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Abstract

Two major challenges, i.e., bulky electrolytic capacitors and isolation transformers, remain
as critical obstacles for further improvement on reliability, power density and efficiency of
power electronic converters, which are mainly used to reduce low-frequency voltage ripples
and high-frequency common-mode voltage ripples, respectively. In order to overcome the
two challenges, the most straightforward way is to simply combine existing solutions de-
veloped for each of them. However, this would considerably increase system complexity
and cost, which should be avoided if possible. In this thesis, these two challenges are
innovatively addressed in a holistic way by using active control techniques.

This thesis first focuses on the reduction of low-frequency voltage ripples in conven-
tional half-bridge converters, after adding an actively-controlled neutral leg. As a direct ap-
plication of this strategy, a single-phase to three-phase conversion is then proposed. After
that, a p-converter with only four switches is proposed to significantly reduce both low-
frequency ripples and high-frequency common-mode ripples in a holistic way. It is found
that the total capacitance can be reduced by more than 70 times compared to that in conven-
tional full-bridge converters. As a result, there is no longer a need to use bulky electrolytic
capacitors and isolation transformers. Then, the p-converter equipped with the synchron-
verter technology is operated as an inverter for PV applications. Another converter is also
proposed for the same purpose but with reduced voltage stress.

In order to further reduce the total capacitance and to reduce the neutral inductor in
the p-converter, a new type of converter, called the 8-converter, is proposed. Finally, two
actively-controlled ripple eliminators are proposed to reduce low-frequency ripples in gen-
eral DC systems while the aforementioned research is focused on some specific topologies.

Extensive experimental results are presented to validate most of the developed systems

while the rest are validated with simulation results.
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Chapter 1

Introduction

1.1 Background

1.1.1 Distributed Power Generation Systems

A power grid is a network to generate, transmit and distribute electrical energy, which
is finally consumed by local users. Until now, most of the electrical energy still comes
from synchronous generators, which are mostly driven by coal or natural gas. Due to the
unidirectional power flow operation of the generators, the majority of electrical energy is
delivered in an unidirectional way from large power plants to final users. As a result, the
energy generated by power plants should be always equal to energy consumed by users
and transmission lines, which may lead to stability problem if not satisfied. Most of power
plants are built far from cities because of considerations on cooling, noises and power pol-
lutions. In this case, the current power grid is in a centralised structure and hence, supervis-
ory control and monitoring are required to maintain the balance between the generated and
consumed energy. The power grid is regarded as the most complex machine in the human
history.

Recently, the penetration of renewable energy systems pushes the development of ad-
vanced technologies regarding on the integration of renewable systems with the power grid
(Zhong and Hornik, 2013b). With distributed renewable energy systems, the power grid
is becoming decentralised. In order to address energy and sustainability challenges we are
facing nowadays, it is expected that more and more distributed power generation systems

(DPGS) based on renewable energy sources will be connected to the public grid, which



Renewable Power Power Electronic, Power Grid and/or
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t Signals
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Figure 1.1: Power electronic converters in renewable energy systems.

help to reform the current power grid from a centralised to a decentralised structure. It
has been well recognised that decentralised power grid is more reliable, stable and resilient

(Boroyevich et al., 2013).

1.1.2 Power Electronic Converters

Most DPGS are finally connected the power grid to take part in the regulation of grid fre-
quency and voltage when the scale of such systems exceeds a certain level. In order to
facilitate this connection, power electronic converters (PEC) are often required (see Fig-
ure 1.1), which are used to convert electrical energy from one form to another, e.g., from
single phase to three phase or from AC to DC. Similar to any other technical systems, PEC
are constructed by a number of components that are connected together to achieve some
specific functions. Here, the components may include active switches such as IGBTs and
MOSFETs and passive components such as inductors and capacitors (Zhong and Hornik,
2013b). There are numerous topologies of PEC for different applications. For example,
PEC can be classified into single-phase and three-phase ones, which depend on the number
of phases of PEC’ inputs and outputs; two-level PEC are preferred for low and medium
power applications because of their simple structures but multilevel PEC are often chosen
for high power applications.

Apart from topologies of PEC, control strategies are also very important to achieve
power conversion. In (Zhong and Hornik, 2013b), a lot of advanced control strategies

have been developed to improve the performance of PEC in terms of power quality and



power flow management. Single chip microcontrollers, digital signal processors and field-
programmable gate array can be good candidates to construct units to execute control

strategies.

1.1.3 Voltage Ripples in PEC

Regardless of specific topologies, there are DC and/or AC sides in PEC, which can be
inputs and/or outputs. For example, the input and output sides of a DC/AC rectifier are DC
and AC sides, respectively. For bidirectional PEC, both DC and AC sides can be inputs or
outputs depending on power flow between the two sides.

At the AC side, there might be second-order, third-order, - - -, switching-frequency and
other higher-orders voltage ripples because of on and off operation of active switches.
Voltage ripples at the AC side are normally called harmonics. From the view point of
loads, it is expected to have high quality AC voltage without noticeable harmonics. For
this purpose, a set of small inductors and capacitors are normally used to construct to a
first-order LC filter. Of course, other high-orders LC filters can be used but this would
inevitably increase system complexity. Another way to limit harmonics is to use advanced
control strategies. H® repetitive voltage and current controllers can be good candidates.
Many of such controllers have been presented in (Zhong and Hornik, 2013b).

At the DC side, voltage ripple is often not a major concern because an ideal DC voltage
is constant and there is not an issue of phase differences between voltages and currents.
However, in applications with PEC, DC voltages are not ideal but have a significant amount
of ripple components (Cao et al., 2015). Such ripples often contain fundamental, second-
order components and switching-frequency components. For systems powered by batteries
and fuel cells, large ripple currents and ripple voltages could considerably reduce the life-
time of batteries and fuel cells (Wai and Lin, 2010; 2011; Kwon et al., 2009; Zhu et al.,
2010). During the charging mode of a battery, an external voltage with large ripples could
lead to an immoderate chemical reaction. During the discharging mode, ripple currents
drawn from a fuel cell can deteriorate PEC’ efficiency significantly and even make PEC
unstable (Liu and Lai, 2007). Generally, current ripples should be maintained less than
10% of the rated current for batteries (Wen et al., 2012). DC capacitors are normally used

for this purpose. Small capacitors are often enough to limit switching-frequency ripples.



