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Abstract. The paper shows how the surveying of power quality in microgrids working under
unbalanced harmonic distorted operating states with possible voltage dips and voltage swells
existence can be accomplished implying a small amount of time and measurement activities. The
surveying methodology uses the disturbances propagation phenomenon to determine the power
quality indices in all of interest nodes of the microgrid utilizing the voltages and currents
characteristics in one or several strategic nodes. The disturbances propagation is based on the
sequence component theory applied for all detected harmonics and for the microgrids components.
The proposed surveying methodology was implemented in a virtual instrument capable to acquire
the voltages and currents waveforms, to analyze them in order to identify the disturbances
characteristics, to calculate the disturbances propagation and display the power quality indices in all
of interest nodes of the microgrid. The virtual instrument was tested using several microgrid
topologies and scenarios.

Introduction

Microgrids represent the new tendencies that meet the world’s new energy policy that is to
protect and mitigate the impact on the environment. A microgrid is a regionally limited power
system that contains small generation units, energy storage and loads. The microgrid usually
operates connected to a traditional centralized power network, but it can work also in the isolated
mode. The generation units and loads are interconnected at low voltage (LV) or rarely at medium
voltage (MV). Microgrid generation units can include fuel cells, wind turbines, photovoltaic (solar)
panels and other small power installation that use renewable energy resources.

A microgrid has three main characteristics [1 — 4]: it is seen by the main power network as a
single controllable unit, enabling it to deliver the cost of large units; it has a particular topology
imposed by the energy needs (in order to satisfy the power necessities); it needs a high level of
power quality and a high supply safety in order to supply all consumers. This last feature imposes
the knowledge of power quality (PQ) indices in all common coupling points of the microgrid. To
establish accurate values of PQ indices in microgrids, a lot of complex measurements have to be
performed at the same time. It is obvious that, for technological and economical reasons, it is almost
impossible to accomplish this task. On the other hand, the complexity of electromagnetic
phenomena imposes laborious and fineness activities for a truthful modelling of microgrids
elements and of electromagnetic phenomena. An easier approach to determine the PQ indices in all
of interest nodes of the microgrid is to measure the characteristics of PQ indices in the main nodes
and then calculate them in the rest of the microgrid by applying a propagation algorithm. This
methodology can be used because the disturbances propagate through the microgrid influenced by
the microgrid components on one hand and on the other hand by the disturbances type themselves.
Consequently, the PQ indices have diverse values in different points of the microgrid.

The analysis of disturbances propagation is a complex issue, involving many complicated
mathematic calculus, subsequently it is very appropriate the development of software tools that
contain the propagation algorithm and are dedicated for the analysis of PQ. Encouraged by the
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importance of PQ in microgrids and the disturbances propagation approach, the authors have
developed a virtual instrument (VI) that calculates the propagation of electromagnetic disturbances
(basically harmonic distortion, unbalance, voltage dips and voltage swells) in microgrids and the
PQ indices. The propagation of stationary disturbances (e.g. harmonics and unbalance) is a power
flow issue during steady state, whereas the temporary disturbances (e.g. voltage dips and swells)
can be also treated like usual power flow during the stationary periods (when its rms values doesn’t
vary) of the disturbance when the voltage amplitude is the lowest (for dips) or the highest (for
swells). This approach was used because only the PQ indices are pursued, whereas for a more
accurate analysis of the temporary disturbances propagation a time domain analysis is required.

The common power flow analysis methods that are based on the positive sequence
representation, which are usually used for large power distribution systems, are not appropriate for
microgrids and modern LV distribution power networks, because they have an unbalanced and
harmonic polluted working state. Furthermore, the today’s power flow software tools are not
adapted for the microgrids analysis, because they initially have been developed for large systems. A
drawback in the existing technical literature regarding the steady state modelling of microgrids is
that it assumes only positive sequence representation for power flow analysis [5, 6]. Then again, the
concept of three phase power flow analysis has been widely presented in literature [7 - 14], and the
proposed methods were chosen in accordance with the network topology and the applied
methodologies. The compensation methods have been proposed for power flow analysis of radial
networks and weakly meshed grids in [7] and [8], respectively. The power flow analysis of looped
(ring) or general network structures are conducted based on Gauss and/or Gauss-Seidel methods in
[9, 10] and Newton — Raphson method in [11 — 13]. The sequence components theory has been used
in [12 — 15] to develop a three phase power flow solver for general network topologies with
synchronous generating units. Using the sequence components frame in the power flow analysis
effectively reduces the problem size and the computational burden as compared to the phase frame
approach. Moreover, due to the weak coupling between the three sequence networks, the system
equations can be solved using parallel programming [13]. Considering the unbalance and
harmonics, the propagation implemented in the proposed survey methodology is based on the
sequence components theory. Comparing the approaches presented in the literature [13 — 15], the
proposed method adapts the sequence components theory for all harmonics. Thus the microgrid is
decomposed in three independent sequence components, and the power flow is determined for each
sequence harmonic component. In accordance with the proposed approach, all the microgrid
elements are modelled with their sequence components: electric lines, power transformers, linear
balanced consumers (constant power) and distributed generation units (constant power). The
temporary disturbances propagation is made considering the technical literature [16, 17].

