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ABSTRACT One of the general trends in power industry is the penetration of distributed generation
(DG) units. The ongoing transformation of electric power systems (EPS) due to this penetration leads to
a significant change in the properties of power systems. The problem arises in the ensuring stability of
distribution system with DG units and EPS as a whole, especially in the case of large disturbances. The
main way of solving this problem is positive-sequence phasor time-domain simulation. However, the known
simplifications and limitations are inevitably applied at such simulation. In this regard, the obtained
simulation results need to be validated. This paper proposes an alternative approach for validation of
processes calculations, based on the use of a benchmark tool instead of field data. The hybrid simulator
is proposed to use as a benchmark tool, because such simulator allow to obtain comprehensive information
about a single spectrum of wave, electromagnetic, electromechanical processes in power system in cases
of different large disturbances. That makes possible to identify the impact of the applied simplifications
and limitations in the positive-sequence simulation on the reliability of power system stability assessment
in the case of large disturbances. The studies presented in this paper were carried out using the scheme of
distribution system with DG units, which is part of a real EPS. The obtained results demonstrate the arising
errors in stability calculations, the nature of their changing and causes of occurrence, as well as factors
affecting them.

INDEX TERMS Cross-validation, power system stability, distributed generation, hybrid simulation,
positive-sequence simulation.

I. INTRODUCTION
Currently, one of the main directions of development and
enhancement of electric power systems (EPS) is the penetra-
tion of distributed generation (DG) units. It is inevitably lead
to a significantmutual impact of transients in the transmission
system and distribution network with DG units. Because
of this, the control of distribution system with DG units
becomes more complicated [1] and, as a consequence, the
probability of blackouts increases. In this regard, the assess-
ment and ensuring of distribution system stability seems

The associate editor coordinating the review of this manuscript and

approving it for publication was Qiuhua Huang .

to be a non-trivial and relevant challenge, the solution of
which becomes even more difficult in the context of DG
penetration [2]–[4].

At present, a positive-sequence phasor time-domain sim-
ulation is a main approach to study and solve challenges
related to the stability of a practical distribution system with
DG [5]. However, the total mathematical model of any power
system always contains a stiff nonlinear system of differential
equations of extremely high order. For improvement in the
numerical robustness, a number of simplifications and limi-
tations are applied: (1) decomposition of a single continuous
process in EPS, (2) use of single-phase schemes instead of
three-phase, (3) simplification of EPS component models,
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(4) limitations of the time interval of processes simulation.
During modeling conventional power systems, this approach
allowed to obtain acceptable results. This is due to the fact
that power system stability was determined mainly by high-
inertia synchronous generators and their control systems, and
it was enough to consider only fairly slow electromechanical
phenomena [6]. However, the indicated simplifications can
have a significant impact on the reliability of the stability
calculations in modern power systems with DG, since in
this case the fast transients become determining for power
systems dynamics. In this regard, the results of such model-
ing, currently obtained using various software programs and
tools (STs), should be validated [7]. A ‘cross-validation’ of
stability calculations for such grids is carried out [8]. A new
approach for such validation is presented in this paper. The
main feature of the developed approach is used a hybrid
multiprocessor simulator as a benchmark tool for obtaining
comprehensive information about transients in a distribution
systems with DG units. Such approach allows identifying the
causes of simulations errors at stability studies by using STs
and the affecting factors. The remainder of the paper is orga-
nized as follows. Section II is devoted to the analysis of the
impact of DG units on the distribution systems stability and
factors that determine this impact. Section III describes the
proposed approach for the validation of stability calculations.
Section IV outlines the principles and approaches to power
systems simulation. Section V is devoted to the description
of the investigated model of a real power system and the
applied validation criteria. Section VI presents the results
of experimental studies of the cross-validation procedure.
Finally, conclusions are presented in Section VII.

II. STATE-OF-THE-ART IN THE STABILITY STUDIES OF
DISTRIBUTION SYSTEMS WITH DG
At present, a large number of studies have been carried out
on the analysis of transients in distributions systems with
DG units, the results of which show the impact of DG on
all stability types. The DG units improve the damping of
electromechanical oscillations, but, at the same time, their
frequency increases [1], [9]. The amplitude of power sys-
tem variables oscillations increases after a disturbance in the
EPS, which becomes even greater in the case of DG units’
disconnection from the grid [10]. The amplitude and rate of
frequency deviations also increase, on the contrary, the volt-
age drops become smaller. The indicated impact of DG are
associatedwith their features, themost important of which are
a low inertia in compare with conventional generating units
and a connection near to the load.

There are various types of DG units with their own char-
acteristics and impact on the stability. The units based on
renewable energy sources are predominant, but DG based
on low-power synchronous generators (SG-based DG units)
connected to the distribution network also has a signifi-
cant share [11]–[13]. Such units, which include synchronous
generator and its excitation system, discussed in this
paper.

Quite often, the DG units are connected to the deficient
distribution networks that operate as part of the EPS and
have weak ties. For such grid, a transition to isolated oper-
ation, including after a disturbance, is undesirable, since it
inevitably leads to the disconnections of consumers. There-
fore, taking into account the need for parallel operation of
such distribution systems with the main transmission sys-
tem during disturbances, there is a significant impact of
the external network on transients in the distribution system
with DG units and its stability as a whole. In particular,
the transmission network elements determine the nature and
rate of voltage restoration after a disturbance, which is the
main factor determining the stability of distribution system,
according to the studies [14]. Due to the complexity of the
numerical simulation of large-scale EPSs, in many studies
aimed at stability assessment the external network is repre-
sented by one equivalent area, thereby completely excluding
its impact. However, some authors note the need for a detailed
representation of the external network in the analysis of
distribution system with DG units stability [15], [16]. Thus,
the ongoing changes in the EPS contribute to an increase in
the mutual impact of processes in the distribution system and
high-voltage transmission network. In this regard, it becomes
necessary to model large-scale power systems with a detailed
representation of the transmission and distribution networks
for the comprehensive stability assessment. It is associated
with serious difficulties due to the previously indicated prob-
lems of numerical integration. The validation approach pre-
sented in this paper allows to assess the impact of applied
simplifications and limitations in power system simulation on
the reliability of stability calculation of distribution systems
with DG units.

