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Summary

Nowadays, the increasing environmental awareness have led to a substantial growth
of photovoltaic systems. Traditionally, several PV modules are arranged in order
to build a string or an array, which are then interconnected to the grid by means
of a 3-level voltage source inverter. However, the intermittent nature of the solar
power and partial shading phenomena may have a negative impact on the global
production and can lead to disturbances on the grid side. For this reason, in order
to enhance the dispatchability of the solar energy resources and to provide auxiliary
services, PV systems are often coupled with battery energy storage systems (BESS).
A solution which suits best with this application is represented by the exploitation
of a Cascaded H-Bridge (CHB) inverter, in which every sub-module can be con-
nected to an independent power generator. Furthermore, different power levels can
be achieved thanks to the inherent modularity of this architecture, without affecting
the sizing of the switching devices.

In this project, with the aim of integrating a BESS in the PV-CHB architecture,
two modular PV-BESS topologies are proposed. Both a PV module and a BESS
are interfaced with a single sub-module capacitor of the CHB. The main difference
concerns the way of interconnection of the BESS module to the sub-module de-link:
in one case the BESS is controlled by means of an individual bidirectional dc-dc
converter; whereas, in the second case, the BESS is supposed to be directly in par-
allel with the sub-module capacitor. In both cases, the PV module is decoupled by
the common dc-link by means of a boost converter, in order to track the maximum
power operation point.

The project consists of the following phases. Firstly, the modelling of the two
proposed systems has been developed and all the operation modes investigated, in
order to properly design the control strategy. Secondly, a numerical analysis has
been carried out on PLECS®, in order to verify the feasibility of the control and to
investigate about the main differences between the two topologies. In particular, the
comparison is focused on the efficiency under different irradiance levels and on the
European efficiency, which takes into account a typical daily operation of the system.
Results show that the additional de-dc power conversion stage leads to a significant
reduction of the global efficiency. On the other hand, it provides a better control
of the battery current, which also results in a limitation of the battery internal losses.

Although the topology which does not exploit the additional dc-dc power stage
results to be beneficial from the efficiency point of view, a proper control strategy
for the CHB shall be designed, in order that all the battery modules always operate
in safety conditions. However, this matter proved to be challenging, and thus the
topology with the additional de-dc conversion stage has been considered in order to
verify the benefits of the BESS under partial shading conditions.

The tested system consists of a CHB inverter. Each sub-module is connected to an
hybrid PV-BESS module. In particular, an MPPT control, based on the Perturb &
Observe technique, has been implemented in order to independently track the MPP
of each PV module. The BESS module is interfaced by means of a bidirectional dc-dc
converter, which regulates the battery current in order to compensate the mismatch



between the output power reference and the PV generation. The CHB is driven
in order to control the grid current, according to the nearest level control (NLC)
modulation. Furthermore, a sorting algorithm has been implemented in order to
keep balanced the voltages across the SM capacitors. It has been proved that the
output grid power remains unchanged when the irradiance level on a single panel
sharply drop. However, the control strategy implemented leads to SOC unbalances
among the sub-modules.

Further researches shall investigate about a sorting algorithm based on SOC, in
order to enhance the permanent operation of the proposed architecture.
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Chapter 1

Introduction

In this chapter the background and the motivation of the project are presented. Fi-
nally, the project objectives and the limitations are listed.

1.1 Background

The ongoing growth in en-
ergy demand and the increasing
environmental awareness have
strengthened the need to in-
tegrate renewable energy re-
sources into the traditional
power systems. In partic-
ular solar photovoltaic sys-
tems have experienced an ex-
ponential growth during the
last decade, thanks to incen-
tive programs proposed by lo-
cal governments.  According
to the Global Market Outlook
2018-2022 provided by Solar-
Power Europe [2], in 2017 the
global cumulative solar power
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Figure 1.1: Evolution in PV Installed Capacity [1].

installed was approximately 400 GW. In only 10 years the world’s total PV ca-
pacity increased by over 4300%, from around 9 GW in 2007. In particular, a total
of 99.1 GW of grid-connected solar power was installed only in 2017. The Figure 1.1
shows the evolution of global installed PV capacity over the last decade, according
to the data freely provided by IRENA [1]. It is worth considering that more than
99% of the total capacity is represented by grid-connected PV systems. For this
reason, hereafter the focus will be placed on these latter.



1.1.1 Overview of grid-connected photovoltaic generation
systems

Grid-connected PV power generation systems can be found in different sizes and
power levels in order to fit different needs and applications, ranging from a few
hundreds of Watt for a single PV module, to hundreds of MW for the biggest PV
plants. Certainly, the key element of a grid-connected photovoltaic generation is the
power converter. It has the main function of regulating the output currents injected
into the grid, in order to meet the requirement of the utility grid codes. Its second
role is to maximize the extraction of power from the PV generators. Since solar
panels are characterized by a complex non-linear relationship between voltage and
the generated power, a proper Maximum Power Point Tracking (MPPT) algorithm
must be used, in order to optimize the generation. Grid-connected PV converters
can be commonly subdivided in centralized, string, multi-string and AC-module
topologies, depending on the PV module arrangement, as shown in Figure 1.2 [3].
It is worth pointing out that a series connection of PV modules is known as string
and more strings can be connected in parallel by means of string diodes, in order to
create an array .

Centralized String Multi-string
Inverter Inverter Inverter

AC-module
Inverter

3 phase 1 phase
connection connection
1 or 3 phase
connection
a) b) c) d)

Figure 1.2: Inverter configurations for PV system.

e Centralized inverter: A single 3-level voltage source inverter (VSI) interfaces a
whole PV array to the grid. This configuration can only provide a single MPPT
operation, and under unbalanced irradiation or temperature conditions among
the PV modules, mismatch losses are generated. Nevertheless, this topology
is still the most common for large-scale PV plants (500 kW-10MW), due to
its high efficiency and simple-structure.

e String inverter: a single PV string is connected to the grid by means of its own
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inverter. In this topology the global losses are reduced compared to the cen-
tralized inverter, because there aren’t conduction losses associated with string
diodes and the MPPT algorithm is individually performed on each string. This
arrangement is commonly used for small-medium scale plants (up to 10 kW).

e Multi-string inverter: several strings are interfaced with their own de-de con-
verter to a common dc-ac inverter. This approach is also known as power
optimizer, since a distributed MPPT algorithm is performed. This topology
suits to a wide range of power, thanks to its flexibility and high efficiency.

e AC module inverter: is the integration of the inverter and a single PV module
into one electrical device. It nullifies the mismatch losses between PV modules
since each PV module performs an independent MPPT. This configuration is
also known as microinverter because of the small size and low power rating (up
to 350 W). Typically, due to the low voltage of PV modules, this configuration
requires an additional dc-dc stage in order to elevate voltage, which affects the
system efficiency.

As a result of the huge growth which concern PV generation, nowadays an increasing
effort is put to realize more complex power converters topologies, in order to increase
efficiency, power extraction, power density and reliability, without impacting on the
cost [4].

One interesting solution, either for medium or low voltage systems, is represented
by the exploitation of multilevel converters for PV application. The main benefit of
the multilevel voltage-source converters is that they can generate an output voltage
waveform that has a greater integer number of levels, with respect to the traditional
two-level voltage source converters. As a direct result, the output waveform has
a reduced total harmonic distortion (THD). In addition, the effective switching
frequency of the output waveform is higher than the switching frequency of a single
semiconductor device. As a result, the size of the grid connection filter can be
reduced, for a given switching stress. Finally, the use of multilevel converters can
lead to the avoidance of the bulky transformer, usually needed to raise the voltage
and realize a proper interconnection with the grid.

Among different families of multilevel inverters, the modular multilevel cascade con-
verter (MMCC) has become more and more attractive for photovoltaic application,
given its inherent modularity. MMCC shows a per-phase circuit configuration based
on the series connection of converter elements, called sub-modules, typically consist-
ing of a full-bridge or a half-bridge. This arrangement allows to reach higher voltage
levels by exploiting semiconductor devices of lower voltage rating. The modularity
provides several advantages. Firstly, fault tolerance is improved, since a possible
faulty module can be by-passed and the whole system can still operate with reduced
output voltage level. Secondly, modularity leads to reduce maintenance costs and
facilitates the replacement of a faulty cell. In particular, between different MMCC
topologies, the focus will be placed on Cascaded H-Bridge (CHB) in this work. In
the CHB architecture, power sources of different sizes can be interlinked. This suits
best for PV applications.



1.1.2 Integration of battery energy storage systems in grid-
connected PV systems

One of the main challenges posed by the high penetration of PV energy resources
into the traditional power system is represented by the intermittent nature of the
supplied power. It was stressed that PV systems are connected to the utility grid
by means of power converters, that have different characteristics with respect to
the conventional interfaces of traditional thermal generation plants. Indeed, while
the steam and hydro turbines enable the control of the supplied power, through the
regulation of the inlet valve, the PV generation is intermittent and unpredictable,
due to the stochastic nature of the solar irradiation and the environmental temper-
ature. Moreover, the rotating machines inherently provide inertia to the system, by
improving the stability of the grid. On the contrary, the low-inertia which charac-
terizes the PV generator can lead to stability issues resulting from great variations
in the power demand. If no actions are taken in these regards, the PV plant might
be required to curtail the production from the Transmission System Operator (T'SO).

Latest studies, as referred in [5] and [6], are trying to develop PV multilevel in-
verters with additional energy storage capability, in order to mitigate the negative
impact of PV generation on the grid, by smoothing the abrupt changes of the gen-
erated PV power. Furthermore, ancillary services could be provided to the utility
grid.

Among different energy storage technologies, batteries have gained more attention
and application due to scalable power rating, lower cost, non-polluting and high
reliability and efficiency. Battery energy storage system (BESS) acts as an energy
buffer in the PV generation system and offers several advantages.

Firstly, it enhances the self-consumption of residential PV plants, by storing the
energy when it is not demanded by local loads and by supplying this energy when
required. Secondly, it provides some services to the utility grid, such as frequency
and voltage regulation, peak shaving and load shifting [4]. Finally, the integration
of a BESS into the PV converter can also cope with the PV power oscillations, by
limiting the ramp rate of the power injected into the grid.

As aresult, these hybrid PV-BESS systems allow a better exploitation of Distributed
Energy Resources (DER), improve the dispatchability of PV resources, enhance the
efficiency and stability of the overall system and provide operational flexibility and
continuity of power supply in case of a failure.