In the last years, the computer science development has encouraged the involvement of PCs in
resolving various issues related to power systems, such as protections, control, measurements,
processes control, modelling etc. Thus, specialized dedicated software tools were created in order to
support and improve the engineers work: LabVIEW, DIgSILENT, EDSA, MatLab etc.

The software products developed using LabVIEW graphical programming environment are
virtual instruments (VIs). These software tools emulate physical instruments, but they operate like
usual software and consequently they can be used so. Thus on one side, VIs are utilized to design
the measurement system, but on the other side, they are used as simulation tools in a closed virtual
world in which the user can observe the behaviour of complex systems in different contexts, being
of great help in understanding various phenomena [18]. Recently, in the field of power systems,
many authors have used the virtual instrumentation approach to simulate different operating states
of power systems [19], solve issues related to measurements [20 — 24], to detect the loads
characteristics [25], to design and simulate the voltage fluctuation rate monitor [26], to control
different processes [27]. Analyzing the technical literature, the developed software tool is among
the few VIs dedicated for simulation of power systems processes.

The rest of the paper is organized as follows: the next section describes the proposed survey
methodology, then the developed VI is presented, its usage and a study case that validates the
algorithm and the VI are presented. The paper ends with a section of conclusions where the
importance of developed VI is underlined.
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Proposed power quality monitoring method using disturbances propagation algorithm

The proposed methodology was build on the supposition that the start point of the disturbances
propagation is the injection point of the disturbances, where the measurement have been made, or
the distributed generation units whose characteristics are known are connected. Besides, the
complexity of the propagation phenomenon imposes: (i) the analysis of power signals in order to
determine and quantify the PQ indices, which were performed using novel algorithms [28, 29] and
new indices [30, 31]; (ii) the microgrid to be modelled in accordance with the non-sinusoidal
unbalanced operating state, thus the electric lines and transformers parameters were calculated
considering the skin effect; (ii1) the electric quantities and microgrids parameters were used in per
unit and with sequence components. It must be added that the proposed method can be applied for
both radial and looped microgrid, and typical power networks topologies.

The remainder of the section describes the propagation algorithm, microgrid modelling and the
mathematical basis of the disturbances propagation through the grids components.

Disturbances propagation algorithm. The algorithm for the disturbances propagation is described
in Fig. 1 and supposes the following stages:

e analysis of acquired signals, in order to determine the existence of electromagnetic
disturbances, their types and PQ indices in the measurement points;

e transformation of the electric quantities in per unit and sequence components quantities;

e calculus of microgrids parameters, considering the real operating state (skin effect);

e microgrids topology (radial and looped) identification in order to track the effects on the
disturbances propagation;

e sequence components (positive, negative and zero) of the analyzed microgrid, in per unit
calculus;

e analysis of disturbances propagation using the corresponding mathematical block (Fig. 5).
Calculus block stopping condition is met when all electric quantities (currents and voltages)
in all of interest microgrid nodes are determined;

e computation of power signals characteristics, i.e. the PQ level in all of interest microgrid
nodes.

In Fig. 1 u(f) and i(f) represent the acquired sampled power signals; U5, and "B the
voltages and currents harmonic components on the three phases; U "’Ok and 1" "’Ok the sequence
components for each K™ order harmonic; Ay, k' and THDy symbolize the PQ indices
corresponding the analyzed disturbances; Zr, Z; microgrid electric parameters, whereas Z~r and
7", sequence components of the microgrid electric parameters.

