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Abstract: This work aims to present an electrical power management system, between a photovoltaic
generation system and a battery energy storage system, by using a low-power dual-stage microin-
verter connected to the electrical distribution network, configuring a nanogrid. The presented system
is capable of performing the active power injection of the photovoltaic arrangement, increasing the
availability of electrical energy through a maximum power point tracking algorithm. The system is
also able to manage the processes of the charge and discharge of the battery system, where the energy
storage system will serve as grid support when renewable power is not available. Furthermore, to
ensure the quality of electric energy the proposed microinverter also has the characteristic of parallel
active filter for suppression of harmonic currents and reactive compensation of local load current,
ensuring the quality of electric energy. As a result, this work presents the system topology, modeling
and control of electronic converters, the management strategy with its modes of operation and the
results of numerical validation of the proposed system.

Keywords: microinverter; storage system; power quality; nanogrid; active filter

1. Introduction

The current scenario of the distribution system (DS) is in a process of transformation
and adaptation due to the significant increase of nonlinear loads connected to the power
grid at all voltage levels, which in turn end up compromising the electric power quality
(EPQ) of the entire system [1,2]. As, for example, non-linear loads, we can list inverters on
grid, converters for machine drivers, controlled and uncontrolled rectifiers, keyed sources,
among others.

As a result of the increasing insertion in the DS of equipment with non-linear char-
acteristics in residential and industrial applications there is an increase in the indexes of
electromagnetic disturbances that end up distorting the waveform, causing an increase
in electrical losses, untimely failures and in extreme cases until the burning of connected
electronic devices or at the point common coupling (PCC) of the power grid [3-8].

In view of the above, we highlight the importance of studying the development
of systems and equipment with a better EPQ, where the continuity of supply is also a
determining factor, ensuring energy security for systems with critical loads and increasing
the reliability of the system where they are inserted.

Added to the problems already existing in DS, in the last decades there has been an
increase in distributed generation systems (DG) and models of microgrids involving hybrid
systems with distributed generation and storage connected to the DS, causing growth of
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research with distributed generation and models of microgrids involving hybrid systems
with distributed generation and storage connected to it [9-16].

Currently, there has been a growing interest in research on distributed hybrid systems
composed of renewable sources (solar and wind). In addition, energy storage can be com-
bined to mitigate the fluctuation and oscillation of power injected into the DS, consequently
becoming a system with the more reliable characteristics of electric power dispatch energy
availability [17-20].

In addition to the microgrids system, there is the emergence of the concept of nanogrids,
defined as small modular load blocks that correspond to low-power management within a
given microsystem and/or in the management of a set or a point load [21-29]. Research
on nanogrids has pointed to the development of management systems that can ensure
the supply and EPQ to the consumer in reduced amounts of energy [30] and to ensure
compliance of these systems, management and control algorithms are required [31].

Thus, knowing the inconsistency in generation using alternative sources and the
difficulty of predicting their behavior, the use of these sources as a reliable solution becomes
complex, that is, the use of this type of solution is applicable only in remote networks,
where the electrical network utility is not available and the quality of the energy produced is
not of crucial or strategic importance. Given the limitations and difficulties in the operation
of power generation that employ alternative sources, ways are sought to make this type
of the solution more reliable, presenting a minimum availability during its process. Thus,
it can be considered a reliable and available source, no longer just an ecologically correct
source, to become a viable alternative source. Another problem related to the "random”
variable nature is power swings. These cause variations in the voltage of the network in
addition to reverse flow in distribution transformers, which causes problems with power
quality, tap switching and voltage regulators, so a structure that eliminates or smooths
sudden power fluctuations in the distribution network has great impact on the quality of
electrical energy.

In view of the above, this work presents a proposal of management and control topol-
ogy of a low-power nanogrid that contemplates the active energy conditioning through
a complete bridged microinverter, as well as the management and control of an energy
storage system through a buck-boost converter and the extraction of maximum power from
a photovoltaic system, aiming to ensure the supply and/or self-consumption of electricity
through a boost converter.

The contribution of this research consists in the presentation, through analytical and
simulation results, of a nanogrid system with double stage of energy conversion using the
technique of tracking the maximum power point perturb and observes. (MPPT-Maximum
Power Point Tracking) that perturb and observes for maximum efficiency of the photovoltaic
(PV) system, where simultaneously, both the injection of active energy into the power grid
(when connected), load maintenance (when isolated) and the active power conditioning
are performed.

