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Abstract

The objective of this dissertation is to propose a multi-input single-stage
bi-directional grid-connected inverter (MSBG-inverter). The proposed MSBG
-inverter is composed of multiple buck-boost type dc-dc converters (BBCs) and a
dc-ac unfolder. Because there is only one switch operating at high frequency,
single-stage conversion with circuit simplicity and higher efficiency can be achieved.
For photovoltaic (PV) system application, the MSBG-inverters can eliminate the
shading effect while fulfill the functions of dc-ac conversing and the distributed
maximum power point tracking (DMPPT). For battery energy storage system
application, the MSBG-inverters can realize individual power-handling capability
while fulfill the functions of battery charging and discharging. Moreover, based on the
developed equations, the power flow of the BBCs can be controlled without the need
of input current sensor. Also, with the interleaved operation between BBCs, the
current ripple of the output inductor can be reduced too. Finally, the computer
simulations and hardware experimental results are shown to verify the performance of
the proposed MSBG-inverter for the PV system and the battery energy storage

system.

Keywords: Grid-connected inverter, buck-boost converter, PV system, DMPPT,

battery energy storage system
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Chapter 1  Introduction

1.1 Background

Renewable energy sources such as the photovoltaic (PV) power and wind
turbines have been developed recently because of the fossil fuel exhaustion and
environmental issues. In many cases, the output of the renewable energy sources such
as the PV system, battery energy, and fuel cell are fluctuation DC but most of the
world use AC. Therefore, the renewable energy sources based distributed generation
(DG) systems are normally interfaced to the grid through power electronic converters
or inverters [1] as shown in Fig. 1.1. Thus developing a grid-connected inverter
system is important to use renewable energy efficiency.

The solar power market is growing stably worldwide because of the advantages
of no rotating components [2]-[4]. As predicted by International Energy Agency
(IEA), the PV energy will provide the electricity up to 16% of the total electricity
generation by 2050 [5]. However, the output power degradation due to PV panel
mismatching or shading effect as well as high installation cost becomes a hurdle
[6]-[7]. One possible solution to solve the output power reduction problem is to adopt
the distributed maximum power point tracking (DMPPT) configuration, which means
that each PV panel should be able to produce its own maximum output power despite
other PV panels’ conditions. In addition, the fluctuations of the high penetration solar
energy will cause the negative impact to the grid voltage and frequency stabilization
because of the intermittent and uncertain characteristics. Battery energy storage

system is a promising candidate to compensate the fluctuating power in the vicinity of

1
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these sources and increase the penetration rate of the renewable energy. However, the
total power capacity of the battery energy storage system may be easily reduced by a
particular over charging/discharging battery module due to the battery tolerance,
unequal battery losses, and so on. In order to maximize energy storage, the energy of
the individual battery module must be equalized with each other. Therefore, in this
dissertation, a multi-input single-stage bi-directional grid-connected inverter
(MSBG-inverter) is utilized to realize individual power control as well as to improve
the shading effect and battery equalization for the PV system and battery energy

storage system, respectively.

(e

PV System
Bi-directional Energy Storage

Industry

DC-AC Inverter

-\ —,3:2‘,5(2‘

~~

AC-AC Converter Wind Turbine

Distribution

Fig. 1.1 Renewable energy based distributed power system

d0i:10.6342/NTU201603394



1.2 Motivation

In general, the conventional PV power system consists of a PV array, which is
formed by many PV panels connected in series or parallel, and a grid-tied dc-ac
inverter [8]-[11]. The grid-tied inverter needs to perform the maximum power point
tracking (MPPT) function to extract the maximum power from the PV array under
different irradiance conditions [12] [13]. However, the total harvested power of the
centralized PV system can be easily reduced by the PV panel mismatching, aging, or
shading [14]-[17]. DMPPT is one possible solution to solve the output power
reduction problem. In general, a two-stage configuration to step-up the voltage by a
dc-dc converter with DMPPT function and transfer the DC power into AC power by a
dc-ac inverter is necessary. Moreover, compare to the central MPPT, the main
disadvantage of DMPPT is the need of many power converters, which increase the
installation cost and reduce the power conversion efficiency. The expensive current
sensors are required to calculate the PV output power for maximum power tracking.
Both the two-stage configuration and the expensive current sensor become the major

barriers for the DMPPT PV system.

For the conventional battery energy storage system, it consists of many battery
modules, which is connected in series to form a high voltage input, and a
bi-directional grid-tied dc-ac inverter [18]-[20]. Circuit simplicity is the main
advantage of the conventional type of battery energy storage system but the total
power capacity may be easily reduced by a particular over charging/discharging
battery module due to the battery tolerance, unequal battery losses, and so on. In order
to maximize energy storage, the charge of the individual battery module connected in
series to form a dc bus as the input of the grid-tied inverter must be equalized with
each other. The general solution to solve the battery capacity reduction problem is to

3
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use extra balancing circuit to connect each battery module and equalize the charge of
all battery modules [21]-[23]. However, the balancing circuit may result in the
reduction of total efficiency and the increase of cost and circuit complexity. Also, the
battery energy storage system needs the two-stages converter to achieve the dec-ac
function for the grid-connected inverter and to step-up the dc bus for
charging/discharging the battery. Unfortunately, it will reduce the power conversion
efficiency of the precious energy storage. The two-stages configuration and the
battery module equalization are also the major barriers for the battery energy storage
system.

According to the above discussion, this dissertation proposed an MSBG-inverter
without using current sensors for PV system and battery energy storage system. Each
PV panel or battery module has its own dc-dc converter to control the output power
while the dc-ac unfolder is realized by an output inductor and four active switches

operated at ac line frequency.

1.3 Dissertation Outline

This dissertation consists of six chapters. The content of each chapter is briefly
described as follows.

In Chapter 2, different configurations for grid-connected inverter are first
discussed. Then, the characteristics of single-stage grid-connected inverter are
introduced.

In Chapter 3, the proposed MSBG-inverter is presented. The operation principle
of the MSBG-inverter is first described. By deriving the mathematical equations of
the proposed inverter, the output power of each DC-DC converter can be evaluated

without the current sensors to realize the individual power-handling capability.
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Moreover, the interleaved operation is implemented to reduce the current ripple of the
output inductor.

The proposed MSBG-inverter for the PV system is presented in Chapter 4. The
background information of grid-connected PV system and DMPPT are first described.
With the proposed current control strategy, the output power of each PV panel can be
evaluated without the current sensors. Finally, computer simulations and experimental
results are shown to confirm the validity of the proposed MSBG-inverter for PV
system.

The proposed MSBG-inverter for battery energy storage system is presented in
Chapter 5. The background information of grid-connected battery energy storage
system is first described. Also, bi-directional power control and battery module
equalization are considered in the proposed MSBG-inverter. Also, the interleaved
operation is implemented to reduce the current ripple of the output inductor. Finally,
computer simulations and experimental results are shown to confirm the validity of
the proposed MSBG-inverter for battery energy storage system.

Chapter 6 summarizes the achievements of the effort and suggests further

research possibilities for the future.
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Chapter 2 Review of Grid-Connected Inverters

In this chapter, the architecture and characteristics of different configurations for
grid-connected inverter are first discussed. Based on their circuit topology, the
grid-connected inverter can be divided into two categories: centralized configuration
or distributed conversion configuration. In these configurations, either a two-stage
converter is used for boosting the input voltage and transferring the DC power into
AC power or the DC input voltage should be higher than the peak value of the grid
voltage. Then, the architecture and characteristics of single-phase single-stage

grid-connected inverters are introduced. After that, a summary will be given.

2.1 Centralized Configuration

According to different DC sources connection configurations, the centralized
grid-connected inverter can be further divided into two types: 1.) series-connected
centralized grid-connected inverter (SCG-inverter) 2.) parallel-connected centralized

conversion grid-connected inverter (PCG-inverter).

2.1.1 Series Connection

In Fig. 2.1, it is shown that the SCG-inverter is formed by many voltage sources
connected in series followed by a conventional grid-tied dc-ac inverter. Single-stage
configuration with circuit simplicity is the main advantage of this type of
grid-connected inverter system, but the total power capacity may be easily reduced
due to the characteristics of different voltage source. For the PV system, the grid-tied

inverter needs to perform the maximum power point tracking (MPPT) function to
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extract the maximum power from the PV array under different irradiance conditions.

However, the total output power of this inverter system can be easily reduced by the

PV panel shading or mismatching.

For the battery energy storage system, the total power capacity may be easily

reduced by a particular over charging/discharging battery module due to the battery

tolerance, unequal battery losses, and so on. In order to maximize the power capacity,

the capacity of the individual battery module connected in series to form a dc bus as

the input of the grid-tied inverter must be equalized with each other. The general

solution to solve the total capacity reduction problem is to use extra balancing circuit

to connect each voltage. However, the balancing circuit may result in the reduction of

total efficiency and the increase of cost and circuit complexity.