1.2 Current status of hybrid PV-BESS systems
and project motivations

The conventional PV-BESS system for utility-scale applications is shown in Fig.1.3.
The PV and the BESS systems are independently connected to a low voltage point
of common coupling (PCC) by means of a traditional two-level centralized con-
verter. Furthermore, a bulky step-up transformer is needed, in order to realize the
connection with the medium voltage grid.

pPCC

GgrRID

BATTERY _@_®
= LWV MY
E Transformer

Figure 1.3: Conventional two-level PV-BESS.

Hybrid PV-BESS converters can already be found as a commercial product for
household applications (e.g. SE5000-XXS by SolarEdge) [7].

Nowadays the research about grid-connected PV systems is focusing on MMCC,
due to the aforementioned benefits they can provide, concerning losses, extracted
power, size and fault-tolerance. Nevertheless, MMCC-based hybrid PV-BESS sys-
tems aren’t still available and can only be found as experimental prototypes, specif-
ically for medium-high voltage application, as described in [5], [6] and [8].

In this project the advantages of BESS integration into a grid-connected PV CHB-
based single-phase system will be investigated. In particular, the interest is directed
to improving the performance of the system in Fig.1.4, which is dealt with in [9] and
[10]. As can be noticed by looking at the Fig. 1.4, the single-phase CHB inverter
achieves a direct dc-ac energy conversion between the PV sources and the utility
grid, and it is characterised by a simple modular structure.

The CHB converter consists of N full-bridge sub-modules connected in series. Each
sub-module is used as interface with a PV module or string, which is an independent
power generator. In order to maximize the overall solar power production, every dc-
link voltage should individually track the MPP voltage of the corresponding PV
module. With this goal, the control strategy proposed in [9], [11] and [10] performs
a distributed MPPT algorithm among the cells, by mixing the staircase modulation
and the pulse width modulation (PWM). The main idea is that only one cell at
time is on PWM mode, while the others can be either connected or bypassed. The
selection of the switching state of each cell is made by means a special sorting
algorithm. Experimental results have shown that this control strategy is able to
enhance the MPPT efficiency under unbalanced irradiance conditions among the
PV modules.

Nevertheless, in case of deep or enduring mismatches, shaded panels seriously affect
the power generation of the others modules in the CHB architecture. To overcome
this issue, the two-stage conversion system should be used. As it is shown in fig. 1.5,
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Figure 1.4: Single-phase, single-stage, grid-connected PV CHB inverter

each cell of a two-stage CHB topology consists of a PV module and a de-dc converter.
The additional de-de stage decouples the PV operating point from the inverter grid
current control. Hence, each cell is able to perform an independent MPPT control.
As a drawback, the number of switching devices is increased significantly, by affecting
the cost, the reliability and the efficiency of the entire system.

V| /]t

Cicpy == C:Cbus == A
oc *Iéé A;:Ig:

DC H@ H@

Cicpy == C:C bus =
b 44; A

|

|

|

N/ *I@ 4@ ‘
M C:C_pv = C:C_bus ==

Aégs A(IZS

Figure 1.5: Single-phase, two-stage, grid-connected PV CHB inverter
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In order to take full advantages from this architecture, the integration of a BESS
unit at sub-module level is proposed. In this way the system will be able not only
to perform a distributed MPPT under deep uneven conditions, but also to com-
pensate the power losses caused by partial shading phenomena. Furthermore, the
integration of a BESS in the PV system provides all the aforementioned advantages
for dispatchability of intermittent PV power generation. As a result, the negative
impact of PV generation on the utility grid is reduced.

In particular, two hybrid PV-BESS cell topologies are proposed, as shown in Fig.1.6.
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Figure 1.6: Proposed PV-BESS cell topologies.

By looking at the fig.1.6, it can be noticed that, in both cases, the interface between
the PV module and the sub-module dc-link is realized through an uni-directional
dc-de boost converter, which main task is to perform an individual MPPT. Hence,
it is clear that the major difference between the two topologies concerns the way in
which the battery module is connected.

In the topology in fig. 1.6.(a), a bi-directional de-dc converter decouples the bat-
tery from the common dc-link and properly manages the charging and discharging
processes, by controlling the battery current.

On the contrary, in the topology in fig. 1.6.(b) the battery is directly connected to
the sub-module dc-link. In this case, the battery current can’t be directly controlled
and the value voltage at the dc-link is strictly related to the battery voltage.
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1.3 Project Objectives and limitations

This project main objective is to investigate how a battery energy storage system
can be integrated in a single-phase grid-connected PV CHB-based system. The
BESS will enhance the overall performance of the system, with a particular focus
on the operation under partial shading conditions.

With this aim, the following steps are planned:

Two PV-BESS cell configurations are proposed and they will be properly mod-
elled and sized.

All the possible operation modes of the hybrid PV-BESS subsystem will be
investigated in order to design a suitable control strategy. After that, the
feasibility of the control strategy will be tested by means of the simulation

tool PLECS®.

A comparison between the two topologies will be carried out, by looking at
the operating conditions of the battery and at the global efficiency.

The benefits of the addition of a BESS in the CHB inverter for PV application
will be tested.

On the other hand, the following limitations have been set:

The simulation concerning the comparison between the two topologies is re-
stricted at the sub-module level.

In the comparison the economic aspects, such as the overall cost, and the
reliability of the entire system will not be included.

The feasibility of the proposed architecture and of its control strategy will
not be validated by building a laboratory prototype, but only on a simulation
environment.

Although the proposed architecture fits well for high power systems, which
would consists of a significant number of cells, for the sake of simplicity, a
typical low power single-phase residential PV system will be considered.

In order to perform the MPPT, a P&O algorithm will be used. Others high-
performance MPPT strategies will not be investigated.
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Chapter 2

Modelling of the System

In this chapter the operating principle, the modelling and the sizing of the main
components of the system will be developed. In particular, the small signal models
of the power converters interfacing the PV and the BESS with the common dc-link
will be obtained, as a prerequisite for the design of the corresponding controller.

2.1 Photovoltaic Module:
Operating Principle and Modelling

A PV cell is a semiconductor device able to convert solar energy into electrical
energy by exploiting the photovoltaic effect.

Nowadays, the most widely used solar cell is made of crystalline silicon (Si). A PV
cell mainly consists of a large p-n semiconductor junction. The p-layer contains an
abundance of holes, whereas the n-layer has an excess of electrons. As a result, a
depletion region with an internal electric field is generated, due to the migration of
electrons into the p-layer and of holes into the n-layer.

When a photon with sufficient energy, such as the sunlight, hits the material, an
electron is excited and enters in the conduction band, leaving a hole in the valence
band. Under the force applied by the internal electric field, electrons migrate toward
the cathode, while holes are concentrated near the anode.When the device is closed
on an electric path, the electrons will move from the cathode towards the anode, to
fill the holes that are concentrated there. As a result, a DC current is generated.
Nevertheless, a single solar cell can produce a maximum open circuit voltage of
about 0.5 V. For this reason, a PV module consists of a certain number of series-
connected solar cells, typically from 36 up to 72, in order to reach a higher voltage
level in line with the voltage requirements of common loads.

A PV panel can be modeled by means of the equivalent electric circuit shown in
Fig.2.1. The current generated by the incident light, known as photoelectric current
Iy, is modeled as a current source. Whereas, the p-n junctions is represented by a
diode, characterised by the ideality factor n and by the reverse saturation current
1,. In order to realize a more realistic model, losses are taking into account through
two parasitic resistances, a series resistance R, and a parallel resistance R,,.

A detailed description of the PV panel model will be now provided [12].

The model adopted is also known as & parameters model because, in order to be
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Figure 2.1: Equivalent circuit of a PV module.

implemented, it requires the definition of the following 5 parameters: I, I,, n, R,
R,.
By taking a closer look at the circuit shown in Fig. 2.1 and by applying the Kirch-

hoft’s Current Law, it follows that the output current from the panel is:
Iy =1 — 14— 1, (2.1)

The diode current can be expressed as the following exponential function:

Voo + Iy R
I, = I ] exp 2ot vt 1] 9.2
2= I exp 22t 2.2
where Vp represents the junction thermal voltage:
N kT
Vi = (2.3)
q

It is important to highlight that the photocurrent and the diode reverse saturation
current are affected by the solar irradiance level and the solar cell temperature, as:

G
I = = [[m KT — Tn)} (2.4)
]O _ ]scn + KISC(T - Tn) (25)

GXp <Vocn+Kv(T7Tn)) _ 1

nVr

In summary, according to the five parameters model, the relationship between the
current and the voltage of a PV module can be expressed as:

. _ G Iscn + KISC(T - Tn) qu; + IpuRs Upov + ip1;RS

oo = G fren + BT =T = — T [exp =2l — 1] - S
nVr

(2.6)

In order to simulate a realistic component, the PV module TSM-335 PD14 by Trina
Solar has been selected. The module consists of Ny = 72 series-connected cells, each
of which covers an area of (156.75 x 156.75 ) mm?. Therefore, the total area of the
PV module is A = 1.77m?,

The data provided by the manufacturer at Standard Test Conditions (STC) (i.e.
Irradiance G,, = 1000 W/m?; Cell Temperature T;, = 25°C; Air Mass = AM 1.5)
and at Nominal Operating Cell Temperature (NOCT) (i.e. Irradiance = 800 W /m?;
Ambient Temperature = 20 °C; Wind speed = 1m/s) are shown in Tab.2.1.
Unfortunately, not all the parameters required for the modelling can be found on
the datasheet and they should be extracted with cumbersome procedures.
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Data at STC Value
Maximum Power (Pypp,) 335 W
Maximum Power Voltage (Vipp) 376V
Maximum Power Current (Iypp) 891 A
Open Circuit Voltage (Vi) 46.0V
Short Circuit Current (/) 9.35A
Module Efficiency (ny,) 17.2%
Data at NOCT Value
Maximum Power (Pypp) 249 W
Maximum Power Voltage (Vypp) 34.8V
Maximum Power Current (Iypp) 714 A
Open Circuit Voltage (V) 426V
Short Circuit Current (/) 7.55 A
Temperature Coefficients Value
Temperature Coefficient of Pypp, (K,) | —0.41 % /K
Temperature Coefficient of V., (K,) —0.32%/K
Temperature Coefficient of Iy, (K;) 0.05%/K

Table 2.1: Parameters of the PV module.

