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Abstract

This thesis proposes three types of three-port electrical energy converters

integrated with storage for photovoltaic (PV) systems with partial power
regulation (PPR).

In the first type, the proposed energy storage integrated three-port converter
(TPC) consists of a buck-boost converter, interposed between the battery energy
storage system (BESS) and the DC-AC inverter, in series with PV modules. The
buck-boost converter in the proposed TPC is utilized for maximum power point
tracking (MPPT) by regulating two power switches. The output power of the

proposed converter is regulated by controlling the DC-AC converter.

In the second type, an efficient battery-integrated topology is proposed for PV
systems with a wide operation range. The proposed circuit comprises a battery
integrated buck converter and a buck-boost converter that share a power flow path.
The load voltage could be higher or lower than the PV voltage, depending on the

operation mode.

In the third type, an architecture with several partial power TPCs is proposed,
with a series connection of distributed PV systems. Each TPC, connected to a PV
panel and BESS, not only can be operated individually to achieve MPPT, utilizing
solar energy in an efficient way, but also can work together to fulfil the load voltage
and power requirements. In these three topologies, during the battery-charging
mode, PPR is employed with a direct power flow path (the series-connection of the
PV panel, the battery and the output). As resistances in this path are almost
negligible, the power conversion efficiency is higher than existing topologies.

The TPC proposed in the first type uses less components, compared to the
topologies of the second and third proposals, resulting in higher power conversion
efficiency and power density, lower costs and smaller size. Due to employment of
load voltage regulator, the output of the proposed topology in the second TPC is
regulated at constant voltage during all operation modes. For the third topology,
since each PV panel is attached to an individual energy storage integrated TPC,
each PV panel can supply its maximum power by implementing an MPPT

algorithm, using the solar energy in an efficiency way.

The thesis includes simulation and experimental tests to demonstrate circuit

operation, effectiveness of control strategies and power conversion efficiencies.
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Resumen

Esta tesis propone tres tipos de convertidores de energia eléctrica de tres puertos
integrados con almacenamiento para sistemas fotovoltaicos (FV) con regulacién

parcial de potencia (RPP).

En el primer tipo, el convertidor de tres puertos (CTP) integrado con
almacenamiento de energia propuesto consiste en un convertidor reductor-
elevador, interpuesto entre el sistema de almacenamiento de energia de la bateria
y el inversor CC-CA, en serie con médulos fotovoltaicos. El convertidor reductor-
elevador en el CTP propuesto se utiliza para el seguimiento del punto de maxima
potencia (SPMP) mediante el control de dos interruptores. La potencia de salida

del convertidor propuesto se regula controlando el convertidor DC-AC.

En el segundo tipo, se propone una topologia eficiente con bateria integrada para
sistemas fotovoltaicos con un amplio rango de operacién. El circuito propuesto
comprende un convertidor reductor con bateria integrada y un convertidor
reductor-elevador que comparten un camino para el flujo de energia. La tensién de
la carga puede ser mayor o menor que la tensién del panel fotovoltaico,

dependiendo del modo de operacion.

En el tercer tipo, se propone una arquitectura con varios CTPs con regulacién
parcial de potencia, con la conexion en serie de varios sistemas fotovoltaicos
distribuidos. Cada CTP, conectado a un panel fotovoltaico y un almacenamiento de
energia, no solo puede operarse individualmente para lograr SPMP, utilizando la
energia solar de manera eficiente, sino que también puede trabajar
complementariamente para cumplir con los requisitos de tensién y potencia de la
carga. En estas tres topologias, en el modo de carga de la bateria, el RPP utiliza un
camino directo para flujo de energia (Ia conexién en serie del panel fotovoltaico, la
bateria y la salida). Como las resistencias en este camino son casi insignificantes,

la eficiencia de conversion de energia es mayor que la de las topologias existentes.

E1 CTP propuesto en el primer tipo utiliza menos componentes, en comparacion
con las topologias de las propuestas segunda y tercera, lo que resulta en una mayor

eficiencia de conversion de energia y densidad de potencia, menores costos y menor
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tamano. Debido al empleo del regulador de tension de la carga, en la salida de la
topologia propuesta en el segundo CTP se mantiene la tensién constante en todos
los modos de operacién. Para la tercera topologia, dado que cada panel fotovoltaico
esta conectado a un CTP integrado con almacenamiento de energia individual,
cada panel fotovoltaico puede suministrar su potencia maxima implementando un

algoritmo de SPMP, utilizando la energia solar de manera eficiente.

La tesis incluye simulaciones y pruebas experimentales para demostrar la
operacion del circuito, la efectividad de las estrategias de control y las eficiencias

de conversion de energia.
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Single-input Single-output

State of Charge

Seguimiento del Punto de Maxima Potencia
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Zero Current Switching

Zero Voltage Switching
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1.1. Research Background and Motivation

Photovoltaic (PV) power is becoming increasingly important in many
applications, such as LEDs, DC motors and power systems, due to its
environmental advantages, the maturity of manufacturing technologies and the
low costs in operation [1-3]. However, the main disadvantage of PV power is that
the generated power is uncertain, being highly dependent on weather conditions
[4-6]. To utilize PV power in an efficient way, power electronic converters are
commonly used in PV systems with the hybridization of energy storages to
implement the maximum power point tracking (MPPT) algorithm, to avoid energy

waste and to fulfil output requirements [7, 8].

Conventionally, two individual DC-DC power converters are used in energy
storage integrated PV systems [9-13]. One of them is connected to the PV modules
to implement MPPT and to adapt the power generated by solar panels to the load
requirements. The other DC-DC converter is connected to the energy storage to
complement the power required by the load or to store PV power, depending on the
operation mode. Due to the use of an additional DC-DC converter, connected to the
energy storage, more components are used, resulting in low efficiency of the whole

PV system, low power density and high costs [14-16].

Up to now, a variety of three port converters (TPCs) with a renewable energy
Input port, an energy storage input/output port, and a load port have been proposed
to improve power conversion efficiency and the power density of the overall circuit
[17]. They can be categorized into three types: fully isolated [18-22], partly isolated
[23-26] and non-isolated TPCs [27-32]. For fully isolated TPCs, multi-winding
transformers with a group of active power switches are required to provide
galvanic isolation between ports and to achieve high voltage gain [33]. However,
due to the employment of transformers and a group of switches, the volume and
the costs increase. As there are some applications in which not all ports need to be
isolated, partly isolated TPCs can be used, thus allowing for higher power density
and smaller volume [34]. In other applications in which the galvanic isolation is
not needed, non-isolated TPCs are used, with the advantages of even higher
efficiency, higher power density, smaller size, lower costs and simpler control,
compared to the other two types of TPCs [35, 36].
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Chapter 3 presents the investigation of an alternative approach, namely a
battery integrated step-down TPC [32] with partial power regulation (PPR) [37-40]
for the first stage of two-stage PV systems. Compared with a fully rated traditional
TPC, only a fraction of the PV power is processed by the TPC, reducing power
losses in the components. In addition, only two power switches and one inductor
are used in the proposed TPC, thus improving power conversion efficiency and
power density, reducing the costs, and allowing for simpler control. Moreover, due
to the adoption of PPR technology in battery-charging mode, the power conversion

efficiency is further increased.

In chapter 4, an efficient BESS integrated TPC is proposed with PPR, consisting
of four power switches, a diode and two inductors. In the circuit, an integrated buck
converter and a buck-boost converter are built to share a power flow path to supply
the energy to the load. With direct power flow path, a part of the power generated
by PV modules is supplied to the load without losses, leading to a higher efficiency.
Moreover, due to the employment of the load voltage regulation, a wide range

operation can be achieved with a constant load voltage.

Compared to the proposed topology in chapter 3, the load of the proposed
topology in chapter 4 can be regulated at constant voltage, but more components
are used, reducing the efficiency and the power density, and increasing the costs.
Table 1.1 shows the comparison between the proposed topologies and other non-
isolated TPCs. As can be seen in this table, less components are used, and higher

efficiency is achieved.

Table 1.1: Comparison between the proposed topologies and other non-isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated Power Efficiencies

(W) (%)
[26] 5 2 3 4 100 91-94
[27] 2 2 2 2 100 85-94
[28] 1 2 4 4 1000 96-98
[29] 5 2 3 4 200 86-99
[30] 5 1 4 3 50 97.8-93
[31] 2 1 5 3 300 94.2-96.8
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Proposed 0 1 2 3 15 95.4-99.68
in chapter
3 [32]

Proposed 1 2 3 3 60 92.9-99.4
in chapter
4

In addition, PV panels are usually connected in series to cope with high voltage
and power requirements [41, 42]. For these internal connection of PV panels,
partial shading situations are frequently encountered, causing some issues, such
as the diminution of the output voltage and power, some hot spots in the panels
and reduction of the system lifetime [43, 44]. To face these problems, the
distributed PV system with distributed maximum power point tracking (DMPPT)
is introduced [45-47]. Each solar panel is connected to an individual DC-DC
converter to supply the energy to the load. With such a configuration, every PV
panel can be operated at maximum power point (MPP) by regulating its associated
converter, avoiding energy waste. However, since the energy generated by the PV
panel highly depends on the weather conditions, the PV power varies with the time.
The mismatch between the generated PV power and the required load power may
happen. When the power generated by the PV panels is higher than the load power,
to maintain the generated and delivered power at the same level, either a PV power
curtailment algorithm [48-50] is needed to reduce the generated PV power to the
load power level, or a BESS is required to be connected to the PV systems to absorb
the surplus PV power. Compared to the employment of PV power curtailment
algorithm, the PV power in BESS integrated PV systems is optimally used,
avoiding the energy waste [51, 52].

In chapter 5, a distributed PV system with partial power battery integrated
TPCs is proposed for DMPPT to overcome partial shading issues and to avoid
energy waste. Several partial power TPCs are connected in series to cooperate to
supply the energy to the load. These TPCs can be divided into two different types:
module An (described in chapter 4) and module Bn (described in chapter 3). As the
output voltage of module Bn is variable, the PV system employs module An to
regulate the load voltage and power. In addition, each PV panel with its own TPC
can be operated individually to supply its available maximum power, so utilizing
solar energy in an efficient way. Due to the series connection, a direct power flow

path is created to improve the power conversion efficiency.

3
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In summary, the main contribution of the proposal in chapter 3 is a novel
topology of a PPR TPC with the following advantages:

1.

Few components (two power switches, one inductor and three capacitors) are

used in the proposed non-isolated TPC so that the costs and size are reduced.

With only two synchronous rectification power switches, the proposed

topology can be easily controlled, and the control strategy can be simplified.

With the use of a direct power flow path while in charging mode, the power

conversion efficiency is increased.

In chapter 4, the main contribution is the proposal of a novel battery integrated

circuit with a wide operation range. The advantages of this TPC are described as

follows:

1.

A wide operation range can be achieved with constant output voltage and

power.

With the employment of PPR, the power conversion efficiency is improved

during battery-charging mode.

Two independent control variables are used. Since one 1s used for
implementing the MPPT algorithm by regulating a basic buck converter and
the other is used for regulating the load voltage by adjusting a basic buck-

boost converter, the control strategy is simple and straightforward.

The main contribution in chapter 5 is the proposal of an architecture for
distributed PV system with the following benefits:

1.
2.

The output voltage and power are regulated to be constant.
Each PV panel can be operated at its MPP, avoiding partial shading issues.

With PPR, the power conversion efficiency is improved when the BESS is

operated at charging mode.

With the employment of BESS in each TPC, when the power generated by
PV is higher than the load power, the BESSs is charged by the PV power.
When the PV power does not generate enough energy to the load, the BESSs
1s operated at discharging mode to supply the energy to the load. Thus, the

PV power can be utilized in an efficient way to avoid energy losses.



Chapter 1. Introduction

1.2. Content Arrangement

The content of this thesis is divided into 6 chapters. Chapter 1 illustrates the
research background and motivations. Chapter 2 introduces an overview of PV
systems, partial power technologies, TPC technologies and series-connected PV
systems with distributed architecture. Chapter 3 presents the proposed partial
power TPC with the detailed steady state analysis and the control strategy, the
arrangement of the PV system in simulation and the experimental validation.
Chapter 4 presents another novel TPC configuration with the circuit steady state
operation and analysis, the control strategy and the simulation results. Chapter 5
illustrates the circuit analysis and simulation results of the proposed distributed
PV system with series connection. In chapter 6, conclusions and prospects with

respect to the future research of this thesis are presented.
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This chapter introduces PV power systems, TPC technologies, TPCs with PPR
and series-connected distributed PV systems. Compared to employing two
individual converters in BESS integrated PV system, the use of TPCs has
advantages of higher power density and efficiency, and lower costs. With the
employment of PPR, the power efficiency in TPCs is further improved. Some
different types of series-connected distributed PV systems are introduced with the

detailed analysis of their advantages and disadvantages.

2.1. PV power systems

In general, PV power conversion systems can be categorized into three types:
stand-alone, hybrid, and grid-connected power systems, depending on the load
types [53].

2.1.1. Stand-alone PV systems

The stand-alone systems are usually located on a remote area without the
connection to the utility mains [54-57]. Because the power generated by the PV
panels is unstable and unpredictable, an imbalance between the generated and the
delivered power may occur. This imbalance may cause power fluctuations that can
damage the equipment connected to the PV system. Thus, to solve the imbalance
1ssues, energy storage is commonly integrated in the system as a back-up power
supply that can complement the PV power [58, 59]. When the generated PV power
is higher than the required load power, the energy storage absorbs the excess
energy, whereas the stored energy in the energy storage is delivered to the load to
complement the lack of power when the power generated by the PV panels is lower
than the load power requirements. The energy storage in PV systems could be
BESS, supercapacitors, flywheels, pumped hydro, superconductors, and
compressed air [60]. In this thesis, the BESS is used because it has the advantages

of simplicity, wide availability, low cost in operation and fast response time.

