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ABSTRACT

The paper presents experimental results from the operation of a prototype Microgrid system, installed in the
National Technical University of Athens, which comprises a PV generator, battery energy storage, local load
and a controlled interconnection to the LV grid. Both the battery unit and the PV generator are connected to
the AC grid via fast-acting DC/AC power converters. The converters are suitably controlled to permit the
operation of the system either interconnected to the LV network, or in stand-alone (island) mode, with a
seamless transfer from the one mode to the other. The paper provides a technical description of the system
components and the control concept implemented, along with extensive measurement results which
demonstrate its capability to operate in the aforementioned way.
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1. Introduction

The penetration of distributed generation resources to the low voltage grids, such as photovoltaics, CHP
micro-turbines, small wind turbines in certain areas and fuel cells in the near future, is constantly increasing,
altering the traditional operating principle of the grids. A particularly promising aspect, related to the
proliferation of small-scale decentralized generation, is the possibility for parts of the network comprising
sufficient generating resources to operate in isolation from the main grid, in a deliberate and controlled way.
Grid portions with such a capability are called Microgrids ([1]).

A critical factor in order to exploit the potential offered by the microgrid concept is the presence of micro-
sources, with fast-acting power electronics interfaces to regulate voltage and frequency and ensure proper
load sharing among the various sources, when operating in isolated mode. In interconnected mode, the
micro-source and central micro-grid controllers regulate the power exchange with the grid, monitor grid
conditions and ensure proper separation. Micro-source controllers suitable for this task are being developed
(e.g. [2,3]) and implemented in inverters, which could support the operation of microgrids.

In the paper, a prototype, laboratory-scale microgrid is presented, which comprises a PV generator, battery
energy storage, local load and a controlled interconnection to the public LV grid. Its objective is to explore
control concepts and operating policies and demonstrate the feasibility of the microgrid concept. The existing
system is already capable of operating in stand-alone and grid-connected mode, with a seamless transition
from one state to the other, as demonstrated by measurements included in this digest. Further experimental
results from the various operating modes of the system, along with a more detailed description of the power
electronics interfaces and their controllers, will be provided in the final paper.

2. The experimental microgrid system
2.1 System description

The composition of the microgrid system is shown in Figure 1, along with a photo of the actual installation. It
is a modular system, comprising a PV generator as the primary source of power. The addition of a small WT
is also planned for the immediate future (it is expected to be connected and operating before the final paper
is submitted). Both microsources are interfaced to the 1-phase AC bus via DC/AC PWM inverters. A battery
bank is also included, interfaced to the AC system via a bi-directional PWM voltage source converter. The
microgrid is connected to the local LV grid, as shown in Figure 1.
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Figure 1. The laboratory microgrid system (WT extension planned for next semester)



When the system is connected to the grid, the local load receives power both from the grid and the local
micro-sources. In case of grid power interruptions, the microgrid can transfer smoothly to island operation
and subsequently reconnect to the public grid.

The central component of the microgrid system is the battery inverter, which regulates the voltage and
frequency when the system operates in island mode, taking over the control of active and reactive power.
The battery unit power electronics interface, schematically illustrated in Figure 2, consists of a Cuk DC/DC
converter and a voltage source PWM inverter, both bi-directional, permitting thus charging and discharging
of the batteries. The DC/DC converter provides the constant 380 V DC voltage to the DC/AC converter input.
The HF transformer, operating at 16.6 kHz, provides electrical isolation between the battery bank and the
grid. The four-quadrant DC/AC converter comprises a single phase IGBT bridge, output filters and a grid-
connection inductor.
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Figure 2. Power section of the battery inverter, [4].

The battery inverter operates in voltage control mode (regulating the magnitude and phase/frequency of its
output voltage), acting as a “grid-forming” unit, when the microgrid operates in island mode, i.e. setting the
voltage and frequency of the system. When the microgrid operates in parallel to the grid, in which case the
latter defines the operating frequency and voltage, the inverter operates as a “grid-following” unit.

The PV inverter performs the MPPT function of the photovoltaic generator and operates as a “grid-parallel”
unit, responsible for maximizing the PV power output, but without any participation in the voltage or
frequency regulation.

2.2 Principle of control

A microgrid where multiple energy sources and storage facilities (such as batteries) are present, resembles
in many ways an electric power system, where multiple generators participate in the frequency and voltage
regulation and all share the total active and reactive power demand. This function is primarily performed by
the speed governors and the voltage regulators of the individual units, depending on their active power-
frequency and reactive power — voltage control characteristics. These characteristics are known as “droop
curves” and are schematically illustrated in Figure 3. Each one is defined by two basic quantities:

e The “idle” frequency and voltage, f, and ug, corresponding to the value of the frequency or voltage when
the active, resp. reactive, output power is zero.

e The “droop” value, i.e. the slope Af/AP and AV/AQ, denoting the difference in output frequency or
voltage, between no-load and full-load operation of the device.