Besides to the impact of the transmission systems on tran-
sients in distribution networks, the DG units’ features lead to
the emergence of new aspects that must be taken into account
in distribution systems stability studies. Therefore, the IEEE
PES Task Force [17] has developed a new classification of
stability, which can be applied to distribution systems with
DG units operating in parallel with EPS, due to similar state
features and the nature of instability (the authors also note that
the current distribution systems are evolving into microgrid).
The large disturbances are analyzed for all classes, in contrast
to the previously applied approach to assessing microgrid
stability, based on linearization techniques and consideration
of only small disturbances [18] with obtaining of very limited
information [19]. The most critical disturbance is a three-
phase-to-ground fault. In this case, significant deviations of
power system variables occur and a probability of instability
is very high. One of the main and most important indicators
determined by fault simulation, especially for distribution
systems, is a critical clearing time (CCT), which reflects the
stability margin [20]. The calculations validation in the case
of faults with a time duration close to a CCT is also important
due to the dependence of DG protection on the transients aris-
ing during fault [21]. In connectionwith the above, the current
paper provides the results of comprehensive validation of
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stability calculations for distribution systems with DG in
the case of three-phase faults and an emerging spectrum of
processes, especially associated with the operation of DG
units’ control systems.

From the above analysis, it follows that the stability of
distribution systems with DG units has been well studied.
However, most of the studies were carried out at a qualitative
level, reflecting only the presence of DG impact on transmis-
sion system stability or its absence on the example of test
small-scale models. This is clearly not enough to carry out a
comprehensive and reliable analysis of the stability ofmodern
distribution networks with DG and, accordingly, to develop a
reliable control of such grids, in which the penetration level
of DG and its impact on the stability continue to increase.
In this regard, the cross-validation of stability calculations via
STs for distribution systems with DG units as a part of large-
scale EPS is an important step towards ensuring the security
operation of power systems.

III. DEVELOPED APPROACH TO VALIDATION
Currently, the main approach to simulation results’ valida-
tion is its comparison with field data recorded by Phasor
Measurement Units [8]. The published results of such valida-
tion demonstrate the differences between simulation results
and recorded data, which is mainly explained by the dis-
crepancy in the parameters of mathematical model and real
EPS [22]–[24]. The adaptation of the calculation results to
recorded data used in these studies consists in variations in
the models’ parameters, mainly in the static characteristics
of loads and regulators (or governors). At the same time,
it is possible to simulate only main trend of the real process.
However, in view of the large number ofmathematicalmodels
parameters, it is extremely difficult to choose an adequate to
the real data set [25]. Also, there are no guarantees that the
EPS model adapted with this approach will reliably simu-
late other states and disturbances that are different from the
recorded data used to adapt the EPS model. It is impossible
to collect field data for all states and disturbances due to their
extreme diversity. In addition, this validation approach does
not take into account the simplifications and limitations used
in the STs.

Therefore, an important step towards increasing the ade-
quacy and reliability of the simulation results obtained via
STs for distribution systems with DG is a cross-validation,
which makes it possible to identify the impact of applied
simplifications and limitations in positive-sequence STs on
the quality of particular processes’ simulation and tasks
solved with their help. In this paper, the cross-validation
is considered in relation to one of the main and most dif-
ficult challenges due to its nonlinear nature and rate of
processes – ensuring the stability of the distribution systems
with DG units, operating in parallel with the external trans-
mission grid in the case of a large disturbance.

The authors of this paper developed an alternative approach
based on the use of a comprehensive information obtained
via a benchmark tool to carry out the cross-validation of

stability calculations of distribution systems with DG units.
Within the framework of the developed approach, an identical
mathematical model of EPS is simulated in the considered ST
and the benchmark tool. The validation scenarios are being
formed. The basis of scenarios is the most critical distur-
bance, information about which is necessary for reliable and
effective stability analysis of distribution network with DG
units. The developed validation scenarios are implemented in
both the studied ST and the benchmark tool. The obtained
simulation results by both tools are compared and analyzed.
The benchmark tool should have the properties of sufficiently
reliable simulation of a continuous spectrum of quasi steady
state and transients on an unlimited time interval in the EPS as
a whole. Given the above problems, the numerical simulation
tools cannot be applied. Therefore, the authors developed
the concept of hybrid power system simulation to create
such benchmark tool, which is aggregating and using several
modeling approaches (analog, physical and digital) to achieve
the indicated properties. The implementation of the hybrid
simulation concept is the Hybrid Real-Time Power System
Simulator (HRTSim), which has all the above properties and
capabilities and can be successfully used as the benchmark
tool [26]. An important feature of the developed approach is
the possibility of a guaranteed validation of the benchmark
tool – HRTSim. The HRTSim validation is possible only
according to the data of any state or process of the simulated
EPS, e.g. according to the quasi steady state obtained from
SCADA. This is possible due to the fact that the same detailed
mathematical models of EPS components and amethodologi-
cally accurate method for its solution are used in the HRTSim
for the entire spectrum of processes. The results of such
validation, taking into account the properties and capabilities
of the HRTSim, can be extended to the entire significant
range of states and processes (0–1000 Hz). The using of the
benchmark tool – HRTSim, which can be validate by only
one state or process in EPS, instead of the transients’ data
used in the existing validation methods, is the main novelty
of the developed approach.

The reliability of the simulation results obtained via
HRTSim is proved by comparison with the field data [27]
and widely used hardware and software fully digital multi-
processors simulators like RTDS [28]. The comparisons of
the simulation results obtained via theHRTSim andRTDS are
carried out just for small schemes. The complexity of reliable
numerical integration for small scheme and the problems of
large-scale EPS simulation via digital simulators [28] are
not manifested. Therefore obtained by digital multiproces-
sors simulators results can be considered reliable for small
schemes and make comparison with them.

IV. POWER SYSTEM MODELING
The EPS model for large-perturbation stability studies in
various STs is presented by following equations system: a
system of first-order differential equations (Eq. (1)) describ-
ing synchronous and asynchronous machines, their control
systems and other EPS components, and a system of
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FIGURE 1. Description of a continuous implicit integration method: DCS
is a digital control signal, DAC is a digital-to-analog converter, OA is an
operational amplifier, uin(t) and uout (t) are input and output voltages,
KDAC is a gain of DAC.

algebraic equations (Eq. (2)) describing network elements
and loads [29].