Figure 2.1 shows the configuration of a stand-alone PV power conversion system.
The generated PV power is transmitted to the load through a DC-DC converter
with the implementation of an MPPT algorithm. Also, the BESS is equipped with
a DC-DC converter to supply the energy to the load or absorb the surplus power
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generated by the PV panels. The load could be DC loads or/and AC loads through
a DC-AC inverter.

MPPT
Controller

cooe,

DC/DC
Converter

DC/AC
DC/DC
Batter
Converter Inverter s ( Load

Figure 2.1: Stand-alone PV power conversion system.

2.1.2. Hybrid PV systems

Generally, hybrid PV systems are composed of several different types of power
sources, such as diesel fuel generator, with the integration of energy storage [61,
62]. Due to the employment of auxiliary generators, the systems have high supply

reliability as the utility mains, but the costs increase.

Generators

MPPT
Controller

° DC/DC
Converter
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DC/AC AC
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Converter —
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Figure 2.2: Hybrid PV power conversion system.

Figure 2.2 depicts the configuration of a hybrid PV power conversion system,
consisting of PV panels, BESS, two DC-DC converters, a DC-AC inverter and
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auxiliary generators. Under a high solar radiation level situation, the total load
power is supplied by the PV panels and the surplus generated PV power is stored
in the BESS. When there is a situation of insufficient sunlight and the energy
storage can no longer supply the load power requirements, the generators enter to
provide the energy to the load and to charge the battery.

2.1.3. Grid-connected PV systems

The output of grid-connected PV systems is connected to the AC grid through a
DC-AC inverter, as shown in figure 2.3. The system can be subdivided into two
types: central and decentralized grid-connected PV systems. Compared to the
decentralized grid-connected PV systems, the central grid-connected PV systems
have a wide power range which can feed directly into the medium and high voltage
grid [63-71].

MPPT
Controller

DC/DC
Converter

DC/AC
............ . Inverter

Figure 2.3 Grid-connected PV power conversion system.

For the power system with a high share of PV generation, the frequency
fluctuation is a frequently encountered issue, which can negatively impact the
power system, because PV power is highly affected by weather conditions and the
incidence angle of light and shading [72]. Introducing power curtailment
algorithms and providing energy storage systems are the most common solutions

for frequency stability problems [73, 74].
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® PV power curtailment methods

Figure 2.4 illustrates an alternative grid-connected PV system with power
curtailment control algorithm. The advantages of this method are: the more
straightforward implementation and the lower initial investment. With the power
curtailment method, the PV system is normally operated at suboptimal power level
to fulfil the reserve requirement [75]. This means that the operating point of the
PV system is below the MPP to keep the PV power reserves. Therefore, the current-
voltage (I-V) curve and the actual MPP are essential to be estimated for
determining the available power. Several methods have been proposed to solve
these estimation problems, which can be categorized into two types: measurement-
based and curve fitting-based methods [76, 77].

iy PV Power
Curtailment
Controller

v
0 DC/DC DC/AC
Converter Inverter

Figure 2.4: Alternative grid-connected PV system control with power curtailment control
algorithm.

The core concept of power curtailment methods based on measurement is that
the operating point is measured in real-time with additional sensors, such as
temperature and irradiance sensors [78, 79]. Due to accurate measurements, the
implementation of the control strategy is effective. However, these additional

sensors may increase system cost and complexity.

The main feature of curve fitting-based methods is that the entire I-V curve is
estimated by curve fitting with a number of PV voltage and current samples. Curve
fitting problems can be solved, for example, by the Newton quadratic interpolation
(NQD or by nonlinear least squares curve fitting. The accuracy of NQI, influenced
by the selection of three sample points, has been discussed in [80], while the results
of the nonlinear least squares curve fitting technique are highly affected by initial

values and noise, which have been detailly analysed in [81].
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In reference [80], two current-voltage points are used to estimate the open-circuit
current. Then, according to an empirical expression, the MPP can be calculated to
1mplement the power curtailment method. This method is easier to implement, but

it is highly affected by noise.

Reference [81] proposes a PV power curtailment algorithm that allows the PV
system to be operated on both sides of the P-V curve. This method applies nonlinear
least-squares curve-fitting to online voltage and current measurements to estimate
the actual I-V curve, the P-V characteristic, and the MPP. The PV voltage control
regulates pulse-width modulation (PWM) for controlling the DC/DC converter to
satisfy the grid power requirement. Moreover, after analysing the performance of
the PV system, an effective method is proposed to solve unstable operation

problems in case of sudden changes in the incoming irradiance and temperature.

In reference [82], curve-fitting with voltage and current measurements is used
to estimate the power-voltage (P-V) characteristic and the MPP. The two-stage
inverter is regulated by a ripple control algorithm for implementing the
curtailment requirement. Operating points can only be situated on the right side
of the MPP, which may cause instability problems when step changes occur on

irradiance. However, working on the right side achieves higher efficiency.

In reference [83], a PV string in a PV array is operated as an auxiliary string to
implement the MPPT algorithm for obtaining the available power. Other PV
strings cooperate in carrying out constant power generation to achieve the AC
power requirement. The main problems of this method are that the shading levels
among strings may be different, and the communication between them may

increase the complexity of its operation.

In reference [84], the desired power is determined from offline calculations using
PV module datasheet values. The method enables fast frequency response and
highly accurate performance, but additional sensors are needed for exact

temperature and irradiance measurements.

In [85], a method based on the estimation of the power losses of electronic power
converters, that connect the PV panel to the AC grid, is proposed, avoiding the

mismatch between generated and delivered power.

Table 2.1 summarizes the main characteristics of the mentioned PV power

curtailment methods.

10
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Table 2.1: Different types of photovoltaic power curtailment methods.

Method Estimation Operation Controlled PV Converter
Output Side Variable Configuration Losses

[80] MPP Left Duty cycle Single-stage Neglected

[81] MPP and P-V Left or PV voltage Single-stage Neglected
curve right

[82] MPP and P-V Right PV power Double-stage Neglected
curve

[83] MPP Left PV voltage  Double-stage Neglected

[84] MPP Right PV voltage Single-stage Neglected

[85] MPP and P-V Left PV voltage Double-stage Considered
curve

® Integration of energy storage

Another approach to reduce the power system’s frequency fluctuations is the
integration of energy storage with the grid-connected PV system [86-88], as shown
in figure 2.3 (with the dashed lines). The power fluctuations, which may be short-
term ranging from seconds to hours, caused by the PV power variation, are
absorbed by the energy storage [89]. Thus, the power fluctuations are not
transferred to the AC grid, increasing the stability and reliability of the power
system, especially in the case of power systems that do not have sufficient spinning
reserve [90, 91].

Moreover, in the case of low voltage conditions in the grid, large-scale PV
systems are required to remain connected to the power system, but the amount of
power that can be injected into the grid is limited. This causes energy accumulation
in PV systems, increasing the voltage in intermediate stages, and instabilities and
stress on the power converter system. This instability makes PV systems difficult
to remain connected during the recovery period. In this case, the energy storage
can significantly contribute to maintain the system stable with the capability to
absorb the extra energy during low voltage periods [92-94] as well as to avoid the

energy waste.

Compared to the PV power curtailment method, the power fluctuation pressure
on the grid with energy storage integrated grid-connected PV systems is less and

the PV power is used in a more efficient way [95, 96].

11
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In recent years, many energy storage technologies, such as superconducting
magnetic, pumped hydro, ultracapacitors and BESSs, with their control methods,
are proposed to smooth the PV power output [97, 98]. For superconducting
magnetic storage systems and ultracapacitors, the energy densities are low, and
thus, they are usually used in pulsed-power and system-stability applications [109,
100]. For pumped hydro, it has the limitation of topography, and therefore, it is
not suitable for large-scale PV systems on flat areas [101]. Since the BESSs have
the advantages of high-power density and cycle life, and fast response time, they

are widely used in PV systems as an energy storage [102].

Also, numerous control methods for reducing power fluctuations generated by

the energy storage integrated PV systems are proposed, for example, [103, 104].

In reference [105], a ramp rate control based on moving average for an electric
double-layer capacitor is proposed. The PV output can be changed at a limited
ramp rate, because the rapid fluctuations generated by the PV panels are absorbed
by the capacitor. The capacitor is maintained at a specified voltage, so there is no

need for a high capacitance.

Reference [106] presents a control strategy with the control of the PV output
ramp rate. To mitigate the power fluctuation, the energy storage is deployed by
using of the PV output ramp rate to control the PV inverter ramp rate to a desired

level.

2.2. Three-port electrical converter technologies

2.2.1. Traditional configuration of BESS integrated PV systems

Conventionally, a BESS integrated PV system consists of two individual two-
port power electronic converters [107, 108]. One of them is interposed between the
PV module and the load, which is unidirectional, delivering the PV power to the
load and/or battery with the implementation of MPPT. The other DC-DC converter,
which 1s bidirectional, is connected to the BESS, and functions as a load power

regulator.

The configuration of a traditional PV system with BESS is shown in figure 2.5.
With the employment of an additional two-port DC-DC converter, connected to the
BESS, more components and power conversion stages are used, leading to limited

efficiency, low power density and high costs.

12
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+
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DC/DC
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Figure 2.5: Traditional configuration of PV system with two individual DC-DC
converters. Red lines indicate the possible directions of power flow.

2.2.2. Three-port converters

Some circuits with TPC technology instead of two individual DC-DC converters
have been proposed to face low efficiency, low power density and high costs issues
of traditional PV systems [109, 110]. The DC-DC converters equipped with the PV
panel and the BESS are integrated into a TPC, resulting in only one power
conversion stage between any two ports. Figure 2.6 illustrates the power flow
scheme of traditional TPCs, which includes three ports: a PV input port, an energy
storage port and a load port. The PV input port is a unidirectional port that could
be a string or array of PV modules. The energy storage port is a bidirectional port
that could be connected to supercapacitors and BESSs, which can supply the
energy to the load and receive power from the PV source. The load port is a
unidirectional one which could be connected to DC loads, such as LEDs and DC
motors, to AC loads or an AC grid, through a DC-AC inverter.

i Energy Energy i '
 Storage _ storage pc-AC |o [ Ac |
i Port Inverter |7 |Load|:
[ PR ' !
geememmemeeaes ; DC-AC AC
i Inverter [ | Grid |
; : Load |
i PVPort i petoadl port

Figure 2.6: Power flow scheme of traditional TPCs.
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Generally, the power flows among the three ports of a TPC depend on the
relationship among the PV power, the BESS power and the load power [111, 112].
Figure 2.7 illustrates operation modes of a TPC (the arrows indicate the power
flows), which can be divided into three modes: single-input dual-output (SIDO),
dual-input single-output (DISO) and single-input single-output (SISO) modes.
When the generated PV power is higher than the load power, the load receives the
energy from the PV panel through the TPC and the excess PV power supplies the
BESS. Thus, the BESS port performs as an output port and the SIDO mode (figure
2.7(a)) is entered. When the PV power is lower than the load power, the TPC is
operated at the DISO mode (figure 2.7(b)), as two input DC sources, the BESS and
PV, supply energy to the load. For the SISO mode (figures 2.7(c), (d) and (e)), only
one input source and one output port are turned on. This means one of these three
ports (PV port, load port and BESS port) in the PV system consumes zero power or

does not generate any power.

Figure 2.7: Operation modes of a TPC. (a) SIDO. (b) DISO. (c), (d), (e) SISO.

The TPCs can be categorized into three types: fully isolated, partly isolated and

non-isolated.
® Fully isolated TPCs

Traditional full-bridge converters and half-bridge converters are commonly used
to construct fully isolated TPCs. Since multi-winding transformers and a group of

active power switches in full- and half-bridge converters are used, high voltage

14
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gain and galvanic isolation between ports can be achieved. But this type of
topologies has the disadvantages of more complex, higher costs and larger size
[113-118] than partly isolated and non-isolated TPCs. Table 2.2 lists a comparison
of fully isolated TPCs.

In reference [119], an optimal idling control strategy for multi-port converters
(MPCs) is proposed. The advantages of MPCs are simple system structure and low
cost. Moreover, the MPC provides an idling port with zero power if one of the ports
1s disconnected from the system. To ensure low conduction losses, a control
strategy based on phase-shift and PWM controls is proposed with a wide soft-

switching operation range.

In reference [120], an asymmetrical duty cycle control method for a fully isolated
TPC with three half-bridge converters is proposed. A wide zero voltage switching
(ZVS) range for each port under variable ultracapacitor, and battery voltages can
be achieved with a constant DC bus voltage regulated by asymmetrical duty cycle

and phase shift control.

Reference [121] presents a system architecture with two modules of a three-port
isolated DC-DC converter connected in parallel. A control method with an adapted

power sharing algorithm is used to improve the global efficiency of the system.

In reference [122], an energy storage interfaced DC-DC converter with the
combination of high-power density and multiple inputs is proposed. The soft
switching can be achieved without auxiliary devices and components. With the
equipment of a half-bridge to each port, the power flow between input and output
is achieved by the regulation of the phase-shift angles of the voltages across the

two sides of the transformer.

Table 2.2: Comparison of fully isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated Power Efficiencies

(W) (%)
[119] 0 1 12 1 1000 88-96
[120] 0 3 6 6 2500 90-92
[121] 1 2 12 3 220 78-91
[122] 0 1 6 7 6000 86-91
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® Partly isolated TPCs

As only two ports in TPCs need to be isolated, partly isolated TPCs can be used
[123-128]. Partly isolated TPCs can fulfil the galvanic isolated requirements
between two of the three ports. Compared to isolated TPCs, generally less
components are utilized, resulting in high power density and small volume. Since
the voltage difference between the PV port and the energy storage port is normally
small, the circuit topology with the isolation between the PV and energy storage
ports and the load port is widely used. Table 2.3 lists a comparison of partly
isolated TPCs.

Reference [129] presents a proposal of a full-bridge TPC with PWM plus
secondary phase shift. A control strategy with two control degrees of freedom 1is
used to regulate the voltage and the power, and to achieve ZVS of both the primary

and secondary side switches.