) - *.___ { h- ___i____{-

o “‘“‘“‘--r Ug
Af -1% Au -4%

y

-1 0 1
voltage droop

1 0 1
frequency droop

§|O"

[
Pn

Figure 3. Grid compatible frequency and voltage droops.



When a single unit feeds the microgrid, its frequency and voltage is directly determined by its droop curve,
depending on its active and reactive power output. If multiple sources operate within the same system, no
single unit regulates the frequency, but they all contribute by sharing the load power according to their
individual droop curves.

This principle has been directly transferred to the control of battery inverters ([2]), as well as other micro-
sources capable of regulating their active and reactive power output. Hence, each battery inverter unit,
primarily a voltage source inverter with regulated AC voltage magnitude and frequency, is controlled
according to the characteristics of Figure 3. Thus, proper load sharing is ensured (e.g. [3]) and frequency
regulation is achieved in island mode, whereas potential problems with large reactive currents circulating
between the distributed sources are avoided. In grid-interconnected mode, where frequency and voltage are
practically fixed, the settings of the droop curve parameters determine the active and reactive output power
of each inverter. For the microgrid, a central supervisory control system also exists, which is capable of
altering the individual inverter settings in real-time.

3. Experimental Results

The results presented in this section have been recorded during the testing phase of the system, after the
recent upgrade of its controllers, to include the droop characteristics described in the previous paragraph.

In Figure 4, a sequence is shown where the operating mode of the microgrid changes from island to grid-
interconnected and then back to island mode. The three diagrams illustrate the frequency and voltage of the
microgrid and the public LV grid, as well as the active power of the battery inverter, the PV generator, the
local load and the grid (positive when flowing into the microgrid).
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Initially the system is disconnected from the grid, feeding a local load of 0.5 kW. The PV power is gradually
increasing, from 150 to 200 W, whereas the battery inverter output is correspondingly decreasing from 300
to 250 W. Due to the negative frequency droop, this causes a gradual increase of the frequency in the



islanded part. The voltage on the other hand remains practically constant, since no significant change of the
reactive power occurs.

At approximately 200 sec, the microgrid is synchronized to the grid and its frequency and voltage become
equal to the values of the network (f~50.05 Hz, V~235 V). The “idle” frequency f;, of the inverter was set to
50.05 Hz, causing thereby the inverter active power to approach zero. At approximately 400 s, the microgrid
is disconnected from the grid (deliberate disconnection, without any grid failure event) and returns to its initial
operating state. During the transition from isolated to interconnected mode and vice versa, the PV and load
continue to operate without any interruption or other disturbance.
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Figure 5. Synchronization to the grid. (a) Current on the grid-tie, (b) Grid (blue) and microgrid (red) voltages.

The synchronization transients, which are not shown in Figure 4, due to the sampling of rms quantities at a
low rate (1 Hz), are illustrated in Figure 5. In diagram 5(a) the grid current is shown, which exhibits a
maximum value of approximately 5.5 Arms, i.e. less than 30% of the battery inverter rated current (the non-
zero current before synchronization in diagram 5(a) is due to the quantization error of the measuring device).
The two voltages on the terminals of the synchronization contactor (microgrid and grid side) are included in
diagram 5(b). In the first 0.3 s the phase difference between the island and grid voltages is gradually
decreasing, until synchronization conditions are fulfilled (at about 0.3 s). Subsequently, the system operates
at a single voltage and frequency.
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Figure 6. Measured performance of the frequency and voltage regulation loops (scattered points) against the
droop characteristics programmed in the inverter.

Using measurements performed over a longer time interval, the implementation of the frequency and voltage
droops has been tested. This is illustrated in Figure 6, where a large number of measurement points have
been plotted on the same axes with the specific control characteristics, which were programmed in the
battery inverter for the measurement interval. Notably, the measurement interval comprises both grid-
interconnected and autonomous operation periods, with varying solar radiation and load levels.

From Figure 6 it is apparent that both the frequency and the voltage regulation loops perform as intended,
closely tracking the droop characteristics implemented in the inverter controller. The scatter of the



measurement data, more extended in the voltage diagram, is mainly due to the time delays incorporated in
the respective controllers, in order to decouple the two regulation loops (active power-frequency and reactive
power-voltage). It is also noted that the voltage in the right diagram of Figure 6 is the internal EMF of the
inverter, calculated from its measured terminal voltage and current, by subtracting the voltage drop on the
internal series inductance.

4. Conclusions

The paper presents an assessment of the operation of a laboratory microgrid, incorporating micro-sources
and local loads. First a description of the system components and the control principles implemented is
given. Then experimental results are provided which demonstrate the capability of the system to operate
either in parallel to the grid or in autonomous mode. The transition from one state to the other is performed
seamlessly, without any interruption or other disturbances to the micro-sources and the load of the microgrid.
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