ẋ = f (x, y, u) (1)

0 = g(x, y, u) (2)

where x is a vector of variable conditions of EPS, y is a vector
of parameters, u is a vector of forcing functions, f and g are
nonlinear functions.

As opposed to a system of differential-algebraic equations
used in all software programs for stability analysis of a large-
scale power system, the detailed three-phase mathematical
model consisting of stiff nonlinear system of high-order dif-
ferential equations is used in the HRTSim. A method of
continuous implicit integration in analog way is used (Fig. 1)
for providing a methodologically accurate, parallel and con-
tinuous real-time solution of such system. Also, it allows
not to simplify the power systems model, i.e. all transients
are described by differential equations including processes of
network elements and loads.

The integration operation is implemented via an integrator
based on an operational amplifier to eliminate the need for
matching and mutual impact of voltage levels of input-output
circuits. All information and control functions, e.g. setting
the parameters of mathematical models, are digitally imple-
mented via a microprocessor unit (MPU), which consists of
several peripheral microprocessors, depending on the type of
the modeled EPS element. The interaction of the simulated
EPS equipment is carried out at the model physical level
(umax = 10 V; imax = 5 mA). A detailed description of this
approach, its advantages, and means of its implementation –
HRTSim, are presented in Ref. [30].

The electrical machines are the main equipment of any
power system and also basis for SG-based DG units con-
sidered in this paper. The adequacy and reliability of the
calculation results depends on the detailing of the machine
mathematical model. Both tools (HRTSim and considered
ST) use the same mathematical model of synchronous
machine based on the Park equations with a single damper
winding on the direct (d) and quadrature (q) axes (Model
2.1 in Ref. [31]), except excluded in the ST the transformer
voltage term. However, the implementation and calculation
of this model via a hybrid approach (Fig. 2) differs from the

numerical one. The parameters of the mathematical model
are entered into the solution scheme using DACs, as well
as the values of excitation voltage efd , mechanical TM and
electromagnetic TE torques, which are formed in the MPU
as a result of solution of corresponding mathematical mod-
els of excitation system, governor and torque equation. The
variables id , iq obtained as a result of the analog solution
are entered into the transformation scheme d , q → A, B, C .
The coefficients Kid , Kiq allow to scale currents and, accord-
ingly, set and change the power of the simulated machine.
The mathematical variables of instantaneous values of phase
currents, which are continuously formed as a result of this
transformation and represented by the voltages u ≡ iA,
u ≡ iB, u ≡ iC , are converted via voltage-current converters
(VCC) into the corresponding model physical currents iA, iB,
iC , which are model phase currents of stator windings.
The commutation of the synchronous machines’ out-

puts is implemented via digitally controlled analog switches
(DCAS). The instantaneous values of voltages uA, uB, uC ,
formed in the output phase nodes of stator windings via
voltage followers (VF) and through a transformation scheme
A,B,C → d , q are scaled by coefficientsKud ,Kuq and entered
back into the solution scheme in the form of independent
mathematical variables ud , uq. All variables are entered into
the analog-to-digital converter processor (PADC) for further
processing and visualization.

The processes in the main EPS equipment (electrical
machines, transformers, power transmission lines, loads,
FACTS devices, etc.) are directly interconnected and themost
significant. At the same time, their mathematical models
are very conservative and differ mainly in the values of
parameters. This gives the reason for their implementation
using the approach presented on the example of electri-
cal machine. Accordingly, the specialized hardware-software
structures (specialized hybrid processors – SP) of another
equipment developed in this way are presented in Ref. [32].
Mathematical models of the main power system components
implemented in the HRTSim can be found in Ref. [30].
Auxiliary equipment (control systems, governors, etc.) and
its mathematical models are extremely diverse. In this regard,
they are simulated in the MPU of each SP.

The separate numerical solution of auxiliary equipment
models in different peripheral microprocessors allows to
avoid numerical methods problems. The main element of the
synchronous machine, which is very sensitive to the occur-
rence of a large disturbance and determines the nature of
transients, is an automatic voltage regulator (AVR) and an
excitation system in general. For distribution systems with
DG units, the operation of automatic control systems (ACS)
has a major impact on the stability in the case of a large
disturbance and, as indicated earlier, is included in a sepa-
rate type of stability. Currently, there are a large number of
excitation systems types and their mathematical description.
The considered commercial ST has the ability to simulate
ACSs, including excitation systems with AVR, of any com-
plexity without simplifications and limitations. In this regard,
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FIGURE 2. Hybrid scheme of synchronous machine simulation.

the current paper discusses identical detailed mathematical
models of excitation systems.

V. POWER SYSTEM DESCRIPTION AND
VALIDATION CRITERIA
A. MATHEMATICAL MODEL OF THE TEST EPS
The mathematical model of the large-scale EPS was devel-
oped for experimental studies. This model includes a defi-
cient distribution system with SG-based DG units. Static
excitation system is modeled with an AVR and a power
system stabilizer (PSS). The used model of AVR&PSS based
on ST4C with PSS2C. The structure and settings of the AVR
and PSS are indicated in each of the experimental cases. The
mathematical model GGOV1 recommended by the IEEE for
stability studies is used to reproduce the DG units’ governor.
The parameters are taken from Ref. [11].

A part of the real power system of Eastern Siberia, Russia,
is used as the studied EPS model, a single-line diagram of
which is presented in Fig. 3. The model of the test EPS
reproduces: the electric network of different voltage level
(transmission and distribution networks), taking into account
power transmission lines, transformers and loads, as well as
the main power plants of this power system (nodes 5–8, 62,
118) and DG units (node 187) with a detailed simulation of
each generating unit. Each generating unit simulates its local
automatic control system (governor, excitation system, etc.),
which corresponds to the actually operated equipment. Thus,

the modeled EPS scheme includes 202 three-phase nodes,
50 electrical machines, 60 power transformers, 114 power
transmission lines and 75 static loads (constant impedance
load model was used). This model of EPS is reproduced in
both the HRTSim and the considered ST for electromechani-
cal transient simulation. Moreover, the mathematical models
of auxiliary equipment (control systems, governors, etc.) and
their settings implemented in both the ST and the HRTSim
are exactly identical. The ST chosen for validation contains
sufficiently detailed mathematical models of the power sys-
tem equipment, a stable numerical integration method, and is
a common tool for power system stability analysis. However,
despite the high level of the development of this tool, it has
all the above-mentioned inevitable simplifications and limi-
tations (see Introduction).