In reference [130], a full bridge TPC with the integration of two buck-boost
converters into the primary side of the full bridge topology is proposed. The
advantages of this topology are that the power conversion between any two of the
three ports is single stage and ZVS of all the primary side switches are achieved,

resulting in high power density and efficiency.

In reference [131], based on an improved flyback-forward circuit, a partly
isolated circuit is proposed with a decoupled port control for stand-alone PV
systems. The advantages of this topology are high power capability, system
simplicity and low cost.

Reference [132] presents a partly isolated topology with an input boost converter
for PV-battery power supply applications. By adding an input boost converter
based on magnetic switch, the PV current is continuous, and the input voltage is
stepped up. What’s more, zero current switching (ZCS) technology is used to

achieve high power conversion efficiency.

Table 2.3: Comparison of partly isolated TPCs.

Topologies Diodes Inductors Switches Capacitors Rated Power Efficiencies

(W) (%)
[129] 2 3 6 3 800 89-94
[130] 4 3 4 3 400 90-93
[131] 3 2 4 3 250 87-91.3
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[132] 4 3 3 5 500 50-96

® Non-isolated TPCs

In non-isolated TPCs, the galvanic isolation is not critically required [133-136].
The topology is mostly based on buck, boost and buck-boost converters, resulting
in the limitation of the voltage gain. To achieve high voltage gain, some non-
isolated TPCs with coupled inductors are proposed. Compared to fully and partly
isolated TPCs, non-isolated TPCs use less components, resulting in higher

efficiency, higher power density, smaller size, lower cost and simpler control.

In [26-29], some TPCs are proposed for non-isolated high voltage gain

applications with detailed circuit operation analysis.

Reference [26] proposes a high voltage gain topology with the advantages of
continuous input current with a low ripple and low voltage stress on the switches,

resulting in high efficiency.

In reference [27], a non-isolated TPC is proposed without the use of multiple
windings that reduce the costs and the volume. A power control strategy is

proposed based on large- and small- signal models.

In [28], the topology has the advantages of high voltage gain without the

employment of transformer and low voltage stresses on switches.

In [29], a higher voltage gain is achieved without the use of coupled inductors

and voltage multiplier cells.

In reference [30], a fully reconfigurable topology with a single inductor is
proposed. Since it uses just one inductor, the density is improved, and the volume
is reduced. In addition, single-stage power conversion between any two of three

ports can be achieved.

Nevertheless, in [26-30], a number of components (including switches, capacitors,
transformers and inductors) are used, resulting in higher control complexity, lower

efficiency and higher costs.

As presented in [31], a soft switching TPC is proposed with ZVS and leakage
inductor energy recycling. However, the complexity of the control increases with
the number of power switches and an active clamp circuit. The comparison between
the proposed TPCs in chapter 3 and 4, and other non-isolated TPCs is listed in
table 1.1.
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2.3. Three-port converters with partial power regulation

2.3.1. Two-port partial power converters

Traditionally, a full power electronic converter is connected to the PV module to
meet the load requirements and to implement the MPPT algorithm [137-141]. The
circuit configuration and power flow scheme are shown in figures 2.8(a) and (b),
respectively. In a PV system employing a full power converter (FPC), all PV power
1s transferred to the load through a DC-DC converter, reducing the power
conversion efficiency. To improve the efficiency of the whole PV system, partial
power converters (PPCs) are proposed [142-144]. Only a fraction of the PV power
is processed by the DC-DC converter to the load which can significantly reduce the
power losses and the volume [145-148]. Figures 2.9(a) and (b) show the circuit
configuration and power flow scheme of PPCs, respectively. As can be seen in these
figures, an additional direct power flow path from the PV to the load (red lines) is
used. Since the losses on the direct power path are negligible, the efficiency is
improved and the voltage and current pressures on the key components, such as

inductors, switches and diodes are reduced [149-152].

Full Power Full Power
v vV = -
PV Ver Converter [.° Load PV Converter

(@) (b)

Load

Figure 2.8: Full power converter. (a) Circuit configuration. (b) Power flow scheme.

+ +
Partial Partial
PV |Vo|| Power |Vv,| Load PV | Power | Load
Converter ‘I Converter

= j

(a) (b)

Figure 2.9: Partial power converter. (a) Circuit configuration. (b) Power flow scheme (red
arrows indicate direct power flow).

18



Chapter 2. State-of-the Art

The basic idea of PPC is that a connection between the PV panel and the load,
as shown in figure 2.10(a) (red arrow), is added to a FPC to reduce the power rating.
As can be seen in figure 2.10(a), a part of the PV power is transferred to the load
through this path (red arrow) with almost 100% efficiency. Another part is
processed through a full power converter, with efficiency 7., to the capacitor C(blue
arrow) or returned to the capacitor C,, connected to the PV panel (green arrow),
depending on the circuit operation modes. When v, is positive, the circuit is
operated at step-up mode, whereas the step-down mode is entered if v.1s negative.
Figures 2.10(b) and (c) show two examples of step-up operation with buck-boost
and flyback converters, respectively. Figures 2.10(d) and (e) illustrate two
examples of step-down operation with boost and flyback converters, respectively.

Points a, b, ¢ and d in figures 2.10(b)-(e) relate to the points in figure 2.10(a).
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Figure 2.10: Power flow of two-port partial power converters (a) with step-up (v=>0) or
step-down (v:<0) operation modes. (b) and (c) are two examples of circuit structure of
step-up operation. (d) and (e) are two examples of circuit structure of step-down
operation.

In fact, the PPCs are special connections of full power converters [153-156].
Figure 2.11 shows the difference between full power boost converter and boost type
PPC as an example. Compared to full power boost converter (blue dashed line) with
1 power rating, partial power boost converter has reduced power rating range from
0 to 1, due to the special connection between the PV panel and the load (red dashed
line) with almost 100% efficiency. The power rating in partial power boost

converter depends on the voltage ratio between v, and vz [157-159].

............................................................
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Figure 2.11: Partial power boost DC-DC converter.
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2.3.2. Three-port converters with partial power regulation

A concept of partial power regulation in two-port converters is introduced in
TPCs. Thus, different circuit topologies, combining PPR and TPC techniques, are
proposed [32, 160].

Figures 2.12(a), (b) and (c) show the power flow scheme of full power TPC, step-
down TPC with PPR and step-up TPC with PPR, respectively. Compared to the
full power TPC (figure 2.12(a)), two additional power flow paths are employed in
TPCs with PPR (figures 2.12(b) and (c)), resulting in high power conversion

efficiency and lower voltage and current pressures on the key components.

BESS BESS
Pv | TPC M| Load PV | TPC M| Load

@ (b)

BESS j
PY | TPC [ Load

\ )

(©

Figure 2.12. Power flow scheme. (a) full power TPC. (b) step-down TPC with PPR. (c)
step-up TPC with PPR.

Figure 2.13 illustrates the power flow scheme of the BESS integrated PV system
connected to a DC-DC converter or a DC-AC inverter with PPR. As can be seen in
this figure, the PV panel, the BESS and the output of PV system are connected in
series, and thus, a direct power flow path (red line) is created to reduce the power
rating. The power between any two of the three ports (the PV panel, the BESS and
the output) is processed through a DC-DC converter, which means that just one

stage conversion is employed. When the BESS voltage is positive (v>0), the circuit
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is operated at step-down mode [32], while if 1,<0, the circuit is operated at step-up
mode [160].

+

DC/DC
Converter
or Vo
DC/AC
Inverter

Vi Discarging

Direct power flow path

Figure 2.13: Power flow scheme of the proposed topologies with PPR in chapter 3 and in
reference [160].

Figure 2.14 shows the proposal of BESS integrated PV system described in
chapter 4 with its power flow scheme. A controllable voltage source, vcs, 1s
interposed between the PV panel and the load (blue dashed line). Since the PV
panel and the battery perform as DC sources, the voltage V.1 which is the sum of
the PV voltage, V., and the battery voltage, V}, is constant. Thus, the load voltage

is regulated by the v, and so, the load can be operated at constant voltage.

Direct power flow path

Figure 2.14: Proposed BESS integrated PV system in chapter 4 with its power flow
scheme.
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2.4. Series-connected PV systems with distributed architecture

PV panels are generally series- and/or parallel-connected to a power electronic
converter to provide high voltage and power. Based on the interconnection of PV
systems and the way MPPT are implemented, the PV systems can be categorized

into two types: centralized and distributed PV systems [161, 162].

2.4.1. Centralized PV systems

Figure 2.15 shows the centralized PV power system with a string PV panel.
Several PV panels are first connected in series, and then, connected to a DC-DC
converter or a DC-AC inverter to supply the energy to the output. With this inter-
connected panels, the output PV current of each PV panel 1, is the same. When
partial shading is encountered, not every panel can output its maximum power,
which can cause some issues, such as the diminution of the output voltage and

power, some hot spots in the panels and reduction of the system lifetime [163].

For the voltage and power diminution issues, with the series inter-connection of
PV systems, all PV panels output the same current. When partial shading happens
on some solar panels, the PV current of the entire series-connected string is
reduced to the weakest shaded panel current level. This means that only the
weakest shaded PV panel is operated at MPP, resulting in a significant drop of the
overall output voltage and power of the whole PV system [53].

For the hot spots issue, certain cells within the shaded panels are reverse biased.
Then, the power is dissipated as heat, resulting in high temperatures in the shaded
cells. This causes the damage of the shaded cells and the efficiency diminution of
the PV panels [53].

Moreover, partial shading can reduce the operational lifetime, as the
degradation of the components in PV systems are accelerated by the hot spots and
the overall stress on the PV panels. This causes higher investment of maintenance

and replacements [53].
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Figure 2.15: Centralized PV system with a string PV panel.

One approach to overcome these problems is the employment of bypass diodes,
whereas another approach is the introduction of distributed PV system

architectures with individual converters [164].

For the employment of additional bypass diodes, connected in parallel to the PV
panels, the paralleled bypass diodes provide an additional current path for the
unshaded PV panels, operating at MPP, as shown in figure 2.16. However, the
shaded PV panels do not supply any energy to the output when the bypass diodes
are turned on to conduct the PV current, resulting in the diminution of the PV
power [165, 166].

DC/DC
Converter
or
— DC-AC
+ Inverter
Vo | PV, D,

Figure 2.16: Centralized PV system with bypass diodes.
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2.4.2. Distributed PV systems

For the latter approach, each solar panel is connected to its associated individual
DC-DC converter to supply energy to the output [167]. Each individual converter
can achieve MPPT on the associated PV panel. Thus, each PV panel can output its
maximum power. Figure 2.17 shows traditional distributed PV system with
individual converters. As can be seen in this figure, the output voltage, v, and
power, p,, are limited if each solar panel is operated at MPP, because the generated
PV power highly depends on the weather conditions and the output currents (i,
I - Im) of each converter are identical. When the required output power is lower
than the overall PV power, an additional power curtailment algorithm is required,
which increases the complexity of the control and reduces the reliability of the PV
system. In addition, the use of full power DC-DC converters in this PV system

architecture results in low power conversion efficiency.

v oy DC/DC [
i ! Converter 1 |

. ] + | pcpe
DC/DC > —> Converter
Vpv2 PV, lo2 lo
Converter 2 M Vo or
- . : - DC/AC
E E E ~ | Inverter
1]

DC/DC
;
p | PVa Converter n

S
]

Figure 2.17: Traditional distributed PV system with individual converters.

To improve the efficiency, some architectures with PPR are proposed [168, 169],
as shown in figures 2.18, 2.19 and 2.20. As can be seen in these figures, the PV
panels are connected in series with the output so that they can supply a part of the
PV power to the output directly, resulting in high efficiency.

Figure 2.18(a) and (b) show distributed PV system architectures with each DC-
DC converter connected between a PV panel and the output and with a DC-DC
converter connected between PV panels and the output, respectively. As can be

seen in these figures, each PV panel can output its maximum power at multiple
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string current levels. However, in figure 2.18(a), due to the direct connection of the
negative of input and output, isolated DC-DC converters are required [170, 171].
In figure 2.18(b), the DC-DC converter is a multi-port converter which could be
different types of converters such as multi-winding converter [172, 173] or

switched capacitor converter [174, 175].

A switched capacitor converter is proposed in [175] for PV systems with
differential power processing. Instead of inductor, ceramic capacitors are employed,
resulting in lower costs and smaller volume. However, the main disadvantage of
this architecture is that the flexibility of the conversion ratio in most cases,
reducing the reliability of the PV system when the weather conditions frequently

change.

An architecture based on battery equalizer is proposed in [176] with the
advantage of just using one inductive storage element. However, only one inductor
to process the PV power to the output results in the high current pressure on the

inductor.

Additionally, since the output voltage, v,, is the sum of the PV voltages on nsolar
panels (Vpv1, Vpi2...Vpw), the voltage difference between the output and each PV
panel is high, if a long string PV module is used. Therefore, high voltage step-up
ratio of each DC-DC converter is needed, increasing the pressures on the

converters.
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Figure 2.18: Distributed PV system architectures. (a) Each DC-DC converter connected
between a PV panel and the output. (b) A DC-DC converter connected between PV
panels and the output.
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Figure 2.19: Distributed PV system architecture with each DC-DC converter connected
between one PV panel and the other.

Figure 2.19 shows a distributed PV system architecture with each DC-DC
converter connected between one PV panel and the other. The main advantage of
this architecture is that the voltage ratios of DC-DC converters are not affected by
the load voltage, reducing the voltage rating [177, 178]. However, when the PV

string length increases, the maximum power processed by any DC-DC converter
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increases [179]. This causes the increase of the required current rating with PV
string length. Moreover, the distributed MPPT algorithm is required for easy
scalability.

Figure 2.20 shows a distributed PV system architecture with each DC-DC
converter connected between a PV panel and a DC bus. Compared to the
architecture in figure 2.18, the outputs of DC-DC converters are connected to a DC
bus, which i1s independent from the load. This means that a high voltage ratio is
not critically required, reducing the costs. However, bidirectional DC-DC
converters are needed to draw the power into and out of the independent DC bus
to maintain the DC bus voltage [180-182]. Since the power balance on the DC bus
has to be kept, an accurate MPPT may not be achieved at any given PV string
current [183].
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Figure 2.20: Distributed PV system architecture with each DC-DC converter connected
between a PV panel and a DC bus.

