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TABLE 1. Specification of the Developed Measurement System

FIGURE 3. Grid analyzer (a) multi-card system and (b) 19-inch housing.

sample frequencies over several hundred kilohertz with the
high-speed Ethernet channels. The setup is integrated in a
19-inch housing. Fig. 3 shows the multi-card system and the
housing of the GA.

Each voltage measurement card comprises six measure-
ment channels, each is designed to work in a grid with
phase-to-ground voltages of 230 V as input voltage. Each cur-
rent measuring card also provides six measuring channels and
uses a shunt resistor to measure the current. A maximum value
of 8 A can be recorded with the current measurement. Delta-
sigma converters are used for the analog-to-digital conversion
and the FPGA is used to reconstruct the measured signal from
the over-sampled bit-stream [40].The measurement cards are
shown in Fig. 4.

Fig. 5 shows the measured current with a sinusoidal profile.
The red curve represents the current recorded by the GA,
while the black curve shows the reference measurement with
an oscilloscope. The current of the developed measurement
system and the reference measurement are congruent in terms
of time and amplitude. When commissioning the measuring
circuits, the measuring error was determined over the measur-
ing range at different temperatures. At a temperature of 60 ◦C,
the largest measurement error of 80.39 mA was determined
for the current at 8 A, which is slightly above the permissible
value of 80 mA. At the same temperature point, the largest
measurement error of 519.99 mV was found for the voltage
measurement at the measurement point 800 V, which is well

FIGURE 4. Picture of the measurement cards (a) voltage and (b) current.

FIGURE 5. Example of a current measurement with a comparison to a
reference measurement.

FIGURE 6. Error chart of the measurement of (a) current and (b) voltage.

below the permissible deviation of 8 V. Despite the very slight
exceeding of the maximum measurement deviation for the
current measurement, the GA is suitable for the measurement
tasks as part of the digital twin. Fig. 6 shows the recorded
relative error chart for voltage and current within the measur-
ing range. When analyzing the relative error, the range around
zero was not considered as this, by definition, becomes infinite
when calculating the relative error. For the current, the relative
error lies in a range of 0.67% to 1.73% for the recording of
the positive current, a slightly increased deviation results. The
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TABLE 2. Dependency of the Analysis Functions

voltage measurement shows a range of 0.02% to 0.16% for
the relative error and thus has a very low deviation compared
to the current. Furthermore, the relative error for current and
voltage is subject to small fluctuations and only shows the
sharp increase characteristic of the relative error when the
measured value reaches zero.

The analyzer can measure low-voltage values. However, the
area of application is not only the low-voltage but also the
medium-voltage grid. In addition to the low-voltage grid, it
can also be used in the medium-voltage grid. To be capable of
using the measuring system for medium voltage, measuring
transformers are used to convert the voltage and current values
from the distribution grid to match the input range of the gird
analyzer. The use of frequency-optimized medium-voltage
current and voltage transformers are planned for the system.

B. ANALYSIS FUNCTIONS
The analysis functions are used to calculate certain parameters
of current and voltage to visualize grid phenomena such as
harmonics or distortions of nominal values. The functions
have been developed in accordance with the state of the art.
As a development tool, Matlab Simulink has been used.

The analysis functions include a lot of functions. However,
the two main functions are the Fast-Fourier-Transformation
(FFT) and the combination of the so called double second-
order generalized integrator (DSOGI), and a frequency- and
phase-locked-loop (FPLL), resulting on a DSOGI-FPLL. The
other functions are based on the results on one of these func-
tions, as Table 2 shows.

Here, the two main functions are explained in more detail.

1) FAST FOURIER TRANSFORMATION
The goal of the FFT is the harmonic analysis of a periodic
signal. Therefore, it is considered in the frequency domain and
not in the time domain. Here, the signal can be analyzed on
a larger scale. For discrete simulations, the Discrete Fourier
Transformation (DFT) is used, where instead of a continuous
signal, its discretized version is used and multiplied by the
Euler equation:

X (k) = 1

N

N−1∑
n=0

x(n)e− j(2πn/N )k; k = 0, 2, . . ., N − 1 (1)

TABLE 3. Parameters of the DSOGI-FPLL Based on [5]

Here, x(n) is the periodic signal to be analyzed, N are the
number of discrete sample points, X (k) the converted signal
in the frequency domain and the frequency resolution of k can
be defined as the ratio of sampling frequency over number
of discrete sample points fs/N . For the implementation done
here, a sampling frequency of 5.12 kHz and 1024 sample
points have been defined. With this boundary condition and
due to the symmetry properties of the DFT, a spectrum with
values between zero and 2.5 kHz with a step size of 5 Hz are
obtained. For the implementation of the DFT, Matlab’s fft
function [22] is used, since it uses an optimized calculation
method while having similar results.

