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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 dc-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 R
, 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 dc-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 dc-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
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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

Figure 1.1: Evolution in PV Installed Capacity [1].

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
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.
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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 .

Figure 1.2: Inverter configurations for PV system.

� 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.

� 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).

� Multi-string inverter: several strings are interfaced with their own dc-dc 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.

� 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.
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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 (TSO).

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 a result, 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.
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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.

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 dc-dc converter.
The additional dc-dc 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.

Figure 1.5: Single-phase, two-stage, grid-connected PV CHB inverter

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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(a) (b)

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-dc 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 dc-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 R
.

� 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
Iph, 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
Io. In order to realize a more realistic model, losses are taking into account through
two parasitic resistances, a series resistance Rs and a parallel resistance Rp.
A detailed description of the PV panel model will be now provided [12].
The model adopted is also known as 5 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: Iph, Io, n, Rs,
Rp.
By taking a closer look at the circuit shown in Fig. 2.1 and by applying the Kirch-
hoff’s Current Law, it follows that the output current from the panel is:

Ipv = Iph � Id � Ip (2.1)

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

Id = Io

h
exp

Vpv + IpvRs

nVT
� 1
i

(2.2)

where VT represents the junction thermal voltage:

VT =
NskT

q
(2.3)

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:

Iph =
G

Gn

h
Iscn +Ki(T � Tn)

i
(2.4)

Io =
Iscn +KIsc(T � Tn)

exp
�
Vocn+Kv(T�Tn)

nVT

�
� 1

(2.5)

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

ipv =
G

Gn

h
Iscn + Ki(T � Tn)

i
� Iscn + KIsc(T � Tn)

exp
�

Vocn+Kv(T−Tn)
nVT

�
� 1

h
exp

Vpv + IpvRs

nVT
� 1
i
� vpv + ipvRs

Rp

(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 Ns = 72 series-connected cells, each
of which covers an area of (156:75� 156:75 )mm2. Therefore, the total area of the
PV module is A = 1:77 m2.
The data provided by the manufacturer at Standard Test Conditions (STC) (i.e.
Irradiance Gn = 1000 W=m2; Cell Temperature Tn = 25 �C; Air Mass = AM 1.5)
and at Nominal Operating Cell Temperature (NOCT) (i.e. Irradiance = 800 W=m2;
Ambient Temperature = 20 �C; Wind speed = 1 m=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 (PMPPn) 335 W
Maximum Power Voltage (VMPP) 37:6 V
Maximum Power Current (IMPP) 8:91 A
Open Circuit Voltage (Vocn) 46:0 V
Short Circuit Current (Iscn) 9:35 A
Module Efficiency (�m) 17:2 %
Data at NOCT Value
Maximum Power (PMPP) 249 W
Maximum Power Voltage (VMPP) 34:8 V
Maximum Power Current (IMPP) 7:14 A
Open Circuit Voltage (Voc) 42:6 V
Short Circuit Current (Isc) 7:55 A
Temperature Coefficients Value
Temperature Coefficient of PMPPn (Kp) �0:41 %=K
Temperature Coefficient of Vocn (Kv) �0:32 %=K
Temperature Coefficient of Iscn (Ki) 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:

n =
aq

kNsTn
= 0:95351

where k is the Boltzmann constant and q is the electron charge.

SAM PV parameters Value
Ideality factor (a) 1:764 38 V
Series resistance (Rs) 0:342 502 Ω
Parallel resistance (Rp) 454:368 Ω

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 R
 as a current source Im = Iph(T;G) +
Id(T; Vpv; Ipv), a series resistance Rs and a parallel resistance Rp.
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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