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Abstract. The renewable energy take part in the most of the electric
power systems in the modern world. The part of this type of energy in the
global electric power system, as well as in the local scale, increases with
the setting the stricter requirements for decreasing the level of the carbon
dioxide emissions. This is the result of the newest international
conventions and decision for saving the nature. By these conditions, the
electric power systems are forced to work with more different types of
energy sources: wind power, photovoltaic, biomass plants etc. Switching of
such miscellaneous power sources, leads to complicated transient
processes, which are developed due to specific electrical parameters,
especially harmonic components, of the synchronous generators,
photovoltaic and wind power plants. This paper represents data from
measurements of the transient processes into the physical model of the
electric power system with predominant part of renewable energy and
assesses the applicability of the model. For conducting this study, the
multichannel DAQ measurement system is used.

1 Introduction

During the last few decades, the scale of renewable energy sources (RES) integrated
into the electric power system (EPS) has been rapidly increasing. In the global EPS, there is
a real possibility to appear a case with a predominant part of the renewable energy in a
large region or during a long time period [1, 2, 3]. In the global EPS there exist the regions
with predominant part of RES [2]. In those regions, one or more types of RES could exist.
The most often cases of RES types are: wind power turbines and photovoltaic modules [4].
All of RES electrical schemes incorporate inverter, with switch-mode power supply
(SMPS) module, which creates a high level of high frequency powerful harmonics,
decreasing the power factor in the circuit, quality of the power energy, sustainability and
reliability of the system [1, 4, 5]. These effects increase the risk of unpredictable and
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unprovoked failures and collapse of the system. That type of effect was the reason for the
failure of the system in large regions in Western Europe in the beginning of 2021.

This paper represents a study of the processes in a small-scale physical model of the
EPS with predominant part of the RES [6, 7, 8]. The purpose of this study is to represent
the verification and applicability of the constructed physical model, as well as the
possibility for monitoring of the transient processes during system mode adjusting,
changing of the level of the load of the power lines, and quality of the generated electric
energy from different types of RES.

2 Short description and connecting diagram of the physical
model

In every EPS, there exist different types power units of RES. The most used are: wind
power turbines, photovoltaic plant, water turbine generators, biomass power plants. The
constructed physical model is designed from the team of the power-engineering department
in the Technical university of Varna [6]. For the simulation of the wind power and sun
radiation power, the real inverters with DC voltage source are used. Simulating the RES is
performed via adjustable DC voltage source (ADCV). With the help of controllable three-
phase power rectifiers the inverters was sourced with DC voltage at the input side. Thus,
the energy regime of this type of power units can be changed via adjusting the mode of the
rectifiers. In the model, one of the inverters represents a photovoltaic generator (PVG) and
the other one — wind power generator (WPG). For representing of the water turbine
generator in the system, the direct coupled motor synchronous generators are included
(SG1, SG2, SG3). Multi-stage resistive loads are used as consumers of the lines.

On the Fig.1 is shown the diagram of the physical model. The main studied power units
in the diagram are marked as: synchronous generators (SG1, SG2, SG3), photovoltaic
generator (PVG) and Wind power generator (WPG). The terminals of the resistive loads are

marked as L1 - L7.
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Fig. 1. Single line diagram of the physical model as an object of the measurement (cf Fig.1 in [6]).
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The inductors in the diagram represent the inductance of the transmission lines. The
synchronization of the SG1-3 is implemented by controllers and all requirements for the
synchronization to the global power net, concerning voltage frequency, phase angle, phase
sequence and waveform of the generated voltage are fulfilled. Two types of controllers are
used: for internal synchronization between the different units in the model structure and for
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external synchronization during the connection to the global power net. The model is
capable for working in so-called “island mode”. In this mode, the synchronization of the
SG 1-3 can be done manually or automatically. Detailed diagram of the power units and
description of the physical model are given in [6].