For the sake of simplicity, the missing parameters have been obtained from the CEC
Modules Database provided by the last version of the NREL-System Advisor Model,
SAM 2018.11.11 [13]. These last are shown in Tab. 2.2. Therefore, the diode ideality
factor at STC is given by:

_aq
" ENT,

where £ is the Boltzmann constant and ¢ is the electron charge.

= 0.95351

SAM PV parameters Value

Ideality factor (a) 1.764 38V
Series resistance (R;) 0.342502 Q2
Parallel resistance (R,) | 454.368 ()

Table 2.2: SAM parameters of the PV module.

On the basis of the datasheet parameters and the SAM parameters, the PV mod-
ule has been implemented on PLECS® as a current source I,, = L(T,G) +
14(T, Vi, Iy), & series resistance Ry and a parallel resistance R,,.

The accuracy of the model has been tested by noticing that the power-voltage and
current-voltage characteristics for different levels of irradiance, as shown in Fig.2.2,
perfectly fit with the curves provided by the manufacturer.
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Figure 2.2: PV characteristic curves.

2.2 DC-link Capacitor

The dc-link capacitor is supposed to be real and, therefore, it has been modelled as
an ideal capacitor in series with its Equivalent Series Resistance (ESR).

The dc-link capacitor is sized according to the Eq.2.7, in order to achieve a maximum
desired amplitude of the voltage ripple 04, across the capacitor [3].

P
C=——-Pr 2.7
2wg7‘id‘/dcf)dc ( )
From the calculation results that a capacitor of 4.7mF is needed in order to keep
the de-link voltage ripple under the 5% of its average value.

For an electrolytic capacitor of that size the ESR is equal to 65 mS2.

2.3 Battery Pack:
Operating Principle and Modelling

A battery is an electrochemical device which converts chemical energy into electrical
energy. The process can be reversed for the rechargeable batteries, such as the ones
suitable for energy storage application. Traditionally, a battery consists of several
cells stacked together. A cell is the building block where the electrochemical reaction
takes place. It basically consists of an electrolyte placed between two electrodes of
different polarities, the anode and the cathode.

A chemical reaction, depending on the technology of the battery and involving
the electrodes and the electrolyte, gives rise to cations (positive ions) and anions
(negative ions). The electrolyte enables the flow of ions and at the same time inhibits
the flow of electrons.

As a result, depending on the concentration of the electrolyte, a certain electromotive
force is generated between the terminals of the cell. The latter is also known as
“open-circuit voltage”, and represents the existing voltage at the terminals when the
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cell is disconnected from any external circuit. The open-circuit voltage generated
by a single cell is usually of few volts. In order to reach the desired voltage rating,
more cells must be connected in series.

On the other hand, when the terminals are closed on an external circuit, the elec-
trons flow under the action of the electromotive force and a DC current is generated.
In order to obtain the desired current rating many cells should be connected in par-
allel. However, parallel connections between cells are not recommended because
even small unbalances in voltages generates undesired currents.

The most meaningful parameter to look at, in order to find the proper size of the
battery pack, is the capacity of the battery.

The battery capacity C represents the total amount of electric charge that can be
supplied from a fully charged state. The traditional unit for the battery capacity
is the ampere-hour, where 1 Ah = 3600 C, according to the SI. Generally, the bat-
tery capacity depends on the discharging current. In particular, it is curtailed with
higher discharging current rate. For this reason, the capacity is specified along with
a current rate. For example, if C' rate is the current rate in ampere (i.e. A current
of C' A will discharge the battery in 1h), then nC rate will discharge the battery in
1/n hours [14]. However, for the sake of a simple modelling, the battery capacity is
assumed to be constant even under variable discharging current rate.

It is now worth pointing out the definition of other parameters of interest: the
state of charge and the energy stored.

The State of Charge (SOC) is a measure of the residual capacity of the battery. It is
defined in the equation 2.8, where (), is the total charge that the battery can store
and 17, is the discharging current.

B jz; ide
Qo

On the other hand, the energy stored in a battery depends on the voltage at the
terminals and on the amount of stored charge, as shown in Eq.2.9. The traditional
unit for the energy is the watt-hour, where 1 Wh = 3600 J, according to the SI.

SOC(t) = SOC(ty)

(2.8)

E=V.C (2.9)

The most popular technologies used for energy storage systems are the lead acid
and the Li-ion batteries. The lead acid battery is the pioneer technology for energy
storage application. It is widespread on the market thanks to the low cost and high
safety features. Whereas, the Li-ion batteries are characterised by higher efficiency,
longest lifetime and higher power density, but they require particular regulatory sys-
tem to monitor that any over-charging or over-discharging phenomena occur. These
latter can seriously damage the battery, resulting in safety hazards [14]. As a result,
the price of Li-ion battery is still not in a competitive position on the market with
respect to lead acid batteries.

It is well known that realizing a reliable battery model is difficult, due to the depen-
dency of the battery performance on several parameters, some of which are really
hard to specify. For example, the State of Health (SOH) of the battery, that repre-
sents the performance of the battery compared to its specifications, is affected by the
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age and by the way the battery has been used in the past. Since these latter can’t
be easily specified, the SOH must be evaluated with some cumbersome procedures.
Nevertheless, the simplest model shown in Fig. 2.3 suits our purposes well, and thus
it has been implemented for the simulation. The equivalent circuit of the battery
consists of an ideal voltage source, which provides the open-circuit voltage V., in
series with a constant internal resistance R,,;.

SOC

, oY °
R_int i +

C-Script —><i> Voc v.b

Voc (SOC) -

{ | A
b

Figure 2.3: Equivalent circuit of the battery.

In general, both the voltage source and the resistance are affected by the SOC and
the temperature. For the sake of simplicity, only the dependency of the open-circuit
voltage on the SOC will be taken into account.

The effective relationship between V,. and SOC depends on the chemistry of the
battery and it is usually provided by the manufacturers by means of the discharging
curves.

However, the non-linear pattern between V,. and SOC can be qualitatively yielded
as shown in Eq. 2.10, where E, is the standard potential of the battery, R is the
ideal gas constant, 7' is the absolute temperature and F' is the Faraday constant
[14].

RT SoC
Voe = Eo + — log(——~~
7 s 560
With the aim to find the perfect size for the battery that should be matched with
the PV module, it is important to fix the voltage and the capacity, in such way that

the available energy fulfills the purpose.

(2.10)

With reference to the choice of the nominal voltage, it is worth to make a few com-
ments. At sub-module level it is logical to keep the dc-link voltage at a higher level
than the panel voltage, which maximum value is represented by the open circuit
voltage. In fact, in order to inject the active power into the grid, is required that
the inverter output voltage is sufficiently higher than the grid voltage peak value.
As a consequence, for what concerns the topology in fig.1.6(b), where the battery is
directly connected to the dc-link, a reasonable value for the nominal voltage of the
battery pack is the classical 48 V.

By contrast, in the topology shown in fig.1.6(a), the exploitation of a bidirectional
dc-de converter interfacing the battery pack with the dc-link, offers more flexibility
for what concerns the choice of the the battery pack voltage. In fact, it is possible to
scale down the nominal voltage of the battery, while keeping the dc-link voltage at a
sufficiently high level, by properly sizing the inductor of the de-dc converter. How-
ever, in order to make a reasonable comparison between the two proposed topologies,
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the same battery pack will be used in the simulation.

It is clear that the voltage at the dc-link can’t be the same for the two topologies.
In fact, in the topology in fig. 1.6(b), the dc-link voltage is strictly dependent by
the battery voltage and, therefore, it assumes values near the 48 V.

Whereas, in the topology in fig.1.6(a), the dc-link voltage must always be higher
then the battery voltage. This is a necessary condition for the good operation of the
battery current control. During the simulation the reference for the dec-link voltage
has been set at 51 V, in order that this requirement is always fulfilled.

Once the battery pack voltage has been

decided, the capacity of the battery is OPEN CIRCUIT VOLTAGE

chosen by estimating the amount of en- 435
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[15]. The PV panel is supposed to be

mounted in Aalborg, north Denmark. Figure 2.4: Battery V. charging curve.
In Fig.2.5 the daily average global irra-

diance in the month of June is shown. The results of this calculation consist of
hourly values of the average solar irradiance for the chosen month.

With reference to the daily irradiance profile, the daily energy production of the
selected PV module has been evaluated as follows:

E=Ax / G(t) dt (2.11)
day

Where A is the area covered by the PV module and 7, its efficiency.

A daily production of 1.8 kWh results from the calculation.

According to the Eq.2.9, in order to store the half of the daily production by means
of a 48V battery, a capacity of about 20 Ah is needed.

The lithium iron phosphate (LiFePO4) Li-Ion battery cell LEFP3.2V /20AH, produced
by LIYUAN BATTERY CO.,LTD, has been selected for the simulation. The data
provided by the manufacturer are given in the Tab.2.3.

In order to reach the desired voltage, 15 series-connected cells are needed.

Since the discharge voltage curve is not provided by the manufacturer, the eq.2.10
was adopted for the model of the battery, as shown in Fig.2.4. This approximation
won'’t affect the analysis since the LiFePo4 battery is characterized by a quite flat
Voe-SOC curve, especially in the safety range of operation where it will be called to
operate, which is for SOC maintained between 40 and 95 %.
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Figure 2.5: Daily average irradiance in June in Aalborg.

Data Value
Nominal Voltage (V) 3.2V
Charging Cut-off Voltage (Vynez) 3.65V
Discharging Cut-off Voltage (Vi) 2.5V
Standard charging/discharging current (7,,) 3C3A (6.6 A)
Max continuous charging/discharging current (/,.,) | 3CsA (60.0 A)
Internal resistance (R;,;) <2mf)

Table 2.3: Parameters of the battery cell.

2.4 Boost Converter Interfacing the PV

The interface between every PV module and its respective dc-link is realized by
means of a de-dc boost converter, which is shown in Fig.2.6. This is an unidirectional
converter that enables the power transfer from the PV generator to the dc-link. Its
main role is to ensure that the PV operation point is the one that maximize the
extraction of power, known as the “maximum power point” (MPP). As shown in
Fig.2.2, the typical power-voltage characteristic has a single maximum point (P,
Vumpp), characterized by the I, current. For this reason, in order to reach the goal,
it is sufficient to enforced the PV voltage to be equal to the MPP voltage V...
The P-V and I-V curves are plotted for a particular condition of irradiance and tem-
perature, but it is well known that during the day the external conditions change.
As a consequence, the characteristic curves change during the PV operation.