This paper is organized as follows: Section 2 presents the topology of the nanogrid as
well as the basic concept of the devices involved. In Section 3, the electrical schematics of
the nanogrid are presented, the flowchart of the MPPT method used, the control strategies
of the system, the SRF (Synchronous Reference Frame) system. In Section 4 the proposed
method of managing the nanogrid is discussed. Finally, the results and discussions are
presented in Sections 5 and 6, respectively.

2. Description of Nanogrid with Active Energy Conditioning

The proposed nanogrid structure is presented in Figure 1. This configuration manages
a low-power generating source, a photovoltaic panel, a lithium battery, and linear and
nonlinear priority loads.

The objective of the proposed nanogrid is to optimize energy resources in a decen-
tralized way, regardless of the presence of the conventional electricity grid. Therefore, the
charging, storage and power conditioning devices of the nanogrid are low power. Where
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the PV arrangement consists of only one module, the storage system is a small battery
and the loads are residential in size. As this electricity grid with low energy density, all
energy conversion devices and generating source must be maximized to increase the overall
yield of the nanogrid. To this end, in the PV generating sources, techniques have been
systematically used to Maximum Power point tracking MPPT) [32-35]. On the other hand,
the effects caused by partial shading can affect the maximization of energy produced from
photovoltaic systems. However, using a single panel as a power source minimizes the
problem of partial shading. Typically, MPPT techniques, which are based on hill climbing
strategies (HC), such as Incremental Conductance-IC or Perturb & Observ-P&O [34], have
been used to perform power point (MPP ) tracking of the photovoltaic arrangement.

Management System and
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Figure 1. Topology of nanogrid.

These MPPT algorithms based on the IC and P&O methods perform well. Simul-
taneously with the optimization of the energy injection produced from the photovoltaic
arrangement, the proposed nanogrid system also considers the active energy conditioning,
which includes the suppression of harmonic currents of the load, as well as the compensa-
tion of reactive power. In other words, nanogrid also performs the active parallel power
filter function [36—42].

In this case, regardless of the linear or nonlinear characteristics of the load, the drained
current of the power grid will always be sinusoidal, with low harmonic content. Thus,
energy quality indicators are improved, such as harmonic pollution reduction factor and
power factor (PF). A DC-DC boost converter and a nanoinverter connected to the electrical
grid comprise the respective first and second stages of power conversion of the PV system
implemented in this paper. In the nanogrid system with PV power, while the DC-DC
converter performs the MPPT function, an SRF current reference generator algorithm
calculates the reference current that will be synthesized by the nanoinverter connected to
grid tie.

Therefore, such a current is composed of the following components: (i) active compo-
nent, which is proportional to the energy produced by the photovoltaic array; (ii) reactive
component, which is proportional to the load’s reactive power compensation portion; and
(iii) harmonic components, as dependent on non-linear load characteristics. However, due
to the simultaneous operation of active power injection and reactive power compensation,
or even the SRF must limit, when necessary, to avoid overloading the nanoinverter AC
current, since the overloading the active power of the PV system must, be processed by
the same. A system based on the SRF system is used to load the harmonic and reactive
components of the load current [39-41]. Furthermore, the phase angle detection system
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(PLL) is used to estimate the phase angle () of the lattice, which is used to calculate, as a
unit vector calculation system, sin(f) and cos(6), employed in the SRF [42].

3. Nanogrid Model

Figure 2 presents the complete scheme of the proposed nanogrid with active energy
conditioning. The structure consists of a photovoltaic system, a battery, a nanoinverter
and connection to the single-phase electrical power grid. The topology is composed of a
PV arrangement followed by the DC-DC voltage elevator stage (boost converter) where
the MPPT-P&O algorithm is responsible for maximizing the power extraction of the PV
module. By sharing the same DC bus, a bidirectional buck-boost converter is responsible
for charging and recharging the battery, injecting or absorbing power from the bus. The
full-bridge nanoinverter is responsible for the connection between the photovoltaic module
and battery with the power grid and the loads. For the coupling of the system with the
electrical power grid and the loads is a transformer that ensures the galvanic insulation of
the system and the adequacy of the voltage level is used. Within the proposed topology of
the nanogrid, a nonlinear single-phase full bridge rectifier load of type RL and RC will also
be coupled in order to validate the active energy conditioning ensuring higher quality in
the PCC.
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Figure 2. Proposed nanogrid structure with active energy conditioning.

3.1. Photovoltaic System Model

For the modeling of the photovoltaic system, the equivalent circuit of the PV cell is
shown in Figure 3 [43].