Microgrid modelling. The electric lines (overhead lines and cables) are modelled using only the
series parameters: resistance (R)) and reactance (X;), thus the characteristic impedance, Z;.

Z, =R +joL, =R, + jX, [Q/m)]. (1)

The electric line model is illustrated in Fig. 2. The resistance was determined considering the d.c.
component, and the a.c. gain parameter, k., — relationship (2).

The a.c. gain parameter depends on the frequency, conductor’s type, resistivity and permeability
as mathematical relationships (2) and (3) show [32].
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Fig. 1. Logic diagram of propagation algorithm
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Fig. 2. The equivalent electric scheme of an electric line
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where r is the conductor’s radius, [m]; ¢ — material permeability, [H/m]; R.. — d.c. resistance,
[QQ/m]; R; — a.c. resistance, [Q2/m]; ux — relative permeability; p — conductor’s resistivity,
[Q-mm*/m]; ber si bei — real and imaginary parts of the Bessel functions, which are described
below.

The transformers are modelled considering the electric scheme from Fig. 3. Thus the electric
parameters are determined using the characteristic features of the transformer [33].
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Fig. 3. Single-phase scheme of the three-phase power transformer
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The consumers, which are considered linear loads, are modelled using a static model
characterized by series parameters — resistance and reactance (impedance), Fig. 4. The electric
parameters are calculated using the consumer nominal power and voltage.

Z =R +joL =R +jX,, [Q] 4

R, Xe
—{ I

Fig. 4. Equivalent single-phase electric scheme of the linear consumer

Propagation calculus block. In the propagation analysis the following assumptions have been
accepted: (i) the electric lines and power transformers are linear elements, thus they do not cause
harmonic currents or voltages; (ii) the non-linear consumers are considered invariant harmonic
current sources (this means that the harmonic order, amplitude and initial phase don’t vary in time);
(ii1) the microgrid is supplied with a symmetric system of sinusoidal voltages from the power
system (in the connected mode); (iv) the distributed generation units are considered invariant.
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Fig. 5. Logic diagram of the disturbances propagation calculus block

The propagation phenomenon study was made using an iterative method (the backward/forward
sweep), which was modified for the non-sinusoidal unbalanced operating state. This kind of
approach supposes a three-phase modelling of the grid elements, in view of the fact that the electric
quantities can be different for the three phases. Consequently the superposition method and the
sequence components theory were implied. Thus each three-phase harmonic current/voltage system
was analyzed as an unbalanced system. Moreover, utilizing this approach and taking into account
the characteristics of sequence components belonging to the microgrid elements, the microgrid is
seen as three sequence independent microgrids: positive, negative and zero sequence. Fig. 6
illustrates a power network along with its three sequence components [35, 36].

The positive and negative sequence components of power transformers behave in the same way,
irrespective of magnetic core type and the connection scheme. The mathematical formula showing
the relationship between the sequence harmonic voltages and currents are:

u,,=0,-Z"+k-U.;
U, =U},-a (5)

+/= +/=
Q(‘,h =QA,h a
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where k is a parameter depending on the transformer connection, # is the harmonic’s order, U, e
- positive/negative primary harmonic phase-to-earth voltages, U :f;/c’,, - positive/negative secondary

harmonic phase-to-earth voltages, Z'' - positive/negative transformer impedance, [ Z;-

positive/negative sequence harmonic currents that flow through the primary windings and are
characterized by the following mathematical relationships:

+ l + - 1 -
lA,h =" la,h B ZA,h =" la,h' (6)

n n

T T

In (6), I,, and I,, are the positive and negative sequence harmonic currents from the

—a,h

secondary winding, and n, is the transformer ratio.

G, T T, Gy
YNyn ‘ ‘ YNd
7, zi zh

Fig. 6. Decomposition of a power grid in its sequence components (grid’s parameters are in per
unit)

The zero sequence components of secondary currents produce important magnetic fluxes only if
they can not appear on the primary side, too.

v, =10,-2"+k-U,,
Qz,h = Q(jl,h (7)
Qg,h = Q(ji,h

0 0 . 0
where U, ;,, and U,,,., are the zero sequence primary and secondary voltages, Z - the zero

. 0 .
sequence transformer impedance; /,, - the primary zero sequence current.