Figure 1.2: Electrolytic capacitors: (a) of many sizes; (b) in a power inverter system.
(Source of (a): http://commons.wikimedia.org/wiki/File:Electrolytic_capacitors.jpg.)

However, bulky capacitors are often needed to smooth low-frequency (fundamental and
second-order) ripples. Among different kinds of DC capacitors, only electrolytic capacit-
ors are cost-effective to be used.

For most PEC, AC and DC sides are not directly connected together in order to make
sure the successful operation of PEC. In this case, the voltage difference between the two
sides is not zero, which may contain low-frequency and/or high-frequency ripples depend-
ing on topologies, modulation and control strategies. Normally, this differential voltage is
called common-mode (CM) voltage. Due to parasitic capacitors between AC and DC sides,
the loop for the CM voltage is closed. If the high-frequency ripple in the CM voltage is
high enough, the resulted CM current could be very large. In order to reduce CM currents,
galvanic isolation transformers are normally added between DC and AC sides to cut off the

closed loop of CM currents.

1.2 Motivations

Driven by the penetration of renewable energy systems, a lot of advanced technologies
regarding the integration of renewable systems with the power grid are developed in the
last few years (Zhong and Hornik, 2013b). In order to facilitate the interconnection among

different types of renewable energy systems and the power grid, PEC are often needed.
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Figure 1.3: Distributions of failure root causes in PEC. (Data sources: (Wolfgang, 2007))

Figure 1.4: A damaged power inverter caused by the degradation of electrolytic capacit-
ors. (Source: http://blog.eecnet.com/eecnetcom/bid/27236/Why-Preventive-Data-Center-
Maintenance-is-Important)

Numerous topologies, modulation strategies, and control methods have been proposed to
improve power density, efficiency, reliability, and cost of PEC. However, two major chal-
lenges remain as critical obstacles for further improvement. The first challenge is the bulky
electrolytic capacitors used to reduce low-frequency voltage ripples, which are the most
vulnerable components in PEC. The second challenge is the isolation transformer used to
reduce high-frequency CM voltage ripples, which reduces system efficiency and causes

safety concerns like electric shock.

1.2.1 Challenges of Reducing Low-frequency Voltage Ripples

In order to reduce the ripple current and to smooth the external voltage on batteries and fuel

cells, bulky capacitors or ultracapacitors are often connected in parallel with them (Choi



etal., 2006). Large electrolytic capacitors are also often needed to level and smooth the DC-
bus voltage of inverters and rectifiers (Wen et al., 2012; Wang et al., 2011; Yao et al., 2012;
Zhu et al., shed). For volume-critical and/or weight-critical applications, such as electrical
vehicles (Wen et al., 2012) and aircraft power systems (Wang et al., 2011), the volume and
weight of electrolytic capacitors could be a serious problem. As shown in Figure 1.2(a),
sizes of electrolytic capacitors can be from very small to very large, depending on the their
capacitance and voltage ratings. In general, high capacitance and high voltage rating lead
to large volume, which should be avoided for the consideration of power density. However,
bulky electrolytic capacitors are often required to smooth voltage ripples. As shown in
Figure 1.2(b), a power inverter is composed by some control circuits, power switches and
bulky electrolytic capacitors. Actually, more than half volume and weight of the inverter
are occupied by electrolytic capacitors, which obviously makes the power density of the
inverter very low.

What is worse is that electrolytic capacitors, known to have limited lifetime, are one of
the most vulnerable components in power electronic systems (Stevens et al., 2002; Krein
et al., 2012). As shown in Figure 1.3, almost one third of faults in PEC are caused by de-
graded electrolytic capacitors (Wolfgang, 2007). Figure 1.4 shows a damaged UPS inverter
assembly, the damage was caused by the ageing electrolytic capacitors. This may cause a
big disruption in critical loads, which in turn could lead to a huge cost. On the other hand,
the presence of large voltage ripples is an essential factor that accelerates the degradation
of electrolytic capacitors (Kulkarni et al., 2010; Krein et al., 2012). As a result, in order
to enhance the reliability of power electronic systems, it is highly desirable to minimise
the usage of electrolytic capacitors and it is very attractive if highly-reliable small capa-
citors like film capacitors could be used to achieve low-level voltage ripples. However, in
applications involving bulky electrolytic capacitors, there often exists a trade off between
minimising the required capacitors and reducing voltage ripples. Another design degree
of freedom, normally through active control, needs to be introduced to break this dead-
lock. Along with this idea, a lot of methods have been proposed, which are often based
on another actively-controlled energy buffer circuit. In principle, most of ripple energy are
diverted from DC-bus capacitors to the active circuit so that DC-bus capacitance is only

sized for filtering switching frequency ripples. In this case, it is possible to simultaneously
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Figure 1.5: A comparison of transfomer-based and transformerless PV inverters in terms
of efficiency, weight and volume. (Source: (Kerekes et al., 2011)).

achieve the reduction of voltage ripples and DC-bus capacitance.

1.2.2 Challenges of Reducing High-frequency CM Voltage Ripples

In order to eliminate/reduce CM voltage ripples, galvanic isolation transformers are nor-
mally added between the renewable energy systems and the grid. But the adoption of
transformers reduces power density and efficiency and increases manufacturing costs.

As demonstrated in (Kerekes et al., 2011), Figure 1.5 shows a comparison of transformer-
based and transformerless PV inverters in terms of efficiency, weight and volume. The
data used for the comparison are extracted from the database of more than 400 commer-

cial PV inverters (Kerekes et al., 2011). The low-frequency(LF)-transformer-based, high-



frequency(HF)-transformer-based are denoted as ’triangles’, ’stars’ and ’dots’, respectively.
It can be found that PV inverters without using isolation transformers always enjoy higher
efficiency, lower volume and lower weight, all of which are highly preferred in practice.
For example, isolation transformers account for about 3% of system power losses, over
60% of weight, and over 50% of volume in a 6 kW PV inverter. Along with the boost
development of renewable energy systems, numerous transformerless PV inverters are de-
veloped to reduce the CM voltage without using isolation transformers. Either advanced
modulation strategies or topological design techniques are employed for the design of such
inverters (Kjaer et al., 2005; Li and Wolfs, 2008; Meneses et al., 2013).