2) DSOGI-FPLL
For primarily calculating the grid frequency and the phase
angle, this work uses an analysis which consists of the three
core building blocks of a Quadrature-Signal Generator (QSG),
a Positive- and Negative-Sequence Calculator (PNSC), and
finally a Frequency-Locked Loop (FLL) in combination with
a Phase-Locked Loop (PLL). The development of the core
building blocks has been based on [23], [24], [25], [26]. In
general, in the QSG the sine waves are filtered to reduce
the harmonics and in the PNSC, the positive and negative
sequence are calculated based on the filtered signal. After
that, a combination of a PLL and a FLL is used to calculate
two frequency errors, which are added to the nominal fre-
quency. Through integration of the calculated frequency, the
phase angle can be determined. Fig. 7 visualizes the schematic
overview of the DSOGI-FPLL, while Table 3 shows its param-
eter values.

C. COMMUNICATION INTERFACE
The measurements of the GA and the calculated values previ-
ously described are sent to the DT of the distribution grid later
in the conversion. For the DT to receive the real-time data,
the GA must work in real time. This requires that the system
calculates the results in real time and sends these results to the
DT with a real-time capable interface.

The capability of the communication interface is depending
on how much data can be transferred from the GA to the
DT. The real-time capability is also limited depending on the
distance, as the maximum speed at which both digital and ana-
log signals can be transported is the speed of light. Real-time
capability therefore decreases with increasing distance.
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FIGURE 7. Schematic overview of the DSOGI-FPLL based on [5].

For a real-time capable exchange of data via a digital inter-
face, the two systems (GA and DT) must be synchronized,
similar as with an RTS. This ensures that the GA and the
DT are synchronized to the same time. Unlike with analogue
interfaces, this must be achieved using a synchronization pro-
cess. On the other hand, a real-time capable communication
protocol is required so that the data can be sent from one
device to the other in real time.

1) SYNCHRONIZATION PROCESS
As described in the requirements, the clocks of the GA and
the DT must be synchronized. To achieve this, each device
must have a common time. This can be achieved by integrat-
ing quartz timing chips into the devices [27] but is mainly
obtained by receiving the time from a third-party device. The
common time can for example be realized by radio waves, a
Global Positioning System (GPS) satellite and the standard-
ized process C37.118 [28], [29] or the Network Time Protocol
(NTP) [30], where the participants are divided into so-called
stratums and the time is compared between the levels [31].
However, each synchronization process can entail a number
of problems. While the use of quartz timing chips results in
high costs, receiving the common time by a third party device
can cause time delays [27].

2) COMMUNICATION PROTOCOL
As described in the requirements, the data must be sent via a
real-time capable communication protocol. Therefore, Table 4
shows a selection of communication protocols and classifies
them according to their real-time capability.

IV. DIGITAL TWIN OF A GRID SECTION
A. REAL TESTING GRID
A Model is developed based on the Smart Grid Test Center at
SysTec [41] as shown in Fig. 8. There is a low-voltage test grid
on the test site, within three “test households” TH1-TH3 are
connected via cables with different (and variable) impedances
Z0 − Z3, and an additional RLC-Load Bank connected with
the cable ZRLC . The test households are fully customizable,

TABLE 4. Real-Time Capability of Different Ethernet-Based Communication
Protocols

FIGURE 8. Low-voltage smart grid test center SysTec Fraunhofer IEE in
Fuldatal, Hessen, and Germany.

whereby loads and generation can be connected and net-
worked in the entire smart grid. Within the scope of this
investigation, a PV inverter will be considered and modelled
for each test household and due to their geographical position,
the same irradiance is assumed.