Here, i), is the photocurrent; ip is the diode current; ipy represents the output current
of the PV cell; vpy is the output voltage of the photovoltaic cell. Furthermore, series
and parallel resistors are represented by Rs and R, respectively. Input quantities of the
photovoltaic cell model are Solar radiation (G) in w/m? and temperature (T) in Kelvin,
respectively. All parameters are obtained under standard test conditions (STC-Standard
Test Condition). The current and voltage of the equivalent circuit can be obtained by solving
the equations:
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The quantities and constants of the equations are described as: I, reverse saturation
current; 7 ideality factor of the pn junction of the diode; kj, is the Boltzmann constant;
Isc and V¢ are the short circuit current and open circuit voltage respectively; as. is the
temperature coefficient; T, is the nominal reference temperature in Kelvin; I,(STC) is the
reverse saturation current in STC; E is the band energy of electron 1.1 eV; q is the charge of
the electron. To obtain the voltage of a photovoltaic module, simply multiply the number
of cells by the voltage obtained from the model.

aAAY
f l jD R S I
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Figure 3. Equivalent circuit of the photovoltaic cell.

3.2. Boost Converter Control Using the MPPT-P &O Algorithm

As a response to the mathematical model of the photovoltaic module, a non-linear
relationship between voltage and current is obtained. For this reason it is necessary to
use MPPT. In this paper, the P&O technique was used, as it is a well-used technique with
good traceability, it requires low computational complexity when compared to other MPPT
techniques, another justification for the use of this method is that the implemented nanogrid
will be composed of a single photovoltaic module where the partial shading problem is
minimized. Figure 4 presents a flowchart of the MPPT-P&O algorithm.

Here, D is the duty cycle of the boost converter, and inc is the increment step of the
duty cycle. The boost converter linked to the photovoltaic system will be responsible for
injecting current into the DC link. In this case, if the bus voltage is exceeded, there is an
excess of energy and the management system will be responsible for allocating this energy,
whether it is used to charge the battery, inject it into the electricity grid or supply the load,
both in islanded and connected states.

3.3. Battery and Supercapacitor Control Structure

Control of the energy storage system is carried out by a bidirectional buck-boost
converter [44], allowing energy to flow in both directions, from the battery to the DC bus
or from the DC bus to the battery. The control allows to operate in constant current and
constant voltage mode for battery optimization. In addition, the buck-boost converter will
be responsible for controlling the energy flow in a supercapacitor responsible for the high-
frequency dynamic response of energy required by the system. Figure 2 shows diagram
of the two-phase soft-switching bidirectional DC converter control, one responsible for
processing power from the batteries and the other for the SC. The battery and the SC are
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positioned on the low voltage side and the photovoltaic source and electrical grid are
coupled to the high voltage side (DC bus) where this is considered the main bus of the
nanogrid. The block diagram of the control shows how the load balancing process between
the battery and the supercapacitor was designed.

(
o Move
AV=V(G- V(1)

Inputs: ™
PB(t)= V(DI(t)
AP=P(f) -P(t-1)

D=D +inc

Ref

I/"'—- Boost -\-H‘\.I
. Cotrverter

Figure 4. MPPT — P&O algorithm flowchart.

The control loop in Figure 5 has internal current control loops for battery and SC, as
well as external control loop for voltage stabilization. Any deviation of the DC link voltage
from the reference voltage Vc+ is compensated by the voltage controller PIy to produce
the total current reference Ij,. The reference current i’, fdc 18 obtained by subtracting from
itot-ipv which is separated into two components, through an LPF low pass filter. The
output component of the LPF serves as a current reference i, for the battery as it has a low
frequency value in steady state. To obtain the current reference for the SC, it is necessary
to subtract from I, fde the output component of the LPF i} ,, thus obtaining I-. The I¢-
component has fast transient action, therefore it serves as a current control reference for the
SCs. The parameter k() indicates whether the battery will be charged or discharged
according to its signal, as well as limiting the current rate of the battery according to its
SOC charge state. The transition between discharge (boost mode) and load (buck mode)
modes of the bidirectional converter can be easily achieved by complementary switching
in the devices of each switching branch. Therefore, a unified controller is tolerable for
both modes.

switch

$0Cpat, Koatconeror
1 —50Cpae,

Figure 5. Battery and supercapacitor control block diagram.




Energies 2022, 15,7121 7 of 15

As it is a modular system, other batteries can be added to the system. Therefore, in

this work a k) parameter was defined according to (5) where it is responsible for a
proportional share of the control action in the DC bus stabilization process.

k(batcontml) = S0C x Capnorm (5)

The Capyorm parameter is calculated by normalizing the total capacity of the system.

n

Captotul = 2 CaP(”) (6)
n=1
_ Cap(n)
Capnorm B Captotal (7)

where 7 is the number of batteries associated in the system and Cap is the capacity of each
battery and Capy,y,; is the sum of the battery capacities that can be added to the system.