Voltage
Source

Voltage
source

Voltage
source
#m

Fig. 2.1 The conceptual circuit configuration of the SCG-inverter.

Jr

AC mains

QGrid-connected
inverter

B (M)
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2.1.2 Parallel Connection

One of the ways to avoid the series connection problems of voltage sources in
SCG-inverter, the PCG-inverter using a two-stage configuration to step-up the voltage
by a dc-dc converter and transfer the DC power into AC power by a dc-ac inverter is
shown in Fig. 2.2 [24]-[25]. For the PV system, the two-stages configuration is used
for boosting the input voltage and results and transferring the DC power into AC
power and may result in the reduction of total efficiency. Also, the MPPT function is
difficult to be achieved for each PV panel and the total output power of this inverter
system could be easily reduced by the PV panel shading or mismatching.

For the battery energy storage system, the voltage equalization of each voltage
sources can be naturally achieved because of the parallel connection of each voltage
source in PCG-inverter. On the other hand, it is difficult to estimate the state of charge
(SOC) since it cannot measure the individual voltage of each battery module and
consider the effects of the temperature and charging and discharging efficiency. Also,
this inverter still implies a simpler system design with lower control complexity.
However, it is lack of the individual power-handling capability required for the
different types of battery module. Also, the high current stress of the dc-dc converter
and an inverter as the second-stage will reduce the overall conversion efficiency. Thus
the power capacity of this type of configuration is limited due to the efficiency and

the current stress considerations.
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Voltage
Source
#1

Voltage
source
#2

AC mains

DC-DC
converter

Grid-connected
inverter

RANES

Voltage
source
#m

Fig. 2.2 The conceptual circuit configuration of the PCG inverter.

2.2 Distributed Conversion Configuration

Compare to the centralized configuration, the distributed conversion
configuration can offer the individual power-handling capability for each voltage
sources. According to the power converter configuration, the distributed conversion
configuration can be further divided in three categories: 1.) series-connected
distributed conversion grid-connected inverter (SDCG-inverter) 2.) parallel-connected
distributed conversion grid-connected inverter (PDCG-inverter) 3.) cascade-type

distributed conversion grid-connected inverter (CDCG-inverter) 4.) Micro-inverter.

2.2.1 Series Connection

Fig. 2.3 shows the SDCG-inverter where a dc-dc converter is attached to each
voltage source and the output of each dc-dc converter is connected in series to form a
dc bus as the input of the grid-tied inverter [26]-[28]. Each voltage source has its own

dc-dc converter so the fail voltage source will not affect the output power of other
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voltage sources. For the PV system, the MPPT function can be achieved to extract the
maximum power from each PV panel. Since the output terminal of each dc-dc
converter is connected in series, low voltage rating components can be adopted and
converter cost can be reduced. However, due to the unbalance power flow problems,
the bi-directional power flow control of those series connected dc-dc converters is
complicated and an auxiliary communication facility is needed. Also, the reliability of

this inverter system may be reduced.

Voltage
Source
#1

Voltage
source
#2

AC mains

ANES

Voltage
source
#m

[ )
o o Grid-connected
inverter

DC-DC
converter

o

Fig. 2.3 The conceptual circuit configuration of the SDCG inverter.

2.2.2 Parallel Connection

Another configuration is PDCG-inverter as shown in Fig. 2.4. Each voltage
source is connected by an individual converter and the parallel connected output
terminals deliver power through a grid-tied inverter to the grid [29]. Because of the
parallel connection structure, the advantages of this inverter include circuit simplicity,

and individual power control for each voltage source. Therefore, the DMPPT function
10
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for the PV system, equalization for the battery energy storage system, and capacity
flexibility of this inverter system can be achieved. However, these de-dc converters
with current sensors may result in the increase of cost and a second-stage dc-ac
inverter is still necessary. In this dissertation, an MSBG-inverter extended from the
configuration of PDCG-inverter is proposed and the above disadvantages can be

improved.

Voltage =
Source —
#1

Voltage —_
g - AC mains
source

#2 L

. . o o Grid-connected
inverter

Voltage —
source
#m

DC-DC
converter

Fig. 2.4 The conceptual circuit configuration of the PDCG inverter.

2.2.3 Cascade-Type Configuration

Fig. 2.5 shows the cascade-type CDCG-inverter where the output terminals of
the inverter are connected in series [30]-[31]. Compared to other configurations,
cascade-type offers more flexibility and fault tolerance with multilevel topologies.
Since low voltage rating components can be adopted with single-stage conversion, the
inverter efficiency and cost can be improved.

For the PV system, the CDCG-inverter has the individual power-handling
11
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capability to achieve DMPPT, no limitation on the number of cascaded PV panels.
Also, the CDCG-inverter is suitable to realize the bi-directional power control and
equalization for the battery energy storage system. However, the control of those
series connected dc-ac inverters is complicated and an auxiliary communication

facility is needed.

Voltage ~
Source =
#1

Voltage
source
#2

— . AC mains
LJ ° [ ] i :
[ ) [}
[}
Grid-connected
inverter

Voltage ~
source =
#m

Fig. 2.5 The conceptual circuit configuration of the CDCG inverter.

2.2.4 Micro-Inverter Configuration

An alternative configuration is to adopt a dc-ac micro-inverter for each voltage
source as shown in Fig. 2.6. [32-34] Compared to the above configuration, the
micro-inverter offers more flexibility and fault tolerance in battery energy storage
system. Since each voltage source has its own grid-connected micro-inverter, the
output power of the voltage source can be individually controlled in despite of other
voltage source mismatching. However, many challenges still remain in the way of

achieving lower cost and higher conversion efficiency.
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Grid-connected
inverter

Fig. 2.6 Micro-inverter.

2.3 Single-Stage Grid-Connected Inverter

Consider of the dc-ac inverter without the DC fluctuation, the single-stage
grid-connected inverter becomes a popular configuration for improving the
conversion efficiency and control circuit simplicity. For the single-phase inverter, the
commonly used bidirectional inverter topology consists of four power switches
(H-bridge inverter) as shown in Figure 2.7. However, the input voltage will be
required to be higher than the peak of the grid voltage. Also, this topology has higher
switching and conduction losses in high-voltage high-power applications. Therefore,
many literatures focus on developing single-stage grid-connected inverter. In this
section, four main single-stage grid-connected inverter circuits are introduced and

analyzed.
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Fig. 2.7 Conventional four-switch inverter.

2.3.1 Three-Level Inverter

The three-level inverter with neutral-point-clamped (NPC) PWM topology
shown in Fig. 2.8 was first introduced by Nabae, et al., in 1980 [35]-[36]. During the
positive cycle of the grid, S; is turned on and S, is switched in sinusoidal pulse width
modulation (SPWM). On the other hand, during the negative cycle of the grid, S, is
turned on and Sj3 is switched in SPWM. Voltages across the switches are only half of
the input DC voltage. Because the midpoint of the DC-link capacitors is connected to
the neutral of the grid, the leakage current is also reduced for renewable energy
system application. Moreover, the principles of this three-level inverter topology can
be extended to multi-level inverters with any number of levels. The multi-level
inverters have better fault-tolerant ability by its modular design, so it is very suitable
to produce a higher-voltage output using these low-voltage PV panels or battery
modules. The output of this inverter is multilevel ac voltages where the number of
levels is proportional to the number of PV panels or battery cells and that may result
in the limitation of the power conversion efficiency and capacity flexibility. Also, the
static and dynamic sharing of the voltage across the switches and the input capacitors

is difficult and the reliability of this inverter may be reduced.

14

d0i:10.6342/NTU201603394



F
T
)
Q
I
S
=2 ||
Jesge 21|

AC mains
s_) L

2 YYY

e
S
Es

G

. }
ki
By

Fig. 2.8 Three-level inverter.

2.3.2 SMA H5™ Inverter

Compare to the H-bridge inverter, the H5™ inverter which is shown in Fig. 2.9
has drawn many attentions for the single-stage grid-connected inverter because of its
higher efficiency, smaller size, and leakage current reduction [37]. In Fig. 2.9, S; and
S, are switched at the ac line frequency as a low frequency selection network. During
the positive cycle of the grid, S5 and S, are switched in SPWM. On the other hand,
during the negative cycle of the grid, S5 and S; are switched in SPWM. The fast
recovery diode for S; and S, is used to reduce reverse recovery loss. Since the S5 and
S; or Sy share the input DC voltage, lower voltage rating components can be adopted
and high conversion efficiency is achieved. Moreover, there is lower leakage current
in this inverter and it’s important for renewable energy system application. However,
as the H-bridge inverters, the input DC voltage must higher than the peak of the grid

voltage, which limits the input voltage range for renewable energy system application.