A voltage dip or swell that appears at a voltage level propagates at the same voltage level, at
higher voltage levels and/or lower voltage levels, too. The propagation at lower voltage levels takes
place without a considerable change in amplitude; in contrast, when it propagates upstream the
source point suffer a amplitude decrease. The first step in the propagation analysis of voltage
dips/swells imposes the knowledge of dips/swells characteristics; then it follows the study of the
grid elements influence on voltage dip/swell characteristics and vice-versa. Considering only the
electric lines and transformers, the last ones have the biggest influence on the voltage dips
propagation.

The power transformers working in the power networks have different connections that influence
the voltage dips/swells; as a result, a voltage dip/swell that propagate downstream, from the high
voltage to the low voltage side of a transformer, has different characteristics in the primary if
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compares with the secondary. An accurate analysis of transformers influence upon the voltage dips
propagation is made in [16]. In accordance with this study, transformers can be divided in three
categories: (1) transformers for which every secondary voltages are the difference between two
primary voltages. This category includes transformers with connections Dy, Yd and Yz; (ii)
transformers that eliminates only the zero sequence components; this model applies for transformers
with group connections Yy and Yy, and Dd, Dz, respectively; (iii) transformers that do not
modify the voltage. For this kind of transformers, the secondary voltage (p.u.) is equal with the
primary voltage (p.u.). This category encompasses transformers with Yxy, connection.

Virtual instrument

The proposed methodology was implemented in a VI, named PowerDiNet PQMo, capable to
determine the PQ indices in a microgrid functioning under non-sinusoidal unbalanced operating
state, with possible voltage dips or swells appearance. The VI can work off-line (taking the data
from a file that contains the measurements) or on-line (with the help of an data acquisition board the
input power signals are acquired). The graphic user interface is illustrated in Fig. 7, whereas the
source code is presented in Fig. 8.
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Fig. 7. PowerDiNet PQMo graphic user interface

PowerDiNet PQMo usage is easy and sequential: first the user has to choose the microgrid
topology (predefined or custom), the electric parameters calculus (typical or complex), the power
quality analysis (standard and/or custom) and the way the data should be displayed (standard and/or
report) by accessing submenu “Format” (Fig. 7 — 2). In Fig. 7 — 1, is illustrated a predefined
microgrid topology, whereas the custom topology supposes the user builds its microgrid using a
special support grid and power system elements. The typical electric parameters means the calculus
of microgrid parameters is performed without the skin effect, contrary the complex option implies
the calculus of the electric parameters considering the skin effect. Standard power quality analysis
is as [37] recommends, and the custom analysis is using the methods described in [28, 29] able to
identify interharmonics and three-phase voltage dips and swells. On the next step, the microgrid
components (generation units, transformers, electric lines, consumers, capacitors and batteries)
characteristics have to be introduced (Fig. 7 — 3), whereas the input power signals, u(¢) and i(¢) are
introduced in the 3" step (Fig. 7 — 4). After these 3 stages, the VI processes the input data and
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calculates the power quality indices at all busbars, which can be seen by accessing the submenu
“Power quality indices” (Fig. 7 — 5). Someone can also observe the “Help” and “Errors” sub-menus
that have the roles to help and support the VI usage and to display the errors that appear when the
input data are incorrect introduced.

Fig. 8 illustrates a part of the VI source code, which corresponds to the calculus stage.
Consequently, sub-VIs 1 and 2 transform the electric quantities in per unit, sub-VI 3 calculates the
propagation and sub-VIs 4 and 5 transform the per unit sequence components to real phase
quantities.
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Fig. 8. PowerDiNet PQMo source code

Simulations and results

To evaluate the performance of the proposed technique and developed VI, tests were made using
possible microgrids topologies with virtual scenarios. The example presented in this section to
demonstrate and evaluate the effectiveness, estimation accuracy and computational speed of the VI
includes the microgrid from Fig. 7 — 1. The microgrid is connected to the main distribution network,
and contains three sub-grids that supply LV consumers of diverse powers and a MV consumer. To
the 2™ sub-grid is connected a distributed generation unit (solar panels) that is considered the
disturbances source. This is because the interface between the solar panels and microgrid is made
through a three-phase inverter which is a harmonic voltage source. The characteristic of the
microgrid components, generation unit and consumers are presented in Table 1. It has to be added,
that the characteristics of the inverter were obtained from in situ measurements on real solar panels
of 100 kW, whereas the input u(¢) and i(¢) were introduced from external files at busbar B10.
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Table 1. Microgrid elements characteristics