The variability of the MPP can be smooth according to the typical daily irradiation
profile, or sharp due to a quick change in the weather condition or for a temporary
partial shading caused by an external factor, such as a bird or a cloud.

In order to dynamically track the MPP, the value of the voltage in which the PV
should operate must be evaluated by a MPPT algorithm, independently performed
by each PV module. However, before the developing of the control logic, it’s impor-
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Figure 2.6: Dc-dc boost converter.

tant to conduct the modelling of the boost converter.

It is worth to point out that, in this application, the boost converter is supposed
to always operate in Continuous-Conduction Mode (CCM). This means that the
inductance L and the switching frequency f; have been chosen in such a way that
the current in the inductor never goes to zero during one switching period.

There are two major parameters that must be properly designed for the good oper-
ation of the boost converter: the inductance and the switching frequency.
Conventionally the switching frequency f; is set around dozens of kHZ.

Whereas, the value of the inductance must be fixed such that the converter always
operates in CCM with a desired ripple amplitude of the inductor current waveform,
Aij. The value of L that fulfills this requirement can be obtained by observing
that in steady-state conditions the moving average of the inductor current over one
switching period is constant. Geometrical observations based on this assumption
lead to the Eq.2.12, used to properly size the inductor [16].

_ VaD
- 2fAi%

The sizing has been made by considering the panel operating at the MPP under
STC, a dc-link voltage of 50V and a maximum acceptable current ripple equal to
the 10 % of the average value of the current.

In the end, an inductance of 0.3 mH and a switching frequency of 20 kHz have been
chosen for the simulation.

The focus is now moved on the modelling. By applying the Kirchhoft’s laws to the
circuit in fig.2.6, while taking into account that the state variables are represented
by the inductor current and the dc-link voltage, the state space model is derived as
follows:

(2.12)

When S is on:
LL —y
{C’dt dvg. i , (2.13)
bus~q — —lout
Whereas, when S is off:
LdZ_L = Upy — Ude
{C’dt vy p_ , , (2.14)
bus g — 1L, — lout

Unfortunately, the model is time-variant, since the circuit configuration depends on
the state of the switching device S and, therefore, the circuit averaging technique
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will be adopted [16].

Firstly, the switch network of the power converter is replaced with voltage and
current sources, in order to obtain a time-invariant circuit topology.
With this aim, the control variable u is introduced:
1, 0<t<t
u = - - (2.15)
0, ton <t <T;

The model can be written as follows:

LCZ—tL = Upy — Vge(1 — w) (2.16)
Cbus% - ZL(l - u) - Z.out ‘
Secondly, the converter waveforms are averaged over one switching period, in order
to remove the switching harmonics. The basic assumption that must be made is
that the natural time constants of the converter network are much longer than the
switching period. For a well designed converter, the hypothesis of a small ripple in
the inductor current and capacitor voltage waveforms is always verified. If the basic
assumption is satisfied, the dynamics of the system is well defined by considering
only the low frequency variations, obtained by applying the moving average operator
to the model.

The average over the switching period T of a given time function x(t) is defined as:

() = — /t_T‘a;(T)dT (2.17)

In particular, the moving average of the discontinuous control function u is known
as duty ratio:

PR /t (7)dr = Lo (2.18)
= — u(T)dr = — .
Ts t—Ts Ts
Finally, the averaged model of a boost converter is obtained:
L8 =5, — Ug.(1 —d
dt i /Up _ Ud ( )T (219)
Cbus dzc = ZL(l - d) — lout

The equivalent circuit representing the averaged model is shown in Fig.2.7, where the
switching network in Fig.2.6 has been replaced by two controlled waveform sources
Veontrol aNd icontrol, defined as follows:

Ucontrol = @dc(l - d) (2 20)
gC(mtrol - EL(l - d)

At this point, all the converter waveforms are varying continuously over time. How-
ever, the model is nonlinear since it involves the multiplication between time-varying
quantities. Since the objective is to design a proper controller for the boost con-
verter, it would be better to use a linear model, in order to take all the advantages
provided by the control theory for linear systems, such as the Laplace transform.
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Figure 2.7: Dc-de boost converter circuit averaged model.

In this regard, the linear small-signal model has been obtained by perturbing and
linearizing the averaged model around a quiescent operating point.
Let’s suppose that the converter has been driven in some steady state operation

point:

Vi = Va(l—D
Iout = IL(l - D)

At this point, a small perturbation of the inputs is applied. Therefore, all the

averaged waveforms can be defined as the sum of the steady state value and a small
variation:

T}dc - ‘/dc + ﬁdc
d=D+d
ir=1I,+1r (2.22)

lout = Iout + Yout

( Upv = ‘/pv + Upy

The latter are now substituted into the averaged model. Firstly, can be noticed
that all the DC terms disappear, since they balance each other out, according to
the steady-state equations. Furthermore, all the second order terms are neglected.
This is a good approximation since they are much smaller in magnitude than the
first order terms.

In the end, the following small signal model is yielded:

A

{L%L = iy — Dge(1 — D) + Vied

X R a . 2.23
Cbus% :ZL<1_D) _[Ld_iout ( )
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2.5 Half-Bridge Converter Interfacing the BESS

As mentioned above, two ways of physical connection are proposed for the battery
module. As concerns the first topology, shown in Fig.1.6.(a), the battery is connected
to the dc-link via a bidirectional dc-dc converter, shown in detail in Fig.2.8. It
consists of a conventional half-bridge and an inductor placed on the battery port
side. This architecture enables a bi-directional power flow, through the reversal of
the current direction.

DC-link
(1)
s_a D—b—l KZ& SA
+
: L
batt
Loa LYY Y C_bus :é v_dc
+ —-—
BA-I—I-ERY V_batt s_b D‘»‘I K% SB
|' DC-link
@)

Figure 2.8: Bidirectional dc-dc converter.

The two switches are driven one at time, depending on whether the battery is charg-
ing or discharging.

During the discharging operation mode, the switch Sy is kept on off mode, while Sg
is on switching mode. In this case, the power converter acts like a boost converter
and the power flows from the battery towards the dc-link.

On the contrary, when the battery is charging, the switch S, is switching, while
Sg is kept on off mode. As a result, the power converter behaves like a buck con-
verter whose input and output ports are represented by the dc-link and the battery
terminals respectively.

The circuit network is once again time-variant, depending on the battery operation
mode and on the state of the respective switching device.

In order to find a time-invariant model, exactly in the same way as was done for the
PV boost converter, the following average model is built.

(2.24)

dipare L _

L dl;tt = Ubatt — hvdc = Ubatt — Vcontrol
dv . - - = -

Cbus d?c - hzbatt — Lout = leontrol — lout

where the control variable h is defined as a function of the duty ratio of the two
switching devices, d4 and dp, according to the following statement:

d hargi
b { A, charging (2.25)

1 —dp discharging

Finally, the switching network of the power converter can be replaced by the follow-
ing controlled waveform sources, as can be seen in Fig.2.9.
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Ucontrol = hv c
{“ trol = 1104 (2.26)

Leontrol = hlbatt
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Figure 2.9: Bidirectional dc-dc converter averaged model.

Once more, with the view of taking advantages from the linear control techniques,
the small signal model must be derived.

In the following, and in the subsequent controller design phase, the system is sup-
posed to operate in boost mode. In order to highlight the state variables, a fictitious
load is introduced, defined as:

2
Vdc

R = 2.27
Pout ( )

Therefore: g
lout = EC (228)

Let’s suppose that the converter has been driven in some steady state operation
point:

(2.29)

Vi)att = ‘/alc<1 - D)
Iout - Ibatt(l - D)

By perturbing the system from this position and by neglecting all the second order
terms, the small signal model is obtained:

(2.30)

{L diast — vy — (1= D) Bae + Vae di

ddge __ 2 1 4 3
Cbus de — (1 - D) Upatt — 7 VUde — [batt d

dt R
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Chapter 3

Control Strategy

In this chapter the control strategy of the system is described and designed.

The CHB inverter consists of a certain number of power cells in series. Each cell
is an active power generator, consisting of a PV module and a battery module.
The major task of the system is to supply a desired active power to the grid. An
high-level control will decide the state of each cell (i.e. inserted, by-passed, mod-
ulated) according to the deployed multilevel modulation strategy. However, since
each power cell generator is independent, a local control must be developed and
tested beforehand.
In the following, the low-level control strategy of a single power cell of the CHB
inverter will be investigated. The subsystem can be seen as a three port network,
where the power is exchanged between three subsystems: the PV generator, the
battery energy storage system (BESS) and the output port, which represents the
interface of a single full bridge sub-module.
In Fig.3.1 all the possible operation modes for a single sub-module are shown.
It is important to point out that not all the
ports enable a bi-directional power flow. More
specifically, the power generated by the PV sys-

i ‘_‘Dc link tem is always injected into the dc-link, whereas
the power at the output terminals is always ab-
L l sorbed. On the other hand, the rechargeable bat-
m = tery system enable a bi-directional power flow,
BA‘:’ER y OUTPUT depending on whether the battery is charging or
discharging. That means that, as a general rule,
the battery can be charged only by the PV gen-

Figure 3.1: Operation modes. ~ €rator.

But actually, when the PV is not producing, for

example during the night hours, the power flow
of the whole CHB inverter could be reversed in order to charge the batteries from
the grid. However, this operation mode will not be considered in this work.
Two different topologies for the PV-BESS power cell have been proposed.
Hereafter, the topologies with and without the dc-dc battery converter, shown in
Fig.3.2, will be referred as A and B respectively. As highlighted in fig.3.2, the main
difference between them lies in the way in which the battery module is interfaced
with the dc-link.
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Figure 3.2: Proposed power cell topologies.

In the first case, the battery is electrically decoupled from the dc-link capacitor by
means of a bi-directional de-dc power converter. In particular it consists of an half-
bridge converter, which regulates the charging and the discharging processes of the
battery by controlling the battery current.

Furthermore, it can also been used to control the voltage at the dc-link. In fact, the
dc-link voltage can be subject to transient conditions, mainly resulting from power
changes. These discrepancies from the reference can be compensated by properly
charging or discharging the dc-link capacitor. The bi-directional battery converter
suits best for this purpose, since it already requires a current control loop. However,
when the battery is on the idle mode, the DC link voltage control must be managed
by the grid converter, by increasing or decreasing the power injected into the grid,
with respect to the power produced by the PV generator [17].