2.3.3 HERIC Inverter

Similar to the H-bridge inverter, the HERIC inverter with lower leakage current

15

d0i:10.6342/NTU201603394



is proposed [38]. As shown in Fig. 2.10, the HERIC inverter combines the advantages
of H-bridge inverter and reduces the leakage current by using auxiliary switches (S5
and S;) for zero states or freewheeling period. During the positive cycle of the grid, S;
and Sy are switched in SPWM. On the other hand, during the negative cycle of the
grid, S> and S; are switched in SPWM. The auxiliary switch S5 and S5 are switched
during freewheeling period of the positive cycle and the negative cycle, respectively.
Although the frequency of the output current is equal to the switching current, this
inverter generates lower leakage current with high conversion efficiency. Similar to

H-bridge inverters, the input DC voltage must higher than the peak of the grid

voltage.
1Y1 J I
Sﬂ S S Y
Sife B2
AC mains
VS N —-—C 9
Sﬂi Sy |
— —
. ™ -
Fig.2.9 SMAHS5 ™ inverter.
‘ ‘
1 ] L
Sty S
ZJ ]
AC mains
Vs . C €

S Sy | <
ﬂzl4: .-

Fig. 2.10 HERIC inverter.
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2.3.4 Dual-Buck Inverter

In the H-bridge inverter topology, there is shoot-through issue because the active
power switches are connected in series in each phase leg. A dual-buck inverter
consists of two buck converters and also has features of the conventional half-bridge
inverter is shown in Fig. 2.11 [39]. By using one switch at one time, not only the
switching loss but also the conduction loss can be significantly reduced. The
converter exhibits two distinct merits: first, there is no shoot-through issue because no
active power switches are connected in series in each phase leg; second, the reverse
recovery dissipation of the power switch is greatly reduced because there is no
freewheeling current flowing through the body diode of power switches. The
converter works as a rectifier when the power is transferred from ac grid to dc source.
Alternately, it works as an inverter when the power is transferred from dc source to ac

grid.

L;
. AN
G0 AC mains
N P
[ E—_—
) Lg
NV
C
? —_— A D,
—
S2 )<
—

Fig. 2.11 Dual-Buck inverter.

2.4 Summary

In this section, the architecture and characteristics of different configurations for

grid-connected inverter are reviewed and four main single-stage grid-connected

17

d0i:10.6342/NTU201603394



inverter circuits are introduced. Table 2.1 lists the Comparisons of different
configurations for grid-connected inverter. For these configurations, either a two-stage
converter is used for boosting the input voltage and transferring the DC power into
AC power or the input voltage will be required to be higher than the peak of the grid
voltage. Moreover, expensive current sensors for each voltage source are required to
calculate the input power for the power flow control. Both the two-stage configuration
and the expensive current sensor become the major barriers for grid-connected
inverter.

Therefore, this dissertation proposes an MSBG-inverter without using current
sensors is proposed, as shown in Fig. 2.12, for the renewable energy system. Similar
to the PDCG-inverter, the proposed MSBG-inverter can achieve individual power
control of each voltage source so that important features of the DMPPT, the battery
module equalization, and capacity flexibility can be accomplished. In addition, a
dc-ac unfolder that only switches at the zero crossing of the line voltage is used for
converting the high frequency pulsating dc current generated by the dc-dc converter
into a sinusoidal one with grid frequency. Its switching loss can be neglected by
comparing to those power switches in the dc-dc converter. Therefore, the energy of
each voltage source is transferred to the ac mains by means of single-stage power
conversion. Also, the proposed MSBF-inverter generates lower leakage current
because of the unfolder. Moreover, the buck-boost dc-dc converters operated with
interleaving are used to reduce the current ripple of the output inductor.

The aim of proposed inverter is to improve the power conversion efficiency,
reduce the output inductor size, eliminate the input current sensor, and simplify the
control circuit. Thorough analysis and mathematical equations of the proposed

inverter will be presented in the next chapter.
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Table 2.1  Comparisons of different configurations for grid-connected inverter
Individual
Configuration power-handling Features
(DMPPT)
Circuit simplicity, lower cost, and higher
SCG-inverter No
Centralized efficiency
Conversion Voltage equalization and low efficiency
PCG-inverter No
with high current stress
Low voltage stress and circuit complexity
SDCG-inverter Yes
for auxiliary communication
Distributed | PDCG-inverter Yes Control simplicity and lower efficiency
Conversion | CDCG-inverter Yes Multi-level output and control complexity
Flexible design for expansion and higher
Micro-inverter Yes
cost
= W AC mains
. . ® . ‘{\/
) s DC-AC
Unfolder
DC-DC
Voltage Source Converter

Fig. 2.12  The proposed MSBG-inverter.
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Chapter 3  The Proposed MSBG-Inverter

In order to improve the conversion efficiency and control circuit simplicity of
grid-connected inverters, an MSBG-inverter without using current sensors is proposed
in this dissertation. The circuit diagram of the proposed MSBG-inverter, which is
composed of m sets of distributed buck-boost type dc-dc converters (BBCs) and a
dc-ac unfolder, is shown in Fig. 3.1. Each BBC consists of two switches, two diodes,
and one inductor. It can convert the DC current provided by the DC voltage source
into a high frequency pulsating one with a low frequency rectified sinusoidal envelop.
This high frequency pulsating output current of the BBCs will be converted into
sinusoidal one with utility line frequency by the dc-ac unfolder. The dc-ac unfolder is
composed of 4 active switches operated at low switching frequency and an output
inductor. During the positive half-cycle of the ac mains, the switches S, and Sp are
turned-on while Sp and S¢ are off. For the negative half-cycle, switches Sp and S¢ are
on and S, and Sp are off. Because the unfolder only switches at the zero crossing of
the grid voltage, its switching loss can be neglected by comparing to those power
switches in the dc-dc converter. Therefore, the energy of each voltage source is
transferred to the ac mains by means of single-stage power conversion. In this chapter,
phase-lock loop (PLL) for synchronization is first described. To achieve the
bi-directional power flow feature of the MSBG-inverter, two main operation modes of
the BBCs will be discussed: (1) DC-AC conversion mode and (2) AC-DC conversion
mode. Also, the BBCs operated with interleaving to reduce the current ripple of the

output inductor are discussed.
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Fig. 3.1 The circuit diagram of the proposed MSBG-inverter.

3.1 Phase-Lock Loop for Synchronization

For grid-connected inverter, the synchronization is an important function and the
zero-cross detection is a simple way to calculate the phase angle [40]. However, this
method is sensitive to the distorted grid voltage and tends the larger steady-state error.
Therefore, digital PLL is widely used because of the flexibility and high reliability for
the synchronization [41]-[42]. Fig. 3.2 shows the simplified structure of the PLL

controller, which is used to synchronize the phase angle of the grid. For the simplified
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PLL to operate, the grid measurement must have a magnitude of one that can be
obtained by using the all pass filter (APF) and trigonometric identity. By using the
products of the cosine of the grid angle 6, and the sine of the PLL output angle 0, the

product signal can be derived as:
V.= [sin6, +0)sin@, ~0)] (3.1)
If 6, = 6, + A, then (3.1) can be rewritten as:
V.= [sin20) sin(2)] (3.2)

The low pass filter (LPF) needs to be designed to significantly attenuate the two times
of the grid frequency so only sin(}) is left. Through the LPF, K, compensator chosen
for the maximum bandwidth and a sufficient step response, and the integration of
adding the grid frequency wy, the second harmonic term will be filtered and the PLL
output angle 65 which is used to control the output current of MSBG-inverter can be

obtained as:
6 = j (K Ao+ a,) (3.3)

The PLL is important to meet the requirement to synchronize with the grid for
electric grid connection and it allows small variations between frequency, phase, and
magnitude transients. The simplified transfer function for PLL is expressed as:

Ko

_s(s+a)c)

(3.4)

T

Fig. 3.3 shows the Bode plot of the PLL controller at K, = 250 and the cut-off
frequency of LPF f. = 20Hz. The PLL controller is designed to achieve a crossover
frequency of 24.8 Hz in grid-connected mode and a phase margin of 34.7 degree with

stability.
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Fig. 3.2 Block diagram of the PLL controller.

Bode Diagram

Delay Margin (sec): 0.00433

Phase Margin (deg): 38.7
At frequency (Hz): 24.8
Closed Loop Stable? Yes
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System: G
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Frequency (Hz)

Fig. 3.3 The Bode plots of the PLL.

3.2 DC-AC Conversion

To achieve the bi-directional power flow feature of the MSBG-inverter, two main

operation modes of the BBCs will be discussed. For dc-ac conversion of the first BBC

set in Fig. 3.1, Fig. 3.4 and Fig. 3.5 show the two-sub-operating modes in the positive

half cycle and negative cycle of the grid. When S;; operates, the current i;; is

increased because the voltage across inductor L; is positive. When S, is turned off,
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the current iz, is decreased and the energy of L; is transferred to the ac mains.