The choice of this EPS is associated with the availability of
a sufficiently complete database with necessary information
about the parameters and characteristics of EPS equipment
(synchronous generators, power transformers, power trans-
mission lines, etc.), including operating algorithms and set-
ting parameters of power system automation, as well as the
availability of the validated SCADA data of the simulated
EPS. The HRTSim validation was performed by comparing
the results of simulating the initial normal operating state of
the test EPS with SCADA data. The resulting reproduction
match for all nodes and branches is within the SCADA error
range of 5%.

65220 VOLUME 9, 2021



A. A. Suvorov et al.: Validation of Positive-Sequence Modeling of Large-Disturbance Stability in Distribution Network

FIGURE 3. Single-line diagram of the test EPS.

FIGURE 4. Voltage in node 187 in the case of different faults with a time
duration of 150 ms.

For a sound planning of disturbance locations, as well as
identifying the causes of errors and factors affecting them
during experimental studies, the test EPS was analyzed as a
two-area power system in which DG units with a small local
load (receiving part – Area 3 in Fig. 3) are connected with
a bulk power system (sending part – Area 1 in Fig. 3) by a
sufficiently long tie line (Area 2 in Fig. 3).

The critical disturbances for DG units located in the receiv-
ing part of the EPS are faults at the sending end. During the
fault, the transmitted power is dropped, but due to the remote-
ness of the disturbance, the load of the receiving distribution
system decreases slightly, which leads to deceleration of the
DG units. At the same time, the stability of DG units is mostly
determined by the voltage restoration profile.

After the fault clearing, a sharp increase in the load power
at the sending end occurs due to sharp voltage restoration,
which leads to a voltage decreasing at the receiving end
(Fig. 4, blue dotted line) and can cause an instability in the
distribution system. In the case of a fault in the distribution
system itself or near the receiving end, the situation is differ-
ent. During the fault, the DG units are accelerated, because a
decrease in the voltage in the receiving part leads to a drop
in the load power. After the fault clearing, the power of the

local load at the receiving end increases and the voltage is
quickly restored to almost its initial level (Fig. 4, red solid
line). In this regard, the boundary points of faults were chosen
for the studies: (1) fault in node 154 as a critical disturbance
at the bus of the main substation and (2) fault in node 190 as
a disturbance close to the DG units.

The process of voltage restoration is determinative for the
stability of distribution system with DG units, consequently,
the importance of adequate simulation of the network com-
ponents and external transmission grid in general, which
mainly determines this process, is obviously of significant
importance.

At the same time, not only detailed modeling of exter-
nal grid is important, but also the completeness of the net-
work model. Because the completeness of the external grid
simulation has a significant impact on the modeling error.
To confirm this statement, the network reduction of the test
EPS have been implemented via Gauss-reduction method,
which is a widespread approach, based on the sequential
transformation of a multipath star into an equivalent polygon.
Figure 5 shows the equivalent circuit of the test EPS, consist-
ing of 18 three-phase nodes, 8 electrical machines, 7 power
transformers, 17 power transmission lines and 12 static loads.

The obtained results (Fig. 6) show that the modeling error
disappears due to equivalence of the external grid. The wave-
forms are different in the full model (green line and violet
line at Fig. 6) and they are the similar in the reduced model
(red line and blue line at Fig. 6). Thus, there is an error for
the full model of test EPS, since the results obtained via
ST differ from the benchmark ones obtained via HRTSim.
In the equivalent model, there is no error, since the results
obtained via ST and HRTSim are the same. That is why the
external transmission grid are simulated without reductions
in this paper. It allows to identify the impact of the applied
simplifications of network elements on the fidelity of stability
assessment results.
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FIGURE 5. Equivalent circuit of the test EPS.

FIGURE 6. Voltage in node 14(187) in the case of fault in node 10(154)
with a time duration of 300 ms obtained in equivalent and full model of
the test EPS.

B. VALIDATION CRITERIA
The validation of calculations of the stability of distribution
networks with DG units in the case of a large disturbance can
be carried out by qualitative and/or quantitative assessment of
modeling results in accordance with a set of certain criteria.
The simplest way to perform a qualitative assessment of the
model adequacy can be done by visual comparison of the
two processes (assessment of the coincidence of oscillation
frequencies, their nature of changes and propagation in the
power system, assessment of the ACSs’ operation, etc.).
However, the use of only qualitative criteria in validation
is an insufficient condition for successful cross-validation,
the comprehensive implementation of which requires a quan-
titative assessment of the reliability of the results of numerical
modeling and the factors affecting them. The result of the
calculation of differential equations in the considered ST is
a time-ordered sequence of values, which are time series in
general. The results of processes’ simulation in the HRTSim
are also time series, since they are a time-ordered set of a
sequence of digitized values of model physical variables and
the results of numerical integration of ACSs’ mathematical
models. In this regard, a quantitative assessment of the reli-
ability of numerical modeling is performed by comparing
time series. The frequency and voltage of DG units were
chosen as the compared state variables, since their nature
mainly determines the stability of distribution system with
DG units [17].

TABLE 1. Correlation coefficients.