In order to address the aforementioned two issues caused by isolating transformers and
bulky capacitors, a possible way is to simply combine the approaches developed to ad-
dress each issue. For example, both transformers and bulky electrolytic capacitors can
be removed if the ripple compensator proposed in (Wang et al., 2011) is applied to the
transformerless converter reported in (Gu et al., 2013). However, this kind of combination
would make the system complicated and also have high costs due to the increased number
of switches and passive components. A better way is to address these two problems to-
gether. For example, the midpoints of a split-phase single-phase system at both the DC and
AC sides are constructed and connected together in (Breazeale and Ayyanar, 2015) to elim-
inate the isolating transformer and bulky electrolytic capacitors with six active switches.

In this thesis, the two fundamental challenges are innovatively addressed in a holistic
way by completely removing isolation transformers and minimizing the required capacit-
ance via the integration of advanced power electronic and active control techniques. The
research in this thesis can be directly applied to different renewable energy systems and
it is worth mentioning that most of conclusions resulted from this research can be easily

extended to the other systems.

1.2.3 Aims and Objectives

In order to overcome these two challenges, a possible way is to simply combine existing
approaches for each of them in the literature. However, this would increase the complexity
of the whole system and also lead to high cost due to the increased number of switches and

passive components, which should be, of course, avoided. In this thesis, for the first time,



the two fundamental challenges are innovatively addressed in a holistic way by using active
control and topological design techniques. The proposed systems in the following chapters
are designed to have minimum number of active switches and passive components so that

system power density, reliability and efficiency can be improved to the greatest extent.

1.3 Outline of the Thesis

In addition to the Introduction, another 11 chapters are included in this thesis to facilitate
the presentation of the proposed holistic way to actively control fundamental, second-order
and high-frequency voltage ripples in PEC.

The research is first focused on analysing drawbacks of conventional half-bridge con-
verters in Chapter 2. It is seen that there are large fundamental voltage ripples in DC
outputs of the converters. Then, the reduction of such ripples is achieved through adding
an actively-controlled neutral leg. Thanks to the neutral leg, the two DC outputs become
independent from each other, which makes it possible for the two outputs to interface loads
with different voltage requirements.

The work in Chapter 2 lays the foundation for Chapter 3 in which the strategy developed
in Chapter 2 is applied to develop a conversion system, which can output independent three
phase voltage outputs from a single-phase voltage supply so that balanced or unbalanced,
linear or non-linear three-phase loads can be operated. Again, fundamental voltage ripples
are removed from DC outputs.

In addition to fundamental-frequency voltage ripples, another low-frequency voltage
ripple, i.e., second-order voltage ripple, is considered in Chapter 4. p-converters and the
corresponding active control strategies are proposed to reduce both of the ripples and total
capacitance required at the same time. It has been found in theory and verified in exper-
iments that the required usage of capacitors can be reduced by over 70 times compared
to that in conventional full-bridge converter while maintaining the same level of output
voltage ripples.

In Chapter 5, the elimination of high-frequency CM voltage ripples without the need
of an isolating transformer is investigated via providing a common AC and DC ground

for grid-tied converters, following p-converters developed in Chapter 4 that reduces low-



frequency voltage ripples. It is seen that high-frequency CM voltage ripples are completely
removed and the key to achieve this lies in the active control strategy that decouples the
control of the two legs of the p-converters.

Most of the research on the p-converter in Chapters 4 and 5 is focused on the recti-
fication mode and the corresponding inversion mode is then investigated in Chapter 6. In
addition, the synchronverter technology designed for three-phase inverters is extended to a
single-phase case to design the controllers of the p-converter. As a result, the p-converter
becomes more grid-friendly because they can now take part in regulations of grid frequency
and voltage.

In Chapter 7, an auxiliary capacitor is added to a conventional full-bridge rectifier to
provide a path for low-frequency ripple currents and high-frequency CM currents. Com-
pared to the p-converter, the proposed rectifier has much lower voltage stress on active
switches and higher DC output voltage. All of these merits make the proposed rectifier
more suitable for high voltage applications with comparison to the p-converter.

In Chapter 8, the aforementioned research on the p-converter is moved forward to de-
velop a @-converter, which further reduces total capacitance required and low-frequency
voltage ripples. The location of one capacitor in the p-converter is re-located. Compared
to conventional converters, the total capacitance required in the 6-converter is reduced by
about 172 times, which is more than 2.5 times compared to that of the p-converter.

The performance of the 6-converter is further improved, in Chapter 9, through reducing
a passive component in the 6-converter, i.e. the neutral inductor. It is analysed and verified
by experiments that the current flowing through the neutral inductor can be reduced at least
three times and hence, the size of the neutral inductor can be reduced by at least about nine
times, which makes the power density of the O-converter significantly improved.

The previous chapters mainly focus on active control of voltage ripples in specific
PEC. On the other hand, the work in Chapters 10 and 11 addresses the control of low-
frequency voltage ripples in general DC systems. In Chapter 10, a discontinuous-current-
mode (DCM) ripple eliminator, which is a bi-directional buck-boost converter terminated
with an auxiliary capacitor, is proposed to reduce low-frequency ripples in DC systems
without using bulky capacitors. The concept of ripple eliminators proposed in the Chapter

10 is further developed in Chapter 11 and the ratio of capacitance reduction is quantified
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for the first time. Advanced control strategies based on the repetitive control is proposed to
one possible implementation of ripple eliminators in continuous-current-mode (CCM). It
is found that the proposed CCM ripple eliminator leads to nearly four times improvement
of performance than that of the DCM ripple eliminator presented in Chapter 10.

Finally, Chapter 12 concludes the thesis and discusses future work. The presented
research in this thesis paves the way to develop PEC in high power density, high reliability

and low cost.