For dc-ac conversion of the first BBC set in Fig. 3.1, the switch S.; is always
turned off and the gate signal of S;; can be generated by comparing the rectified
sinusoidal signal V;, which can be obtained via the PLL with the saw-tooth carrier
signal Vj,, in discontinuous current mode (DCM) operation as shown in Fig. 3.6(a).
Also, the switch S, is turned-on naturally in zero current switching (ZCS) due to the
operation in DCM. In addition, a natural PFC function and the simplified EMI filter
design are maintained in the proposed MSG-inverter.

Because of the rectified SPWM control with DCM operation, the waveform of
the inductor current, iz;, has an envelope of the rectified ac mains. During the

half-cycle of the grid line, the total switching numbers N can be expressed as:

v S
2/

(3.5)
where f; is the switching frequency and f'is the grid frequency. Typical waveforms of
the inductor current, i;;, and output current, i,;, for the DCM operation during the 4-th
switching cycle are shown in Fig. 3.6(b).

In Fig. 3.6(b), da[k] and d,:[k] are defined as the charging duty ratio and the
discharging duty ratio of the k-th switching period 7, respectively. For the first BBC,
during the charging period, the active switch S,; is turned on and the voltage potential
across the input inductor L; is equal to the input voltage V,; which results in the
linearly increased inductor current. When the switch Sy; is turned off, the voltage

potential across the input inductor L; is reversed and equal to the capacitor voltage Vs

which can be assumed to be the rectified ac mains because of the unfolder.
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Fig. 3.4 Sub-operating modes in the positive half cycle (a) Sz, is on. (b) Su; is off.

| s

(b) Sy is off

Fig. 3.5 Sub-operating modes in the negative half cycle (a) Sy, is on. (b) Sy; is off.
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(b) Typical input inductor current and output current waveforms of the first BBC

during the k-th switching cycle in DC-AC conversion mode.

Fig. 3.6 The control signal generation and input inductor current waveform of
the first BBC in DC-AC conversion mode.

Due to the DCM operation, the inductor current i;; decreases to zero during the
discharging period. The peak current of the input inductor of the £-th switching cycle

can be expressed as:

, V. Vylk]
iy _p[K1= = dy (K17, ==

1 1

~d [T, (3.6)

where V. [k] 1s the output capacitor voltage during the k-th switching cycle. Due to

the DCM SPWM control, (3.6) can be further modified as:
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: v, .k
ld_pl[k] :_1 'Dplsnll(ﬁ

I ) (3.7)

where D,; is the maximum duty ratio during the half-cycle of the grid line. To ensure
the DCM operation in DC-AC conversion mode, the charging current must be smaller

than the discharging current of the input inductor and follow the restriction:

D T 1-D )T
y, D “<ﬁVac(lq'“)S (3.8)

Thus, the restriction can be rewritten as:

V2”7,

D, <(— e
" I/vl +\/El/ac

(3.9)

where V,. is the rms value of utility grid line voltage. It should be mentioned that the
desired D,; can be easily obtained by controlling the amplitude of the rectified
sinusoidal signal V;, as shown in Fig. 3.3(a).

The average output current of the first BBC during the positive half-cycle can be
derived as:

. 1 &Niy alkld KT,
<i, >=;,Z% (3.10)

k=1
From (3.6) and (3.10), the average value of the output impedance of BBC can be

expressed as follows:

(3.11)

In (3.11), the ratio of V. and d; for each k-th switching cycle can be
approximated as a constant since both of them can be approximated as rectified
sinusoidal functions. It implies that the BBC has a constant output impedance and can
inject power into the ac mains with an almost unity power factor. On the order hand,

the proposed MSBG-inverter cannot provide the ac mains with reactive power.
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Due to the DCM SPWM control with the current waveforms shown in Fig.

3.6(b), the average DC-AC input power can be obtained as:

Ay
Fi=3 ]lv gzd,pl[k]ddl[k] (.12)

Combining (3.6), (3.7), and (3.13), the expression of the average DC-AC input

power becomes:

St
By=——=1V.D, -sint—) 3.13
LG N G

Eq. (3.13) reveals that the average DC-AC input power is only related to V,; and
D, if other parameters ( f, f;, N, and L; ) are carefully designed. In other words, the
input power of the BBC can be determined without measuring the DC current. By
measuring the voltage source V,; to generate appropriate maximum duty ratio D,; of
the BBC, it is possible to realize the individual power-handling capability required for

multi-input grid-connected inverter system.

3.3 AC-DC Conversion

For ac-dc conversion of the first BBC set in Fig. 3.1, Fig. 3.7 and Fig. 3.8 show
the two-sub-operating modes in the positive half cycle and negative cycle of the grid,
respectively. When S,.; operates, the current i;; is decreased because the voltage across
inductor L; is negative. When S,; is turned off, the current i;; is increased and the
energy of L; is transferred to the voltage source. For AC-DC conversion mode, the
switch S;; is always turned off and the gate signal of S.; can be generated by
comparing the reference signal V., with the saw-tooth carrier signal V., with DCM
operation as shown in Fig. 3.9(a). In Fig. 3.9(b), d,; is defined as the charging duty
ratio and d.,[k] is defined as the discharging duty ratio of the k-th switching period T,
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respectively. For the first BBC, during the charging period, the active switch S.; is
turned on and the voltage potential across the input inductor L; is equal to the
capacitor voltage V. which can be assumed to be the rectified ac mains because of the
unfolder. When the switch S.; is turned off, the voltage potential across the input
inductor L, is reversed and equal to the voltage source V,; which results in the linearly
decreased inductor current. Due to the DCM operation, the inductor current i;;
decreases to zero during the discharging period. The peak current of the input inductor

of the k-th switching cycle can be expressed as:

V. K] %
[ IK=—2=d, T =" d k]I, 3.14
o I, 1, (3-19)

Also, to ensure the DCM operation in AC-DC conversion mode, the charging
current must be smaller than the discharging current of the input inductor and follow

the restriction:

AT  (1-d)T
V27, 2‘*<Vv1( L"l)‘ (3.15)
1 .

1
Thus, the restriction can be rewritten as:

14
dc < (—"l
NG (3.16)

Due to the DCM SPWM control with the current waveforms shown in Fig.

3.4(b), the average AC-DC output power can be obtained as:

_fdc12 N 2
B = L ;(ch[k]) (3.17)

Eq. (3.17) reveals that the average AC-DC output power is only related to V [{k]
and d,.; if other parameters (f;, NV, and L,) are carefully designed. Also, the AC-DC

output power can be determined without measuring the DC current.
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Fig. 3.7 Sub-operating modes in the positive half cycle (a) S,; is on. (b) S.; is off.
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Fig. 3.8 Sub-operating modes in the negative half cycle (a) S,; is on. (b) S.; is off.
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(b) Typical input inductor current and output current waveforms of the first BBC
during the k-th switching cycle in AC-DC conversion mode.

Fig. 3.9 The control signal generation and input inductor current waveform of the

first BBC in AC-DC conversion mode.

3.4 Interleaving Operation

For the proposed MSBG-inverter, the m-sets of BBCs can operate in the
interleaving fashion. The required synchronization signal for the interleaving
operation can be easily obtained from the ac line voltage and no extra communication
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between BBC is required. By shifting the duty cycles of adjacent channels with
360°/m, the total current ripple of the output inductor can be greatly reduced. Fig. 3.10
shows the voltage and current waveforms of the BBC’s output of two phase
interleaving in DC-AC conversion mode. The shifting time 7,, of m-sets of BBCs can

be expresses as:

T,=— (3.18)

Since the average voltage of output inductor L, is zero at steady state, the average
voltage across Cris equal to V,. and the peak discharging time 7,5 can be expressed
as:

BRI ’

The discharging time of the capacitor Cycan be expressed as:

T =T -7 = _ YDy (3.20)
d m off mfé \/EKJ(; .
The peak deviation of the output capacitor can be derived as:
T
AV, == 321
G Cf ( )

where Cris the capacitor value and /,. is the peak value of the output current. Since
the variation of the storage energy of the output capacitor is almost equal to the
variation of the storage energy of the output inductor in 7}, interval, the equation for

the storage energy can be derived as:

1 1
E, - CAV,’ = LA’ (3.22)

where Ly is the output inductor value and Al is the peak current deviation of the

output inductor. From (3.20), (3.21), (3.22), and Fig. 3.5, the peak current deviation of
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the output inductor can be obtained as:

L_ Vlepl 2

_ [mfi ﬁm] " (3.23)
. LG,

From (3.23), it can be founded that the ripple current can be decreased by adding the

numbers of the BBCs directly.
On the other hand, Fig. 3.11 shows the voltage and current waveforms of the
BBC'’s output of two phases interleaving in AC-DC conversion mode. The average

voltage across Cris equal to V. and the charging time 7,, can be expressed as:

d
L= (3.24)

The charging time of the capacitor Crcan be expressed as:

1 d
T.=T,-T, =—-—% 3.25
S (3.25)

The peak deviation of the output capacitor can be derived as:

AVe =—% (3.26)

From (3.24), (3.25), (3.26), and Fig. 3.6, the peak current deviation of the output

inductor can be obtained as:

(3.27)

From (3.23) and (3.27), it can be founded that the ripple current can be decreased by
adding the numbers of the BBCs directly. This interleaved operation can achieve not
only the higher ripple frequency of the output current that the size of the output
inductor and capacitor can be reduced but also the ripple current reduction because of

the gap or overlap in different current phase of each BBC. Moreover, the interleaving
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operation increases the switching frequency without increasing the switching losses.
The obvious benefit is an increase in the power density without the penalty of reduced

power-conversion efficiency.