A comprehensive comparison of time series and, accord-
ingly, a comprehensive cross-validation is performed using
various methods aimed at analyzing the single values of ele-
ments of both series and the characteristics of the series as a
whole at the selected time interval. To assess the reliability of
the simulation of the nature and rate of change of the selected
parameters, it is proposed to use one of the most common
statistical methods for assessing the degree of similarity –
correlation analysis, which makes it possible to determine the
correlation between the change in the parameters of the power
system in the case of disturbances in the ST and HRTSim.
To quantify the correlation, the Pearson’s correlation coef-
ficient (r) is used [33], the absolute value of which ranges
from 0 to 1. The closer r is to 1, the more similar the nature
of the compared time series is. The correlation coefficient is
calculated by Eq. (3), where x = (x1, . . . , xn) is a sample
of reference values of the considered parameter (HRTSim
data), y = (y1, . . . , yn) is a sample of calculated values of
the considered parameter (STs data) and x̄, ȳ are the sample
means.

r =

n∑
i=1
(xi − x) · (yi − y)√

n∑
i=1
(xi − x)2 ·

n∑
i=1
(yi − y)2

(3)

The calculation of the correlation coefficient is performed
for time series with an equal sampling time step. For this
purpose, the simulation results obtained via ST and HRTSim
were reduced to uniform time stamps using interpolation –
nearest-neighbor interpolation method (proximal interpola-
tion). There are several Pearson’s correlation scales which
translate the relationship between different variables. This
study uses the scale that is shown in Table 1 to identify the
relationship between simulation results through the values of
Pearson’s correlation coefficient.

At the same time, the scatter plots were used for a graphical
comparison of the nature and rate of changes in the EPS
parameters. Such diagrams make it possible to identify the
form of the dependence obtained between the series (linear
or nonlinear). The closer the form is to linear, the better
coincidence of the compared series is.

In addition to determining proximity measures between
time series based on the values of the elements of time series,
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the proximity measure should be assessed based on other
characteristics. Moreover, it is necessary that the character-
istics are robust in relation to the presence of a trend, changes
in the level and scale of the series. Such characteristics are
the frequencies of the periodic components of the series.
To assess and compare the frequency characteristics of the
series, it is proposed to use one of the well-known methods of
spectral analysis – the Prony’s method. This method allow to
independently assess the amplitudes, frequencies and damp-
ing factors of oscillations obtained via ST and HRTSim.

VI. EXPERIMENTAL RESULTS
Since for the distribution system with DG units, the operation
of their ACS is decisive from the point of view of a large-
disturbance stability, the experimental studies were carried
out in accordance with an approach that assumes a sequential
complication of the EPS’ mathematical model by adding
ACSs. This approach allows to identify the underlying causes
of errors and factors affecting them, as well as the nature
of changes in errors during the ACS’ operation. Thus, the
experiments are performed for three main cases:
Case 1: without operation of ACSs in the test EPS (efd =

const , TM = const). The assessment of the error was made
that occurs in the simulation results obtained via ST and
benchmark tool in the case of a simplification of the EPS’
mathematical model by excluding regulators (and governors)
and, accordingly, reducing the stiffness of the system of
differential equations forming it (the models of generator
controls have time constants several orders of magnitude
lower than the other EPS elements).
Case 2: with only operation of excitation systems in the

test EPS (efd = var , TM = const). The impact of regulators
on the level of error was considered, taking into account
various AVR algorithms, sets of parameters and structures.
The addition of regulators leads to a significant change in the
transients during disturbances, which affects the amplitude
and nature of the resulting calculation errors.
Case 3:with operation of excitation systems and governors

in the test EPS (efd = var , TM = var). The results for this
case are not presented, since the resulting nature of the error
is similar to Case 2.

A. VALIDATION RESULTS IN THE CASE OF EFD = CONST
AND TM = CONST
Case 1.1. To assess the impact of the network component
on the calculation error, which occurs due to the algebraic
calculation of network elements in the ST, the faults with
different location and time duration were considered: close
and far distance faults with a time duration of 0.5tCCT ,
0.9tCCT , and tCCT . In the course of experimental studies,
it was revealed that in the case of a close fault (node 190),
the error is practically absent in the results obtained via ST
(Figs. 7 and 8). The results obtained using the ST and the
HRTSim practically coincide, the correlation coefficients for
voltage and frequency are greater than 0.9, which indicates a
very high degree of reliability of the ST simulation results for

close faults of any duration. This is due to the fact that with
such a disturbance, the resulting transients mainly depend
on the response of electrical machines, which in the ST
are reproduced with high reliability, despite the neglecting
of transformation electromotive forces in the model of the
electrical machine. The impact of the network component is
minimal. In addition, the values of a CCT are the same (see
Subsection C).

For graphical display of the form of dependence between
the simulation results obtained via ST and HRTSim, the cor-
responding scatter plots are shown in Figs. 7–10. The
highlighted region in the scatter plot of voltages (Fig. 7(b))
characterizes the switching moments (occurrence and clear-
ing of fault), forming a ‘gap’ between the values. This is
due to the algebraic calculation of the network in the con-
sidered ST, in which an instantaneous voltage change occurs.
An increase in the time duration for close fault up to tCCT does
not lead to an error (with an increase from 0.5tCCT to tCCT ,
the correlation coefficient for frequency decreased by 2.5%
from 0.9858 to 0.9610). When the fault location is removed
from the DG units (node 178) towards the main substation,
there is no significant change in the error level due to the
weak impact of the network elements on transients in the
considered distribution system. The correlation coefficients
obtained for the faults in nodes 190 and 178 of different time
durations are greater than 0.9, which indicates a very high
degree of reliability of the simulation results according to
Table 1 for such disturbances.

The largest differences were obtained for the far distance
and critical disturbance – fault at the bus of the main substa-
tion (node 154).When the time duration of fault is 0.5tCCT the
error is minimal, but as the time duration of the fault increases
up to tCCT , the error level also increases. The correlation coef-
ficient at tCCT was 0.3673, which shows a low degree of reli-
ability of the simulation results obtained via ST. Such change
in error level is associated with an increase in the intensity
of transients in the network, and its algebraic reproduction
instead of differential leads to differences in the amplitudes of
oscillations, the level of their damping, etc. (Figs. 9 and 10).
Moreover, the greatest error occurs after the fault clearing,
when the voltage is restored (Fig. 9), which strongly depends
on the transients in the external transmission system. The
different nature of the voltage in the node with DG units leads
to different transients in the electrical machines themselves,
as evidenced by the frequency oscillogram and its scatter plot
(Fig. 10). The obtained scatter plots (Figs. 9(b) and 10(b))
have a pronounced nonlinear character, reflecting signifi-
cant differences in the obtained simulation results. In addi-
tion, a significant increase in the calculation error clearly
demonstrates the trend in the change in the correlation coef-
ficients for different locations of faults, which is presented
in Table 2.