For the system architectures in figures 2.17-20, load voltage and power vary
when the weather conditions change. When the power generated by the PV panels
1s higher than the load power, a PV power curtailment algorithm is implemented,
or a BESS is integrated in the PV systems. By introducing the BESS, when the
power generated by the PV panels excesses the required load power, the surplus
PV power can be absorbed by the BESS. When the generated PV power is lower
than the required load power, the BESS can supply energy to the load to maintain

the load voltage and power constant, avoiding the energy waste.
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A distributed PV system with hybridization of BESS and with PPR is proposed
in [32, 160]. Figure 2.21 shows the circuit configuration of the distributed PV
system with BESS and PPR. Each PV panel with an individual DC-DC converter
is connected to a BESS in series as a PV-BESS module to supply the energy to the
load. Since PV panels and BESSs are connected in series, a part of PV power supply
to the output and BESSs directly, improving efficiency. Moreover, due to the
employment of a BESS and an independent DC-DC converter in each module, the
implementation of MPPT algorithm is not affected by the output requirements and
the input PV power. This means that each PV panel can supply its maximum power
even if the required output power is lower than the generated PV power, utilizing
the PV power in an efficient way. A step-up distributed PV system architecture
with its detailed circuit analysis is proposed in [160] for DMPPT. While a step-
down topology for distributed PV systems is proposed in [32], which can reduce the

voltage pressure on the output when a long string of PV-BESS module is used.

Figure 2.22 shows the circuit configuration of a distributed PV system proposed
in chapter 5. A number of PV panels, BESSs and capacitors are connected in series,
creating a direct power flow path (red line), improving efficiency. Two different
types of modules are used: A and B. In each type A module, a TPC interconnects a
PV module, a BESS and a capacitor to regulate the capacitor voltage to maintain
the output voltage and power constant and to execute the MPPT algorithm. In each
type B module, a DC-DC converter is connected between a PV module and a BESS
to regulate the PV modules to output their maximum power. The main advantages
of the proposed topology are that the load can be regulated at constant voltage and
power, each solar panel can be operated at MPP, avoiding energy waste, and with

PPR, the power conversion efficiency is improved.
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Figure 2.21:
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Circuit configuration of the distributed PV system with BESS and PPR.
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Figure 2.22: Circuit configuration of the proposed distributed PV system in chapter 5
with BESS and PPR. The red line indicates the power flow path while in battery
charging mode.
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Chapter 3. Three-Port DC-DC Converter with
Partial Power Regulation for a Photovoltaic

Generator Integrated with Energy Storage

This chapter presents the circuit configuration of the proposed TPC with the
detailed circuit steady state operation and analysis, the control strategy, voltage
and current detection circuits, and simulation and experimental results. The
circuit operation can be divided into six modes, depending on the relationship
among the PV power, the battery power and the load power. A control strategy
with voltage and current detection circuits is proposed to illustrate the simplicity
of the control. The simulation and experimental tests are carried out to validate

the performance of the proposed TPC.

3.1. Circuit configuration

Figure 3.1 shows the circuit configuration of the proposed TPC. The three power
ports include a unidirectional input port from the PV panels, a bidirectional
input/output port for delivering to or releasing power to an energy storage system,
and a DC voltage output port which can be directly used for supplying a DC load
or a DC link connected to a DC to AC inverter feeding power to the AC grid. The
energy storage system, such as a BESS and/or a supercapacitor bank, could be an
input for discharging or output port for charging, depending on whether it supplies

power to unidirectional output port or obtains the energy from the PV panel.

In practice, the TPC is basically a buck-boost converter, consisting of two active
power switches, S, and Sj, an inductor L, and two capacitors Cp and C. The
generated voltage from PV panels, v, is the sum of the battery voltage, vs, and
the DC input voltage, v, meaning that the TPC reciprocally functions as a buck-
boost converter for the DC link and the battery system. The PV panel is connected
to the battery system in series with the DC link bus, delivering the most part of
the generated solar power to both of them as indicated by the red line shown in
Figure 3.1. As a result, the buck-boost converter processes only a small part of the

generated solar power. This can improve the overall power conversion efficiency.

As a DC voltage source, v 1s held almost constant at the steady state operation
in a high frequency cycle. Thus, the MPP of the PV module can be found by
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regulating v,. However, during long term operation, v, varies due to the fact that
the voltage of MPP highly depends on weather conditions and v, depends on the
state of charge (SOC) of the battery. This means v» depends on the voltage of MPP
and vp. But the current 7,in the DC-AC inverter can be regulated by the adjustment

of the DC-AC inverter to cope with the grid power requirements.
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Figure 3.1: Circuit configuration of the proposed topology with direct power flow path
(red line)

3.2. Circuit Steady State Operation and Analysis

The contribution of this chapter is the TPC with PPR, irrespective of its
connection to a DC-AC inverter or to any other power consumption. Thus, for the
simplicity of the analysis, in what follows, the output port is supposed to be

connected to an equivalent variable resistance R., instead of the DC-AC inverter.

The proposed circuit may be operated at either continuous conduction mode
(CCM) or discontinuous conduction mode (DCM), depending on the designed circuit
parameters and operating conditions. The circuit operation can be divided into six
modes. To simplify the analysis, all components in the proposed TPC are assumed
to be ideal, the capacitors are large enough to maintain the voltage constant and,

as stated, the variable resistance F., symbolizes the load of the PV system.
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Mode I

In Mode I, the load and the battery are both supplied by solar energy. As only a
small amount of the power is processed by the buck-boost converter, the inductor
current may be positive or negative. Figure 3.2 depicts three operation stages of
the proposed TPC in this mode.

Stage I-1 (to-t1)

Stage I-1 starts when the power switch S, is turned ON. The inductor L is
charged by the PV module. The inductor current iz increases linearly with the
following slope:

die _Vp .
dt L (3-1)

Part of the power generated by the PV module is delivered to the load and the
battery directly. This stage ends when S; is switched OFF.

Stage I-2 (t1-t2)

In stage I-2, S; is turned OFF and S, is switched ON to conduct iz. The energy

stored in the inductor L is released to the load with the following slope:

dip _ Vpv—Vp -
at L (3-2)

Stage I-2 ends when S; is switched on again or iz, declines to zero. The operation
enters stage I-3 if 17 decreases to zero. In case S, is switched on before 17 reaches

zero, the operation returns to stage I-1.
Stage I-3 (tz-ts)

When During stage 1-3, S, is continuously turned OFF and S is turned on. L
and the BESS are charged by the PV module. In this stage, iz is negative with a
slope defined by (3-2). This stage ends when S, is switched on again.

Stage I-4 (t3-to)

In stage I-4, S;1s turned ON. The energy stored in the inductor L is released
to the BESS with a slope defined by (3-1). If iz increases to zero, the operation stage
enters Stage I-1. If S; is turned ON again with the negative iz1, the circuit

operation goes back to Stage I-3.

In Mode I, the power conversion efficiency can be expressed as
n=p+ )/ Ppv (3-3)
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where ppis the battery power, p,is the load power and ppvis the PV power.
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Figure 3.2: Operation stages of Mode I, when PV module supplies energy to the load and
the battery. (a) Stage I-1. (b) Stage I-2. (c) Stage I-3. (d) Stage I-4.

Mode I1

In Mode II, both the PV module and the battery supply energy to the load. All
the power generated by the PV module and the battery is transferred to the load
through a buck-boost converter which is designed at CCM. The circuit operation

can be divided into two stages, as shown in figure 3.3.
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Figure 3.3: Operation stages of Mode II, when PV module and battery supply energy to
the load. (a) Stage II-1. (b) Stage II-2.

Stage II1-1 (to-t1)

When S; 1s turned ON, stage II-1 starts. L is charged by the PV module and the
battery with an increasing current iz (3-1). This stage ends when S, is switched
OFF.

Stage II-2 (t1-t2)

During stage II-2, Sy is switched ON. The load voltage is applied on Z, resulting
in the decrease of iz with a slope defined by (3-2). Stage II-2 ends when S, is turned
ON again.

In Mode II, the power conversion efficiency can be expressed as
n =/ (Do + Ppv) (3-4)
Mode III

In this mode, the average PV power is approximately equal to the load power. In
practice, the current ripple on the battery cannot be eliminated, but can be reduced
by using some techniques [184]. In this work, a capacitor is connected in parallel
with the battery to reduce current ripple. The circuit is designed to be operated
with Mode III when the average battery current is approximately equal to zero.
During this mode, the battery is both charged and discharged in a switching cycle.
Its operation is between Mode I and Mode I1I.

In Mode III, the power conversion efficiency can be expressed as
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1 = Pr/Ppv (3-5)
The relationship among the PV voltage V,, the battery voltage V; and the load

voltage V,, during Modes I, IT and III, can be expressed as

Voo =V + V, (3-6)

The load voltage is regulated by the buck-boost converter. Then, the load voltage

can be expressed as
d
V==V, (3-7)

where di1s the duty-ratio of the power switch S; and d’is the duty-ratio for the
inductor current, decreasing from its peak to zero in a switching cycle. For CCM

operation, the sum of d and d’is equal to 1.

Substituting (3-7) into (3-6) yields
Voo = (1+5) Vs (3-8)

Thus, the MPPT can be implemented by adjusting d.
Mode IV

In case the BESS is fully charged, exhausted or with unexpected damage, circuit
operation enters Mode IV. The PV power is equal to the load power and the battery
needs to be isolated (the switch is not shown in the figures). The proposed circuit
is operated as a buck converter. The circuit operation with CCM can be divided

into two stages, as shown in figure 3.4.
Stage IV-1 (to-t1)

Stage IV-1 begins, when S; is turned ON. The PV module supplies energy to L

and the load. The inductor current 17 increases linearly with the following slope:

diy _ Yor=Vr -
at ~ L (3-9)

This stage ends when S; is switched OFF.
Stage IV-2 (t1-t2)

In stage IV-2, Spis turned ON to conduct the inductor current iz. L supplies the
stored energy to the load with the following slope:

o I (3-10)

dt L
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When S; is turned ON, stage IV-2 ends.

In Mode IV, the power conversion efficiency is given by (3-5). The circuit

performs as a buck converter. The PV voltage can be expressed as

o = (1+5)1; (3-11)

Y
y

A

(b)

Figure 3.4: Operation stages of Mode IV, when the PV power is equal to the load power
and the battery needs to be isolated. (a) Stage IV-1. (b) Stage IV-2.

Mode V

Mode V corresponds to the case in which the load does not require any power.

Fig. 3-5 illustrates two operation stages of the proposed topology in this mode.
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Stage V-1 (to-t1)
In stage V-1, Sp is turned ON. The inductor L are supplied by the PV module,

resulting in an increase of 17, with slope of

ﬂ _ va_Vb _
L (3-12)

This stage ends when S is switched OFF.

"*Cr B

A

\ 4
N

A

(b)

Figure 3.5: Operation stages of Mode V, when PV module supplies energy to the battery.
(a) Stage V-1. (b) Stage V-2.

Stage V-2 (t1-t2)

In stage V-2, Sp is turned OFF and S; is switched ON to conduct the inductor
current 1z. L supplies the stored energy to the battery with the following slope:
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dij, _ Vp
dc L

(3-13)

When S) 1s switched ON, the circuit enters stage V-1 of the next frequency cycle.

In this mode, the battery is charged by the PV module. The relationship between

vpvand v, is given by (3-8). The power conversion efficiency can be expressed as
1N = Db/ Ppv (3-14)
Mode VI

During mode VI, the sunlight is insufficient to generate any energy for the load.
All load power is supplied by the battery through a buck-boost converter with CCM
operation. Figure 3.5 shows the operation stages with only the battery supplying

energy to the load, which can be divided into two stages.
Stage VI-1 (to-t1)

Stage VI-1 starts when S; is turned ON. The battery supplies energy to L and
the capacitor C, releases energy to the load. iz increases linearly with a slope
defined by (3-1). This stage ends when S; is switched OFF.

Stage VI-2 (t1-t2)

In stage VI-2, S, is turned OFF and S, is turned ON to conduct the inductor
current 7z. The load voltage v, on L leads to a decrease in its current with a slope
defined by (3-10). This stage ends when S, is turned ON again.

>
+ll v
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Vy—— o {-;-:rsa
va L
= N
+ Y
- |Req
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Figure 3.6: Operation stages of Mode VI, with the battery supplying energy to the load.
(a) Stage VI-1. (b) Stage VI-2.

During mode VI, the relationship between vs and v, is given by (3-6). The power

conversion efficiency can be expressed as

n=1pr/Dp (3-15)

3.3. Control Strategy

To illustrate the simplicity of the control of the proposed TPC with PPR, the
performance of the converter is tested with a straightforward MPPT on a PV
system with battery cells. Figure 3.7 shows the control flow chart of the PV system
with MPPT and load power regulation. At the beginning, the PV voltage v, the
PV current 1,,, the load current 1., the PV voltage v;, the battery voltage vs, and the
battery current 1, are detected by the current and voltage detection circuits, which
are shown in figure 3.8 and 3.9. From the current and voltage measurements, the
PV power ppv, the load power p,, and the battery power ps are calculated. Then, the
battery status is obtained. When an abnormal battery situation is detected, the
circuit operation enters Mode IV. If the battery is healthy and the irradiance is not
enough for the PV panel to generate any power, Mode VI is implemented. If the
power generated by the PV module is above zero, the MPPT algorithm (a
perturbation and observation (P&0O) algorithm is used in this work) is executed to

avoid energy waste. Then, the operation mode is selected by the comparison of the
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load power and the PV power. If the load is equal to zero, the circuit is operated in
Mode V. If the load is above zero, the operation mode I, II or III is selected,
depending on the power generated by the PV module.