Microgrid ~ Characteristics
element

Gl P, =20 MVA, Uy=110kV
T Sy=1.6 MVA, U/U~=110/20 kV, u,= 6%, AP,,= 21.05 kW, AP;=2.1 kW, Yynd-11
T1 Sy=0.4 MVA, U/U,=20/0.4kV, u,= 4%, AP,= 4.3 kW, AP= 0.8 kW, Dy,-11
L1 Over-head line, / = 20 km, s= 70 mm’, Steel - Aluminum
L4 Cable, / = 0.1km, s= 150 mm’, Copper
Cl1 Py=300kW,PF=0.8, Uy=04kV
T2 Sy=0.1 MVA, U,/U,=20/0.4kV, us,= 2%, AP,= 1.5 kW, APy= 0.29 kW, Yy,-0
L2 Over-head line, / = 2 km, s= 70 mm’, Steel - Aluminum
L5 Cable, /= 0.1 km, s= 50 mm”, Copper
C2 Py=80kW,PF=0.8 Uy=04kV
T3 Sy=10.63 MVA, U,/Uy= 20/0.4 kV, u,= 5%, AP,= 6.2 kW, AP;= 1.2 kW, Dy,-0
L3 Over-head line, / = 10 km, s= 70 mm?, Steel - Aluminum
L6 Cable, /= 0.1 km, s= 240 mm”, Copper
C3 Py =500kW, PF=0.8, Uy=04kV
G2 Py, =100 kW, Uy = 0.4 kV
C4 Py =500kW, PF=0.9, Uy=20kV

The scenario settings are: predefined microgrid, typical calculus of the microgrid parameters,
standard PQ analysis and indices, and standard-window display of results. Processing the input data,
the VI identified harmonics and unbalance, thus the PQ indices and their propagation through the
microgrid are illustrated in Table 2; Fig. 9 presents the load flow. As the calculus was made for
each phase, in the scheme are illustrate only the maximum values that indicate the worse situation.
It can be seen that the voltage unbalance is very low, and the other consumers are not influenced by
the non-linearity or unbalance of the solar panels.

Table 2. Power quality indices

Busbar THDy [%)] k' [%] Ky [%]
Bl 0 0 0
B2 2.7 0 0
B3 0 0 0
B4 11 0.1 0
BS 0 0 0
B6 0 0 0
B7 12 0 0.1
B8 0 0 0
B9 0 0 0
B10 12.1 0 0.1
BIl 0 0 0

THDy [%] — voltage’s total harmonic distortion factor,
k'y — voltage’s negative unbalance factor,
K’y — voltage’s zero unbalance factor.
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Fig. 9. Load flow through the microgrid

Summary

The authors proposed a low-cost and time saver methodology for power quality monitoring in
microgrids working under non-sinusoidal unbalanced conditions, with possible voltage dips and
swells existence. The method is based on the disturbances propagation phenomenon, which was
analyzed with the help of sequence components applied for all detected harmonic components. The
propagation algorithm was implemented in a virtual instrument that offers the possibility of
analyzing the PQ in microgrids, but also to simulate their functioning. The VI was tested using
diverse microgrids topologies with different scenarios (regarding consumers, distributed generation
units and disturbances levels). The paper describes a functioning scenario of a microgrid that
supplies four types of consumers from the main power network and solar panels. As a result of the
performed analysis on the showed example and on other microgrids, the followings have been
observed:

e The disturbances propagate entirely along the electric lines, but their characteristics change

when they pass through the grid’s transformers, depending on the transformer connection;

e The zero sequence components of harmonics from the secondary side of transformers that
have the Dy, connection, cannot be found on the primary side;

e The disturbances source doesn’t influence the other consumers because the power system is
strong enough to reduce its effects. In the situation the microgrid is working in isolated mode
and the generation unit is of big power comparing the consumer near it, its influence can be
sensed.

The usage of the presented software tool offers the following advantages:

1). Low-cost and time saver comparing the classical measurement apparatus and survey

methodologies;

2). Analysis of microgrids power quality indices using both the standard methodology but also
an advanced analysis for interharmonics identification that uses novel algorithms. It can be
observed that the VI can easily be used for arbitrary distribution power networks;

3). Friendly graphic interface;

4). Workable results in a short time.
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