Tnﬁ" Td Tm/ 2
T

Fig. 3.10 The output voltage and current waveforms of the BBC of two phase

interleaving in DC-AC conversion mode.

T on Tc T,, ,/ 2
Tm

Fig. 3.11 The output voltage and current waveforms of the BBC of two phase

interleaving in AC-DC conversion mode.
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3.5 Loss Consideration

The proposed MSBG-inverter can be classified as a single-stage converter since
the unfolder only operates at the zero-crossing of the line voltage and its switching
loss can be neglected. Major losses of the BBC come from device conduction,
switching and inductor. Form (3.7) and (3.14), the rms current of S;; and S.; of the

k-th switching cycle can be expressed as:

L = \/ (D sm@)j[ ] (3.28)
oy = ;d(z/][?j (3.29)

For the first BBC set, the conduction losses of the S,; and S.; can be estimated

by:
R Ay Y
Paconn = W“”( D, sinf(; ”)J [;}j (330)
AR, won VI
I)cl(cond): “ ;}\;JA(ON) (Zl[f‘]j (331)

where Ry ason) and Re; gson) are the turn-on resistance of Sy; and S, respectively.
With the DCM operation, the switches S;; and S,; are turned-on at zero current and
nearly lossless. For the turn-off transient, the switch current of S;; and S,; fall to zero
and the worst case value of the current fall-time can be read from the switch
data-sheet. The turn-off current of S;; and S.; of the A-th switching cycle can be
obtained from (3.7) and (3.14). Therefore, the turn-on switching losses of S;; and S,;
can be neglected. For example, the key components S;; and S.; are both used by

MOSFET and The turn-off loss of S.; and S,; can be approximated by [43]:
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T 3\, . krx . krx
By ot = ﬁ - [i D, Sm(ﬁ) (Vw + \/EVM Sm(ﬁ)ﬂ (3.32)

L,
Ty \N2V, | . k¢ -k
P oty = ﬁ £ |:L—1 d, Sm(ﬁ) : (I/vl + \/EVQC Sm(ﬁ)) (3.33)

where T,; 1s the turn-off transient time which is a function of the driving current and
the input capacitor Cj, of the datasheet. In addition to the switching loss, the C,q loss
1s minor and the C,, loss can be calculated as:

1

2

Pcoss(Sdl) = Ecoss(Sdl) 'leiDS(turn—an) ’fsw (3-34)
1 2

I)coss(Scl) = E C()SS(SL’l) ’ chliDS(turn—nn) ’ fj\‘w (3'35)

where Cogsar)and Coggser) are the equivalent drain-to-source capacitance, Vi psuurn-on)
and V.; ps@um-ony are the drain-to-source turn-on voltage for S;; of and S.;. The
inductor loss can be calculated as:

B = Bopper T Frore (3.36)
where Popper and P, are the copper-loss and core-loss of the inductor. The
copper-loss is easily obtained by multiplying the square value of the inductor rms
current by the ESR of L;. The core-loss generated by changing magnetic flux field
within the material is a function of half of the AC flux swing and frequency ant it can
be approximated as:

P,.=aB,"f* (3.37)
where a, b, ¢ are constants determined from curve fitting in the core data-sheet, and
By 1s defined as half of the AC flux swing. As a result, the frequency should be
selected by compromising between switching loss, core loss and copper loss.

Moreover, the Crloss and unfolder loss are also significant and the C; loss can be

calculated as:
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P, =1," Ry (3.38)
where Icris the rms value of the Crcurrent and Rcyis the ESR of C The unfolder loss

1s the conduction loss of the 4 switches that can be calculated as:

2
PUnfolder = 2’ : 10 : RAids(ON) (3 39)
where R, 450n) are the turn-on resistance of Sy,

The total loss of the proposed MSBG-inverter in dc-ac conversion mode can be
expressed as:

P

Total (DC - AC)

=P

D1(comduction )

+ PD](flll’)l—Off) + PCoss(Sm) + PLI + PC,» + PUnfoIder (340)

The total loss of the proposed MSBG-inverter in ac-dc conversion mode can be
expressed as:

P,

Total (DC—-AC)

= Pertcomduction y ¥ Percum-opy + Peoss sy T 1, + Pc,» + Blotder (3.41)

3.6 Summary

In this dissertation, an MSBG-inverter without using current sensors is proposed.
The rectified sinusoidal envelop-shaped pulsating output current of the BBC is
injected into the ac mains via the unfolder, which consists of 4 active switches and a
LC filter. Since the unfolder is switched at the ac line frequency, its switching loss is
very low and can be neglected. Therefore, the proposed MSBG-inverter only has one
high-frequency PWM signal and can be categorized as a single-stage inverter. If the
low conduction voltage drop power MOSFET and ultra-fast reverse recovery diode
are used, the proposed MSBG-inverter can be very efficient. Finally, the design
procedure of the proposed MSBG-inverter can be summarized as follows:

1) To ensure the DCM operation of the BBC, determine an eligible maximum duty
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2)

3)

4)

5)

ratio shown in (3.9) and (3.16) according to the rated voltage of the dc voltage

source and the ac-mains.

Select the appropriate switching frequency and determine the total switching

numbers shown in (3.5) with grid frequency.

Design the input inductor L; shown in (3.13) and (3.17) with the circuit
parameters f, fs, D,1, d.1, N, and Py;.

Based on the numbers of voltage sources, shift the duty cycles of adjacent
channels with 360°/m for the interleaving operation.

Select the appropriate value of the output current ripple to determine the output
inductor and capacitor shown in (3.23) and (3.27) with the circuit parameters m,

Tma Lp17 L]a VS’ and Iac-
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Chapter 4 The MSBG Inverter for PV System Applications

Fig. 4.1 shows the block diagram of a conventional PV system with MPPT
function. The roles of the dc-dc converter and dc-ac inverter are to transfer the DC
power into AC power and optimize the harvest power of the PV panels under different
irradiance with MPPT function. However, the control current is relatively complex
and the two-stages configuration is needed while cost will be increased because of the
requirement of the additional sensing circuit. The proposed MSBG-inverter is one of
the ways to realize the DMPPT function and improve the above drawbacks. For the
grid-connected PV system application, Each PV panel has its own dc-dc converter to
fulfill the MPPT feature while the unfolder is realized by an output inductor and four
active switches operated at ac line frequency. The dc-dc converter produces a high
frequency pulsating dc current with a rectified sinusoidal envelope. The MPPT feature
can be achieved by adjusting the maximum duty of the power switch in the dc-ac
converter. The unfolder can convert the high frequency pulsating dc current generated

by the dc-dc converters into a sinusoidal one with utility line frequency.

4.1 PV Panel

Fig. 4.2 shows a common electrical model of PV panel including the shunt

resistor Rgy that controls the leakage current. The PV current can be expressed as:

4

Ly =1Ig =Ig(e" =1)~

V
R SH
where /. is the short circuit current, /; is the diode reverse current, # is diode ideality

(4.1)

factor, and Vris the temperature voltage. Based on the electrical model of PV panel,

the nonlinear I-V characteristic curve can be obtained. Fig. 4.3 shows the I-V
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characteristic curve of a commercial product [44]. It can be observed that the I-V
curve highly depends on the irradiance. Therefore, MPPT function is required to

extract the maximum power from the PV array under different irradiance conditions.

DC-DC DC-AC
Converter Inverter
Vv ipv = Vhus ~ Vac i(lt
PV Panels > _ p AC mains
MPPT )
ller1 ller2
Algorithm —» Controller Controller

Fig. 4.1 Block diagram of a conventional PV system with MPPT function.

Fig. 4.2 The electrical model of the PV panel.
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Fig. 4.3 The I-V characteristic curve of a commercial product.