Measure ipV1 Vle il’v Vl’l Vbl ib
and calculate pp,, prand py
v
Detect battery
status

[ypppp——-

. Mode VI

algorithm Mode |
Mode 11

Execute MPPT '
H

Mode 111

L4

Load power regulation

Figure 3.7: Control flow chart with load power regulation, perturb and observe MPPT
algorithm, and operation mode selection (OMS).

At the same time, the load power regulation is executed independently to
maintain the load power constant. After the calculation of the load power p,, the
required load power prq is set. When p, is higher than p., the resistance of

variable resistor Re, increases. On the contrary, Re, decreases if p,is lower than

DPreq.

3.4. Voltage and Current Detection Circuit

In practice, the measured voltages (vpy, v»and v) and the currents (i, 7- and 1)
are too high for the micro-controller (in this case, a TEXAS INSTRUMENTS
TMS320F28335 one) and thus must be reduced to the signal levels. The current is
sensed by a Hall-effect sensor, yielding a corresponding voltage vs, and then

transmitting into a current sampling circuit which is built by operational amplifier
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to reduce the signal level with a voltage refence vie5 as shown in fig. 3-8. The output
voltage v of the current sampling circuit is transferred to the micro-controller
through a low-pass filter and a voltage follower to reduce high frequency noises.
The relationship between vs and the output of the current detection circuit, v, is

expressed as

R
vio = (v5 — vref)R—i (3-16)

Hall-effect Sensor Current Sampling Circuit  Low-pass Filter Voltage Follower

Figure 3.8: Current detection circuit

For voltage detection circuit as shown in figure 3.9, the measured voltage vy, 1s
detected with a voltage sampling circuit and then passed through a low-pass filter
and a voltage follower into the micro-controller to execute the control strategy. The
relationship between vy, and vy is expressed as

Uyo = vvini_i (3-17)

Rs i
: MW " i :
: R4 f H ;
- W [ERe o
+ Vin NN —+ :
- e g i
i R v g Vuo
z Rs Vv CVOI } g
""" oliage Sampling Gt~ Low-pass Fiter  Voitage Followsr

Figure 3.9: Voltage detection circuit.
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3.5. Simulation and Experimental Results

3.5.1. Simulation Results

A simulation model for a PV system with a battery is set up in Simulink, as
shown in figure 3.10, to verify the circuit operation of the proposed topology and
the effectiveness of the control strategy. The circuit parameters are listed in Table
3.1. The PV system employs a solar panel with a rated maximum output power of
30 W at 1000 W/m2 and 25°C. The proposed converter is designed to be operated
in CCM when the load power is at 15 W. The conduction resistance of MOSFET's
simulates the conduction losses, while the losses on the inductor L are simply

simulated with an inductor equivalent serial resistance F£j.

To avoid energy waste and regulate the load power, the MPPT with a
perturbation and observation (P&O) algorithm and load power regulation are
implemented simultaneously. The instantaneous output voltage v,»and current i,,
of PV module and the voltage v and current 7 on the variable resistor detected by
the measurement blocks are transferred to a MATLAB function block to execute
MPPT algorithm and select operation mode, giving a duty-ratio as an output. This
duty-ratio feeds a PWM generator to produce complementary PWM signals PWMs,
and PW»Ms, to drive the MOSFETs. Simple load power regulation is used to adjust

the resistance of the variable resistor to maintain the load power at constant level.

Table 3.1: Circuit Parameters.

Rated PV power, Prpv 30 W
Open circuit voltage, Vo 22V
Short-circuit current, fs 1.69 A
Voltage at maximum power point, Vip 18V
Current at maximum power point, Imp 1.655 A
Nominal battery voltage, Vi 7.4V
Nominal battery capacity, SOCy 4.6 Ah
Switching frequency, £ 25 kHz
Inductance of inductor, L 180 uH
Filter capacitors, Cpv, Cp, and C- 470 uF
Conduction resistance of MOSFET, R 4.5 mQ
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Body diode forward voltage of MOSFET, Var 0.7V
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Body diode internal resistance, Rdon 8 mQ
Capacitor equivalent series resistance, Fc 11 mQ
Inductor equivalent series resistance, Kz 23 mQ
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Figure 3.10: PV system Simulink model with proposed circuit.

Figure 3.11 shows simulation key waveforms at steady-state operation with
different operation modes. The PV system is operated at 1000 W/m2, 65°C and
Mode I in figure 3.11(a). The PV voltage and current are regulated around 15.3 V
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and 1.64 A, respectively. The battery is charged by the PV module with an average
charging current of 1.24 A. The battery voltage is held almost constant at 8.09 V.
The load power is approximately equal to 15 W with a resistor Re; = 3.74 Q. The
inductor is operated at CCM with the peak current of 1.25 A.

Figure 3.11(b) illustrates an example of a PV power lower than the load power.
The PV system is operated at Mode II with irradiance of 200 W/m2. The energy
stored in the battery is released to the load. The load power remains at 15 W and
the PV power is regulated at an MPP of 10.14 W. The peak inductor current is 3.09
A.

When the PV system is operated at 600 W/m2, the average battery current is
approximately equal to zero, as shown in figure 3.11(c). The circuit operation
enters Mode III. The battery is charged and discharged in a switching cycle from

toto t2. The peak inductor current reaches 2.6 A.

Figure 3.11(d) shows a case with an abnormal battery state, in which Mode IV
is implemented. The battery is isolated, resulting in a PV power of 20.21 W with
irradiance of 800 W/m?2.

In the case that only the PV module supplies energy to the battery (Mode V) with

irradiance of 800 W/m2, the simulation key waveforms are shown in figure 3.11(e).

Figure 3.11(f) shows an example in which only the battery supplies energy to the
load (Mode VI). As can be seen, the peak inductor current reaches 4.7 A with CCM

operation.
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Figure 3.11: Simulation key waveforms at steady state operation. (a) Mode I. (b) Mode II.
(c) Mode III. (d) Mode IV. (e) Mode V. (f) Mode VI.

3.5.2. Experimental Results

To validate the simulation results, an experimental prototype has been built.
Figure 3.12 shows the diagram of the laboratory PV system with the proposed
topology, in which an electronic load is connected to the load port with the constant
power mode. For the tests, the load power is regulated by the manipulation of the
electronic load. A control unit is associated with the electronic circuit for
generating the gating signals to adjust the duty-ratios. The PV voltage and current
are detected by the voltage and current sensors and sent to a central control unit

to implement MPPT algorithm and operation mode selection.

49



Chapter 3. Three-Port DC-DC Converter with Partial Power Regulation for a
Photovoltaic Generator Integrated with Energy Storage

Figure 3.13 shows a picture of the experimental setup, consisting of a 600 W
halogen lamp, a 30 W PV panel, the prototype electronic circuit board, a micro-
controller (TEXAS INSTRUMENTS TMS320F28335), a DC power supply, an
electronic load, and a battery pack. The circuit and PV parameters are the same
as the ones listed in Table 3.1. The switching frequency is held at 25 kHz and the

dead time is set at 0.33 us, when the power switches change their states.
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Figure 3.13: Experimental prototype.
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Figures 3.14-16 show experimental results of the case tests at 1000 W/m2, 400
W/m2 and 600 W/m2, respectively. The SOC of the battery and the load power are
held at around 80% and 15 W, respectively. As can be seen in these figures, the PV
voltage vpv1s regulated at around the MPP with 15.3 V. The inductor current 1,
increases with irradiance from 400 W/m2to 1000 W/m?2.

Time: 500 ps/div

(b)
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“Time: 50 ps/div |
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Figure 3.14: Experimental results when the PV module supplies energy to the load and
the battery at 1000 W/m?2. vpy, Vo, Vi, Ipv, Ibe, I, and iz are shown with 5 V/div and 2 A/div,
respectively.
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Figure 3.15: Experimental results when the PV module and battery supply energy to the
load at 400 W/m2. vy, v, and v» are shown with 5 V/div; - and 1z are shown with 2 A/div;
and ipv and Ips are shown with 1 A/div.
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Figure 3.16: Experimental results when the average PV power is approximately equal to
the load power at 600 W/m2. vpv, Vb, Vi, Ipv, Ibc, Ir, and 1z are shown with 5 V/div and 2
A/div, respectively.

Figure 3.17 compiles the results of different tests, including simulation and
experimental ones. It shows the simulation and experimental efficiency curves
when the PV system is operated at different modes and load powers (10 W, 15 W
and 20 W), according to (3-3), (3-4), (3-5), (3-14) and (3-15). In the experimental
results (solid lines), the irradiance increases from 0 to 1000 W/m2 with an increase
in efficiency from 96.2% to 99.68% (red line) when the load power is at 15 W. Mode
IIT happens when the irradiance is equal to 600 W/m2. Thus, on the left side of 600
W/m2, the PV system is operated at mode II, whereas on the right side of 600 W/m?2,
the PV system is operated at mode I. It also can be found in this figure that, for a
given irradiance, the power conversion efficiency increases with the load power. In
high irradiance situations, the differences between efficiencies with different load

powers decrease.
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Figure 3.17: Simulation and experimental efficiency curves when the PV system is
operated at different load power and irradiances.

For a given load power (a given color in figure 3.17), operation Mode III is
remarked. For example, for p, = 10 W (dark blue line), when the irradiance is at
400 W/m2, the PV power is approximately equal to the load power with an
efficiency of 99.08%.

The power conversion efficiency is almost constant when the PV system is
operated at mode IV with an abnormal battery situation. For example, at 98.45%
for a load power of 15 W, as shown with the brown line. Figure 3.17 also illustrates
the case of the PV system operated in mode V. The green line shows that the power
efficiency is held at 98.84% for irradiance going from 200 to 1000 W/m?2.

As noticed in figures 3.14, 3.15 and 3.16, the inductor current increases when
the irradiance increases. This means the power processed by the buck-boost

converter decreases, resulting in an increase in efficiency (red line in figure 3.17).

It can also be seen in figure 3.17 that there are some differences between the
simulation (dashed lines) and the experimental results in terms of efficiency. This
is because the simulation model is mainly aimed at demonstrating the feasibility
of the proposal under different conditions, and the losses are simulated in a simple
way by the conduction resistance of MOSFETS, the equivalent series resistance of
the inductor, Kz and the equivalent series resistance of capacitors, ZFRc
Nevertheless, the efficiency tendency between the simulation and experiment

results is similar when the PV system is operated at the same load power and
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operation point. For simulation results, the highest efficiency is around 99.9%
when the circuit is operated at p,= 10 W and 1000 W/m2.

3.6. Chapter summary

A DC-DC converter with partial power regulation for battery integrated PV
system is proposed. It improves efficiency by implementing PPR in a TPC. A buck-
boost converter is connected between the battery and the load to execute MPPT
algorithm. During battery charging mode, only a small amount of PV power is
processed by the buck-boost converter, resulting in excellent efficiency. During
battery discharging mode, only two switches and one inductor process the PV

power, leading to improving power density.

A PV system with the proposed topology is set up in Simulink and in the
laboratory to verify the circuit operation, the effectiveness of control strategy and
the power conversion efficiency. The experimental results illustrate that with
partial power technology, the power conversion efficiency of the proposed topology

1s very high, up to 99.79 % in the circuit used as an example.
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Chapter 4. Efficient Battery Integrated Three-Port
Converter for Photovoltaic System with Wide

Operation Range

This chapter presents an efficient battery integrated TPC for a PV system with
wide operation range. It describes the circuit configuration, the circuit steady state
operation and analysis, a control strategy and simulation results of the proposed
topology. The circuit can be divided into two parts: the main voltage source and the
load voltage regulator. Two individual control variables are used to implement
MPPT algorithm and the load voltage regulation. A Simulink model is built to

verify the effectiveness of control strategy and the power conversion efficiency.

4.1. Circuit configuration

Figure 4.1 shows the scheme of the proposed circuit with PPR, which is realized
by a main voltage source, vco, connected with a variable voltage source, ves, in
series. The main source veo is pre-regulated by manipulating the proposed circuit
as a virtual DC voltage source to adjust the power generated from the PV modules
and the BESS. During charging mode, the PV modules supply most of power to the
main source and the BESS in a straightforward manner (red solid path), while only
a small part of the main source power is processed by the DC-DC converter (red
dashed path). For the discharging mode, the total main source power is obtained
from the PV modules and the BESS through the DC-DC converter (blue path). The
voltage source vese, which is used to regulate the load voltage and power, obtains
energy only from the PV modules through the DC-DC converter (green path).
Consequently, the load is driven by a pre-regulated power source pc,1 and a voltage
regulator pcwe. Due to the direct power process in generating the main source power
pco1 during charging mode, the more load power p,is received from the main source,

the higher efficiency can be achieved.
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__________________________________ } Vco2

Figure 4.1: Circuit scheme of the proposed topology. Red, blue, and green arrows indicate
power flows.

Figure 4.2 illustrates the proposed circuit with a PV module and a BESS, formed
by three active power switches (S, Sh, S0, two inductors (L1, Lg), one diode (D), and
three capacitors (Cpv, Co1, Co2). In the circuit, S, Sp and L; function as a BESS
integrated buck converter to implement the PV MPPT algorithm and maintain the
voltage of the main source veo1 constant during a short period if irradiance is held
constant. As a main voltage source, the filter capacitor Cy is connected to the PV
module and the BESS in series to supply the major power to the load. In the battery
charging mode, part of the power generated from the PV module is delivered to the
BESS and the load only through capacitors C, and Ce. Due to the low equivalent
series resistance (ESR) of the capacitors, the losses on the direct power flow paths,
denoted by the dashed red and blue lines, are so slight that can be neglected when
compared to the losses on other paths with inductors and power switches. Thus,
the efficiencies of these two direct paths are approximately equal to 100% and a
high whole efficiency can be achieved. For the battery discharging mode, only three
components (S, S, L1) are used to transfer the energy, produced from the PV
module and the BESS, to the main voltage source vc,. With fewer components,
higher efficiency between the PV module and the BESS and the main voltage
source veo1 could be achieved. The voltage regulator vex, which is connected
between v, and the load, is regulated by a buck-boost converter, consisting of Sp,
D and I, to complement the load requirements. The active power switch S,

operates independently of S; and S, what simplifies the control strategy. A filter
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capacitor Cpy 1s connected to the PV module to reduce PV voltage and current
ripples. With such a configuration, the load is powered by the sum of the voltages

on the capacitors (o1 and Cp.
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Figure 4.2: Circuit configuration of the proposed topology.