On the contrary, in the second topology, the battery is directly connected to the
dc-link capacitor. In this case, the battery current, and thus also the battery power,
can’t be regulated as desired, but it automatically varies according to the unbalance
between the load and the generation. As a result, the dc-link voltage can’t be
directly regulated, since it is affected by the SOC of the battery and by the charging
or discharging battery current.

As far as concerns the interface between the PV module and the dc-link, in both cases
a dc-dc boost converter is exploited. The latter has the main task of maximizing
the power extraction from the PV module.

The control which drives the boost converter must be designed in order that the
voltage at the PV terminals follows the MPP voltage, set as reference. For this
purpose, an MPPT algorithm must be implemented.

In the following, the PV voltage and the battery current control loops are explained
in detail.

3.1 MPPT Control

As mentioned above, in both cases of study, the dc-dc boost converter interfacing
the PV module with the dc-link must be driven in such way that the voltage at the
PV terminals is equal to the MPP voltage, even under varying weather conditions.
With this purpose, a feedback control loop must be implemented. The PV voltage
should follow the desired reference provided by the MPPT algorithm, that is con-
tinuously updated according to the external conditions. Furthermore, the stability
and the transient behaviour of the feedback control loop must be taken into account
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during the design phase. In order to evaluate the PV voltage reference that max-
imizes the extraction of solar power, a classic Perturb and Observe (P&O) MPPT
algorithm has been implemented.

The operating principle of the P&O MPPT algorithm is outlined in the flowchart
shown in Fig.3.3 [12].

Measure the PV voltage and current
Vel K], 1, (K)

L

Calculate the PV power

Pk = v (k) =i,k

v

Calculate the power and vollage difference
APE) = Pk — Flk—1)
A, (k) = v, (k) — v, (k1)

Y

l—N{j AP (k) A (k) =07 st—l

ULkl = (k= 1) — ., k) =, (k—1)+u

Figure 3.3: Flowchart of the Perturb and Observe MPPT algorithm [12].

The P&O algorithm is based on the fact that the P-V characteristic has only one
maximum point.

According to the flowchart, every time period Typpr the operating voltage of the
PV is perturbed in one direction and the resulting change in the power value is
observed.

In response to a given perturbation, if the power rises, the next voltage perturbation
will be given in the same direction. Conversely, if the power decreases, the direction
of the next voltage perturbation will be reversed.

The voltage reference signal provided by the algorithm can be expressed as follows:

) = = 1)+ sgn (2= Yo, 3.1)

where £ is the time step index.
In steady state conditions, the operating point of the P&O MPPT algorithm indef-
initely oscillates around the MPP, in a range of £ vgep.
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The performance of the MPPT algorithm depends on the perturbation frequency
and on the voltage perturbation step size.
The higher is the voltage perturbation step size, the lower is the MPPT efficiency.
In fact, a large voltage perturbation step results in a wider power oscillation during
steady-state conditions, and thus in a lower average extracted power. On the other
hand, during fast changes in the external conditions, a large step size speeds up the
tracking of the MPP.
The choice of the perturbation step size involves a trade-off between the MPPT
speed and efficiency.
As regards the choice of the MPPT algorithm frequency, it is necessary to consider
that the system must reach the steady-state operation before applying the next
perturbation.
In Fig.3.4 the feedback control loop for the de-dc boost converter is shown.

The main role of the controller is to find the proper duty ratio in order to drive

v_pv_meas . v_pv_ref
) P&0O eror PI(s) d d G(s) v_pv >D v_pv
i_pv_meas

Figure 3.4: MPPT feedback control loop.

y

the boost converter in such way that the panel always operates at its MPP.

For the design of the controller, the dc-link voltage is supposed to be constant. The
control variable is the duty ratio, while the output variable of interest is the voltage
at the PV module terminals.

During the normal operation, for a well-designed controller, the system operates at
its MPP. Hence, it is reasonable to consider the small signal model resulting from
the linearization process around the MPP.

It is well known that the I-V characteristic of the panel is non linear. By defining
the incremental conductance g, as shown in Eq.3.2, the linearized I-V relationship
around the MPP is obtained, as highlighted in Eq.3.3.

di

9= (3.2)

dv|yrpp

Ipo = —GOp (3.3)
By substituting the latter equation into the first equation of the small signal model,
given in Eq.2.23, the equation which describes the dynamics of the PV voltage as a
function of the duty ratio is yielded:
dty, .

—gL e Upy — Vae(l — D) + Vaed (3.4)

The latter equation is linear and the control-to-output transfer function can be easily
obtained by means of the Laplace transform. To achieve this, the input voltage
variations 7,4 is set to zero. Finally, the transfer function of the process is obtained:

o @pv _ ‘/dc
G(s) = 2 =t (3.5)

f}dcz()
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The tuning of the PI controller can be conducted on MATLAB® in order to obtain
a step response with a desired settling time and a stable feedback loop.

In the following, the PV voltage control loop will be tuned and tested.

As a general rule, the voltage perturbation step size is set around 1% of the MPP
voltage at STC. According to the data sheet of the PV module, Vy;ppr = 37.6 V.
As a consequence, the perturbation step size has been set at 0.3 V. Furthermore, a
time period Tjppr of 0.1s has been chosen.

Therefore, the PI parameters have been set in such a way that the closed loop step
response settling time is smaller than Tppr. This condition guarantees that the
PV voltage always reaches the steady state condition before that the next voltage
reference perturbation is applied.

PV Voltage

T T T T T
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time [s]
(a)
63.5 PV Power
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Figure 3.5: MPPT performance. (a) PV voltage and (b) PV power after a sudden
change in the irradiation level in ¢t = 1s.

With the purpose of verifying the performance of the control, a step change in the
irradiation from 1000 % to 200 % is supposed to occur in t = 1s. The generated
PV power instantaneously switches from around 331 W, provided under the previous
STC, to around 60 W, due to an abrupt change in the photoelectric current.

This sharp change in the PV current results in a voltage overshoot. Hence, a small
capacitor in parallel with the PV module is needed in order to avoid that the PV

voltage is reversed.
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Right after the abrupt operation point change, the system is not operating anymore
at the MPP.

As highlighted in fig. 3.5 (a), the reference voltage is adjusted every Typpr, in order
to track the new MPP. The fig. 3.5(b) shows that the power starts to increase, and
after 4 Typpr periods, the system reaches the MPP. However, it can be noticed that
the MPP won’t be ever reached once and for all, but the PV power will keep on
oscillating around it, even under steady-state conditions. This is a typical behaviour
of the P&O algorithm.

3.2 Dc-link Voltage and Battery Current Control

In the first topology of study a bi-directional dc-dc converter is exploited to control
the current in the battery, and thus the battery power. For this purpose, a current
control loop should be implemented.

For the design of the half-bridge controller, the battery is supposed to operate within
the allowed range of SOC values. With this assumption, it can both charge and
discharge.

The bi-directional battery power converter has two main tasks.

Firstly, it has to provide the amount of power needed to compensate the unbalance
between the PV production and the desired output power. Secondly, it must handle
the regulation of the dc-link voltage, which is affected by power changes which may
occur at any of the ports.

By giving a closer look at the scheme in fig.3.6, where the battery control loop is
shown, it can be noticed that the control consists of two cascaded loops: an outer
voltage loop, and an inner current control loop.

The inner control loop regulates the battery current, by means of a PI controller.
The current reference is obtained by the sum of two components. The first one is the
one responsible to transfer the active power needed to compensate the unbalance
between the active power required by the load and the power produced by the PV.
The second component is provided by the outer control loop which regulates the
DC-link voltage.

This loop must be much slower than the inner current loop. This condition enable
to decouple the dynamics of the two loops. In fact, during the design phase for
the DC-voltage PI controller, it is possible to assume that the inner current loop
operates instantaneously.

P_batt_ref
P_out ref [ > g -

Gl(s) G2(s)

i_batt_ref 1 i i
e i_batt_ref i_batt

— error  BATTERY d d i_batt|—— i_batt v _dc =Dv,dc
CURRENT

PI

Divide1 i_batt_ref 2 lim current i_batt

rar DCUNK o

VOLTAGE
PL

Figure 3.6: DC voltage and battery current loop.
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In order to design the current and voltage PI controllers, the transfer functions,
which define the relationship between the control variable and the battery current,
and between the battery current and the dc-link voltage, are required.

Firstly, the control-to-battery current transfer function, has been derived from an
easy manipulation of the half-bridge small signal model, given by the Eq.2.30. It
should be recalled that the model has been obtained by assuming that the battery
is discharging.

The small signal model of the boost converter can be written in a matrix form, by
neglecting the small variation of the battery voltage, as follows:

d %b tt:| { 0 (1LD)] Fb tt:| { = ] 5
— | =], 1 bl I d 3.6
i [vdc T A B (3.6)

This latter can be rewritten in a compact form, as follows:

d A
—Xx = AXx+ Bd 3.7

where x is the state variable vector and d is the control variable.

It is now easy to obtain the transfer function which binds the control variable with

the state variables. In fact, by applying the Laplace transform to the Eq.3.7, it gets:
X
7 =(sI-A)"'B (3.8)

where s is the Laplace variable and [ is the identity matrix.

From the latter matrix equation, the transfer function between the control variable
and the battery current is obtained:

~

Gi(s) = Ubatt _ Viart (2 + RC s)
! d (1 —=D)RLCs2+ Ls+ R(1—D)?
Secondly, the transfer function between the battery current and the dc-link voltage

can be obtained from considering the power exchange between the battery, the dc-
link capacitor and the rest of the system:

(3.9)

ibattvbatt = Cbus %Udc + ioutvdc (310)

The small signal approximation of this power balance leads to the desired relation,
obtained by neglecting the small variations of the battery voltage and of the output
current:

G (S) o UZlc . Lbat‘t
2(8) = = =
Tbatt ]out + Cbus ! dc S

Finally, from the knowledge of the transfer functions characterizing the plant, the
tuning of the PI controllers have been conducted on MATLAB®, in order to guaran-
tee the stability of the control loop. In particular, during the tuning was considered
that the dynamics of the current control loop must be slower than the dynamics
of the switching devices, and that the dynamics of the voltage loop must be slower
than the dynamics of the inner current loop.

(3.11)

33



Chapter 4

Simulation Results and
Comparison

This chapter describes the criteria used to perform the numerical analysis of the two
proposed topologies. Five different simulations have been carried out on PLECS®
i order to test every possible operation mode of the system. Finally, a comparison
between the two topologies has been made, by focusing on the state of the battery and
the efficiency.