3 Measurement equipment. Connecting diagrams, transducers
and software

The experiments was conducted via measurement set, which consist of: DAQ module
NI-6211, supplement primary transducers and software. The connecting diagram for the
cases of measurements including RES power units or synchronous generators are given on
the Fig.2 and Fig.3.

SW1
L1
E—- ———o
AC L2 = E DC
g .
13 & /f-\\ a

Fig. 2. Measurement the current and voltage in the output circuit of the simulated photovoltaic
generator (PVG) or wind power generator (WPG).
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Fig. 3. Measurement of the input and output voltage in the circuit of the synchronous generator (SG).

Due to the symmetric type of the load, it was measured the output voltage and current in
a single phase of the three-phase type of EPS. In other cases, the input or output voltages of
the single power unit was observed. In this way, for measurements two of the channels of
the DAQ module was involved. For the measurement of the voltage it was used a high-
voltage divider with a large input resistance [9]. As a current transducer, the Rogowski coil
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with incorporated integrator was used [10]. For the purpose of the experiment, the
LabVIEW software was involved and as a result, was obtained the time and frequency
domain graphs.

The main parameters and conditions of the experimental set are:
- Sampling rate of the DAQ system — 5000 Hz;
- Input resistance of the high-voltage divider — 1 GQ;
- Frequency band of the Rogowski coil measurement module — 100 kHz;
- Current range of the Rogowski coil — 100 A;
- Load of the power units — the load was gradually changed through three levels: 10%,
50%, 100%; For measuring of the biggest effect of the transient process, a step changing of
the load was used from 10 % to 100 %;
- The resistive load — the rate of the involvong the resistive load in the energy transmission
lines was executed via IGBT switch regulator. The levels of the resistive load were adjusted
from 10 % of the nominal load with the step of 10 % up to the nominal capacity of the load.
- Coefficient of transformation for the Rogowski coil is [10]:

I A

Kpe = u = 2000 7, (1)
and for the high-voltage divider is:
Ky = g—i = 2000, )

On the Fig.4 is shown the WPG power unit box of the physical model and DAQ system
during the measurements [6].

Fig. 4. Common view of the part of the physical model (WPG power unit) and measurement
equipment.

4 Parameters of the transient process of the studied physical
RES model

During the operation of the RES into the EPS system, the energy generation passes
through three stages [11]:
- synchronization, of the power units with the main EPS,
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- establishment of the frequency and amplitude — energy transfer into the EPS;

- disconnecting the power units from the EPS.

It could be distinguished one more stage case — the changing of the operation mode of the
RES.

Usually switching on the RES and disconnecting from the EPS requires a few seconds
in order to set stable parameters of generation [11]. From the other hand, the quality of the
generated energy also is important factor for system stability. For example, the output
voltage shape of the inverters and noise in the system are one of the strongest factors for
system failures [1]. Having in mind upper reasons and facts it will be correct the parameters
of the model transient process to be defined as follows [11]:

« time for synchronisation with the EPS frequency - ¢, s.

t, is the time between switching on the power units into the EPS and establishment of
the frequency and in-phase mode of the module in the system;
« time for disconnecting - #, s.

t; is the time between switching off the power units from the EPS and attenuation of
their output voltage to the U,/e level, where U,, is the amplitude of the nominal output
voltage before involving the system onto the transient mode.

+ time for switching the mode — ¢, s.

t, s the time for switching of the power between two different modes. Considering the
stable levels of operation, the largest difference in working modes are by load level
between 10 % to 100 % of the nominal regime.

The parameters #;, #, are most applicable for monitoring the output voltage of the
synchronous generators (SG1, SG2, SG3), while the parameter £, is more useful for PVG
and WPG. All of them are important transient mode parameters, which characterize
flexibility of the EPS with respect to outer RES impact.

» total harmonic distortion of the power units — THD;

The expression for THD is given by:

R =2 UZ
THD = 3)

>

1

where n is the highest harmonic of the measurement set, U; is the RMS value of the
fundamental harmonic voltage in the system, U, are the voltage harmonics with the
numbers higher than fundamental one (RMS value).