4.2. Circuit Steady State Operation and Analysis

The proposed circuit consists of a battery integrated buck converter and a buck-
boost converter. The integrated buck converter performs as a main power source
to implement PPR and MPPT, whereas the buck-boost converter functions as a
load voltage regulator to complement the load requirements. According to the
relationship among the PV power p,, the battery power ps, and the load power p;,
the circuit operation can be divided into five modes, each one with different
operation stages. Stages, power conditions, efficiencies and voltage gains are listed
in Table 4.1. In Mode I, the power generated by the PV module p,,is higher than
the load power p,. The load and the BESS are both supplied by solar energy. During
Mode II, p,vis lower than p,.. Both BESS and PV module supply energy to the load.
During Modes I and II, the load voltage regulator (S, D, L) is activated to
cooperate with the main voltage source (S, Sy I1) to cope with the load

requirements. In Mode III, irradiance is insufficient for the PV module to generate
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any energy. Only BESS supplies energy to the load. In Mode IV, the BESS is
isolated, when it is fully charged or exhausted. During this mode, only the PV
module supplies energy to the load. C, is bypassed. In Mode V, the load does not
consume any energy. The PV module only supplies energy to the BESS through S,
Sy and L. In all modes, the voltage gain is regulated by @i (which is the duty-ratio
of the power switch S.), dk (which is the duty-ratio of the power switch S,), and b’
(which is the duty-ratio for the inductor current izs, decreasing from its peak to

zero in a switching cycle).

To simplify the analysis, all components are assumed to be ideal, and the

capacitors are large enough to maintain the voltage constant.

Table 4.1: Stages, power condition, efficiency and voltage gain of different operation

modes.
Mode Stage (load voltage Power Efficiencies  Voltage Gains
regulator/main Conditions
(Il) (Gl = vr/va
voltage source) W)
G, =v,/v,or G3 =
vb/vp,,)
- - PptDr © d
I LVR-1 to LVR-4/ Ppv > Pr o G =d, + d_?
2
C-1,C-2,C-3,C-4
- - Dr @ d
II LVR-1 to LVR-4/ Ppv < Pr ——. G, =dy + d_?
2
D-1, D-2
111 -/0B-1, OB-2 Ppy = 0 br G =%
Db 27 1-4d,
I\ PL-1, PL-2, PL-3, Ppv = Pr Pr d,
Gl =
PL-4/- Ppv 1-d,
V '/PB']_, PB-2 ppU =Dp p_b G3 =1- d1
Ppv

D: (4-1) and @: (4-2)

Figure 4.3 shows the four operation stages of the load voltage regulator, used in
Modes I and II, with the DCM operation.
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Figure 4.3: Operation stages of the load voltage regulator vee. (a) Stage LVR-1. (b) Stage
LVR-2. (c) Stage LVR-3. (d) Stage LVR-4.

Stage LVR-1 (to, t1)

Stage LVR-1 starts when the power switch S: is turned ON. The inductor g is
charged by the PV module. The inductor current iz increases linearly. This stage
ends when S, is switched OFF.

Stage LVR-2 (t1, t2)
In Stage LVR-2, S;is turned OFF. The diode D is forward-biased to conduct izs.

The energy stored in s is released to the load and the capacitor Cr. When 172 1s

lower than the load current i, this stage ends.
Stage LVR-3 (tz, t3)

During Stage LVR-3, 1721s lower than 1. Ci2 supplies energy to the load. When

172 decreases to zero, Stage LVR-3 ends.
Stage LVR-4 (t3, ts)

In Stage LVR-4, both S: and D are turned OFF. C,2 supplies energy to the load.
When S;is turned ON, the circuit operation goes back to Stage LVR-1 of the next

switching cycle.

Figure 4.4 depicts current flow paths of main voltage source vee1 in Mode I with

CCM operation. The circuit performs as a battery integrated buck converter with
PPR.
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Figure 4.4: Operation stages of the load voltage regulator vc, in Mode I when the PV
panel supplies energy to the battery and the load. (a) Stage LVR-1. (b) Stage LVR-2. (c)
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Stage C-1 (to, t1)

Stage C-1 starts when the power switch S; is turned ON. The inductor L, is
charged by the PV module. The inductor current iz; increases linearly. Part of the
power generated by the PV module is delivered to the load and the battery directly.
This stage ends when S; is switched OFF.

Stage C-2 (t1, t2)

In Stage C-2, S, is turned OFF and S is turned ON to conduct iz:. The energy
stored in the inductor L is released to the load. Stage C-2 ends when 171 decreases
to zero or S, 1s turned ON. If 77; decreases to zero, the circuit operation enters Stage

C-3. If not, the circuit operation goes back to Stage C-1.
Stage C-3 (tg, t3)

In Stage C-3, S;is turned OFF and Sy is turned ON. L, is charged by the PV
module and the BESS. In this stage, 171 is negative. This stage ends when S; is

switched on again.
Stage C-4 (ts, to)

In Stage C-4, S, is turned ON to conduct izi. The energy stored in the inductor
L 1s released to the BESS. If 171 increases to zero, the operation stage enters Stage
C-1. If S, 1s turned ON again with the negative 171, the circuit operation goes back
to Stage C-3.

Figure 4.5 shows operation stages of main voltage source veo in Mode II with
CCM operation.

Stage D-1 (to, t1)

When S, is turned ON, the circuit operation enters stage D-1. L; is charged by
the PV module and the battery with an increasing current izi. This stage ends
when S; is switched OFF.

Stage D-2 (t1, t2)

During Stage D-2, Sy is turned ON. The energy stored in L; is returned to filter
capacitor C,» through the battery and supplied to the load. Stage D-2 ends when
Sais turned ON again to return to Stage D-1.
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Figure 4.5: Operation stages of main voltage source veca in Mode II when the battery and
the PV panel supply energy to the load. (a) Stage D-1. (b) Stage D-2.
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Figure 4.6 illustrates current flow paths with CCM operation when only the
BESS supplies energy to the load. During this mode, the power switch S;1s turned
off. Thus, the diode D is forward-biased, and the capacitor is short circuit. The
power generated by the BESS is transferred to the load through D and Zs The PV

system is operated as a buck-boost converter.
Stage OB-1 (to, t1)

When S; is turned ON and Sy is turned OFF, the circuit operation enters Stage
OB-1. L is charged by the battery with an increasing current 17:. The capacitor Cn
supplies energy to the load. This stage ends when S, is switched OFF.

Stage OB-2 (t;, t2)

During Stage OB-2, S is turned ON. The energy stored in L; is transferred to
the load through D and L. Stage OB-2 ends when S; is turned ON again to return
to Stage OB-1.
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Figure 4.6: Current flow paths of main voltage source vco: in Mode III when the
irradiance is insufficient to generate any power and the BESS supplies energy to the

load. (a) Stage OB-1. (b) Stage OB-2.

Figure 4.7 depicts current flow paths when only PV module supplies energy to
the load with DCM operation. The power switch Sp is turned ON to conduct the

load current 7 through Zi. The circuit performs as a buck-boost converter.
Stage PL-1 (to, t1)

Stage PL-1 starts when the power switch S; is turned ON. The inductor s is
charged by the PV module. The inductor current 172 increases linearly. This stage
ends when S, is switched OFF.

Stage PL-2 (t1, t2)

In Stage PL-2, S is turned OFF. The diode D is forward-biased to conduct izs.
The energy stored in s is released to the load and the capacitor Cr. When 172 1s

lower than the load current 7, this stage ends.
Stage PL-3 (tz, t3)

During Stage PL-3, i721s lower than 1. Cyxe supplies energy to the load. When 172

decreases to zero, Stage PL-3 ends.

Stage PL-4 (ts, ts)
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In Stage PL-4, both S: and D are turned OFF. C, supplies energy to the load.
When S; is turned ON, the circuit operation goes back to Stage PL-1 of the next

switching cycle.
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Figure 4.7: Operation stages of Mode IV when the battery is disconnected from the PV
system and only PV module supplies energy to the load. (a) Stage PL-1. (b) Stage PL-2.
(c) Stage PL-3. (d) Stage PL-4.
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Figure 4.8 depicts operation stages when PV module supplies energy to the
BESS with CCM operation. The circuit performs as a buck converter with PPR.

Stage PB-1 (to, t1)

When Sj is turned ON and S, is turned OFF, the circuit operation enters Stage
PB-1. 11 and the battery are charged by the PV panel. The inductor current 171

increases linearly. This stage ends when S is switched OFF.
Stage PB-2 (t3, t2)
During Stage PB-2, both S; and Sy are turned OFF and the body diode of S; is

forward-biased to conduct 1z:. The energy stored in 1, is transferred to the battery.
The power generated by the PV panel is supplied to the battery through a direct
power flow path (red dashed line). Stage PB-2 ends when S is turned ON again to
return to Stage PB-1.
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Figure 4.8: Operation stages of Mode V when the load i1s disconnected from the PV
system and the PV module supplies energy to the battery. (a) Stage PB-1. (b) Stage PB-2.

4.3. Control Strategy

A simple control strategy with two independent control loops is proposed. One is
identical to the MPPT by the manipulation of the duty ratio of S; and S in the
battery integrated buck converter (S,, S, L1). The other is related to the LVR with
the adjustment of the duty ratio of .S; in the buck converter (S. D, L»). Fig. 4-9
illustrates the key waveforms of the proposed circuit in Modes I and II. Two
references vier and vyer are compared to a sawtooth carrier to generate signals for
a pulse-width modulation (PWM) generator to produce gate signals vgss and vise.
The inductor 14 is operated at CCM with the duty ratio di, whereas s is operated
at DCM with the duty ratio db.
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Figure 4.9: Key waveforms of the proposed circuit in Mode I and Mode II.

Figure 4.10 shows the control flow chart with MPPT and LVR. At the beginning,
the rated load voltage vyaeqis set. The PV voltage vy, the PV current i,,, the battery
voltage vs, the battery current 1, the load voltage v, and the load current i, are
measured. The PV power p,,, the battery power py, and the load power p, are
calculated. Then, two control loops are implemented independently at the same
time. The operation mode selection and the MPPT algorithm are executed,
depending on the relationship among pyv, p» and p, (red dashed line), whereas the

load voltage regulation is implemented with the comparison of v» and Viased (blue
dashed line).
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Figure 4.10: Control flow chart with MPPT and LVR.

4.4. Simulation Results

A simulation model with the proposed circuit for a stand-alone PV system is built
in Simulink, as shown in figure 4.11. The currents (i, 15, 1) and the voltages (v,
v, v») are measured from the current and voltage sensors and sent to MATLAB
functions. Two independent control loops are employed in two MATLAB functions
to 1implement MPPT algorithm, operation mode selection, and LVR,
simultaneously. The outputs of the MATLAB functions are connected to the PWM
generators to produce the PWM signals for driving the MOSFETs.

In this model, a solar panel with 60 W rated power at 25°C is employed as a
renewable power source, whereas a 24 V, 100 Ah BESS is used to store the energy
generated from the PV panel or to supply the energy to the load. The load power is
maintained at 30 W. Two resistors R and A» are connected to the inductors Z; and
L» in series, respectively, to simulate the losses, while the losses on the MOSFETs
and the diode are simulated by the employment of the conduction resistance of
MOSFET Rson, internal diode resistance of MOSFET FRg internal diode forward
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voltage of MOSFET Vur and the forward voltage of diode, V7 respectively. The
load 1s simulated by the connection of a constant resistor £.. In this paper, the
datasheet of the MOSFET IRFB4110 is used to obtaining the parameters for

simulation. The circuit parameters are listed in Table 4.2.

{ MPPT and
P _OMs ! TR
E}AE_'“PV : PWM PWMsa . : E
IV N :generator m Iy .ir '
= il Da [D— b PwM
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Vo | E : ;
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D : . b : Vrated :‘. 'l

Battery

2
Ip

Figure 4.11: PV system Simulink model with proposed circuit.

Table 4.2: Circuit Parameters.

Rated PV power, prpv 60 W
Open circuit voltage, Vo 44V
Short-circuit current, fs. 1.69 A
Voltage at maximum power point, Vip 36V
Current at maximum power point, fup 1.655 A
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Nominal battery voltage, viv 24V
Nominal battery capacity, SOCy 100 Ah
Rated load power, P 30 W
Switching frequency, £ 100 kHz
Inductance of inductor, /a2 200 uH
Inductance of inductor, Lz 6 uH
Filter capacitors, Cpv, Cb, Coz, and Coz 470 uF
Conduction resistance of MOSFETS, Ron 4.5 mQ
Internal diode resistance of MOSFETSs, Ra 8 mQ
Internal diode forward voltage of MOSFETSs, Vi 0.7V
Forward voltage of diode D, V¢ 0.7V
Diode internal resistance, Fdon 8 mQ
Capacitor equivalent series resistance, Fc 11 mQ
Inductor equivalent series resistance, Kz 23 mQ

Figures 4.12 and 4.13 show the steady state key waveforms of different modes
with step-down operation and step-up operation, respectively. The PV voltage is
operated around 35.9 V for MPPT, whereas the SOC is held at 50% in all modes.
The inductors L and Iz are operated at CCM and DCM, respectively. The

temperature is set at 25°C.

As can be seen in figure 4.12, during Modes I to IV, the load voltage is
maintained around 18 V with the load resistance Rr equal to 10.8 Q. In Mode 1
(figure 4.12(a)), the PV panel is operated at irradiance of 900 W/m2. The PV power
ppvis higher than the load power p.. The BESS stores the power difference between
ppvand pr. In Mode II (figure 4.12(b)), irradiance is set at 300 W/m2. The PV power
ppvis lower than p,. The PV module and the BESS supply energy to the load. In
Mode III (figure 4.12(c)), the load is supplied only by the BESS. In Mode IV (figure
4.12(d)), irradiance is held at 515 W/m? as an example to show the circuit operation
of only PV module supplying energy to the load. In Mode V (figure 4.12(e)), the load
Rz 1s disconnected from the proposed circuit. The PV module only supplies energy
to the battery with 700 W/m2.
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Figure 4.12: Simulation steady state key waveforms with step-down operation. (a) Mode
I (900 W/m?2). (b) Mode II (300 W/m?2). (c) Mode III (0 W/m?2). (d) Mode IV (515 W/m?2). (e)
Mode V (700 W/m?2).