4.1 Test Conditions

In order to understand the operation of the system, some observations about the
power transfer should be made beforehand. A general truth for both the proposed
topologies is that, in steady state conditions, the active power balance at the dc-link

node is:
va + Pbatt - Pout (4]-)

It can be noticed that the power related to the dc-link capacitor does not take part
in the power balance. This is due to the fact that, in both cases, the voltage across
the bus capacitor can be assumed constant and thus, on average, the capacitor won’t
charge nor discharge.

However, instantaneously the current through the capacitor is not equal to zero,
since any change in the generated or demanded power results in a dec-link voltage
variation. As a result, the voltage at the dc-link will consist of a dc component and
an unwanted ripple. For the topology A, shown in Fig.3.2(a), the dc component
is represented by the reference of the dc-link voltage control loop, while for the
topology B, shown in Fig.3.2(b), it depends on the state of the battery.

In this application, the main causes of the dc-link voltage ripple are represented
by the changes in the PV generated power and by the sinusoidal component of the
output power at twice the grid frequency, resulting from the dc-ac conversion stage.
Furthermore, high frequency harmonics results from the switching process of the
several power converters.

For what concerns the PV generated power, its value depends on the external condi-
tions of irradiance and temperature and on the performance of the MPPT algorithm
which has been used.

As has already been mentioned, even under steady state conditions of the external
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parameters, the P&O algorithm is characterised by an oscillating behaviour around
the maximum power point. The amplitude of the power oscillation depends on the
voltage step size chosen. It’s clear that this phenomenon leads to a change in the
injected PV power every MPPT period, that will affect the power balance.

For what concerns the power extracted from the output terminals of the cell, it is
important to highlight that, actually, it will be handled by the grid current control
which drives the entire cascaded H-bridge architecture. However, in order to test
the low-level control of a single cell, before the realization of the CHB control, the
load has been modelled as a controlled current generator.

With the intention of running a realistic simulation, the output current has been
shaped like the dc-side current of a traditional full bridge inverter [18].

It mainly consists of two components, as shown in Eq.4.2: a dc component, which
is responsible for the active power transfer, and a sinusoidal component with a
frequency of twice the grid frequency, resulting by the dc-ac power conversion stage.

io = I, + I, sin (2wyt) (4.2)
where the average current I, is linked to the desired output active power P’ ou as:

o P*out

I, =
Ve

Hence, the instantaneous output power is given by:

Pout(t) = vaclt) # (1) (4.3)

In particular, its DC component, P,,;, represents the active power delivered to the
grid, which takes part in the power balance, shown in Eq.4.1.

On this basis, it is clear that the battery supplies or absorbs the amount of power
needed to compensate the difference between the active power required by the output
terminals and the power produced by the PV.

However, it is important to take measures in order to avoid deep charging or deep
discharging scenarios that may lead the battery to be seriously damaged.

With this purpose the following logic has been implemented:

1. SOC,in < SOC < SOC 0

The battery can compensate for any mismatch between the PV power and the
desired load, since it is allowed to both charge and discharge.

2. SOC > S0C,,,4. and P*

out < PP’U

The battery SOC has reached the upper limit and, at the same time, the
desired output power is lower than the PV generation. Since the battery can’t
be further charged, the power delivered need to be increased to the PV power

level. Hence, it will be set: P}, = P,,

3. SOC < SOC,,, and P;

out > PPU

The battery SOC has reached the lower limit and, at the same time, the power
demand is higher than the PV generation. Since the battery can’t be further
discharged, the power delivered must be curtailed to the PV generated power
level. Hence, it will be set: P}, = P,,

35



During the simulation the SOC has been set at 50 %. In this way the battery is
allowed to both charge and discharge, according to the desired output power. The
two topologies have been simulated under five different test conditions, each one
representing a different operation mode, which are listed below.

1.

The power flows from the PV to the output port. The PV module is supposed
to operate at STC (i.e. G = 1000W/m? and T' = 25°C). In these conditions
it produces its rated power. The output power reference is set equal to the
PV power, in order to withdraw the whole PV generation.

. The power flows from the PV to the battery. The PV module is operating

at STC, while the output power reference it set to zero. These conditions
represent the case in which the cell is by-passed and the whole generated
power is used to charge the battery.

. The power flows from the battery to the output port. The PV module is

supposed to be completely shaded, and the rated power required from the
load is provided by the battery.

. The power flows from the PV and the battery towards the output port. The

PV is supposed to be partially shaded. In particular, the external conditions
are set at: G =200 W /m? and T' = 25°C. The reference of the power demand
is equal to the PV rated power. As a result, the battery is discharging in order
to compensate the mismatch.

. The power flows from the PV towards the battery and the output port. The

PV is supposed to operate at STC, but the reference of the power demand is
set at a lower value. As a result, the battery is charging in order to save the
surplus of generated power.

Since the main difference of the two topologies lies in the way the battery is placed,
the most relevant electrical parameters to look at during the comparison are the
battery current, the battery power and the state of charge. Furthermore, the effi-
ciency is calculated in each case. For the calculation of the efficiency, the estimation
of the global losses is needed. Before showing the results of the simulation, in the
following paragraph the way in which the losses have been estimated is described in
detail.
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4.2 Calculation of Losses

Unfortunately, in real systems part of the power which takes part in the power
transfer is dissipated by unwanted effects. The major losses which have been con-
sidered for the calculation of the efficiency are the ones due to the heating of the
internal resistance of the battery and of the ESR of the dc-link capacitor, and the
ones related to the semiconductor devices.

The power dissipated across the battery internal resistance can be estimated as:

Pbatt = Rint : Z.gatt (44)

In the same way, the power losses across the ESR of the dc-link capacitor are given
by:
Pc = ESR -7, (4.5)

For what concerns the power losses across the semiconductor devices, a deeper dis-
cussion is needed. As it is well known, the hypothesis of ideal semiconductor devices
implies that, during the on-state, the device is modelled as an ideal short circuit,
whereas during the off-state it is seen as an ideal open circuit. Furthermore, the
turn-on and turn-off transient periods are supposed to occur instantaneously. If
these assumptions are made, the losses across the switching devices can be consid-
ered equal to zero. However, in order to analyse the actual behaviour of the device,
these hypothesis can’t be no longer applied. The losses related to the switching
devices are classified in conduction losses and switching losses.

The conduction losses are caused by the heating of parasitic resistance components
of the semiconductor device, when it operates during the on-state.

Conduction losses are usually calculated as the product of the device on-state current
and the device on-state voltage [19].

In particular, the on-state voltage is a function of the device parameters:

Von = Vf + Ron : Z.on

where V;is the forward voltage and R,, is the on-state resistance.

However, the on-state resistance varies significantly with the junction temperature,
and can be challenging to define. In order to take into account this dependence,
PLECS® allows to specify the on-state voltage as a function of the device current
and temperature:

Von = f(iona T) (46)

By knowing this relationship, the conduction losses can be easily obtained as follows:

Pconduction = Uon(iona T) : ion (47)

On the other hand, the switching losses arise from the fact that the transitions from
the on-state to the off-state and vice versa do not occur instantaneously. During the
transient interval, both the current through and the voltage across the device are
substantially larger than zero, which leads to large instantaneous power losses [19].
The graph in Fig.4.1 shows the typical IGBT current and voltage pattern during
the turn-on and the turn-off transient periods and the resulting dissipated power
during one switching period.
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Figure 4.1: Turn-on and turn-off. On top: current and voltage; On bottom: switch-
ing losses [19].

PLECS® allows to specify the energy dissipated during the turn-on and the turn-off
as a function of the on-state current i,,, of the off-state voltage vy, and of the
junction temperature 7'

' (4.8)
Eoff = h(vblock7 Lon,, T)

From the knowledge of these relationships, the switching losses over one switching
period T, are derived as:

{Eon - g(vblocky Z.on; T)

1 ) .
Pswitching = [Eon (Ublockv Lon, T) + Eoff (vblocka Lon, T)] (49)

T
Luckily, the relationships in Eq.4.6 and 4.8 are usually provided by the manufactur-
ers, and can be easily implemented in the thermal editor of PLECS® in form of a

look-up table.

On the basis of the global losses calculation, the efficiency of the system can be
obtained as follows:

o va + Pbatt - Plosses

x 100
va + Pbatt
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4.3 Operation Mode 1:
the PV Supplies the Output

The PV is supposed to operate at STC, producing an average power of 331.4 W,
and the whole production is delivered to the output.
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Figure 4.2: Battery power, current and SOC. sx: topology A; dx: topology B.

Topology

PV Converter

BESS Converter

Battery

DC-link Capacitor

Total Losses [W]

Efficiency [%]

Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W]
A 12.8 1.4 0.06 2.1 16.4 95.1
B 12.7 / 0.9 0.1 13.7 95.9

Table 4.1: Losses.
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4.4 Operation Mode 2: PV Supplies the Battery

The PV is supposed to operate at STC, producing 331.4 W, and the whole produc-
tion is used to charge the battery.
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Figure 4.3: Battery power, current and SOC. sx: topology A; dx: topology B.

PV Converter | BESS Converter Battery DC-link Capacitor N . = o,
Topology Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency [%]
A 12.8 9.3 1.4 0.8 24.3 92.7
B 12.7 / 1.6 0.1 14.4 95.7

Table 4.2: Losses.
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4.5 Operation Mode 3: the Battery Supplies the
Load

The PV panel is supposed to be completely shaded (i.e. G =0 %; T =25°C). The
reference of the output power is set equal to the average power produced by the PV

while it is operating at STC, i.e. 331.4 W. The battery will supply the full load
demand.
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Figure 4.4: Battery power, current and SOC. sx: topology A; dx: topology B.

PV Converter | BESS Converter Battery DC-link Capacitor ) . . = o,
Topology Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency [%]
A 0 9.3 1.5 1.4 12.2 96.3
B 0 / 2.1 0.01 2.1 99.4

Table 4.3: Losses.
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4.6 Operation Mode 4:
the PV and the BESS Supply the Load

The PV panel is partially shaded and it produces 65 W. The required output power
is set equal to 331.4 W. The battery shall provide 266.4 W, needed to compensate
the demand.
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Figure 4.5: Battery power, current and SOC. sx: topology A; dx: topology B.