VOC

Module voltage [V]

4.2 DMPPT

Usually, a PV power system consists of many PV panels arranged in strings by
series or parallel connections. The output power of a PV panel always depends on its
operating voltage, the irradiance, and the temperature. The non-uniform insulation
could easily reduce the total output power of the PV power system. For example, a PV
power system formed by two-series-connected PV panels with partial shading is
shown in Fig. 4.4(a). Its corresponding I-V and P-V curves are shown in Fig. 4.4(b)
where the extra local maximum power point may trap the MPPT controller. Even
through the global maximum power point is found, the total output power of the two
PV panels is still not the actual maximum power obtained from the two individual PV
panels. One way to solve this problem is to use the DMPPT method. In general, the
main disadvantage of the DMPPT PV system in comparison to the central MPPT PV
system is the need of many power converters, which increase the installation cost and
reduce the power conversion efficiency. Also, expensive current sensors are required
to calculate the PV output power for maximum power tracking. Both the two-stage
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Fig. 4.4 Two-series-connected PV panels with partial shading (a) Two
series-connected PV panel. (b) The corresponding I-V and P-V curve with partial

shading.

configuration and the expensive current sensor both become the major disadvantages
for the DMPPT PV system. Therefore, the proposed MSBG-inverter is one of the
ways to solve the above problems.

Because of the nonlinear voltage-current characteristic of the PV panel, the

perturbation and observation (P&O) strategy is commonly used to achieve the MPPT

function because of its simplicity. For the conventional P&O MPPT control, the input
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current information is always needed to calculate the PV power. For the proposed
MSBG-inverter, the input power can be easily determined and controlled without
using expensive current sensors.

The flowchart of the P&O MPPT algorithm for the proposed MSBG-inverter is
shown in Fig. 4.5. The interrupt period is a user defined parameter which ranges from
10 to 100 ac cycles. At the beginning of the interrupt routine, the present input power
P;; supplied by the PV panel is calculated by using (3.10). Then, the present PV
power Py, is compared with the previous PV power P;; . to determine the status of
the PV power. According to the PV power comparison result and the maximum duty
change trend 4D, in the previous interrupt routine, the maximum duty ratio D, will be
either increased or decreased by modifying the amplitude of the rectified sinusoidal
reference signal V;, as shown in Fig. 3.6 (a). For example, if P;,>P;; ,a and 4Dp>0,
the new D, is determined as the one in the previous interrupt routine, D, .4, plus a
constant quantity 4D. On the other hand, if P;;>P;; o4 and 4D,<0, the new D,
becomes D), ,i4-AD. It should be mentioned that 4D is a user defined parameter with
the trade-off between the speed and the efficiency of the MPPT. Before exiting the
interrupt routine, the present PV power and the maximum duty change trend should
be saved. The P&O MPPT strategy can be easily applied to the proposed

MSBG-Inverter.
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Interrupt

v

Sense V,;

v

Calculate the input power P;; by
using V.; and D, shown in (3.13)

D, ]):D p_old -AD D, ]):D p_old +AD D, ]):D p_old -AD D, ]):D p_old +AD
v
AD]} :Dp ~Lp old
PI.IJ;[d:PLl: Dpioch:Dp
Return

Fig. 4.5 The P&O MPPT flowchart for the proposed MSBG-inverter.

4.3 MSBG-Inverter for the PV System

Fig. 4.6 shows the proposed MSBG-inverter for the PV system application. In

Fig. 4.6, by controlling the peak duty ratio and measuring V,,, it is possible to obtain

the input power information needed for the MPPT control strategy. Each BBC can

have the distributed MPPT function and the total power is centralized to the dc-ac

unfolder. Because of the nonlinear characteristics of the PV array on the power versus

the voltage, the P&O is used for the MPPT function of PV systems. Generally it is

necessary to calculate the PV power by the product of the voltage and the current. But

in this case the peak duty cycle and V,; can be used for estimating the PV power and

periodically increase or decrease the duty command without using an expensive

current sensor.

The control block diagram of the proposed MSBG-inverter, as an example, is
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shown in Fig. 4.7. The duty cycle signal, D,;, can be determined by using the
derived equation (3.10) without measuring the PV panel current. The synchronous
rectified sinusoidal function with the grid frequency, |sinwt|, can be obtained via the
PLL and is used to generate the reference signal D,,|sinwt|. The gate signal of S;; can
be generated by comparing D,,;|sinwt| with the saw-tooth carrier signal V.

For the PV system, the power generated from the PV panel must be kept constant
for maximizing energy harvest. The MPPT provides constant output power from the
PV panel, while the injected power to the grid is following a rectified sinusoidal wave.
This requires energy storage elements such as capacitors to be placed between the
input of the converter and the output of the PV panels for power decoupling. In Fig.
4.6 the output power of PV panel#1 without considering the conversion efficiency can

be decomposed as:

. 1 1
P, (t)=1V, sin’(2nft)= Elme + Elme cos(4nft) 42)

=B oWt F (1)
where I is the peak value of i,., V, 1s the peak value of v,, P, 4 1s the output average
power, which is equal to the PV output power, and P, ,(¢) is the pulsating power at
double-line frequency, which may get reflected into the input side, and greatly
deteriorate the MPPT performance. , The decoupling capacitor value can be

determined as follows [45]:

P

C=rt—
L2V, AV @

where P; is the rated power of the PV panel, Vpy is the dc voltage across the

decoupling capacitor C;, and 4V is the maximum allowable peak-to-peak voltage

ripple.
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Fig. 4.6 The circuit diagram of the proposed MSBG-inverter for the PV system

application
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Fig. 4.7 The control block diagram of the proposed MSBG-inverter for the PV

system.
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Table 4.1 PV panel specifications

Open circuit voltage | V,.=55V

Short circuit current | [, =2.5 A

MPP voltage V=45V
MPP current Lypy=2A
MPP power P ;=100 W

4.4 Computer Simulation and Experimental Verifications

A prototype of the proposed MSBG-inverter with two BBCs for PV system is
built and tested. To achieve the desired output power, the component values and
parameters must match the equations derived in previous sections. The specifications
of the PV panels used for the design example are listed in Table 4.1. For the
110V rms/60Hz utility line, by using (3.6), the maximum duty ratio can be obtained:

D, <0.775 (4.4)

To achieve the same desired PV panel output power, as shown in (3.13), the
input inductor L, as a function of the switching frequency f;. It implies that a small
size inductor is possible and the weight of the proposed MSBG-inverter can be
reduced. However, a high switching frequency implies a large switching loss and the
trade-off between the inductance reduction and the switching loss increment need to
be carefully judged. As the example shown in Fig. 4.8, there is no obvious reduction
in input inductance when the switching frequency is higher than 20 kHz. Therefore,
the switching frequency is selected as 20 kHz for the prototype circuit. Based on the
derived mathematical equations in previous chapter, specifications of the prototype
MSBG-inverter can be determined as:

1) Input inductor L; = L, =120 pH

2) Input capacitor C; = 1360 pF
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2) Maximum duty ratio D, = 0.75
3) Switching frequency f; = 20 kHz
4) Output capacitor Cy=2uF

5) Output inductor Ly= 1.8 mH

1000 f
800
600 [
400

200 F

0 1 L 1 1 1
0 20 40 60 80 100

Input Inductor (uH)

Switching Frequency (kHz)
Fig. 4.8 The input inductor L,, as the function of switching frequency f;.

With the design procedure presented in pervious chapter, the output current of
the proposed MSBG-inverter can be well controlled. The computer simulation tool
Simplis is used to verify the operation of the proposed MSBG-inverter for the PV
system. Fig. 4.9 shows the power stage and open loop control circuit in Simplis. Fig.
4.10 shows waveforms of the gate signal Vy,,, input current i;;, ac main voltage v,
and ac output current i,., respectively. It can be seen that the MOSFET §;; is operated
with ZCS at turn-on transition. In fact, all MOSFETs in each input-stage circuit of the
proposed MSBG-inverter operated with ZCS at turn-on transition with similar gate
signal and input current waveforms.

The simulation results shown in Fig. 4.11 are the key waveforms of the proposed
MSBG-inverter with only one BBC and two interleaved BBCs operation, respectively

while the output power is calculated as 100W. The MOSFET S is operated with ZCS
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at turn-on transition. In Fig. 4.11, it is obvious that the input inductor current iz,, has

an envelope of rectified sinusoidal waveform and an almost sinusoidal output current

is generated. In Fig. 4.11(a), the output current i,. of the MSBG-inverter has a peak

value equal to 1.5A, where the rms value of the ac mains voltage v,. is 110V. In Fig.

4.11(b), the peak value of output current i,. equals to 1.5A since two BBCs are

interleaving. The maximum output current ripple with only one BBC operation shown

in Fig. 4.11(a) is about 0.19A which is much larger than the one of 0.03A shown in

Fig. 4.11(b) where two interleaved BBCs operating.