As can be seen in figure 4.13, v and p, are held at around 72 V and 30 W,
respectively, as a case of step-up operation. Apart from the different voltage levels,

the waveforms are similar to the ones of figure 4.12.
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Figure 4.13: Simulation steady state key waveforms with step-up operation. (a) Mode I
(900 W/m2). (b) Mode II (300 W/m2). (c) Mode IIT (0 W/m2). (d) Mode IV (520 W/m2). (e)
Mode V (700 W/m?2).

Figure 4.14 shows power conversion efficiencies of Modes I and IT under different
irradiances. The load power p, and temperature are hold at 30 W and 25°C,
respectively. Three different load voltages, 18 V (green lines), 36 V (red lines) and
72 V (blue lines), are used to investigate the efficiency performance of PV system.
As can be seen in this figure, efficiency increases with irradiance and v,. When
irradiance is higher than 530 W/m? (dashed lines), the PV system is operated at
Mode I (the PV power supplies energy to the load and the battery), whereas Mode
II (the PV power and the battery supply energy to the load) is entered if irradiance

is lower than 530 W/m?2 (solid lines). For a given irradiance, the higher load voltage
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is set, the higher power conversion efficiency is reached. For example, as the PV
system is operated at 800 W/m?2, the efficiency is at 98.9% (=72 V) which is higher
than 98.3% (v,=36 V) and 96.8% (v,=18 V). In the case of irradiance and v; are at
1200 W/m? and 72 V, respectively, the highest efficiency is achieved with 99.2%. In
contrast, the lowest efficiency 94.2% occurs when irradiance and v, are at 10 W/m?2

and 18 V, respectively.
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Figure 4.14: Power conversion efficiencies of modes I (the PV module supplies energy to
the battery and the load) and II (the PV module and the battery supply energy to the
load) under different irradiances when p,=30 W.

Figure 4.15 shows efficiency curves of modes I and IT under different load powers
when irradiance is 1000 W/m2. The load voltage is set at 18 V (green lines), 36 V
(red lines) and 72 V (blue lines). As can be seen in this figure, for a load power
below 60 W (left part), the PV system is operated at Mode II with the battery
charging mode (dashed lines). For load powers above 60 W (right part of the figure),
the power generated by the PV panel is lower than the load power, thus, the
operation mode I is executed. In addition, the efficiencies decrease with the
increase of the load power. For a given load power, setting the higher load voltage
results in the higher power conversion efficiency. For example, when the load
power is at 70 W, the highest efficiency 97.7% is achieved with =72 V. A medium
efficiency of 96.6% is got with =36 V, and the lowest efficiency is at 94.1% with

vi—18 V. Moreover, the difference between any two efficiency curves decreases with
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the load power. When the load power is at 10 W, the power conversion efficiency is

almost the same at around the highest point 99.4%, irrespective of the load voltage.
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Figure 4.15: Efficiency curves of modes I (the PV module supplies energy to the battery
and the load) and II (the PV module and the battery supply energy to the load) under
different load powers and voltages when irradiance is 1000 W/m?2.

Figure 4.16 shows efficiency curves of Mode III when irradiance is insufficient
to generate any power and the battery supplies energy to the load. In Mode III, the
load power and the SOC of the BESS are 30 W and 50%, respectively. During this
mode, when the load voltage is at 72 V, the efficiency is almost constant at 98.6%
(blue line). A slight decrease from 97.9% to 96.6% can be found with an increase of
the load power when the load voltage is at 36 V (red line). In addition, the efficiency
decreases from 95.9% to 92.9% with an increase of load power from 10 W to 100 W,
denoted by the green line.

Figure 4.17 shows efficiency curves of Mode IV under different load voltages and
irradiances when the battery is disconnected from the PV system and only PV
module supplies energy to the load. The power conversion efficiencies decrease
from 98.7% to 98% with v,=72 V (blue line), from 97.6% to 96.4 % with v,=36 V (red
line) and from 95.5% to 93.4% with v,=18 V (green line).
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Figure 4.16: Efficiency curves of Mode III (the irradiance is insufficient to generate any
power and the BESS supplies energy to the load) under different load powers and
voltages when the load power and the SOC of the BESS are 30 W and 50%, respectively.
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Figure 4.17: Efficiency curves of Mode IV (the battery is disconnected from the PV
system and only PV module supplies energy to the load) under different load voltages
and irradiances.

Figure 4.18 illustrates efficiencies of Mode V under different irradiances when
the BESS is switched off and the PV panel supplies energy to the load. The power

efficiency is hold almost constant around 99.0%.
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Figure 4.18: Efficiencies of Mode V (the BESS is switched off and the PV panel supplies
energy to the load) under different irradiances.

4.5. Chapter summary

A wide operation range DC-DC converter with partial power regulation and two
independent control loops for a PV system is proposed. As an energy storage
element, a BESS is connected between the PV module and the load. According to
the employment of PPR, the power conversion efficiency is improved during battery
charging mode, while, with two independent control loops, the control strategy can

be simplified.

A battery integrated PV system with the proposed topology is built in Simulink
to verify the circuit operation, the effectiveness of the control strategy and the
power conversion efficiency. The simulation results illustrate that a wide load
voltage range and MPPT can be achieved in all modes. As an example, high
efficiency up to 99.4% is reached with PPR.
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Chapter 5. Series-connected PV system with
Battery Integrated Three-Port Converters for

Distributed Maximum Power Point Tracking

This chapter proposes a series-connected PV system with BESS integrated TPCs
for distributed maximum power point tracking (DMPPT). The circuit configuration
and steady state operation is presented with its detailed analysis. To validation
the effectiveness of PV system performance, a simulation model is built with its

control strategy which has four individual control variables is used.

5.1. Circuit Configuration and Operation

The topology proposed in chapter 3 uses less components than the one proposed
in chapter 4, but the output voltage varies. For series connection with the
combination of module A (proposed in chapter 4) and module B (proposed in
chapter 3), the module selection depends on the parameters of the PV panel, the
battery, the load and the costs. To use less components, more B modules need to
be utilized, whereas lower voltage and current pressures on the components are

achieved if more A modules are used.

Figure 5.1 shows the circuit configuration of the proposed distributed PV system,
with one A module (A;, brown dashed line) and two B modules (B; and B2, red
dashed lines), as an example to demonstrate circuit configuration and operation.
Module A; consists of a buck-boost converter (S.4, Da and La2) and a buck converter
(8.4, Spa and Lai). The buck converter, interposed between the battery and the PV
panel, implements the DMPPT algorithm, while the buck-boost converter,
connected to a capacitor buffer, functions as a load voltage regulator. In the
modules B, (n=1, 2), a buck converter, consisting of two power switches (S,z, and
Shan), one inductor (Lg,) and two capacitors (Cop, and Cypvp), is employed to execute
the DMPPT strategy to supply energy to the load. Modules A1, B: and B2 cooperate
to create a direct power flow path that can improve the power conversion efficiency

when the BESSs operate at charging mode.
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Figure 5.1: Circuit configuration of the proposed distributed PV system with modules A;,
B1 and Ba.
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When the power generated by the PV panels is available, highly depending on
the weather conditions, partial shading may occur. Thus, the operation mode
(charging or discharging) of the battery integrated in each module may be different,
depending on the relationship between the PV power and the output power of each
module. For example, when the PV power of module B1, ppyai, is lower than the
output power, popi, its battery is operated at the discharging mode, whereas the
battery is charged by the PV power when ppya is higher than p,p. This causes
different direct power flow paths. In the case all batteries are charged by the PV
power, a part of the energy generated by PV panels is supplied to the batteries and
the load directly (red solid line). In the case that only the battery in module B is
operated at charging mode, only the power generated by the PV panel in module
B: supplies energy to its battery and the load directly through the capacitors Coai,
Coaz and C,p2 (blue solid line).

To simplify the analysis, all components are assumed to be ideal, the circuit
is operated at CCM, and the capacitors are large enough to maintain the voltage
constant. The detailed steady-state circuit analysis of modules A and B are

presented in chapters 4 and 3, respectively. The load voltage v, is the sum of the

voltages of module A, module B; and module Bz (vo4, vom and vem).
Uy = voA+voBl +voBZ (5'1)

As stated in chapters 3 and 4, different operation modes of modules A and B have
different relationships among the voltages of the battery, the PV panel, and the
output. Thus, v can be obtained by substituting (3-7), (3-11), (4-1) and (4-2) into
(5-1). Tables 5.1, 5.2 and 5.3 list v with different circuit operation modes of
modules A, B1 and Bz, where da4 1s the duty ratio of Sa4, deais the duty ratio of Sea,
dap1 1s the duty ratio of Sz and dam 1s the duty ratio of S.z. As can be seen in
these tables, when the PV system is operated at different operation modes, v, can
be regulated by adjusting daa, d.4, dam and damp. In the PV system, de4, dap and
dap are used for implementing the DMPPT of module A, module B: and module

Bs, respectively. Thus, the regulation of v, can be achieved by regulating dea.
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Table 5.1: Load voltage, v, of different operation modes for modules B: and Bz, with
modes I and II for module A.

Module B2 Modes I, II, IIT and IV Mode VI
Module B:
dea dca
(1 —d ) + daA) vaA (1 _ d + daA) vaA
Modes L, IT, III and IV ,
4 dap1 Vv
+ z daBinvBi 1- daBl bB1
+ dap2Vpus2
dca deca

Mode VI
+ daBl vaB1

aBL
dapa " Z 1- aBL

—V,
+1 duny bB2

Table 5.2t Load voltage, v, of different operation modes for modules B: and Bz, with

Mode III for module A.
Module B2 Modes I, 11, IIT & IV Mode VI
Module B:
d
d A LAV
#VbA + Z daBinvBi 1- daA b4
Modes I, I1, IIT & IV — laa —
= n dap1 v
1—d. dope bB1
+ dap2Vpus2
daa dga
ﬁVbA + dap1Vpup1 1—dg, Vpa
Mode VI

daBZ
+ —= V7V + Z aBl
1-— daBZ bB2 1—

aBl

Table 5.3: Load voltage, v, of different operation modes for modules B: and Bz, with
Mode IV for module A.

Module B2 Modes I, I1, III & IV Mode VI
Module B:
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2 d
d cA
ﬁVpUA + Z daBinvBi 1-— dCA vaA
Modes I, II, I & IV cA i=1
+ daBl Vv
1-— daBl bB1
+ dag> vaBZ
d A d A
# vaA + daBIvaBl # vaA
Mode VI S ,
n aB?2 Vi dgpi
1—dgp, + ) —— Vi
=1 1- daBi

5.2. Control Strategy

Due to the employment of a TPC connected between each PV panel and BESS in
each module, each solar panel can be operated at MPP. Thus, each module can
implement the MPPT algorithm independently. Figure 5.2 shows the control flow
chart with two independent control schemes for the topology proposed in figure 5.1.
Since the hybridization of the TPCs of chapter 3 and chapter 4 in the proposed
topology of chapter 5, the control strategy combines the control flow charts in
chapters 3 and 4. The control strategy starts with setting of the rated output
voltage Viateq. Then, the voltages (Vpva, Vovss, Vb, Vbesand v,) and the currents (Zpva4,
IpvBn, Ib4, InBn and 1) are detected. From the current and voltage measurements, the
powers (ppva, ppvBn, DPba, pbea and py are calculated, following with the two
independent control schemes: the operation mode selection (OMS) and the load

voltage regulation (LVR).

For the operation mode selection, each module executes its MPPT algorithm
individually. If the load power p,is at zero, Mode V of module A and Mode III of
module B, are implemented. Each module is operated as an individual module.
Then, if the PV powers generated by modules A or B, are higher than zero, the
MPPT algorithms are implemented, while if ppva or ppvs, are lower than zero, Mode
III in chapter 4 and Mode VI in chapter 3 are entered. When ppa or pps, = 0, only
PV modules supply energy to the load with Mode IV in chapters 3 and 4. At the
end, as the PV power ppva or ppves in each module is higher than the output power
DoA OF popn, the BESSs are charged with Mode I in chapters 3 and 4. In contrast,
the BESSs release the energy to the load with Mode II in chapters 3 and 4, when
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the PV power ppva or ppvs, in each module is lower than the output power poa or

PoBn. Meanwhile, load voltage regulation is executed by adjusting d.4.

s Set v |
> Set Viated [€

Measure iva, vaAa ibAy Vba, ipona vaBn,
Iben, Vben, Ir and vy. Calculate pyya, Poa,

ppona pan, poAa pan, and pr.

Load voltage
regulation

i Adjust dea

Mode V in Module A;
Mode 111 in Module B,,.

Y

N
:
Y Y
Execute Execute
"""""" TUTTH MPPT by MPPT by A
Mode 111 adjusting daa adjusting daa | i [ Mode VI

{ Chapter4 |

MPPT algorithm and
operation mode selection

Figure 5.2: Control flow chart with MPPT algorithm, operation mode selection and load
voltage regulation.

5.3. Simulation results

A model for distributed PV system with two different types of TPCs is set up in
Simulink, as shown in figures 5.3, 5.4 and 5.5, to verify the circuit operation, the
efficiencies and the effectiveness of the control strategy. As can be seen in figure
5.3, the distributed PV system consists of three modules: Module A, Module B; and
Module Bz, which are connected in series. The designed circuit parameters of
modules A, and B, (n=1, 2) are listed in tables 5.1 and 5.2, respectively. The
resistances attached to the components of the distributed PV system simply

simulate the losses. The rated load power and voltage are equal to 80 W and 40 V,
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respectively. When the BESSs are operated at charging mode, the BESS currents

Ip4, I and Ipm are negative. In contrast, x4, Ipp1 and iz are positive if the BESSs

release energy to the load.
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Figure 5.3 Simulation model of the distributed PV system with the proposed TPCs.