The electrical properties of the devices in the model are
collected in Table 5; and the properties of the selected ca-
bles are shown in Table 6, where the subindex 0 represents
the zero-sequence impedance and the subindex 1 represents
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TABLE 5. Electrical Properties of the Modeled Devices in the Testing Grid

TABLE 6. Electrical Properties of the Cables in the Testing Grid

the positive-sequence impedance. The grid section described
will be developed as a digital twin. Initially, the model
undergoes simulation-based investigations, which guide the
subsequent integration and placement of GAs within the grid
section.

B. REAL TIME SYSTEM
The real-time simulation system NovaCarts from MicroNova
is used as simulation platform. The computer architecture
is based on a real-time computer, which is called simula-
tion node, and a standard Windows PC for operating and
configuring the system. The simulation nodes work with a
Linux-based real-time operating system. Depending on the
number of grid nodes to be calculated, simulation nodes
can be selected in different performance classes. There is a
choice of quad-core or octo-core processors. In the High-
Performance Parallel Simulation Node, 12 processors work in
parallel. In addition, clusters of several simulation nodes can
be set up. The individual nodes are coupled via the NovaCarts
real-time Ethernet. The same protocol is used to integrate the
NovaCarts interface boards for connecting special hardware,
like the GA. The measurement systems can be connected
via Ethernet UDP and Modbus via TCP/IP. A CPU isolation
function allows sampling times for partial models of up to
20µs. Grid models can be integrated directly from Matlab
Simulink into the real-time system via the NovaCarts tool
chain. NovaCarts also supports the Functional Mockup In-
terface (FMI) for co-simulation for distributed modeling and
distributed simulation [39].

FIGURE 9. Grid Analyzer model coupling: (a) U(u). (b) I(i). (c) I(u,p,q).

FIGURE 10. Simulation of the digital twin.

FIGURE 11. Profile of the PV irradiance for simulation and the digital twin.

C. DIGITAL TWIN OF THE TESTING GRID
In a first step, the grid described in Section IV-A is modelled in
Matlab Simulink. For the present work, the simulation type is
set to phasor, so that the model can also be operated efficiently
for complex distribution grids. The three-phase PI section
line models from the Simulink library are used for modeling
the cables in the test grid. To realize the model as a digital
twin, the measured voltages and currents of the GAs must be
reproduced at the corresponding nodes. As this is a simulation,
no data loss can occur. However, this must be considered in
the field test. Hence, the measured values are held by the grid
analyzer model until updated measured values are received.
This is possible since the digital twin is calculated as a phasor
simulation and only works with RMS values. After a certain
time, e.g., two sample time steps, without updating the mea-
sured values, a warning must be issued and the model is no
longer valid.

The fact that the measured values are fed in directly ensures
that the DT works at the same operating point at the connec-
tion point. Fig. 9 shows the three methods of coupling used
to influence the state of the DT with the measured values on
the node:
� U Source with U Magnitude U(u) (Fig. 9(a)): A pro-

grammable voltage source is connected and is controlled

VOLUME 5, 2024 1203



GONSCHOR ET AL.: DIGITAL TWIN DEVELOPMENT OF A TESTING GRID USING A GRID ANALYZER

FIGURE 12. Node case U3 − I1: (a) Placement of the grid analyzer in the
real model and (b) Integration of the coupling methods for the digital twin.

by the measured voltage magnitude. In the DT, the volt-
age at the connection point of the grid analyzer is ideally
simulated.

� I Source with I Magnitude I(i) (Fig. 9(b)): A pro-
grammable current source is connected and is controlled
by the measured current magnitude. In the DT, the cur-
rent at the connection point of the grid analyzer is ideally
simulated.

� I Source with P and Q balance I(u,p,q) (Fig. 9(c)): A pro-
grammable current source is connected and is controlled
by the measured active and reactive power from the grid
analyzer and the measured voltage in the DT. In the DT,
the active and reactive power at the connection point of
the grid analyzer is ideally simulated.

D. SIMULATION
The developed model from Section IV and its DT are imple-
mented as a Matlab Simulink model. The basic principle of
the simulation is depicted in Fig. 10. The DT is simulated and
the GA is used to acquire data form the grid model.

In order to analyze the impact of the GAs on the DT, both
the test grid model and the digital twin are implemented and
simulated in the RTS. The DT is designed to mirror the test
grid model, incorporating the coupling methods described in
Section IV-C.

Two different PV irradiance profiles are used for the model,
taken from the hourly radiation data available in [37] and
presented in Fig. 11.