1.4 Literature Review

1.4.1 Reduction of Low-frequency Voltage Ripples

In order to reduce low-frequency ripples, the most straightforward approach is to use pass-
ive components that can absorb/release low-frequency energies and bulky capacitors are
often chosen for this purpose. For such level of capacitors, only electrolytic capacitors are
suitable from the view of costs. However, the system performance on power density and
reliability would be seriously degraded with such electrolytic capacitors. As a result, it is
essential to find out other solutions rather than simply using bulky passive components.
During the last few years, a lot of efforts have been paid to develop different active ap-
proaches to achieve the reduction of both low-frequency voltage ripples and the required
capacitance so that film capacitors can be cost-effective to be used. In general, there are six
of them in total.

As shown in Figure 1.6(a), one of the approaches is to inject harmonic currents into the
grid current i, to suppress fluctuations of the input energy by changing control strategies
for existing power switches in the system. In (Gu et al., 2009; Wang et al., 2010), it was
proposed to inject third harmonic component to the input current so as to reduce DC-bus
capacitors in LED drivers. The analysis in these papers is based on the fact that decreased
pulsating input power leads to decreased ripple power and capacitor volume on the DC bus,
which can be achieved by controlling the input current. In (Lamar et al., 2012), a similar
concept was also adopted by distorting the input current to reduce the output capacitor. The
essence of injecting harmonic currents or distorting the input current is to obtain a varied

duty cycle to control the power switches, which changes the amount of energy delivered to
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Figure 1.6: Active approaches to reduce low-frequency voltage ripples: (a) through inject-
ing third/fifth harmonics into the grid current i,; (b) through adding an active circuit with
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diverting ripples to AC side capacitors C; and Cy; (e) through adding a parallel-connected
ripple eliminator; (f) through adding a series-connected ripple eliminator.
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the load in each fundamental cycle. This approach benefits with no added power compon-
ents but the disadvantage of this approach is the increased total harmonic distortion (THD)
of the input current, which actually should be maintained at a low level.

The second approach is to replace bulky electrolytic capacitors with an active circuit
with high energy buffering ratio. Here, the energy buffering ratio is denoted as the ratio
of the energy that could be injected and extracted from the DC bus in one cycle respect to
the total energy stored in the DC bus. A possible implementation was reported in (Chen
et al., 2013), which is constructed based on a switched capacitor circuit. Since only a few
film capacitors are needed in the circuit, bulky electrolytic capacitors can be completely
removed from the system. The losses of the added circuit can be very low because the
switches in the circuit are only operated at line-scale switching frequencies. An enhanced
switched capacitor circuit was reported in (Afridi et al., 2014) for the same purpose but
with further improved efficiency.

As presented in (Soares de Freitas et al., 2010), the third approach is achieved by syn-
chronising currents before and after DC-bus capacitors, which is very suitable for cases
with two converters connected to the DC bus that have specific relationship between their
fundamental frequencies. The difference between the two currents, i.e. the current flowing
through DC-bus capacitors, can be then reduced so that only small capacitors are required.
However, it is obvious this approach is only effective for some specific cases.

The fourth approach is to use buck/boost DC/DC converters to construct two DC voltages
across two capacitors that are connected in opposite polarity (Li et al., 2015; Serban, shed;
Zhu et al., 2013). The difference of the voltages across the two capacitors is an AC voltage.
At the same time, the sum of pulsating energy stored in the two capacitors is equal to sys-
tem input pulsating energy and hence, no pulsated energy appears on the DC bus. Both
DC-bus voltage ripples and required DC-bus capacitance can be significantly reduced.

The fifth approach is to add an active energy storage circuit in parallel with the DC-
bus capacitor to bypass the ripple currents originally flowing through the DC-bus capacitor
(Wang et al., 2011; Garcia et al., 2003; Zhang et al., 2013b; Krein et al., 2012; Tang et al.,
2015; Cao et al., 2015). The strategy proposed in (Cao et al., 2015) is such an example,
with a circuit consisting of one capacitor, one inductor and two power switches. It absorbs

and releases the ripple energy, respectively, during its two different half cycles. In this case,
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most of ripple energy flows through the active circuit rather than DC-bus capacitors. Only
very small capacitors are required for filtering switching-frequency ripples on the DC-bus.
For the capacitor in the active circuit, it can be with very large voltage ripples because no
loads are connected. As a result, it can be very small. In this case, the reduction of DC-bus
ripples and total capacitance required can be achieved at the same time.

The sixth approach is based on connecting an active compensator in series with the
DC bus line (Wang et al., 2014; Liu et al., 2015). The compensator basically behaves as a
voltage source to offset the voltage ripples. Due to the series operation, the voltage stress
of the added compensator is reduced. However, the current stress of the compensator is
increased because the ripple power for a certain load is fixed. Due to the series connection,
lines between the DC sources and loads should be cut off so that the compensator can be
connected. However, for some DC systems, this can be a problem because of the widely-
distributed sources and/or loads. Note that only the DC voltage after the compensator
becomes clean without noticeable low-frequency ripples but the DC voltage before the

compensator still suffers from large low-frequency ripples.

1.4.2 Reduction of High-frequency Voltage Ripples

Figure 1.7 illustrates a generic equivalent circuit for analysing CM currents, which consists
of a CM voltage source vcy, a filter L and a parasitic capacitor C), between the DC ground
and the AC ground, which is often connected to the earth via the neutral line when an
isolating transformer is not used. This closes the loop for the CM current icys and the CM
voltage vcys, which is generated by the switching of power switches and other reasons,
appears on the parasitic capacitor C,,. If the switching frequency is high enough, the CM
current icys could be very large even if the parasitic capacitor C), is relatively small.

In general, the CM current iy, mainly depends on both the behaviour of the CM voltage
and the impedance in the path of the CM current. In light of this, there are four main
approaches in the literature to reduce CM currents.

The first approach is to add passive components to increase the impedance in the path
of the CM current. For example, this can be achieved by increasing the filter L. Filters used
for this purpose are called CM filters (Heldwein et al., 2010), which have large inductance

to mitigate CM currents. However, due to their large size and heavy weight, the system
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Figure 1.7: Generic equivalent circuit for analysing CM currents.

power density could be reduced. Different from this one, the following approaches are
based on active methods.