Another determining factor for managing battery charge and discharge is the state of
charge SOC, depending on the state of charge, the management system will make the best
decision for the nanogrid operation.

3.4. Pl System

The PLL system used in this work estimate the phase angle of the voltage in the power
grid, which is used to generate the coordinates of the unit synchronous vector that allow
the calculation of the current iggr (harmonic and reactive components) and the sinusoidal
current (component active), which compose the reference current to be synthesized by the
nanoinverter. Figure 6 presents the single-phase PLL system adopted in this work, where
its complete description is detailed in [41,42,45].

3.5. Synchronous Reference Frame Method SRF

The SRF algorithm used considers the modified single-phase model to generate a ficti-
tious stationary single-phase reference frame. According to Figure 7, the direct component
iz (d axis) is composed of the sum of id.., which represents the fundamental active compo-
nent of the load current, and idj,, which represents the harmonic load current components
on the d axis. As can be seen, id,. is extracted using a second-order Butterworth low pass
filter (LPF). On the other hand, the quadrature component i; (g axis) is composed of the
sum of iq.., which represents the fundamental reactive component of the load, and igy,, the
harmonic current components of the load on the q axis. Thus, full compensation is per-
formed by compensating the currents idj, and ig = iqcc + igy,. The forward and quadrature
currents of the SRF algorithm are obtained by:

o

ig

ig
I

cos(0,1)  cos(0)
—sin(0,;) cos(0)

®)

sin(8")

v

sin(8* —m/2)

Figure 6. Block diagram of the PLL algorithm.
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Figure 7. Synchronous Reference Frame method.

In this way, the complete reference current of the nanoinverter can be obtained by (9).

1: = iSRFK + iCCLZC (9)

The gain K multiplying the output current of the SRF algorithm must be set so that the
maximum compensation current does not exceed the maximum current of the nanoinverter.

The i current is defined by the PV module currents from the battery and supercapaci-
tor current.

icc = ipat + ipv +isc (10)

3.6. Nanoinverter Control Connected Mode and Islanded Mode

Currently, many control strategies are being developed for application in inverters such
as: (i) hysteresis, (ii) predictive control, (iii) fuzzy logic, (iv) repetitive control, (v) neural
networks, among others [46-48]. In all these control strategies presented, there is an
increase in the complexity of the control design, decreasing the reliability of the system [49].
Therefore, dual-loop control using PID controllers is used in this work. This type of control
features easy implementation, simple controller design and excellent performance. Figure 8
shows the block diagram for controlling the converter in grid-connected mode. Figure 9
shows the nanoinverter control loop where the islanded mode of operation is considered.
In this case, the control loop acts in a contingency condition or isolated operation in order
to generate a voltage in the PCC within the power quality parameters.

For the energy source and storage system integration structure that is being presented
in this work, it is expected that all the energy generated by the photovoltaic system will be
made available on the DC bus, so to achieve this requirement, the control and management
structure power needs to operate near the point of maximum power. In this way, the control
of the voltage of the bus is in charge of the energy stores, which must supply/absorb
probable lack/excess of energy in the nanogrid, maintaining the stability and availability
of energy in the microinverter.

Cutrent PI+R
Control

Voltage PI Control

Figure 8. Block diagram of grid connected mode inverter control loop.
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Voltage PI control

Current PI control
Figure 9. Block diagram of the grid-islanded inverter control loop.

4. Nanogrid Management System

For the nanogrid management system, an algorithm was proposed that guarantees the
service of small loads through the photovoltaic and battery system as shown in Figure 10.
Within this structure, we can separate the process into two steps: (i) if the system is
connected to the electrical grid or (ii) the system is operating in an islanded mode forming
the nanogrid (indicate these steps in the flowchart). With the system connected, the priority
will be the storage of energy in the batteries and maximum extraction from the photovoltaic
system. Already operating in islanded mode, the battery assumes the energy demand of

the load along with the photovoltaic system, if energy is available.

-~ Nangrid inputs:
Voltage and current
— -

. 4

Calculate:
Ppy P, SOC

b4

Yes_~Power Grid . No
~~_Connected?

Yes - . No
< SOC > SOCpnan '::—l
4 \\‘\\ i
Charged battery! / Battery charging!
The energy from the Photovoltaic energy is

photovoltaic panel is
delivered to the load
and the power grid.

"

The photovoltaic
system keeps the

supplies the load.

battery charged and

used to charge the
battery and the surplus
goes to the load and
grid power.