For the model the irradiance profile at June 8th, 2020 is
used, while for the DT model the date June 2nd, 2020 is
taken. The coordinates Latitude 51.389, Longitude 9.515 are
included in the PVGIS-SARAH2 database, and a slope of 40◦

TABLE 7. Node Cases: Placement of Grid Analyzers in Models

and an azimuth of −5◦ are assumed to generate the profiles.
The two different profiles ensure a disturbance which define
different stable points in each system. Different PV profiles
were selected as this represents a large unpredictable deviation
between the grid model and the DT. This approach is used
to demonstrate that a GA would minimize the error due to
random disturbances or false parameterization.

The analysis will be focused on 4 nodes: low-voltage side
of the transformer and each point of connection from the test
houses TH1, TH2 and TH3; therefore, GAs are placed in this
nodes of interest in the real model in order to be monitored
and to provide information to the DT as shown in Fig. 12.

Taken into account these 4 nodes and the 3 methods of
coupling defined in Section IV-C, 9 out of 256 possible com-
binations of GA arrangements are implemented as condensed
in Table 7.

The node case U3 − I1 is shown as a reference in
Fig. 12.The voltages u1−3 are taken at the measurement points
TH1, TH2 and TH3 and U(u) is used as the coupling method
to feed the reference variable from the model into the DT,
while the coupling method I(i) is used for the transformer
measuring point and the current iT is being fed in. The
Fig. 12(b) shows the possibility to use different coupling
methods in one digital twin model.

E. SIMULATION RESULTS
The analysis of the simulation results is at first performed
graphically by comparing the curves of voltage, current and
angle between them (φ), for each of the node cases presented
in Table 7. Fig. 13 presents the comparison on the data in TH1
between the DT node cases w/o GA, U3 − I1, PQ3 against the
model. Due to the dynamical behavior of the error, the Root
Mean Squared Error (RMSE) is used additional as a metric
for the model deviations as presented in (2) [42], where y is
the measured data from the model and ŷ is the DT extended
measurement. The Relative RMSE (RRMSE) defined in (3) is
used to represent the values in percentage where ŷ represents
the mean value of ŷ.

RMSE(y, ŷ) =
√∑N

i=1(yi − ŷi )2

N
(2)

RRMSE(y, ŷ) = RMSE(y, ŷ)

ŷ
(3)
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TABLE 8. Calculated RRMSE of the Simulations Results

FIGURE 13. Comparison on TH1 for node cases w/o GA, U3 − I1, PQ3 and
Model for : (a) Voltage, (b) current, and (c) angle between voltage and
current.

As shown in Section IV-D, two different profiles are used.
One to simulate a cloudy day in the model and one with a
typical sunny day as reference for the DT. In this case, the
induced RRMSE between the models is 68.82%. This devia-
tion highlights that the DT response differs greatly from the
simulated “real” model in the event of unforeseen changes.
The voltage discrepancy in Fig. 13(a) between the values of
the Model and the DT w/o GA has an RRMSE of 3.20%,
and can be appreciated how the GA configurations U3 − I1

and PQ3 reduces it considerably down to an RRMSE of
0.43% and 1.01% respectively. Fig. 13(b) presents the current

magnitude with a large induced RRMSE of 60.39%, due to the
different PV profiles that strongly affect the current injection.
A counterproductive action is appreciated on the node case
U3 − I1 due to the vicinity of the coupling method U(u) in
the node TH1 and the coupling method I(i) in the node Trafo
presenting an RRMSE greater than 100%, while the RRMSE
with the node case PQ3 is brought down to 24.58%. Finally,
in Fig. 13(c) the angle φ between the Model and the DT w/o
GA models shows no significant deviation with an RRMSE
of 2.20%. As expected from the configuration U3 − I1 which
uses coupling methods U(u) and I(i) where the angle is not
a controlled variable, its RRMSE is greater than 100%. With
the configuration PQ3, a positive influence on the angle can
be expected thanks to the principle of the coupling method
I(u, p, q); the compensation of the active and reactive power
at the node indirectly corrects the angle and shifts it closer to
the real value. In this case, the RRMSE is reduced to 1.30%.