The second approach is to reduce high-frequency components in the CM voltage v,
across the parasitic capacitor C,,. This can be achieved by reducing high-frequency com-
ponents in the vcys e.g. changing the modulation strategies (FREDDY TAN et al., 2015;
Bae and Kim, 2014) and decoupling AC and DC sides of converters during freewheeling
phases (Kerekes et al., 2011; Buticchi et al., 2014; Xiao et al., 2014; Ji et al., 2013). It can
also be achieved by putting passive or active components (Barater et al., 2014) in series or
in parallel with vcy,. Although these methods to reduce v, can reduce CM currents to some
extent, they suffer from reduced voltage utilization ratio (Cavalcanti et al., 2010), reduced
ability to process reactive power (Gu et al., 2013) and/or degraded performance caused by
parasitic capacitors of switches (Gu et al., 2013).

The third approach is to provide another current path between the AC ground and the
DC ground so that most of the CM current flow through this path instead of the parasitic
capacitor. For example, this can be achieved by connecting the AC ground to the midpoint
of the DC bus, which is normally formed by split capacitors (Xiao and Xie, 2012). This
makes the split capacitors in parallel with the parasitic capacitor so that most of the CM
current icyy can be bypassed through the split capacitors. Since the split capacitors are nor-
mally much larger than the parasitic capacitor C,, the CM current is reduced. For example,
converters based on the half-bridge topology are equipped with split capacitors (Srinivasan
and Oruganti, 1998), which have the potential of forming the bypassing current path. For
three-phase applications, the three-phase four-wire power converters proposed in (Zhong
and Hornik, 2013b; Hornik and Zhong, 2013) also have the bypassing current path so that
CM current icys can be reduced a lot. Another way is to connect the neutral point of the AC

side formed by AC capacitors of the LC filters to the split capacitors (Dong et al., 2012a).
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In this case, the AC capacitors are in series with the split DC capacitors in the current path,
which are in parallel with the parasitic capacitor C,.

The last approach is to connect the AC ground and the DC ground together so that
the CM current icy, is almost completely eliminated. The elimination of CM currents
is naturally achieved because the parasitic capacitor is short-circuited without any other
efforts, when ignoring the parasitic inductance of the cables. One of such converters is
the Karschny inverter (Karschny, 1998). Unfortunately, this inverter suffers from complex
structure, increased number of power switches and the need of large capacitors. Another
one was proposed in (Gu et al., 2013), where the concept of virtual DC bus is used to
enable the direct connection between AC and DC grounds. The virtual DC bus is achieved
by adding an extra active switch and an extra DC capacitor into a conventional full-bridge
converter. Benefiting from its topological structure, the converter is capable of exchanging
both real and reactive power with the power grid. The operation of the two converters
are similar to that of conventional full-bridge converters. Moreover, it is also possible to
connect the AC and DC grounds together if the midpoints of both AC and DC sides are
constructed, as reported in (Breazeale and Ayyanar, 2015).

As reported in (Kerekes et al., 2009), it is possible to have a common AC and DC ground
if two series of balanced PV panels are connected to a three-phase inverter with split DC
capacitors. The midpoint of the split capacitors is then connected to the grid neutral line.
In this case, the CM currents can be almost completely eliminated. However, the upper
and lower panels are likely to become unbalanced due to the potential induced degradation
(PID) of solar panels (Omron, 2013; Fujita, 2010), even initially designed to be balanced.
The unbalanced voltages could lead to the failure of the whole system. From the view of
preventing the PID effect, it is better to only keep the upper PV panels. However, it is not
straightforward to run the system without the lower PV panels. This is because the split
DC capacitors cannot provide the required DC current to make the grid current free from
DC components. It is also difficult or even impossible to maintain the voltages across the

split capacitors to be balanced without employing a suitable control strategy.
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1.5 Summary of Major Contributions

In this thesis, the major research is made to innovatively addresses the two fundamental
challenges in a holistic way via using active control techniques, which results in the min-
imised number of required active switches. Fundamental, second-order voltage ripples and
high-frequency CM voltage ripples are significantly reduced so that there is no need to
include any bulky electrolytic capacitors and isolation transformers. This breakthrough is
expected to pave the way to develop highly compact power converters with the minimum
number of switches and passive components. The research conducted in the development

of solutions to the two challenges have mainly resulted in the following contributions:

1. Fundamental voltage ripples in DC outputs of single-phase half-bridge rectifiers are
significantly reduced through adding an actively controlled neutral leg (Section 2.3)
and the corresponding active controller is proposed in Section 2.4, which is the key to
enable the reduction of ripples. The required capacitance to achieve the same level of
voltage ripples is considerably reduced compared to that in conventional half-bridge

rectifiers.

2. A single-phase to independent three-phase conversion system is proposed (Chapter
3). The number of used switches is only eight, which is at least twelve in conventional
solutions, and hence, the power density and reliability of the conversion system is

improved compared to conventional solutions.

3. With the proposed p-converter (Section 4.2), fundamental-frequency, second-order
and high-frequency CM voltage ripples are eliminated at the same time. Since only
four active switches are needed, the p-converter is with the minimum number of
switches among all solutions to such converters in the literature. It is theoretically
analysed (Section 4.5) and verified by experiments (Section 4.7) that the total capa-
citance required can be reduced by more than 70 times while both fundamental and

second-order voltage ripples are minimised.

4. Itis revealed that high-frequency CM voltage ripples can be completely eliminated if

the AC and DC grounds of converters are directly connected together (Section 5.2).

17



1.6

The key to facilitate the connection is decoupled active-control strategy of converters,

which is discussed in Section 5.3.

In order to optimize the performance of the p-converter, another converter, i.e., the
0-converter, is proposed to further reduce low-frequency voltage ripples and total
capacitance required (Chapter 8) and to reduce another passive component in the
converter, i.e., the neutral inductor (Chapter 9). The reduction of these two compon-
ents are again achieved by using active control techniques. It has been found that the
total capacitance required can be reduced by more than 2.5 times (Section 8.5) and
the size of the inductor can be reduced by at least 9 times (Section 9.3) compared to

those in the p-converter.