The load is powered
by the photovoltaic
system and the

Load is disconnected

battery.

Figure 10. Nanogrid Management System Flowchart.
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5. Results

This section presents simulation results in order to evaluate the effectiveness and the
steady state and dynamic performance of the proposed nanogrid. Matlab Simulink was
used for the implementation of the system, as well as the generator of the current reference
SRF, PLL, MPPT algorithms, the battery system, microinverter and DC-DC converters as
well as the double loop PI controllers. The non-linear load consists of a diode full-bridge
rectifier, followed by an RL load.

Table 1 shows the parameters of the nanogrid and control converters parameters
shown in the Figure 2. The battery and supercapacitor parameters are shown in the Table 2.
The Table 3 shows the electrical characteristics of the photovoltaic system used for power
generation. The Table 4 shows the load parameters of the single-phase full bridge rectifier
with inductive resistive load.

Table 1. Nanogrid and Control converters parameters.

Parameter Value
Voltage rms grid 127V
Ls 1.5 mH
rLs 0.01 ohm
rLf 0.01 ohm
Lf 1.5mH
Lpv 3mH
rLpv 0.0025 ohm
Cpv 1uF
Cdc 400 uF
Lbat 2mH
rLbat 0.001 ohm
Cbat 100 uF
Lsc 2mH
rLsc 0.001 ohm
Csc 100 uF
Pv boost Kp 13.8
Pv boost Ki 0.15
Buck-boot battery Kp 0.00214
Buck-boot battery Ki 0.125
Buck-boot SC Kp 0.0168
Buck-boot SC Ki 1
Nanoinverter Kp 117
Nanoinverter Ki 0.1
Switch frequéncy 20 kHz
Table 2. Battery and supercapacitor parameters.
Parameter Value

50 Ah (0.2 C, 45.21 V discharge)
50 Ah (1 C,139.67 V fully charged)

Nominal capacity
Maximum capacity

Load Voltage 120 £ 0.05V
Nominal Voltage 120 V (1 C discharge)
load type cC-cv
Load current standard charge: 21 A fast charge: 2150 mA
Charging time standard charge: 3 h fast charge: 2.5 h
Maximum load current 21 mA
Maximum current charge 10 mA
Cut off Voltage 90V

Supercapacitor capacitance 1F




Energies 2022, 15, 7121

110f15

Table 3. Photovoltaic parameters.

Parameter Value
Pmpp 32489V
Vmpp 38.54V
Impp 8.43

Voc 48V
Isc 9A
number of Cells 72
Shunt resistor 75 ohms
Series resistence 0.006344 ohms
Ideality Factor 1.0844
Temperature Coefficient 0.00585 K

Table 4. Retifier load parameters.

Parameter Value
Rload 6.3 ohms)
L load 380 mH
Power S 1.87 kVA
Active Power 1.69 kW

Figure 11 presents the performance of the nanoinverter operating as an active power
filter. It can be seen that the network current Is was compensated by obtaining a TDH level
as indicated in Figure 12. The DC bus control dynamics can be seen in Figure 13. The bus
reference voltage was 230V, due to its slow dynamics, necessary for system stabilization.
An overshoot of 5% can be observed, which can be considered satisfactory.

IS
<L \“/ L T \‘”’\V - \‘ V

Time [s]

Figure 11. Nanogrid system currents operating in connected mode: i} Load current Ry ; mains current
drain of grid power Ig and Ic compensation current.

The Figure 14 shows the harmonic distortion rate of the system without active fil-
ter compensation.

Figure 15 shows the dynamic behavior of the battery and the supercapacitor on the
nanogrid. It is possible to observe that the voltage of the battery and the supercapacitor
are stabilized in the charging mode, this shows the robustness of the control during the
transition from the operating mode.
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6. Discussion

A single-phase photovoltaic system connected to the bidirectional power grid with the
ability to form a nanogrid was presented. As a result, the system presented a considerable
reduction in the harmonic distortion rate caused by the load on the power grid, the DC bus
control was satisfactory in the transient response and steady-state.. The photovoltaic system
operating with active power conditioning capacity was tested, showing good performance.
For this purpose, an implementation reference transformer to perform, simultaneously,
an active power injection and power conditioning, enabling a power factor correction. A
photovoltaic generator power optimization technique was performed using an MPPT-P&O.
In addition, the power system operated satisfactorily when the system was operating in
islanded mode, disconnected from the mains. As a result, a control and management
system structure of the nanogrid elements was presented, allowing the increase of the
system efficiency and ensuring power quality at the point common coupling.. The static
and functional performances of the PV system were presented through simulation results.
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