Table 5.4: Circuit parameters of Module A.

Rated PV power, prp» 60 W
Open circuit voltage of PV panel, Vi 44V
Short-circuit current of PV panel, /. 1.69 A
Voltage at maximum power point of PV panel, Vi, 36V
Current at maximum power point of PV panel, 1. 1.655 A
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Nominal battery voltage, viv 24V
Nominal battery capacity, SOCy 100 Ah
Rated load power, P 80 W
Switching frequency, £ 100 kHz
Inductance of inductor, /a2 100 uH
Inductance of inductor, Lz 6 uH
Filter capacitors, Cpv, Cb, Coz, and Coz 470 uF
Conduction resistance of MOSFETS, Ron 4.5 mQ
Internal diode resistance of MOSFETSs, Ra 8 mQ
Internal diode forward voltage of MOSFETSs, Vi 0.7V
Forward voltage of diode D, V¢ 0.7V
Diode internal resistance, Fdon 8 mQ
Capacitor equivalent series resistance, Fc 11 mQ
Inductor equivalent series resistance, Kz 23 mQ

Table 5.5t Circuit parameters of modules B: and Ba.

Rated PV power, P 30 W
Open circuit voltage of PV panel, Vo 22V
Short-circuit current of PV panel, I 1.69 A
Voltage at maximum power point of PV panel, Vi 18V
Current at maximum power point of PV panel, 1., 1.655 A
Nominal battery voltage, Vv 7.4V
Nominal battery capacity, SOCy 4.6 Ah
Switching frequency, £ 100 kHz
Inductance of inductor, L 180 uH
Filter capacitors, Cpv, Cs, and C; 470 uF
Conduction resistance of MOSFET, R 4.5 mQ
Body diode forward voltage of MOSFET, Vi 0.7V
Body diode internal resistance, Rdon 8 mQ
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Capacitor equivalent series resistance, Ec 11 mQ

Inductor equivalent series resistance, Kz 23 mQ

Figure 5.4 shows the subsystems of TPC modules in figure 5.3. As can be seen
in figure 5.4(a), the proposed TPC in chapter 4 is used in Module A with the load
voltage regulation. With the employment of a buck-boost between the PV panel,
PV, and the capacitor, Coa2, the output voltage and power of Module A can be
regulated by adjusting the duty ratio, d.4. The topologies in modules B; and B2 are
the same, presented in chapter 3, as shown in figures 5.4(b) and (c). The buck
converter attached between each PV panel and BESS only implements the MPPT
algorithm. Therefore, the output powers of modules B; and B2 vary when the
weather conditions change. Accordingly, the load power p, and voltage v, are

regulated by Module A.
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Figure 5.4: Subsystems of TPC modules in figure 5.3. (a) Module A. (b) Module B;. (c)
Module Be.

Figure 5.5 illustrates the MATLAB functions that implement the control scheme

and the voltage and current measurements. The measured voltages and currents
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are transferred to the MATLAB functions to implement four independent control
loops: three MPPT loops and one LVR loop. Each PV panel has its individual MPPT
loop to output its maximum power. The LVR loop is utilized to regulate the load
voltage by adjusting d.a. The MATLAB functions produce the duty ratios for the
PWM generators to control the circuit to achieve the load requirements and to
implement the MPPT algorithm.
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Figure 5.5: MATLAB functions with control scheme. (a) Voltage and current
measurements. (b) Control strategy with four independent loops.
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Figure 5.6 shows the simulation results when all PV panels and BESSs are
operated at 1000 W/m2 and 25°C, and 80% SOC, respectively. As can be seen in
figure 5.6 (a), the PV power of module A is regulated around MPP with 36 V and
1.64 A. BESSa is charged by PVa with the BESS voltage around 25.85 V. The
output voltage and current are 19.95 V and 2.0 A, respectively. The inductor

currents 1714 and iz24 are operated at CCM and DCM, respectively.

The simulation results in figures 5.6(b) and (c) are the same. This is because the
circuit configurations and the parameters of modules B1 and Bs are the same. The
PV panels are operated at 18 V to supply their maximum power. The BESSs are

operated at charging mode to store the PV power.

As can be seen in figure 5.6(d), the load voltage and current are almost constant
at around 40 V and 2 A.

Figure 5.7 describes the simulation results when PV panels in modules A and B,
(n=1, 2) are operated at 1000 W/m2 and 200 W/m2, respectively. All SOCs of the
BESSs are set at 80%. As can be seen in figures 5.7(a), (b) and (c), the solar panels
are operated at MPP by the implementation of the MPPT algorithm. The BESS in
Module A is charged by the PV panel with the negative charging current 1,4=-0.66
A. While the BESSs modules B1 and B2 are operated at battery discharging mode
with positive discharging currents 7,5=1.85 A and 1,»=1.85 A, respectively. The
load power is held at 80 W with 40 V and 2 A.

In the case the PV panels do not generate any power, the BESSs work together
to supply the energy to the load, as shown in figure 5.8. The BESS voltages of
modules A and B, are at around 25.85 V and 7.97 V, respectively. The output

currents Ip4, I,z and I,m are the same as the load current at 2 A.

Figure 5.9 shows simulation results when Module A is operated at 1000 W/m?2,
Module B is operated at 600 W/m?2 with the disconnection of the BESS and Module
B: is operated at 200 W/m?2 without using the BESS. As can be seen in this figure,
each module is regulated at MPP under different irradiances and operation modes.

The load voltage and current are adjusted at 40 V and 2 A with a slight ripple.
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Figure 5.6: Simulation results when all PV panels are operated at 1000 W/m2. (a) Module
A with BESS charging mode. (b) Module B: with BESS charging mode. (c) Module B
with BESS charging mode. (d) Load voltage v» and current 7.
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Figure 5.7: Simulation results when PV panels in Module A and Bn (n=1, 2) are operated
at 1000 W/m?2 and 200 W/m?2, respectively. (a) Module A with BESS charging mode. (b)
Module B: with BESS charging mode. (c) Module B2 with BESS charging mode. (d) Load
voltage v, and current .
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Figure 5.9 Simulation results when Module A is operated at 1000 W/m2, Module B: is
operated at 600 W/m?2 with the disconnection of the BESS and Module Bz is operated at
200 W/m? without using the BESS. (a) Module A. (b) Module Bi. (¢c) Module Bs. (d)
Inductor currents izi4, iz24, izm, and izm. (e) Load voltage v» and current .

It can also be seen in figures 5.6 and 5.7 that when irradiance changes from 1000
W/m2to 200 W/m? in Module B, the output voltage and current of Module A are
held constant at 19.95 V and 2 A. This means that the output power of Module A
is not affected by Module B at steady state operation. Thus, the efficiency analysis

of the whole PV system can be divided into two individual parts: modules A and B.
Module A:

Figure 5.10 shows the efficiency curves of Module A under different irradiances
and 25°C with test points and curve fitting results, which can be divided into two
parts: BESS discharging and charging. When irradiance is below 705 W/m?2,
Module A is operated at BESS discharging mode, whereas BESS is charged by the
PV panel when irradiance is above 705 W/m?2. The efficiency equations of BESS
discharging and charging modes are listed in modes II (4-2) and I (4-1) of table 4.1,
respectively. After curve fitting, two mathematical functions are obtained to

describe the efficiency of discharging and charging modes in Module A.
In discharging mode (red line and green points):

Nap = —9.525¢719 % G3 + 6.929¢77 * G2 + 0.0008975 * G + 94.46 (5-1)

In charging mode (blue line and yellow points):

Nac = —1.379¢710 x G3 — 1.842¢7% * G? + 0.004949 * G + 96.95 (5-2)
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where nap and nac are the efficiencies of Module A in discharging and charging

mode, respectively, and G is the irradiance (W/m2).
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Figure 5.10: Efficiency curves of Module A under different irradiances and 25°C with test
points and curve fitting results.

Module B:

Figure 5.11 shows the efficiency curves of Module B under different irradiances
and 25°C with test points and curve fitting results. As can be seen in this figure,
from 679 W/m2 to 1200 W/m2, Module B is operated at BESS charging mode. From
0 W/m2 to 679 W/m2, the BESS supplies energy to the load with the operation of

discharging mode. The efficiency mathematical function can be expressed as:

np = —1.554e71% x G3 — 1.828e76 * GZ 4 0.004956 * G + 96.95 (5-3)
100 T T (]
679 W/m’=p;
Sogg| @ Test points ' |
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> f >
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= '
&) '
h= '
w 97 ' i
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Figure 5.11: Efficiency curve of Module B under different irradiances and 25°C with test
points and curve fitting results.
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According to the efficiency mathematical functions (5-1), (5-2) and (5-3), and
equations (3-3), (3-4), (4-1) and (4-2), the efficiency of the whole PV system can be
expressed as a mathematical function of G. Tables 5.6 and 5.7 list the whole PV
system efficiency with the BESS discharging and charging modes of Module A,

respectively.

Table 5.6: Efficiency (%) of the whole PV system with BESS discharging mode of Module

A
Module B1  BESS discharging mode BESS charging mode
Module B2
BESS discharging mode Poa + Pos1 t PoB2 Poa t MB1PpvB1 T PoB2
Poa | PoB1 |, PoB2 Doa +p + PoB2
Nap  MoB1 MNoB2 Nap PYEL T Nop2
BESS charging mode Poa t Dop1 T NB2PpuB2 Poa t NMB1PpvB1 T NB2PpuB2
DPoa , PoB Poa
ﬁ + ﬁ + ppoZ n:D + ppol + ppoZ

Table 5.7: Efficiency (%) of the whole PV system with BESS charging mode of Module A

Module Bi1  BESS discharging mode BESS charging mode
Module B2
BESS discharging mode MacPpva T Pop1 T Pop2 NacPpva T NB1PpvB1 T PoB2
Ppva + DOL 4 Dob2 Ppva + Ppus1 + 5222
BESS charging mode NacPpva t Pop1 + NB2PpuB2 NacPpva T NB1PpvB1 T NB2PpvB2
Ppva + Pop1 4 PpvB2 Ppva T Ppvs1 t Ppus2

NoB1

The PV panels of modules A, B1 and Bz are operated at MPP with the PV voltages
Vpva=36 V, vpyz1=18 V and vpyz=18 V. Figures 5.12 and 5.13 show the maximum
power of PV panel in modules A and B, respectively, under different irradiances
and 25°C. The output powers poa, pom and p,m are held at 39.9 W, 20.05 W and
20.05 W, respectively. Thus, the efficiency curves of the whole PV system can be

obtained.
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Figure 5.13: Maximum power of PV panel in Module B under different irradiances and
25°C.

Figure 5.14 shows the efficiency curves of the whole PV system under different
irradiances of modules A, B: and B2. As can be seen in this figure, for given
irradiances of modules B; and Bg, the efficiency increases with the irradiance of
module A. The highest efficiency reaches 98.57% when all PV panels are operated
at 1200 W/m2, whereas the lowest efficiency is 95.71% with each solar panel

irradiance of 10 W/m?2.
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Figure 5.14: Efficiency curves of the whole PV system under different irradiances of

modules A, B: and Bas.

5.4. Chapter summary

A distributed PV system with BESS integrated TPCs is proposed for DMPPT.

Since each solar panel is connected to a TPC as a module, each module can be

operated at its own MPP individually to avoid partial shading issues. The PV

panels and BESSs are connected in series, creating a direct power flow path to

improve the power conversion efficiency.

A simulation model is set up in Simulink to validate the PV system performance.

The simulation results illustrate that the DMPPT can be implemented in all modes,

and a high efficiency of the whole PV system can be achieved, up to 98.57 % in the

circuit used as an example.
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Chapter 6. Conclusions and Discussions

Three different types of TPC topologies are proposed with PPR for PV systems.
The detailed steady state operation analysis of each TPC is presented. A simple
control strategy with its individual variables is attached to each TPC to implement
the MPPT algorithm and/or the load voltage regulation. A simulation model is built

to validate the performance of the PV system.

6.1. Conclusions

The key contribution of this thesis is the proposal of three novel TPCs with PPR.
From the simulation results, the following observations and conclusions are

noteworthy.
Chapter 3:

(1). Just two power switches and one inductor are used, resulting in higher

efficiency.

(2). The MPPT algorithm is implemented in all modes with just one control

variable, resulting in simpler control strategy.

(3). With the employment of PPR, the power conversion efficiency is further

improved.
Chapter 4:

(1). A high efficiency is achieved with partial power processing during charging

mode.

(2). The output can be held at constant voltage and power with a wide operation

range that can be connected to a DC bus.

(3). The control strategy is simple and straightforward with two individual control
loops. One 1s attached to a buck converter for the implementation of MPPT and the

other is employed to regulate the output voltage with a buck-boost converter.

(4). This topology is suggested to be used in low current applications, because the

efficiency increases with the decrease of the output current.
Chapter 5:

(1). Since each solar panel is connected to a BESS in series to regulate the PV power, this

power is used in an efficient way.
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(2). The architecture can be operated in step-down mode, reducing the voltage stress on

the output port.

(3). Each module can implement its individual MPPT algorithm by regulating its

associated TPC, avoiding partial shading issues.

(4). With the PPR technology in each module, a high efficiency is achieved.

6.2. Further work

Some further works can be done to improve the investigations:

(1). Instead of the connection of a resistor, the output of TPCs can be connected to AC grid
through DC-AC inverters to investigate the performances of PV systems and the frequency

fluctuations of AC grids.

(2). The circuit steady state operation and power conversion efficiency of the proposed

TPCs can be validated experimentally.

(3). The transient can be taken into consideration when irradiance changes to investigate

the PV system performance.

(4). A comparison of the effectiveness of different MPPT algorithms using the proposed

TPCs can be done. The battery energy management also can be taken into consideration.
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