A DCM ripple eliminator is proposed to reduce DC-bus capacitors and low-frequency
voltage ripples in general DC systems (Chapter 10). Different from existing solu-
tions, the voltage across the auxiliary capacitor in the eliminator can be either higher
or lower than DC-bus voltage, which relaxes the constraints on the system design
and also makes it possible to further reduce the auxiliary capacitance via increasing

the voltage of the auxiliary capacitor.

. The concept of the proposed DCM ripple eliminator is further developed and the

ratio of capacitance reduction is quantified (Section 11.3). For the first time, it is
revealed that the capability of instantly diverting the ripple current away from the
DC bus is the key to improve the performance of ripple eliminators (Section 11.5).
It is found that CCM ripple eliminators lead to about four times improvement of the
performance on the reduction of low-frequency voltage ripples than that of DCM
ripple eliminators. As a result, ripple eliminators that can be operated in CCM are

preferred in practice.
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Chapter 2

Half-bridge Rectifiers with Reduced
Fundamental-frequency Voltage Ripples

In this chapter, the drawbacks of conventional half-bridge rectifiers are first discussed. It
is found that the two voltage outputs of the rectifiers contain large ripples because the
currents following through the split capacitors contain significant fundamental-frequency
components. Moreover, the two voltage outputs depend on each other and also on system
parameters. In order to overcome these drawbacks, an actively controlled neutral leg is ad-
ded to conventional half-bridge rectifiers. Furthermore, the associated decoupling control
strategies are proposed. The rectification leg from the conventional half-bridge rectifier is
controlled to maintain the DC-bus voltage and to draw a clean sinusoidal current that is in
phase with the supply voltage. The neutral leg is controlled with a PI-repetitive control-
ler to regulate one voltage output and also to provide the current path for any DC and/or
fundamental-frequency components. As a result, the two voltage outputs are regulated in-
dependently and are robust against system parameters. The output voltage ripples are also
reduced and, hence, the required capacitance to achieve the same level of voltage ripples
is reduced. Experimental results are provided to validate the performance of the proposed

single-phase rectifiers having very low fundamental frequency voltage ripples.

2.1 Introduction

Due to the penetration of renewable energy systems, more and more microgrids are connec-

ted to the public power grid via power converters (Zhong and Hornik, 2013b). In both AC
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and DC microgrids, AC is always rectified to DC when supplying DC loads and AC/AC
conversion often needs DC as an intermediate step. In many circumstances (Zhong and
Hornik, 2013b; Machado et al., 2006; Dong et al., 2013a;b), it is quite normal to have
single-phase utilities so single-phase rectifiers are very popular (Yao et al., 2012; 2011; Lo
et al., 2002; 2007; Wang et al., 2011). A typical application of rectifiers is shown in Figure
2.1, where it is often needed to provide two separate voltage outputs with the presence of
a neutral line so that it is possible to power loads at three different voltage levels (Zhang
and Gong, 2013). For example, many electronic systems need =5 V and/or =15 V. Recti-
fiers based on conventional half-bridge rectifiers, as shown in Figure 2.2, are very attractive

because they can provide two voltage outputs at relatively low costs.

o— |
Tm
AC power [Single-phase Neutral line Ve
source Rectifier T
V.

Loads at first||Loads at second || Loads at third ||Inverters with
voltage level [ |voltage level voltage level ||unbalanced loads

Figure 2.1: Typical application of half-bridge rectifiers.

However, the performance of the half-bridge rectifier could be reduced because of two
main drawbacks. First, the two outputs are dependent on each other and also on the system
parameters such as loads, capacitors and the source voltage (Srinivasan and Oruganti, 1998;
Lo et al., 2002). Because of this, it is hard to obtain two independent voltage outputs, which
are expected to be the same or different from each other, according to the requirements of
the loads. Moreover, the regulation range of the two outputs is limited by the ratio of the
dual loads (R4 and R_). To be more precise, when operating with dual loads, the output
voltages completely depend on the ratio of the dual loads. What is even worse is that, when
operating with only one of the dual loads, the half-bridge rectifier cannot work properly.
This is because DC capacitors are incapable of providing any DC currents. Moreover, as
the source current is provided by charging and discharging the DC capacitors, the resulting

large voltage ripples can be another serious problem and bulky electrolytic capacitors are
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often needed to level and smooth the ripples. However, for volume-critical and/or weight-
critical systems like electrical vehicles and aircraft power systems, it is preferred to reduce
the required bulky capacitors to enhance power density. For systems with batteries and
fuel cells, large ripple currents and ripple voltages could considerably reduce the lifetime
of batteries and fuel cells too (Liu and Lai, 2007; Wai and Lin, 2010; Itoh and Hayashi,
2010).

For the first drawback, there is very few research contributing to obtaining independent
voltage outputs. Most of the previous research was focused on balancing the two voltages.
Two main approaches have been reported in the literature. One of them is done at the AC
side either through injecting a DC component into the AC input current (Lo et al., 2002)
or through adding switches in parallel with the AC source (Lo et al., 2007). However, ac-
cording to the IEEE 1547 standard, the maximum permitted DC bias in the grid current
is 0.5% of the rated value. Many other strategies can be found in (Salmon, 1993), most
of which also focus on strategies at the AC side. Although the voltage imbalance can be
eliminated to some extent, these strategies suffer from low input power factor and/or lim-
ited voltage regulation range determined by the ratio of the dual loads. Another approach
is done at the DC side through adding balancing circuits, which are put across the DC
bus and then connected to the midpoint of the capacitors. In (Zhang and Gong, 2013), a
bidirectional buck/boost converter composed of two switches and two inductors was used
for this purpose. Due to its topological structure, this strategy also benefits with the re-
solved shoot-through problem. The circuit studied in (Hornik and Zhong, 2013; Zhong and
Hornik, 2013a; Win et al., 2012; Zhang et al., 2013a) is shown to have the capability of
balancing two voltages and creating a neutral line but it has not been applied to half-bridge
rectifiers.

