalborg,
Barcelona, Napoli, Warsaw and Lublin [1–3, 9, 13, 16–18]. However, if the three-phase voltage
system does not meet the symmetry conditions, the operating conditions definitely deteriorate,
and the accuracy of the synchronization angle estimation can be laden with an error.

During the implementation of such asymmetrical conditions, an assumption was made that
the power grid is loaded by a power electronic converter, e.g. a station for charging electric
vehicles. It was assumed that with a symmetrical load the level of distortion by the fifth harmonic
is 7.8%, by the seventh harmonic – 3.2%, and the total harmonic ratio of voltage distortion equals
THDu = 8.6%. After a double overloading of one of the power phases, an unbalanced three-phase
voltage system was created. As a result, the third harmonic with 9.8%, the fifth harmonic with
8.9% and the seventh harmonic with 4.2% were identified in the line voltage, and the THDu was
14.3%. For these conditions, similarly to previous cases, simulation tests were carried out, the
results of which are presented in Figs. 14–16. During the simulation tests, an initial state with
a symmetrical voltage system was predicted (Fig. 14, time from 0.1 to 0.11). At t = 0.11 s, an
unbalanced step load was generated which resulted in the above-mentioned unbalanced voltage
system.

Based on the obtained results, it can be stated that the synchronization algorithms tested
determine the angle of synchronization with a high degree of accuracy even if there occurs
a significant deformation of higher voltage harmonics. The accuracy level of the estimated
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Fig. 14. Voltage in the presence of higher harmonics.

a) d)

b) e)

c) f)

Fig. 15. The impact of a higher harmonic on the synchronisation angle θ (t) (Theta(t)), sync error δ(t) (delta(t)) and
the root mean square of error rmsδ during synchronisation using the following algorithms: DSOGI PLL – graphs a)÷c);

DDSRF PLL – graphs d)÷f).

a) d)

b) e)

c) f)

Fig. 16. The impact of a higher harmonic on the synchronisation angle θ (t) (Theta(t) in the figure), sync error δ(t)
(delta(t) in the figure) and the root mean square of error rmsδ during synchronisation using the following algorithms

ATAN – graphs a)÷c); SRF PLL – graphs d)÷f).
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synchronization angle, determined by the rms root mean square error, was in the range of 5–
7%. Even a rapid increase in the deformation level, produced by unbalanced grid voltages, did
not cause significant changes and remained within the range of 4 to 8.5% rms. As was to be
expected, during voltage unbalance the synchronization angle was best estimated by the DSOGI
and DDSRF algorithms which showed by far the best results in all the states of power grid
asymmetry considered in this study.

5. Analysis and evaluation of the results received

In order to compare the results presented in Figs. 5 to 16, bar charts in Fig. 17 show the
maximum and final values of rmssin(δ) errors for the considered disorders. In this graph, the
blue bars indicate the maximum error, and the red bars specify the error at the end of the
simulation time.

a) b)

c) d)

Fig. 17. An evaluation of the accuracy of synchronization angle estimation during an event as: a) phase jump, b) single-
phase short-circuit, c) two-phase short-circuit, d) higher harmonic disturbances; where: rms_d – specifies maximal value

of the rmssin(δ) , final – specifies final value of the rmssin(δ ) at the end of simulation time.

Based on the presented results, it is clearly seen that the DSOGI and DDSRF algorithms
achieve very good results both in the assessment of the maximum level of interference and
steady-state. Only in the case of a phase jump the initial values are much higher for these
algorithms. However, this error is not dangerous for converters, due to the high dynamics of the
synchronization causing the error to fall almost to zero and limiting the active current, which
protects the converter and the micro-source against an excessive increase of line current.

As expected, the worst conditions occur with unsymmetrical voltage sags. The presented
assessment method confirms this. The danger lies in the fact that synchronization errors for the
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SRF PLL and ATAN algorithms do not go down to zero. This can be a serious problem with
meeting the FRT conditions of a grid operator [4, 10].

The last chart, Fig. 17d, confirms that higher harmonics produce synchronization errors and
in addition, asymmetrical non-linear loads increase these errors. The error rate for these disorders
is stable and does not decrease as a function of time. When analyzing error levels in Fig. 17d,
it should be noted that the scale on the vertical ordinate axis is more than five times smaller
than in the adjacent graph 17.c and, therefore, the maximum errors are accordingly smaller. This
confirms that advanced DSOGI and DDSRF algorithms work effectively even during a higher
harmonic disturbance.

6. Summary

The analysis presented here is based on the error root mean square rmssin(δ) , its changes in
time and the temporary error δ(t) itself. On its basis, it can be concluded that the correctness of the
adopted method of objectification of the measure and assessment of the accuracy of the estimated
synchronization angle has been proved. This fact, therefore, confirms the implementation of the
research objective of this paper.

The above statement results from the analysis of the outcomes. The cases shown refer to
disorders of a different nature and causing different effects. The algorithms used are representative
examples and some of the most commonly used in control systems of grid-tied inverters. The
proposed method allows to determine instantaneous synchronization errors δ(t) and then the
rmssin(δ) . Using the values computed in this way, it is possible to formulate evaluations of
individual algorithms in relation to the type of disturbance. It is also very important that these
assessments prove the results of scientific research, which confirms the validity of the method
applied to assess the accuracy of the synchronization estimation.

The proposed assessments can be extended to other algorithms and disturbances. Their further
analysis is the subject of the authors’ broader scientific studies, in which the simulation results
will be verified in a real laboratory set-up.
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