The resulting histogram of the total error, which is reflected
by the Pearson’s correlation coefficient, in the case of faults
with different location and time duration is shown in Fig. 11.
Figure 11 and the following histograms show the values of
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FIGURE 7. Voltage in node 187 (a) and corresponding scatter plot (b) in the case of a fault in node 190 with a time
duration of tCCT .

FIGURE 8. Frequency of DG units (a) and corresponding scatter plot (b) in the case of a fault in node 190 with a time
duration of tCCT .

FIGURE 9. Voltage in node 187 (a) and corresponding scatter plot (b) in the case of a fault in node 154 with a time
duration of tCCT .

FIGURE 10. Frequency of DG units (a) and corresponding scatter plot (b) in the case of a fault in node 154 with a time
duration of tCCT .

the correlation coefficients for the frequency, the correla-
tion coefficients for the voltage and other operating param-
eters follow similar patterns. In connection with the obtained

results, the assessment of simulation level error in case of the
critical disturbance (fault at the bus of the main substation in
node 154) is described further in this paper.
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TABLE 2. Summary table of correlation coefficients for case 1.1.

FIGURE 11. Correlation coefficients for the frequency of DG units in the
case of faults with different location and time duration.

TABLE 3. Inertia constant and windings time constants for DG units.

Case 1.2. As indicated in Section II, various SG-based
DG units are currently being used. Moreover, for such units,
not only the ACSs differ, but also the SGs themselves. Since
SG largely determines the nature of transients, the analysis
of the impact of SG parameters on the resulting calcula-
tion error has been carried out. For this purpose, in addi-
tion to the SG with the basic set of parameters (DG(1))
considered in all experimental cases, another SG (DG(2))
with lower values of the inertia constant and windings time
constants of an electrical machine (Table 3) is used. DG(2)
is typical for modern power systems, processes in which
become faster. A full list of the SGs’ parameters is given in
Appendix A.

In this case, it was experimentally revealed that the use of
SGs with significantly lower values of time constants leads
to an increase in the error in the simulation results (Fig. 12).
The correlation coefficients for the fault with a time duration
of tCCT were 0.3673 forDG(1) and 0.1792 forDG(2), i.e. the
change in the parameters led to an increase in the total error
by 51%.

An increase in the error level is associated with a signif-
icant change in the nature of transients during disturbance

FIGURE 12. Correlation coefficients for the frequency of DG units with
different parameters in the case of faults in node 154 with different time
duration.

(Fig. 13). The SG with the second set of parameters (DG(2))
has lower values of inertia and winding time constants, which
leads to a significant increase in the amplitude of oscillations
after fault clearing. Significant deviations at the beginning
of the transients are the major cause of the emergence of
large differences throughout the entire process of oscillation
damping. Even despite the fact that in this case the damping
of post-fault oscillations increases (the damping factor in the
HRTSim is 0.44 for DG(1) and 1.08 for DG(2)). In addition,
the use of DG units with DG(2) parameters leads to an
increase in the error in determining the CCT compared to
DG(1) (see Subsection C).

Case 1.3. For distribution system with DG units, a char-
acteristic feature is the increased value of the R/X ratio in
comparison with the transmission network due to the larger
number of cable power transmission lines [17]. An increase
in this ratio improves the stability of distribution system in
the case of large disturbances [14]. Taking into account the
significant role of the R/X ratio, the analysis of its impact on
the calculation error has been carried out.

An increase in the R/X ratio by 30% relative to the initial
value in the studied distribution system leads to a decrease
in the level of calculation error. The correlation coefficient
increased to 0.5147, which indicates a moderate degree of
reliability of the simulation results obtained via ST, even in
the case of a fault with a time duration of tCCT . When the R/X
ratio decreases, the opposite situation is observed, the correla-
tion coefficient becomes 0.2202, which already corresponds
to a negligible degree of reliability of the simulation results
(Table 1). The histogram with the correlation coefficients is
shown in Fig. 14.

Changes in the error for this case are associated with the
impact of the network component. Since the equation of
network elements in general differential form (Eq. (4)) has a
characteristic equation (Eq. (5)), it follows that the parameter
L (the same as X = ωL) determines the degree of impact of
the differential component on the calculation results.

L
di
dt
+ Ri = u (4)

Lp+ R = 0 (5)
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FIGURE 13. Frequency of DG units with different parameters in the case of a fault in node 154 with a time duration
of tCCT .

FIGURE 14. Correlation coefficients for the frequency of DG units with
different R/X ratio in the case of a fault in node 154 with a time duration
of tCCT .

With increasing R/X ratio (in the limiting case, it can be
obtained u = Ri), the impact of different representations of
network elements decreases, which affects the decrease in the
error level, and vice versa. Thus, in distribution systems with
a predominance of cable power transmission lines and a large
value of resistance in general, the modeling error will be less,
even in the case of a fault with a time duration close to or equal
to a CCT.

Case 1.4. The change of DG’ penetration level from 15%
to 140% was considered to assess its impact on the error in
stability calculations in the case of large disturbances. The
DG penetration level (PL) in the test EPS is calculated by
Eq. (6), where PDG is the total DG units’ power generation
and PLoad is the total load demand.

PL(%) =
6PDG
6PLoad

· 100% (6)

According to the obtained results, the error changes
insignificantly with an increase in the penetration level in
the case of a fault with 0.5tCCT at the bus of the main sub-
station. The lowest value of the correlation coefficient equal
to 0.8106 was obtained for the case of PL = 120%, which
generally indicates a high/very high degree of reliability of
the simulation results obtained via ST for such disturbances
(Fig. 15).

With an increase in the time duration of fault up to a
CCT, the resulting error begins to change depending on the
penetration level. As the total DG units’ power generation
increases, the error decreases until the total load demand

FIGURE 15. Correlation coefficients for the frequency of DG units with
different penetration level in the case of a fault in node 154 with a time
duration of 0.5tCCT .