With the same aforementioned procedure, the RRMSE for
the magnitudes of voltage and current, as well as for the angle
φ are calculated and presented in Table 8 for all node cases
shown in Table 7. The table columns represent the node cases,
while the rows present each node, grouped on voltage magni-
tude Umag, current magnitude Imag and phase angle Angle φ. A
color scale from green to red shows which values are closer or
further respectively, to the simulated “real” model. If using
the node case w/o GA as a base reference, a quick glance
can determine that the coupling method U(u) considerably
reduce the error on the voltage, being suitable for static volt-
age stability analysis despite its counterproductive effect on
current and angle. Using the same reference, the coupling
method I(i) can even bring the error down to 0%, making it
perfectly suitable to analysis on load ability of long cables and
substations regardless of its negative effect on the angle. On
the other hand, the coupling method I(u, p, q) gives a reduction
of RRMSE on all variables and a very good correction of the
angle deviation, making it a very good choice for angle and
rotor stability by motor dominated nodes or in the case of end
nodes with variable or non-controllable loads and generation.

V. CONCLUSION AND OUTLOOK
A. CONCLUSION
The simulation of grid sections on a real-time system is al-
ready being used in research without significant issues. But
several challenges have arisen in connecting a real system
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and transferring it from a pure simulation to a digital twin.
As soon as unpredictable changes occur in the real system,
e.g., different PV irradiation as used in this publication, it is
necessary to feed measured values from the real system into
the simulation of the digital twin. This requires a measurement
system, presented here as a GA, to record the measurement
data of the grid and a coupling method to read the data into
the simulation.

Furthermore, it was identified that as soon as the real-time
system can execute the simulation in real time, it does not
need to have any additional requirements apart from the com-
munication interface. The investigations have shown that a
phasor model is sufficient for modelling the grid section. From
the boundary conditions it could be concluded that a phasor
simulation with sampling rates of 10 ms is sufficient for a
digital grid twin and that the requirements for communication
in a distributed grid section are achievable.

During the transfer of the SysTec test grid model to a DT,
different coupling methods are used to connect the measuring
points. The selection of the coupling methods is a challenging
process and differs depending on the position in the grid of
the digital twin. The investigation on the coupling methods for
the DT shows that the methods have a strong influence on the
behavior and accuracy of the DT. Each of the methods has its
advantages and disadvantages, and their use in the model must
be adapted accordingly. According to the results presented in
Section IV-E and Table 8, the authors conclude:
� The coupling method U(u) forces the node voltage to the

real value, so that an error reduction down to 0.06% for
the voltage is achieved at the node, although this has a
negative effect on the error of the current and its angle at
other nodes.

� The coupling method I(i) used in the node case “U3 −
I1” reduces the current error at the transformer node
down to 0.00% while the coupling method U(u) in each
test house maintains the voltage level. This negatively
affects the angle φ and the currents in directly adjacent
nodes equipped with a GA.

� Increasing the number of the GAs shows an increase of
the accuracy of the controlled variable, by compromising
the other ones.

� The coupling method I(u, p, q) compensates the P and
Q balance of the node, showing a strong correction of
the voltage error of the node, indirectly minimizing the
error on the angle φ, and positively influencing the other
nodes metrics.

� Although coupling methods U(u) and I(i) show a
stronger action on the controlled variable, the correction
influence by using the coupling method I(u, p, q) can be
seen more effective as the error is reduced on all nodes
and variables in comparison to the base DT node case
“w/o GA” without GAs.

B. OUTLOOK
The following steps were identified as further development
steps towards monitoring a grid section using digital twins.
Firstly, the implementation of the digital twin of the SysTec

grid on a real-time-simulator is carried out. The influence
of communication will then be analyzed. The plan is to use
two RTS to calculate the DT on the first RTS and to run
an emulated grid on the second RTS. In this case, the GA
data will be transmitted via a real communication interface in
which data loss phenomena could be analyzed. The develop-
ment and realization of the GA is also being driven forward.
One of the next planned tests is the integration of the GAs
in the Fraunhofer IEE SysTec test site. The grid model is to
be monitored by a DT and use the real measurement of the
analyzers. The aim is to ensure that the operating points in
all DT nodes correspond to the grid model with a suitable
degree of accuracy. If this validation can be achieved, this
method can be used in a more complex distribution grid in a
later step. A field test is then planned in a distribution grid
with several spatially distributed measurement systems and
the implementation of a digital twin for the distribution grid.
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