* the impact of the higher harmonic (percentage from the basic one) — oU,, % (U, — the
biggest RMS voltage value from the sequence of the higher harmonics of the RES or
synchronous generator; n is the number of the certain harmonic)

SU = # 100, %, “4)

1
5 Measurement results

5.1 Parameters of the transient process

The measured parameters of the transient process, which characterize the behaviour of
the power units and resistive load regulator in the physical model, are given in the Table 1.
The quality of the generated energy depends on the level of the THD and 6U,. They are
obtained by 50% of the nominal load level of the system. The biggest distortion were
obtained by SG power unit — 10,97% and the lowest level by PVG — 2,54%. In the Table 1,
n is the number of the largest higher harmonic. The other frequency components also have
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the similar RMS level such, as the measured biggest one higher harmonic. The impact of
the higher harmonics is assessed with the THD parameter.

Table 1. Observed parameters of the transient process of the studied power units and resistive load.

SG PVG WPG LA
THD, % 0,83 0,91 1,95 23,55
oU,, % 10,97 7,73 2,54 35,9
n 5 5 7 3

Via spectral analysis of the output power unit voltages, their higher harmonics level is
obtained. In the Table 2 are represented further calculations of the times of the transient
process for synchronization and disconnecting (¢, #;) of the SG1 from the circuit.
Depending on the defined power units also, the switching mode times ¢, of input (DC)
voltages for the both inverters representing PVG and WPG are found to be 0,5 s. The AC
switching times mode of the inverters’ voltages have approximately the same level — 0,54 -
0,55 s. During the synchronization with the grid and disconnecting the SG1, this module
shows different behavior. The time for synchronization ¢, is approximately three times
more than disconnecting time 7,.

Table 2. Synchronization periods of power units by switching between different modes.

PVG PVG WPG WPG
(AC) (DO) (AC) (DO)

7,7 - - - -

Synchronization periods SG

t, S
(by load level of 50 %)
ty S
(by load level of 50 %)
tom s S
(by swithching from -
10% to 100 % of the load level)

2,9 - - - -

0,55 0,5 0,54 0,5

5.2 Time domain graphs of the measured transient process

The most detailed information of the studied transient processes in the physical model,
can be represented via the graphs across the time domain and frequency domain. Fig.5 -
Fig.7 show the time domain graphs for the SG1 power unit.

| M valtage (s61) Voltage (Grid)

nlnnl‘nljh

i

il
|

400,00
300,00 'W
200,00 t

|

Mt T |

AN
{
]

i

L

[

100,00

0,00
-100,00

[

|

e T
-BDD:DD ULI"IU‘ vJvlu T U T

400,00 -———

=

|
|

L

Woltage (3613, Woltage (Grid), WV

Time, s

Fig. 5. The process of the switching the SG1 power unit into the grid.

On the time domain graphs, the defined transient process times, shown in the Table 2
can be measured. The synchronization of the SG module occurs, when synchronization
controller (Fig.3), detect matching in phase the both voltages — the output of the SG1 and
the grid voltage. Then the switch SW2 is closing. It can be mentioned, the beginning of the
long period for synchronization (more than 7s.), which is calculated from the software but
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prolongs after the diagram on the Fig. 5. Unlike, by disconnecting, the level of the output
voltage fades away within 2,5 s. pseudo periodically.

| [ Voltage (561) Voltage (Grid)

[TAR | TRATITT 1 IIIILIIIIL il Pk Ly
[T (i

= 400,00-

T 300004 .I-I|-hl- Hy I ITI TYTR IYATI TIVE1 TIOTI POVEY
2 o AN

100,00+

£ 200,00 | Ir! |Ir “ v !!