VGA1

Sd1
D12

D1

‘\}

byv29
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Vi _— ——1m

byv29
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L_2u
c7

VGA22  VGAll

V7 V8

lout

VGB1

Sd2
D16

D2

byv29

50 l im

NE — cs
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Fig. 4.9 The proposed MSBG-inverter circuit for the PV system in Simplis.
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Fig. 4.11 Computer simulations of ac main voltage (top), ac output current
(middle), and input current (bottom) for MSBG-inverter with non-interleaved or

interleaved operation.

The corresponding hardware experimental waveforms of the simulated ones are
shown in Fig. 4.12 and Fig. 4.13. The controller is implemented by a microprocessor,
TMS320F2808, with the merit of circuit simplicity. Fig. 4.12 shows experimental
waveforms and it also can be seen that the MOSFET S, is operated with ZCS at
turn-on transition. In Fig. 4.13(a), the peak output current ripple with only one BBC is
about 0.2A which is much larger than two interleaved BBCs operation of 0.39A in Fig.
4.13(b). Experimental waveforms are consistent with the simulated ones and the ac

output current is almost in phase with the ac mains voltage.
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Fig. 4.13 Experimental waveforms of ac main voltage, ac output current, and input

current for MSBG-inverter with non-interleaved or interleaved operation.

Another important feature of the MSBG-inverter is the MPPT function, where
the PV simulator, Agilent E4360A, is used to simulate PV panels. Fig. 4.14 shows the
MPPT efficiency measured by the PV simulator. It can be found that the
MSBG-inverter can achieve 98.62% MPPT efficiency by using (3.13) without the
need of input current sensor and the output power is calculated as 95W. The measured
output power curves of two PV panels with different insulations using the proposed
MSBG-inverter are shown in Fig. 4.15. PV panel#1 can provide higher power which
is calculated as 88W but it is activated later and PV panel#2 can provide lower power
which is calculated as 60W. It reveals that the proposed MSBG-inverter can fulfill the

DMPPT function for individual PV panel without affecting other one’s operation.

53

do0i:10.6342/NTU201603394



# 1V Curve o P Cunee
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Fig. 4.15 The measured output power curves of two PV panels.

The power conversion efficiency of the proposed MSBG-inverter under different
output power is shown in Fig. 4.16. It can be observed that the efficiency is around

92% for a wide PV power range. The picture of the prototype MSBG-inverter is

shown in Fig. 4.17.
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Fig. 4.16 The power conversion efficiency of the proposed MSBG-inverter for the
PV system.

Fig. 4.17 The prototype circuit for the PV system.

4.5 Summary

An MSBG-inverter, which consists of distributed BBCs and an unfolder, for PV
system is proposed in this dissertation. The proposed MSBG-inverter can improve the
conversion efficiency, increase the overall PV output power, reduce the output
inductor size, eliminate the input current sensor, and simplify the control circuit. The

distributed BBCs can eliminate the shading effect and fulfill the functions of MPPT as
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well as dc-ac conversion. Based on the developed operation principle, the MPPT
function can be achieved without the need of input current sensor. Also, with the
interleaved operation, the current ripple of the output inductor can be reduced
significantly. Computer simulations and hardware measurements are shown to

confirm the validity of the proposed MSBG-inverter.
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Chapter 5 The MSBG-Inverter for Battery Energy Storage

System Applications

Fig. 5.1 shows the block diagram of a conventional battery energy storage
system consists of a battery array, which is formed by many battery modules
connected in series or parallel, and a bi-directional dc-ac inverter. The total power
capacity may be easily reduced by a particular over charging/discharging battery
module due to the battery tolerance, unequal battery losses, and so on. In order to
maximize energy storage, the energy of the individual battery module connected in
series to form a dc bus as the input of the grid-tied inverter must be equalized with
each other. The general solution to solve the battery capacity reduction problem is to
use extra balancing circuit to connect each battery module and balance the charge of
all battery modules. However, the balancing circuit may result in the reduction of total
efficiency and the increase of cost and circuit complexity. Also, the high voltage
measurement accuracy is required for gauging and battery balancing. The proposed
MSBG-inverter is one of the ways to achieve the desired power flow control with
balancing the battery modules. Each battery module has its own dc-dc converter to
produce a high frequency pulsating dc current with a sinusoidal envelope while the
unfolder is realized by an output inductor and four active switches operated at ac line
frequency. Therefore, low battery and dc-bus voltages can be accomplished. The
pulsating charging/discharging current can help to extend the battery module’s
lifetime, too. Moreover, expensive current sensors are also eliminated to calculate the

battery module output power for the output power control.
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Fig. 5.1 Block diagram of a conventional battery energy storage system [19].

5.1 Battery Module

Based on the power density, battery cost, and battery life consideration, the
lead-acid battery and Li-ion battery are the most commonly used energy storage
component for the battery energy storage system. Recent developments in Li-ion
battery technology show many advantages compared to lead-acid batteries, such as
high power and energy density, high working cell voltage, low self-discharge rate, and
high charge—discharge efficiency. In the past few decades, ac-impedance analysis has
been widely used to explore battery performance including state of charge (SOC) and
state of health (SOH). Fig. 5.2 shows the Li-ion battery ac impedance model [46].
This model consists of an ohmic resistance R,, a double-layer capacitance Cy, a charge
transfer resistance R.,, a Warburg impedance Z,, an anode inductance L,, and an ideal
battery. It can be founded that the individual battery module may have different
parameters those usually depend on temperature, SOC, and SOH. In addition, when
serially connected, the total battery power capacity may be easily reduced by a
particular over charging/discharging battery module due to the temperature, battery
tolerance, unequal battery losses, and so on. Therefore, the energy of battery modules

must be equalized with each other in order to maximize energy storage for the battery
58

d0i:10.6342/NTU201603394



Ideal
Battery

Fig. 5.2 The electrical model of the battery module.

energy storage system.

Another key issue of the battery energy storage system is the life-time of the
battery modules. However, the degradation of the electrochemical battery will affect
the system’s reliability dramatically. It has been reported that the sinusoidal current
can improve the Li" battery charging efficiency by comparing to the conventional
constant-current constant-voltage charging strategy [47]. Also, using pulsating
currents to charge/discharge the electrochemical battery can improve the battery
efficiency as well as to increase the life-time of the battery [48]. Conventionally, the
battery energy storage system needs the two-stages converter to achieve the dc-ac
function for the grid-connected inverter and to produce the pulsating
charging/discharging current for the battery. Unfortunately, it will reduce the power
conversion efficiency of the precious energy storage. Moreover, expensive current
sensors are required to calculate the battery module output power for the output power
control. Therefore, the MSBG-inverter for battery energy storage system, as shown in

Fig. 5.3, is proposed in this dissertation.
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5.2 MSBG-Inverter for the Battery Energy Storage System

In Fig. 5.3, each battery module has its own dc-dc converter to control the output
power while the unfolder is realized by an output inductor and four active switches
operated at ac line frequency. The dc-dc converter produces a high frequency
pulsating dc current with a sinusoidal envelope. Therefore, low battery and dc-bus
voltages can be accomplished. The pulsating charging/discharging current can help to
extend the battery module’s lifetime, too. The unfolder can convert the high frequency
pulsating dc current generated by the dc-dc converters into a sinusoidal one with
utility line frequency. Because the unfolder only switches at the zero crossing of the
line voltage, its switching loss can be neglected by comparing to those power switches
in the DC-DC converter. Therefore, the energy of each battery module is transferred
to the ac mains by means of single-stage power conversion. Because of the
single-stage operation, the power conversion efficiency can be improved.

The control block diagram of the first BBC set, as an example, is shown in Fig. 5.4.
The discharging/charging and power commands, D/C and P;;, are generated by the
BMS and are sent to the controller of the MSBG-inverter. The duty cycle signals, D,;
and d,;, can be determined by using the derived equations (3.13) and (3.17). For the
battery discharging operation, the unity sinusoidal function with the grid frequency,
|sinwt|, can be via a phase luck loop (PLL) and is used to obtain the reference signal
D,,|sinwt|. The gate signal of S;; can be generated by comparing D, ;sincwt with the
saw-tooth carrier signal V. Also, the gate signal of S, can be generated by
comparing the duty cycle d.; with the saw-tooth carrier signal Vj, for the battery

charging operation.
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Fig. 5.3 The circuit diagram of the proposed MSBG-inverter for battery energy

storage system.
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Fig. 5.4 The control block diagram of the proposed MSBG-inverter for the battery

energy storage system.
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For the battery energy storage system, current sensors are always needed.
Conventionally, two current sensors, one for the BMS, which includes the SOC and
temperature monitoring, and the other for the power converter, which realizes the
current control capability, are demanded for the battery energy storage system. The
proposed MSBG-inverter can achieve the desired power flow control without the need
of current sensors. Also, it can be adopted for different BMSs as long as the
communication protocol for the power flow command is determined.