For the second drawback, it is worth noting that the voltage ripples in a half-bridge
rectifier consists of a fundamental component and a second order component (Srinivasan
and Oruganti, 1998). The fundamental one is due to the topological structure, which is an
unique feature for half-bridge rectifiers. On the other hand, the second order one is caused
by the pulsating input power, which is a common feature for all single-phase rectifiers. The
mixture of these two components makes the output voltage ripples of conventional half-

bridge rectifiers much larger than that of conventional full-bridge rectifiers. How to reduce
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Figure 2.2: Conventional single-phase half-bridge rectifier.

the second-order component of voltage ripples has been extensively studied for different
single-phase rectifiers (Wang et al., 2011; 2010; Krein et al., 2012). However, to the best
knowledge of the authors, how to eliminate the fundamental component of ripples in half-
bridge rectifiers has not been reported in the literature.

In this chapter, the main drawbacks of conventional half-bridge rectifiers are analysed
in details at first. After that, the neutral leg used in (Hornik and Zhong, 2013; Zhong and
Hornik, 2013a; Hornik and Zhong, 2010; Win et al., 2012; Zhang et al., 2013a) is put across
the DC bus, linking to the midpoint of the split capacitors of conventional half-bridge rec-
tifiers, to form a new topology for single-phase rectifiers. With the help of the neutral leg,
the two voltage outputs become independent from each other and robust against parameter
variations in loads and capacitors. Note that the two voltages can be different or the same,
which only depend on the load requirements. What is important is that the difference of
the two voltages does not cause any problem to the input current regulation (Srinivasan
and Oruganti, 1998) because of the decoupled control strategies adopted. This means the
total harmonic distortion (THD) of the input current and the input power factor are not
affected by the voltage difference either. The unity power factor can always be achieved
as well because the input current can be easily controlled to be in phase with the input
voltage. Moreover, in order to obtain two independent bidirectional DC output voltages,
more than six active switches are often needed but the proposed topology only needs four
active switches, which reduces the cost. This is probably the topology with the minimum
number of active switches to form a bi-directional converter with two independent voltage

outputs that could supply three loads at the same time. Another benefit of the topology
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is that the output voltage ripples can be reduced because the fundamental current com-
ponent that originally flows through the split capacitors can be diverted and flows through
the neutral leg. As a result, the required capacitors become smaller in order to achieve
the same level of voltage ripples. Together with the rectification leg from a conventional
half-bridge rectifier, the formed rectifier consists of two legs. The control of these two
legs are independent, which makes the design of control strategies very flexible. In this
chapter, a repetitive controller is designed to regulate the current drawn from the grid so
that the DC-bus voltage is maintained and a parallel PI-Repetitive controller is designed for
the neutral leg to achieve excellent voltage regulation capability even with different loads
and/or different capacitors.

The rest of this chapter is organised as follows. The drawbacks of conventional half-
bridge rectifiers are analysed in detail in Section 2.2. In Section 2.3, the topology of the
proposed single-phase rectifier is given. After that, operation principles of the rectifier with
a neutral leg are discussed in detail. The associated control strategies are developed in
Section 2.4, with experimental results presented in Section 2.6. The proposed topology is
then compared with a two-stage rectifier that consists of a power factor correction (PFC)
converter and two dual-active-bridge (DAB) converters in Section 2.7. Conclusions are

made in Section 2.8.

2.2 Drawbacks of Conventional Half-bridge Rectifiers

I+
ii-d) Sl
ic+ " I:I R+
id ic Vbe R RI:I
Voc(l-d) ¢ = V. []R
C L

N

Figure 2.3: Average circuit model of conventional half-bridge rectifier.
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2.2.1 Average Circuit Model and Ripple Analysis

Assume that V. and V_ are the voltages across the capacitors C; and C_, respectively.
Then the DC-bus voltage is
Vo=V, +V_. 2.1

Also, assume the source current of the rectifier is regulated to be sinusoidal as

iy = I;sin @t (2.2)
and in phase with the source voltage

vy = Vi sin ot 2.3)

where Vi and I are the peak values of the input voltage and current, respectively, and ®
is the angular line frequency. In this case, the power factor is unity, which is preferred
in many applications. The average circuit model can be built as shown in Figure 2.3,
according to (Srinivasan and Oruganti, 1998). The switches Q1 and O, are replaced with
a current source is(1 —d) and a voltage source Vpc(1 —d), respectively, where d is the
duty cycle of Q,. To the best knowledge of the authors, all the analysis in the literature
are based on the assumption that the split capacitors are the same and/or the dual loads are
the same (Srinivasan and Oruganti, 1998; Lo et al., 2002; 2007). However, this assumption
is hard to meet because the capacitors can easily become different due to their inevitable
degradation. Since the loads may be different too, it is desirable that the two voltage outputs
can be independent even when different loads are connected (Zhang and Gong, 2013). For
this reason, detailed analysis about half-bridge rectifiers with different split capacitors and
different loads is carried out in the sequel.

In order to obtain the unity power factor, the two switches are operated complementarily
to track the reference source current, which is in phase with the source voltage. As the
switching frequency is much higher than the line frequency, the duty cycle of switch Q>
can be given by

V. V.
d=—"— " sinwt (2.4)
Vbc  Vpe

as demonstrated in (Srinivasan and Oruganti, 1998; Lo et al., 2007). According to the
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average circuit model shown in Figure 2.3, the capacitor currents can be calculated as

. . V. Vbe
ic, = zs(l—d>—<i+7>, (2.5)
. ) Vo  Vbe

_ = —id—(—+ 25, 2.
ic isd — (= + =) (2.6)

After substituting (2.2) and (2.4) into (2.5), there is

V_I, Visls

] = sin Wt — cos2mt
e Ve ' 2Vpc
Vil |% V
(R G, (2.7)
2Vpe Rs R
This can be re-written as
) V_I . Vi
= ——sinwt— cos2mt
e Vbe 2Vpc
V. V. V
—— (==, (2.8)
Vbc R- Ry

after taking into account the following power balance between the AC side and the DC side

when ignoring the losses:
Vi, V2 V2o V3.