E-}DD,DD L R LA L R RN AR AL T LI LAREE GARRE LALE LALY LRARE T T
£ 400,00 FLENENE 5 e 4 N e O T SEaR R
170 171 172 173 174 175 176 177 17,8 179 180 18,1 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200

Time, s

I

il

1”“ LLL LARRE LARRE LARLE LERRE

Fig. 6. The process of disconnecting the SG1 from the grid (common view).
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Fig. 7. The process of disconnecting the SG1 from the grid (larger scale). Fading the oscillations of
the SG1.

The process of the changing the load level from 10% to 100% of the nominal mode for
the AC and DC side of the WPG unit is represented on the Fig.8 and Fig.9.
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Fig. 8. The process of switching the WPG from 10% to 100% of the load (AC current).
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Fig. 9. The process of switching the WPG from 10% to 100% of the load (DC voltage).
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Sharply increasing of the current load, can be seen on the Fig.8. It can be observed
establishing the level of the raised current of the AC side of the WPG unit and on the other
hand, the decreasing of the source voltage in the DC part of the inverter (Fig. 9). The
different period times of the transient process can be distinguished easily.

Another dynamic process in the model can be observed during the changing the level of
the load of the power line. Fig. 10 and Fig.11 show graphs, which represent the operation of
the current output circuit in the IGBT regulator and its frequency response. It can be
mentioned the rich spectral set and the big level of the higher harmonics. The spectral
analysis shows a high level of distortion. THD of the output current exceed 23 %.
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Fig. 10. The time domain of the current by 70% level of the resistive load, regulated by IGBT switch.
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Fig. 11. The frequency domain of the current by 70% level of the resistive load, regulated by IGBT
switch.

The moment of switching between different modes of the active loads or initially
turning the power generation on, are shown in the Fig.12. The drift of the output current is
obvious and its appearance is due to the saved energy in the parasitic elements in the output
circuit. Both capacitance of the switching elements and stray inductance parameters of the
power line generate a pseudo periodic process of the output current circuit.
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Fig. 12. The time domain graph of the current and voltage by the switching moment in the power line.
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5.3 Frequency domain graphs of the measured transient process

In the studying physical model of RES, about the considering power generating units, as
it is known, the rich composition of frequency components have to be present. On the
frequency domain graphs are shown the spectral sequences of the higher level harmonics,
which modulate the output quantities of the power units. The predominant part of them,
consists of odd harmonics. Fig. 13 - Fig. 15 represents normalized frequency domain
graphs of the output SG1 voltage, WPG and PVG currents (the biggest impact of the higher
harmonics are enclosed on the graph area).
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Fig. 13. The spectral analysis of the SG1 voltage, synchronized with the grid voltage.
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Fig. 14. The spectral analysis of the WPG current, synchronized with the grid voltage.
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Fig. 15. The spectral analysis of the PVG current, synchronized with the grid voltage.

6 Conclusions

The experimental results of the physical RES model, leads to some general conclusions,

which can affect the next scientific researches.
* The constructed physical model of the RES system and the simulation of the different

power units, represent in an adequate way the processes in the real EPS;
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* The synchronization period and disconnecting times are clearly distinguishable and can be
measured despite of the type or model of the used inverter or synchronous generator.
» The spectral analysis of the signals measured by this DAQ measurement set, shows the
distribution of the frequency components in a real time, generated from the RES power
units in the energy transmission line and EPS;
* By this model and software, can be assessed the influence of the predominant RES part of
the energy in the EPS;
* The method for monitoring with DAQ system could be applied over asymmetric loaded
three-phase system by involving more measurement channels of the DAQ system.

Along with undisputed utilities of the studied physical model, some disadvantages can
be mentioned, which can be a base for future work.
* The switching of the load, using IGBT power switches inputs a lots of higher frequency
harmonics, which have to be filtered;
+ It will be better, the source DC voltage for simulation of the WPG and PVG to be
executed with stabilization, filtering and more flexible way for regulation.
* The validation of the constructed physical model by the present measurements could be
useful for studying different types of RES inverters furtherly included in the model.
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