FIGURE 16. Correlation coefficients for the frequency of DG units with
different penetration level in the case of a fault in node 154 with a time
duration of tCCT .

and power generation are equalized (PDG = PLoad ) for
the studied distribution system (the correlation coefficient
increased from 0.2032 to 0.9748). After that, the value of
the correlation coefficient is in the range from 0.8 to 0.9
(Fig. 16).

An increase in the DG’ penetration level changes the
structure of the test EPS, which leads to a change in the
direction of power flows and, consequently, lower voltage
drops during disturbances, a higher rate of its restoration,
as well as a lower degree of intensity of transients in general
(amplitude of oscillations, their damping) (Fig. 17). As a
result, the dependence of transients in the distribution system
on the external network elements decreases, which leads to a
decrease in the error due to the different reproduction of the
network component, even in the case of a fault with a time
duration of tCCT .
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FIGURE 17. Voltage in node 187 with different DG’ penetration level in the case of a fault in node 154 with a time duration of 150 ms.

FIGURE 18. Structures of AVR models.

TABLE 4. AVR settings.

B. VALIDATION RESULTS IN THE CASE OF EFD = VAR
AND TM = CONST
Case 2.1. Since themainACS of SG-basedDGunits respond-
ing to a large disturbance and determining stability is AVR,
the analysis of the impact of AVR operation on the resulting
calculation error has been carried out in the case of different
AVR’ algorithms and settings. For this purpose, the basic
algorithms are considered: proportional (P), proportional-
integral (PI ) and proportional-integral-differential (PID)
with various gains (Fig. 18 and Table 4). These algorithms
are the most common and are used in most excitation systems
(DC1C, AC1C, ST8C, etc.).

The simulation of AVR leads to an increase in the error
level (Fig. 19), which is due to its response and an increase in

FIGURE 19. Correlation coefficients for the frequency of DG units with
AVR − P operation in the case of faults in node 154 with different time
duration.

the primary differences in voltage at the terminals of DG units
that occur at the initial stage of the transients. The correlation
coefficient decreased by 12% (from 0.7390 to 0.6515) in the
case of a fault with a time duration of 0.9tCCT without AVR
and with AVR− P(1) and by 52% (from 0.3673 to 0.1749) in
the case of a fault with tCCT .

At the same time, improving the damping of post-fault
oscillations by setting large gains for the AVR channels (e.g.,
AVR−P(2)) leads to a decrease in the error in obtained results,
including fault with tCCT (Fig. 20). Despite this, the error
is still at a significant level – the correlation coefficient for
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FIGURE 20. Voltage in node 187 with different AVR − P settings in the case of a fault in node 154 with a time duration of tCCT .

FIGURE 21. Correlation coefficients for the frequency of DG units with
AVR operation in the case of faults in node 154 with different time
duration.

AVR−P(1) is equal to 0.1749 in the case of a fault with tCCT ,
for AVR− P(2) – 0.2910. As a result, the gains changing led
to a decrease in the error level by 66%.

Changes in the AVR algorithm insignificantly affect the
nature of the error change (Fig. 21). With short-time dura-
tion faults, the error is still practically absent. As the time
duration of the disturbance increases up to tCCT , the error
also increases. Thus, when considering critical faults with
a time duration close to tCCT , the values of the correlation
coefficients do not exceed 0.3, which indicates a negligible
degree of reliability of the simulation results obtained via ST.

The lowest correlation coefficient for the fault with tCCT ,
equal to 0.1003, was obtained with the operation of AVR −
PI (1), the highest r , equal to 0.2910, – for AVR − P(2).
Taking into account AVR operation with different algorithms
and settings does not increase the differences in a CCT (see
Subsection C).

Case 2.2. To assess the impact of the PSS on the nature of
the resulting error, stabilizing channels with different input
parameters (the rotor current if for AVR&PSS1 and the gen-
erator voltage frequency fu for AVR&PSS2) and settings were
added to the AVR− PID structure (Fig. 22 and Table 5) [34].

The consideration of a PSS leads to an additional increase
in the error compared to the case of AVR only operation
(Fig. 23). The PSS also amplifies the primary differences.
However, the AVR operation continues to have a significant

impact on the error value, which is associated with its more
intense response to a significant error in the nature of voltage
restoration at the initial moment of fault clearing due to
the algebraic calculation of network elements. The introduc-
tion of only rotor current channels (AVR&PSS1) leads to an
insignificant increase in the error by ∼5% relative to the
AVR only operation. The introduction of voltage frequency
channels (AVR&PSS2) has a greater impact on the error value
in the simulation results obtained via considered ST.

In the case of a fault with a time duration of tCCT without
AVR andwithAVR&PSS2(1) operation, the correlation coeffi-
cient decreased by 62% (from 0.3673 to 0.1406) (Fig. 23), for
the case of AVR− PID(1), the decrease was 52%. The major
cause of this is the dependence of the ACS’ operation on
several operating parameters (u, if and fu) and its response not
only to the deviation of the absolute values of the controlled
parameters, but also to the rate of their change. The impact of
the PSS settings on the nature of the error is shown in Fig. 24.

An increase in the gains for AVR&PSS1 leads to a slight
increase in the error by ∼6% (from 0.1581 to 0.1473). In the
case of AVR&PSS2 operation with different settings, the error
changes more significantly. To identify the causes of such
changes, a spectral analysis of the resulting oscillations in
the frequency of DG units was carried out by the Prony
method. The results are shown in Table 6, the oscillograms of
frequency are shown in Fig. 25. The amplitude (A), frequency
(f ) and damping factor (α) of the dominant mode were deter-
mined by used Prony method. The error values (1) were
calculated relative to the HRTSim. The obtained differences
in the frequency of oscillations (f ) are insignificant and are
within 3%. The values of the amplitude and damping factor
vary significantly.

For the case of AVR&PSS2(1), the error in the amplitude of
the dominant mode is about 80%, which is directly related to
a significant difference in the damping factor (1α = 46%).
The gains’ increasing (AVR&PSS2(2)) leads to a deterioration
in the damping of post-fault oscillations by 31% (according
to the HRTSim’ results the damping factor for AVR&PSS2(1)
is 0.5178, for AVR&PSS2(2) – 0.3571), but at the same
time this reduces the error in amplitude and damping factor
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FIGURE 22. Structures of AVR&PSS models.