PV Converter | BESS Converter Battery DC-link Capacitor .
Topology Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency []
A 2.0 7.3 1.0 1.3 11.6 96.5
B 2.0 / 1.6 0.01 3.6 98.9

Table 4.4: Losses.
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4.7 Operation Mode 5:
the PV Supplies the BESS and the Load

The PV panel is supposed to operate at STC, but the required output power is set
at 150 W. The battery will charge in order to absorb the extra power produced by
the panel, equal to 181.4 W.
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Figure 4.6: Battery power, current and SOC. sx: topology A; dx: topology B.

PV Converter | BESS Converter Battery DC-link Capacitor .
Topology Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency []
A 12.8 4.4 0.4 1.1 18.7 94.4
B 12.7 / 0.8 0.1 13.6 95.9

Table 4.5: Losses.
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4.8 Comparisons

From a close reading of the data obtained from the simulation, it clearly appears
that, in every case, the ripple in the battery current profile is wider when the bat-
tery is directly connected to the dc-link (topology B). This is the result of all the
power variations involving the dc-link. In fact, since the dc-link voltage is kept quite
constant by the presence of the battery, these power variations are reflected on the
battery current, and thus also on the battery power and on the SOC. As a conse-
quence of this phenomenon, higher losses are dissipated in the internal resistance of
the battery, when it is placed as in the configuration B.

On the other hand, the exploitation of a de-dc converter to decouple the BESS mod-
ule from the dc-link, enable to control the battery current and thus to reduce the
ripple. In this case, all the power variations involving the dc-link, will be absorbed
by the dc-link capacitor. As a result, the losses in the ESR of the dc-link capacitor
turn out to be always higher for the topology A. Furthermore, in the configuration
A, additional losses are generated during the dc-dc power conversion stage. These
latter are the ones which affect the global efficiency the most.

As regards the battery, the worst scenario is represented by the 3" operation mode,
when it is called to supply the whole power demand. In this case, the internal bat-
tery losses are equal to 2.1 W for the topology B, compared to 1.5 W for the topology
A. Nevertheless, an additional power of 9.3 W is dissipated in the configuration A,
due to the additional dc-dc conversion stage. As a result, the mismatch between the
global efficiency of the two topologies is equal to 3 percentage points: the configu-
ration B achieves an efficiency of 95.7 %, compared to the one of the configuration
A, equal to 92.7 %.

4.8.1 Efficiency under different irradiance levels

It is important to notice that the value of the efficiency is strongly related to the
power flowing through the power converter. However, in a solar system the produc-
tion is closely related to the value of the irradiance that hits the PV surface, which
is remarkably variable during the day.

By keeping this in mind, the most likely operation mode is now investigated: a
desired amount of power is required to be injected into the grid, independently by
the PV generation. The battery is supposed to be fully charge, such that it can
compensate for the difference between the PV production and the desired load. De-
pending on the size of this mismatch, the efficiency of the system changes.

In order to investigate how the efficiency is affected by the amount of power required
by the battery, six different simulations are carried out, by varying the external
irradiance with a step of 200 W/m?, from 1000 W/m? to 0 W/m?. The reference of
the output power is set equal to the rated power of the PV module, and it is kept
fixed for all the cases. Hence, the total power required by the load is partitioned in
different proportions between the PV and the BESS, for every case.

In Tab.4.6 the losses and the efficiency resulting from the simulations, for both the
configurations A and B, are shown.

In Fig.4.7, the values of the efficiency of the two topologies are plotted as a function
of the BESS power, expressed in relative values of the PV rated power.
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y PV Converter | BESS Converter Battery DC-link Capacitor . . o
Case Topology Losses [W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency [7%]
1000 W /m? A 12.7 1.2 0.04 2.2 16.2 95.1
Poess =0 B 12.7 / 0.8 0.1 13.6 95.9
800 W /m? A 9.6 1.8 0.09 1.8 13.3 96.0
Dhess = 0.2 B 9.6 / 0.8 0.07 10.5 96.8
600 W /m? A 6.8 3.3 0.3 1.6 12.0 96.4
Press = 0.4 B 6.8 / 1.0 0.05 7.9 97.6
400 W /m? A 4.2 5.2 0.6 1.4 114 96.6
Dhess = 0.6 B 4.2 / 1.2 0.03 5.4 98.4
200 W /m? A 2 7.3 1.0 1.3 11.6 96.5
Dpess = 0.8 B 2 / 1.6 0.02 3.6 98.9
0W/m? A 0 9.3 1.5 1.4 12.2 96.3
DPhess = 1 B 0 / 2.1 0.02 2.1 99.4

Table 4.6: Losses and efficiency under different irradiance level.
(topology A: BESS with dc-de; topology B: BESS directly connected).

EFFICIENCY UNDER DIFFERENT BESS POWER LEVELS

99.5 T T T T T T T T

n [%)

bess pv,n

Figure 4.7: Efficiency of the two topologies under different power partitions.

By giving a closer look to the graph, it is clear that when the battery is directly
connected to the dc-link the efficiency is always higher. However, the mismatch
between the efficiency of the two configurations becomes relevant when the battery
is called to provide an high amount of power. In this case, the additional dc-dc
conversion stage leads to a marked increase of the losses.

4.8.2 European Efficiency

From the analysis of the different operating conditions, it emerged that the efficiency
of the system depends on the power flowing through each power converter. Since
the solar power varies during the hours of the day, a reasonable way to compare
the efficiency of solar power converters is based on the European efficiency. The
European efficiency takes into account the actual solar production over the entire
day, by means of some weight coefficients. It is defined as shown in Eq.4.10, where
the parameter 7, represents the efficiency of the conversion system when operating
at 1% of its rated power.
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nEv = 0.03 050 +0.06 - 105 +0.13 - 1age +0.10 - 1309 + 0.48 - 0509 +0.20 - 71009 (4.10)

In order to calculate the European efficiency of the two hybrid PV-BESS systems,
a typical daily operating condition is required to be fixed. For what concerns the
PV daily production, the average daily profile of the month of June in Aalborg has
been considered. As it is shown in Fig.4.8, the average irradiance over the daylight
hours is equal to 338.4 W/m2.

DAILY IRRADIANCE PROFILE IN AALBORG IN JUNE
1000 T T T T T

800 [~

600 -

Irradiance [W/m2]

4 6 8 10 12 14 16 18 20
Daylight Hour (UTC+1.0)

Figure 4.8: Irradiance daily profile typical of June in Aalborg.

For the calculation only the daylight hours have been taken into account, from 3
AM to 8 PM of the local time, because during the night the system is supposed to
be out of operation. The reference of the output power has been set equal to the
average daily production of the PV module used in the simulation, which is equal
to 110.4 W.

PV Converter | BESS Converter Battery DC-link Capacitor . -
Case Topology Losses (W] Losses [W] Ohmic Losses [W] | Ohmic Losses [W] Total Losses [W] | Efficiency [%]

50 W/m? A 0.5 2.4 0.1 0.2 3.2 97.1
Ppo = 0.05 B 0.5 / 0.2 0.002 0.7 99.4
100 VV/IHZ A 1.0 2.0 0.09 0.2 3.3 97.0
Ppo = 0.1 B 1.0 / 0.2 0.003 1.2 98.9
200 V\/Y/In2 A 2.0 1.2 0.03 0.2 3.4 96.9
Ppo = 0.2 B 2.0 / 0.1 0.005 2.1 98.1
300 \V/mz A 3.1 0.6 0.006 0.2 3.9 96.5
Do = 0.3 B 31 7 0.09 0.01 32 971
500 V\/v/nl2 A 5.4 1.3 0.04 0.4 7.1 93.6
Ppo = 0.5 B 5.4 / 0.2 0.02 5.6 94.9
1000 W /m? A 12.7 5.6 0.63 1.0 19.9 82.0

Ppo =1 B 12.7 / 0.9 0.09 13.7 87.6

Table 4.7: Losses and efficiency under different irradiance level.
(topology A: BESS with dc-de; topology B: BESS directly connected).

Under this operating condition, the battery SOC performs one cycle per day. In
other words, during one day the battery is charging and discharging, by returning
at the same initial value of SOC.

In order to calculate the European efficiency, six parameters 1;¢ are needed. For this
purpose, six simulations have been performed by fixing different levels of irradiance,
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each related to a different percentage of the PV rated power. For example, to
calculate the parameter 759, the PV production should be the 5% of the PV rated
power, and thus the irradiance has been set at 50 W/m?, which corresponds to the
5% of its STC value.

In the table 4.7 the losses and the efficiency resulting from the performed simulation
for the both PV-BESS configurations are shown.

At this point it is possible to compare the European efficiency of the two topologies.
By applying the Eq.4.10, it results that the configuration which connects directly
the BESS to the dc-link achieves an European efficiency higher by 2.2 percentage
points with respect to the other.

—92.3
{”EU’A % (4.11)

nev.s = 94.5%
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Chapter 5

Dc-ac stage: Cascaded H-Bridge
Inverter

N different PV-BESS modules are now connected to a single-phase grid by means of
a multilevel CHB inverter. Different control strategies should be implemented for the
two proposed topologies. However, due to severe challenges in controlling the battery
power without a dc-dc converter, only the topology which includes the additional
dc-dc stage has been investigated in this chapter.

5.1 Modelling of the CHB Inverter

The CHB inverter consists of N series connected H-bridge sub-modules (SM). In
Fig.5.1 the electric scheme of the single phase CHB is shown. Each H-bridge provides
an output voltage vy, ;, which depends on the i-th dc-link voltage, according to value
of the control variable h;, as follows:

Uh,i = hiVgci (5.1)

The control variable h; can assume three possible values, according to the states of
the switches of the i-th sub-module, as listed in the Tab.5.1.

SA,i+ Sai SB,i+ Spi | Iy
on off on off 0
off on off on 0
on off off on | +1
off on on off | -1

Table 5.1: Switching states.

As a result, the output voltage waveform of the CHB can assume 2N + 1 levels, and
it is given by:

Viny = th,i (52)

In the case of study, every SM capacitor is connected to an active power generator,
consisting of a PV and of a BESS module. The i-th power cell injects the current
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Figure 5.1: Single phase grid-connected Cascaded H-bridge.

tsu,; in the i-th de-link. Meanwhile, on the ac-side, the PV-CHB multilevel system
is connected the PCC of a single-phase low-voltage grid through an inductive filter,
which has the main goal of suppressing the high frequency harmonic component
resulting from the switching process.