Eq. (3.13) reveals that the average battery discharging power is only related to
Vpr and D,; and Eq. (3.17) reveals that the average battery charging power is only
related to V,[k] and d.; if other parameters (f;, NV, and L) are carefully designed. Also,
the battery discharging/charging power can be determined without measuring the

battery current.

Table 5.1  Battery module specifications

Nominal capacity(0.2C) 7 Ah
Rated voltage 48V
Maximum charging voltage 58V
Cut-off voltage 40V
Standard charging and discharging current 02C
Maximum discharging current 1C

5.3 Computer Simulation and Experimental Verifications

A prototype of the proposed MSBG-inverter with two BBCs is built and tested.
To achieve the desired output power, the component values and parameters must
match the equations derived in previous sections. The specifications of the battery
modules used for the design example are listed in Table 5.1. For the 110V ¢ rms/60HZ

utility line, by using (3.6) and (3.12), the maximum duty ratio can be obtained:
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D, <0.756
d, <0.243

(5.1)
(5.2)

Consider of the power loss, the turn-off losses and the conduction losses are the

primary concerns. To obtain the desired battery module output power, the key

components Sy; and S,; are both used by MOSFET IRFP360. The conduction loss

Paitconduction) as a function of D,; and Pcjconduction) as a function of d; are illustrated in

Fig. 5.5 from (3.26) and (3.27). It implies that a higher duty ratio is possible in order

to reduce the conduction losses. The input inductor L; and the turn-off 108s Paigm-of)

as the functions of the switching frequency f; can be illustrated in Fig. 5.6 from (3.28)

and (3.29). It also implies that a small size inductor is possible and the weight of the

proposed MSBG-inverter can be reduced. However, a high switching frequency

implies a large switching loss and the trade-off between the inductance reduction and

the switching loss increment need to be carefully judged.

Conduction loss (W) =
%] A= [s:] oo o=

(=]

Pdfconductr’on} "Dp 1 curve
Pc{conducﬁon,]-dcf curve
L L L
0 0.2 0.4 0.6 0.8
Duty ratio

Fig. 5.5 The conduction losses as a function of duty ratio.

63

d0i:10.6342/NTU201603394



1000 p

800 \
600

400 \

= 12
Pd{tum-oﬂ_fs Cur\fe’/ !
/ \

Input Inductor (uH)

Pcr’tum—cﬁ? 'fs curve
3

200 B,

i i 0

40000

60000 80000 100000

Switching Frequency (Hz)

Turn-off losses (W)

Fig. 5.6 The input inductor L,, and the turn-off loss as the functions of switching

frequency f.

Based on the derived mathematical equations in previous sections, specifications

of the prototype MSBG-inverter can be determined as:

1) Input inductor L; = L, = 180 uH

2) Battery module rating voltage V;; = 52V

2) AC mains = 110 Vrms/60Hz
3) Switching frequency f; = 20 kHz
4) Output capacitor Cy=2uF

5) Output inductor Ly= 1.8 mH

With the design procedure presented in pervious sections, the output current of

the proposed MSBG-inverter can be well controlled. The computer simulation tool

Simplis is also used to verify the operation of the proposed MSBG-inverter for the

battery energy storage system shown in Fig. 5.7. Fig. 5.8(a) and (b) are the key

waveforms of the proposed MSBG-inverter for battery discharging and charging

operations, respectively. It is obvious that the input inductor current iz; has an

envelope of rectified sinusoidal waveform and an almost sinusoidal output current is
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Fig. 5.7 The proposed MSBG-inverter circuit for the battery energy storage system

in Simplis.

generated. In Fig. 5.8(a), the output current i,. of the MSBG-inverter has a peak value

equal to 1.5A in battery discharging mode and the rms value of the ac mains voltage

Vae 1s 110V. In Fig. 5.8(b), the peak value of output current i . is reversed in battery

charging operation. Also, it is necessary to calibrate the power calculation and

determine the effective inductance value after the hardware circuit is implemented.
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time/mSecs 20mSecs/div

(a) battery discharging operation

time/mSecs 10mSecs/div

(b) battery charging operation
Fig. 5.8 Computer simulations of ac main voltage (top), ac output current
(middle), and input current (bottom) for MSBG-inverter with battery discharging

and charging operations.

The corresponding hardware experimental waveforms of the simulated ones are
shown in Fig. 5.9. The controller is implemented by microprocessor, TMS320F2808,

with the merit of circuit simplicity. Experimental waveforms are consistent with the
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simulated ones and the ac output current is almost in phase with the ac mains voltage.
The measured total harmonic distortion for the proposed inverter is about 4.9% for the
battery discharging operation and 4.3% for the battery charging operation. It should
be mentioned that as the number of battery module increase, the ripple current will be
reduced due to the nature of interleaved operation. Therefore, a lower current THD
can be expected.

Another important feature of the proposed inverter is the individual
power-handling capability without the need of input current sensor. The measured
output power curves of two battery modules with different insulations using the
proposed MSBG-inverter are shown in Fig. 5.10. Battery module#1 can provide
higher power which is calculated as 95W and battery module#2 can provide lower
power which is calculated as 60W. It reveals that the proposed MSBG-inverter can
control the power for individual battery module without affecting other one’s
operation. The power conversion efficiency of the proposed MSBG-inverter under
different output power is shown in Fig. 5.11. It can be observed that the efficiency is
also around 92% for a wide charging/discharging power range. The picture of the

prototype MSBG-inverter is shown in Fig. 5.12.
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Fig. 5.9 Experimental waveforms of ac main voltage, ac output current, and input

current for MSBG-inverter with battery discharging and charging operations.
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Fig. 5.10 The measured output power curves of two battery modules with different

power commands.
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Fig. 5.11 The power conversion efficiency of the proposed MSBG-inverter.
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Fig. 5.12 The prototype circuit for the battery energy storage system.

54 Summary

An MSBG-inverter, which consists of distributed BBCs and an unfolder, for
battery energy storage system is proposed in this dissertation. Advantages of the
proposed MSBG-inverter for the battery energy storage system include: single-stage
power conversion, low battery and dc-bus voltages, pulsating charging/discharging
currents, and individual power control for each battery module. Therefore, the
equalization, lifetime extension, and capacity flexibility of the battery energy storage
system can be achieved. Based on the developed equations, the power flow of the
battery system can be controlled without the need of input current sensor. Also, with
the interleaved operation between BBCs, the current ripple of the output inductor can
be reduced too. The computer simulations and hardware experimental results are

shown to verify the performance of the proposed MSBG-inverter.
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Chapter 6  Conclusions and Suggested Future Research

6.1 Summary and Major Contributions

The objective of this dissertation is to analyze the proposed an MSBG-inverter.
The major contribution of the dissertation can be summarized as follows:
1. A prototype of the proposed MSBG-inverter with two BBCs is built and tested
for the PV system and the battery energy storage system in this dissertation.
2. Based on the circuit design and the developed equations, the proposed
MSBG-inverter has several advantages:
(a) Individual power-handling (DMPPT),
(b) Elimination of the input current sensor,
(c) Reduction of the output inductor (interleaving fashion),
(d) Improvement of the battery life-time for the battery energy storage system,
(e) Simplicity of the control circuit, and
(f) High flexibility for capacity extension
3. The design procedure including the circuit parameters design of the proposed
MSBG-inverter has been proposed for the PV system and the battery energy

storage system.

6.2 Suggestions for Future Research

In addition to the study addressed in the dissertation, suggested research topics
are listed as follows:
1. In this dissertation, a prototype of the proposed MSBG-inverter with two BBCs
is built and tested. In the future, the proposed MSBG-inverter with larger

numbers of BBCs can be developed to confirm the validity for different PV
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panels and battery modules. Also, design of an optimize number of interleaving
BBCS is suggested for system efficiency improvement.

One of the features of the proposed MSBG-inverter is to improve the power
conversion efficiency of the circuit. However, the experimental result shows that
the maximum power conversion efficiency of the proposed MSBG-inverter is
around 92% which is not good enough and needs some extension. Moreover,
switches operating in a complementary fashion can reduce the conduction losses
in these types of inverters. However, it requires an extra circuit or a method to
detect the inductor current and to turn-off the complementary switch in DCM
operation if the complementary fashion is used. Therefore, the analysis of the
circuit design, for improving power conversion efficiency is suggested.

The accuracy of the power control could be influenced by tolerance or variation
of the inductor value, as shown in the power equations (3.14) and (3.17). Hence,
it is necessary to calibrate the power calculation and determine the effective
inductance value after the hardware circuit is implemented. If the power
calculation can be recalibrated while the BMS detect a severe mismatch between
the battery output power and the power command, the problem of component
value variation over time could be solved.

In this dissertation, the proposed MSBG-inverter is for single phase system. In
the future, a three-phase MSBG-inverter can be developed. Therefore, higher
capacity application can provide the power condition capability for PV system

and battery energy storage system.
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