TABLE 5. AVR&PSS settings.

TABLE 6. Prony analysis results.

FIGURE 23. Correlation coefficients for the frequency of DG units with
AVR&PSS operation in the case of faults in node 154 with different time
duration.

of the dominant mode. Despite this, the resulting error at
AVR&PSS2(2) increases by 20% for the case of fault with
tCCT . The correlation coefficient decreased from 0.1406 for

FIGURE 24. Correlation coefficients for the frequency of DG units with
AVR&PSS operation in the case of faults in node 154 with different time
duration and different PSS’ settings.

AVR&PSS2(1) to 0.1122 for AVR&PSS2(2). The increase
in the error is due to a much more intense response of a
PSS to differences in the amplitude of the dominant mode.
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TABLE 7. Differences in the CCT obtained via ST and benchmark tool.

FIGURE 25. Structures of AVR&PSS models.

According to the Bode plot of the considered structure of
AVR&PSS2 (Fig. 26), a change in the setting leads to an
amplification in the signal of the dominant mode frequency
by more than 4 times.

Summarizing the above, the complication of the AVR
mathematical model by adding stabilizing channels deterio-
rates the reliability of the simulation results obtained via ST.
In addition, taking into account a PSS causes an increase in
the differences in a CCT obtained via ST and benchmark tool
(see Subsection C).

C. ERROR IN CCT CALCULATIONS
Taking into account the high significance of the CCT’ value,
an assessment of the differences in its calculations for the
cases of a close and far distance fault using the benchmark
tool and ST was made. The results are shown in the sum-
mary Table 7. The greatest differences occur only for the

FIGURE 26. Bode plot of AVR&PSS2(1) and AVR&PSS2(2).

cases of a far distance fault (in the HRTSim, tCCT is always
greater by 30–70 ms), for a close fault they are insignificant
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TABLE 8. Parameters of SG.

(within 10 ms). Differences in the CCT are directly related
to the level of error in the simulation results. Moreover,
the greater error at the initial stage of transients, the more the
difference will be in the value of a CCT obtained via ST and
benchmark tool. For example, when changing the parameters
of SG in the Case 1.2, it is shown that the use of DG(2)
leads to an increase in the error in the simulation results (the
correlation coefficient for the fault with tCCT decreased from
0.3673 to 0.1792). At the same time, the obtained value of a
CCT in ST is more different (1 = 70 ms) from the similar
value obtained in the HRTSim than in the case of usingDG(1)
(1 = 20 ms). The change in the parameters of SG led to an
increase in the differences in a CCT by 50 ms. The operation
of AVRs with different algorithms in the Case 2.1 does not
lead to significant differences in a CCT (it is approximately
at the level of 30 ms). The addition of a PSS causes an
additional increase in the error in the simulation results for
the considered ST, which leads in turn to large differences in
the values of a CCT (it is already at the level of 40–50 ms for
Case 2.2).

VII. CONCLUSION
The increasing level of DG penetration changes the nature
of transients and the properties of power systems. Taking
into account the significant mutual impact of processes in the
transmission systems and the distribution networks with DG
units, it is necessary to consider a large-scale mathematical
model of EPS without significant equivalence for a reliable
solution of the stability challenges. At present, various STs
based on a positive-sequence phasor time-domain simulation
are used for this purpose. With such modeling, a number of
known simplifications and limitations are applied, which in
the study of conventional power systems did not significantly
affect the comprehensiveness and reliability of the results
obtained. However, this is not always the case for distribution
networks with DG units. In this regard, a relevant task to
improve the reliability of the simulation results is the imple-
mentation of validation.

The validation approach proposed in this paper consists
in use information from the benchmark tool – the HRTSim
and eliminates the need to have a huge number of field
data for its implementation. It should be emphasized that
the approach was developed taking into account the further
use of STs for the calculation of the stability of distribu-
tion systems with DG units. The STs have obvious prac-
tical advantages over the HRTSim, which cannot replace
them. The HRTSim described in this paper is a complex
software and hardware simulator, the industrial production
and large-scale application of which is a very expensive and
time-consuming process, the implementation of which can
currently be considered as some long-term prospect. At the
same time, the developed experimental prototype can be used
as a benchmark tool due to its properties and capabilities.
In this regard, the proposed approach to validation makes
it possible to assess the reliability of the obtained results in
the case of various disturbances with different intensity and
location.

The cross-validation performed using the developed
approach allows to identify the causes of calculation errors
and the factors affecting them, as well as to identify distur-
bances and emerging processes calculated with the greatest
error. The simulation results of such processes require fur-
ther more detailed analysis before their using in practical
challenges. Due to this, the level of reliability in the results
of a positive-sequence modeling increases, since it becomes
possible to know exactly in which cases there will be an error,
as well as its value and reasons.

This paper demonstrates the most critical cases with an
error. The experimental studies have shown that the greatest
error in calculating the stability of distribution system in the
case of a large disturbance occurs at a fault in a critical point,
in particular at the bus of the main substation, when the
impact of the network component on transients is the greatest.
A error is due to a simplification of the calculation of network
elements. However, when a distribution systemwith DG units
becomes independent from the external network in terms of
transmitted power the resulting error decreases. In addition,
an increase in the R/X ratio also has a positive impact on the
error. For all other possible faults, the simulation results in
a positive-sequence modeling showed a very high degree of
reliability. In addition, in these cases, there was no error in
CCT calculation.

A decrease in the inertia of SG for DG units leads to
an increase in the calculation error. The use of ACS in the
EPS’ mathematical model leads to a change of the level of
error. The AVR operation has the main impact, regardless
of its structure, since it directly responses to differences in
the nature of the voltage at the initial stage of transients.
The addition of a PSS has a similar impact on the error.
However, in this case, with an increase in the number of
controlled parameters, the error also increases. This is due
to the fact that a PSS additionally responses to the resulting
error in each of the parameters. Further research will focus on
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the cross-validation of stability calculations of power system
with converter-interfaced generators.

APPENDIX A
See Table 8
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