By applying the Kirchhoft’s laws to the circuit in Fig.5.1, the model of the system
can be obtained, as described in the Eq.5.3.

di, <
Ly—2 = Zhivdm Ryiy — v,
dt i3 (5.3)
dvdc,i

CSM,i == iSM,Z' - hl ig V 1 - 1,...,N

dt
During the sizing phase of the system the following assumptions have been made:

e The overall dc-link voltage must be higher than grid voltage amplitude, in
order to inject the active power from the PV modules into the grid. A margin
of 20 % of the grid voltage peak value has been considered for the calculation
of the overall dc-link voltage.

e The dc-link voltage of the single sub-module must be higher than the open
circuit voltage of the PV module and of the BESS voltage in order to achieve
a good operation of their power converters.

e The output filter inductance is typically sized as the 20 % of the base induc-
tance of the system.

e The output filter resistance is typically sized as the 5% of the base impedance
of the system.

The parameters of the system are shown in Tab.5.2.
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Parameters Value

RMS Grid Voltage (V) 230V

Grid Frequency (f,) 50 Hz

Number of cells (N) 9

Maximum Power (S,,) 3.2kVA

SM De-link Voltage reference (Vg su) 50V
Filter Inductance (Ly) 10mH

Filter Resistance (Ry) 0.8 m2

Table 5.2: Parameters of the system.

5.2 Control Strategy

Every cell of the CHB inverter is connected to a PV-BESS active cell, as shown in
Fig. 5.2. The PV module is interfaced with the SM by means of a boost converter,
which performs the tracking of the MPPT according to the control strategy shown
in Fig.3.4. Whereas, the BESS module is interfaced to the SM by means of a bidi-
rectional de-dc converter, which controls the battery power in order to compensate
the mismatch between the power demand set-point and the PV production. The
control strategy adopted is similar to the one shown in Fig.3.6; the only difference
is that, here, the dc-link voltage loop has been removed. The dc-link voltages of all
the SMs are now managed by the grid current control loop. For this reason, the
control strategy consists of two control loops, as shown in Fig.5.3.

DC
DCN\Z=

W

Figure 5.2: Circuit diagram of the single-phase CHB fed by PV-BESS cells.
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The outer loop aims to control the dc-link voltages. It is based on the voltage-square
control method [20].

A PI controller provides the value of active power needed in order to cancel the error
between the average of the N dc-link voltages and the dc-link voltage reference, that
is supposed to be the same for all the cells.

Figure 5.3: Grid current control strategy.

The inner control loop has the main task of controlling the grid current. The control
strategy is based on the instantaneous power theory, which operates with voltages
and currents expressed in the af stationary reference frame.
According to the instantaneous power theory, the positive and negative-sequence of
the grid current are functions of the desired instantaneous active and reactive power,
referred to as p” and ¢ respectively. They are given by [17]:

] - b ] o9
i, U?,aﬂng,g Vgp Vga | |47

It is important to point out that, in a single-phase system, only the o component
of the current is controlled. For this purpose, according to the Eq.5.4, the o and
B components of the grid voltage are needed. However, while in three-phase sys-
tems they are obtained from the Clarke transformation, in a single-phase system
they must be generated by a second order generalized integrator (SOGI). Once the
reference of the grid current positive-sequence is obtained, the grid current control
is achieved by a proportional resonant (PR) controller. It has a pair of poles on the
imaginary axis at the frequency of the sinusoidal waveform that is wished to track,
which in this case is the grid frequency.

In the end, the control loop produces the reference of the output inverter volt-
age. However, as it is well known, the output voltage waveform of a switching
power converter can’t vary continuously, but it can only assume a certain number of
discrete values. As a result, the use of a modulation technique is required in order
to drive the switches of each sub-module in such a way that the voltage reference
is well tracked. In particular, the nearest-level control (NLC) modulation strategy
has been implemented.

The basic concept of the NLC is to approximate the reference of the output in-
verter voltage with the closest integer voltage level that can be generated by the
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CHB, referred to as Ny, [21]. Hence, N"y can only assume integer values between
-N and N.

Subsequently, a sorting algorithm decides which SMs should be inserted or by-
passed, in order to achieve the desired voltage level. Traditionally, the sorting
algorithm aims to balance the voltages across the SM. The flowchart in Fig.5.4 shows
the sorting algorithm implemented. The algorithm is run through at a constant
frequency of 1kHz.

‘ Start ’

|

/ Sa’mple:vdc,iu N*V7 Zm /

Sort the voltages vg4.; in
ascending order and put
them in an array A/NJ

yes| Ny >0 ? ‘HO
yes Insert the first no

’ ?7 > 7 " P ?

tin > 0% Ny SMs of A/N] tin > 01

Stop

Insert the last
N"y SMs of A/N]

no yes

Figure 5.4: Flowchart of the sorting algorithm.

Firstly, the reference level of the output inverter voltage Ny, the current flowing
into the CHB 4, and all the SM dc-link voltages v, ; (for i = 1,...,N) are sampled.
Secondly, the N dc-link voltages are sorted in ascending order. Finally, if through
the CHB a discharging current is flowing, then the SMs with the higher voltages are
inserted. One the contrary, when a charging current flows through the capacitors,
the SMs with the lowest voltages are inserted.

In Fig.5.5 the performance of the sorting algorithm is proved. As can be noticed, all
the SM dc-link voltage waveforms are well balanced. In particular, in Fig.5.5(a) all
the PV modules are supposed to operate at STC. Whereas, in Fig.5.5(b) only one
of them is supposed to receive an irradiance of 100 W /m2.

The main advantage of the sorting algorithm used is represented by the simplicity
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DC-link voltages

DC-link voltages
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Figure 5.5: SM capacitor voltages resulting from the sorting algorithm (a)under
uniform irradiance conditions; (b) when one PV module is partially shaded.

of its implementation. However, often the switching occurrences are not truly nec-
essary, because they involve the swap of two SMs which have very similar voltages.
As a result, this procedure does not represent the best option with respect to the
switching losses.
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5.3 Simulation Results

In order to show the benefits of the integration of a BESS in a PV CHB-based
system, two simulations are run. In the first case, the system without batteries has
been considered, like the one shown in Fig.1.5. In the second case, the BESS is
inserted at sub-module level, as shown in Fig.5.2.

5.3.1 PV-CHB System Simulation

Two conditions have been considered:

1. All the PV panels are supposed to operate under uniform STC.

2. The irradiance is set equal to 100 W/m2 only for one PV module, while the
others are supposed to operate at STC.

In Fig.5.6 the grid current is shown in the two cases.

GRID CURRENT GRID CURRENT

“3000 3005 3010 3015 3020 3025 3030 3035 3040 3045 “3000 3005 3010 3015 3020 3025 3030 3035 3040 3045
time [s] time [s]

(a) (b)

Figure 5.6: Grid current (a)under uniform irradiance conditions; (b) when one PV
module is partially shaded.

From the simulation, it follows that, as a consequence of the partial shading involving
one PV module, the active power injected into the grid is reduced by around 300 W.
However, the others PV modules keep on operating at their MPP. This is one of the
main advantages of exploiting a modular dual-stage power converter, with respect
to the traditional centralized inverter.

5.3.2 PV-BESS-CHB System Simulation

At the beginning all the PV modules are supposed to operate at STC. Then, only
of them is suddenly shaded, and its irradiance value is supposed to drop from
1000 W/m2 to 100 W/m2 in t = 3.

In Fig.5.7 the grid current and the grid power are shown. The time axis is centered
around t = 3s. As can be noticed, the power grid is not affected by the irradiance
variation involving a single PV module. In fact, as can be seen in Fig.5.8(a), the
BESS module coupled with the shaded panel, reacts in order to compensate the
missing production.

As a drawback, the SOC of the battery related to the shaded module diverges from
the others.
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Figure 5.7: Sudden irradiance change on a single PV module in t=3s (a) Grid
current; (b) Grid power.

PV and BESS POWER x le-l soc
— PV/p_pv:9
— BESS/P_bat:9, i
350 H 5.000089
5.000088 |
300
5.000087 -
250~
5.000086{
200
£ 5.000085
150
5.000084-1
100~ B — BESS/SOC:1
— BESS/SOC:2|
5.000083-|— BESS/SOC:3|
50 | BESS/SOC:4
T R R —— BESS/SOC:5|
L 5.000082-— BESS/S0C:6|
0 e BESS/SOC:7|
_|— BESS/soc:8
B 50000817 gess/socio
- ; : ; ; 7 ; ; 7 ; —— ; ; 7 ; ; ; ;
2990 2992 2994 2996 2998 3000 3002 3004 3006 3008 2990 2992 2994 299 2998 3.000 3002 3.004 3.006 3008
time [s] time [s]

(a) (b)

Figure 5.8: Sudden irradiance change in t=3s (a) PV power and BESS power of the
shaded module; (b) SOC of all the BESS modules.
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Chapter 6

Conclusions and Future Works

In this project a PV CHB-based system with storage capability provided by batteries
has been investigated. Two different topologies for the PV-BESS active power cell
have been proposed and compared:

e Topology A: the BESS module is interfaced with the dc-link by means of a
dc-dc converter.

e Topology B: the BESS module is directly connected to the sub-module dc-link.
From the comparison can be concluded that:

e The topology A gives more flexibility to the structure, since it allows to inde-
pendently manage the power provided by each PV-BESS cell.

e The topology A provides a better control of the battery current, which also
results in a limitation of the battery internal losses.

e The topology B achieves an higher efficiency. In particular, the European
efficiency results to be higher by 2.2 percentage points with respect to the
topology A.

In the end, the topology B seems to be promising in a multilevel architecture.
However, the control strategy of the whole systems shall be properly designed, with
a specific focus on the battery power control and SOC balancing. The design of this
control strategy proved to be challenging. For this reason, the topology A has been
considered for the simulation of an hybrid PV-BESS CHB-based system. In fact,
in this case, the traditional control techniques for multilevel converters can be used.
In particular, the CHB has been driven according to a NLC modulation based on
a sorting algorithm which operates in order to keep balanced all the SM capacitor
voltages.

Form the numerical analysis results that, when a single PV module is affected by a
sudden variation of the irradiance level, the BESS coupled with it reacts, by compen-
sating the missing production. As a result, any change is registered in the waveform
of the power injected into the grid.

In the future, more suitable balancing algorithm based on the SOC should be in-
vestigated, in order to enhance the performance of the proposed architecture, and
to ensure a permanent operation of the system. Furthermore, its feasibility must be
tested by building a laboratory prototype.
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