= "4 — . 29

2 R, R_ R 29)

Similarly, ic_ can be obtained as
Vil
ic. = ——inot— cos2mt
Ve DC
Ve Voo Vo
+ (-0, (2.10)

VDC R_|_ R_

It is clear that there are a fundamental-frequency component, a second harmonic compon-
ent and a DC component in both currents. Because these are currents flowing through
capacitors, the DC components have to be zero; see the next subsection for more details.
The second harmonic component is a common feature existing in all single-phase recti-
fiers, which is caused by the pulsating input power (Wang et al., 2011; Yao et al., 2012;
Krein et al., 2012). However, the fundamental component is unique for half-bridge recti-

fiers. After integrating the current ic; and ic_, it can be obviously seen that the peak-peak

: V_I V+Ix
fundamental-frequency voltage ripples over C; and C_ are WC Ve and oC Vo Tespect-
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V_I

ively, which are at least four times of the second harmonic ripples because - — >
+VYDC
Vil Vil Vil 1 1
4 T0C Ve and ijVDC >4 T0C Ve The voltage ripples can be very large if C; and C_

are small and hence it is important and desirable to make sure that no fundamental com-

V.C
V.Cr

ponent exists in the current. The ripple ratio of the fundamental component is and the

ripple ratio of the second harmonic component is %

2.2.2 Operational Limit Caused by Loads

According to (2.8) and (2.10), there is a DC component in both currents. However, it is
well known that no DC current can flow through capacitors and thus, the DC components

% (X—: - X—i) and %(K—i — 1%) must be equal to 0, which means the following condition

vV, V_
t == 2.11)
R. R_

must be satisfied. Hence, the voltages of the capacitors must be in proportion to the ratio

Vi Ry

of the dual loads, i.e. ;- = z*, in the same way as a voltage divider. Since V. +V_ = Vpc,

the voltages can be found as

v Vbcg—f
+ — 1 N fé—t’
Ve
Vo = R
1+ &

Also, V, and V_ should be larger than V; in order to ensure the normal operation of the

rectifier. As a result, the load ratio ﬁ—f needs to satisfy the following condition

1 Ry
> <P,
T 1 SR

s

(2.12)

where ‘%’5 is the voltage boost ratio. This characterises the operational limit of the rectifier,
as shown in Figure 2.4. For a given voltage boost ratio, the load ratio can only be chosen

within the sector shaded by the red lines. This may considerably limit the application of

half-bridge rectifiers.
If only a single load R is connected, then R, = R_ = +o0. The condition (2.11) can be
naturally satisfied because X—i = X—: = 0. In this case, the rectifier can be operated for any
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load R.
If only one of the dual loads R and R_ is connected, then one of V—* and V; is equal

X* = X‘ cannot be satisfied. This

to O but the other one is not. As a result, the condition
means that the conventional half-bridge rectifier cannot work with only one of the dual

loads connected.

2

2

(6]

/R

[N

VDC/VS

Figure 2.4: The operation limit determined by the load ratio g—j and the voltage boost factor

Ve
Vv,

2.3 The Proposed Single-phase Rectifier

2.3.1 Topology

After a careful consideration of the above analysis, it can be found that the current ic is
the key to solve all the problems. First, if ic is not required to provide DC components,
then there is no operational limit caused by loads. Secondly, if ic is free from providing the
fundamental ripple current, then the fundamental voltage ripples can be completely elim-
inated. Thirdly, if ic can be regulated (without introducing any DC or harmonics to the
source current), then the two voltage outputs can be controlled independently. Hence, an-
other design freedom should be introduced to enable the regulation of i¢. For this purpose,
a current branch is designed by adding the neutral leg proposed in (Zhong and Hornik,
2013b; Hornik and Zhong, 2013) to the conventional half-bridge rectifier in this chapter.
The formed topology is composed of a rectification leg and a neutral leg as shown in Figure
2.5. The rectification leg inherits the topology and functions from conventional half-bridge
rectifiers. The neutral leg is formed by two switches O3 and Q4, an inductor and two split

capacitors. The introduction of the neutral leg breaks the constraint on ic and solves the
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drawbacks mentioned before.

It is worth noting that the two legs can be controlled independently. The rectification
leg can be controlled to regulate the DC bus voltage, which should be the sum of the two
independent voltage outputs, and to draw a sinusoidal current that is in phase with the
source voltage. This is quite matured now so the emphasis of this chapter is to control
the neutral leg so that the two voltages can be independent, with reduced ripples at the

fundamental frequency.

! 7
{70 cl], I+
= |V

ic+ [] Ry

UN pm - Vbe — R[]
144 Ly Ic

CEE' V- []R

‘IG 07 ic I
N

Figure 2.5: The proposed single-phase rectifier with a neutral leg.

2.3.2 Model of the Neutral Leg

The mid-point (or average) of the DC bus is

Vy—-V_
Vave - i D) (213)
According to the Kirchhoff’s law, there is
di
uy = LNﬁ + Ryiy (2.14)

where Ry is the equivalent series resistance of the inductor. Define the currents flowing

through the split capacitors are ic4 and ic_, respectively. Then,

ic =icy —ic_ (2.15)
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with

Ic+

ic_

As aresult, the dynamic equation of the DC-bus voltage is

dVpc

dv,

dv_

dt

from which there is

1

dtJr

dt
1

= —icp+—ic_

Cy
1

C_
1 1

- (_ ‘|— _)iC+ — —iC

Cy

C_ C_

Hence, (2.16) can be re-written as

Since Vpc =V +V_, there is

dVpc 1 .

; a Tl
C+ — 1 1
ot

C.+C_ dr Cityc €

dVoc _dVy
dt dt
C. dVpce 1

C.+C_ dit C,+C €

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

Assume that the switching frequency is f; and the switching period is 7y = 1/ f;. Define

when Q3 is on and Q4 is off,
when Q4 is on and Q3 is off.

Then, the corresponding voltage uy, together with its given ¢, can be shown in Figure 2.6.
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Figure 2.6: Signals g and uy (Zhong and Hornik, 2013b).

Denote the average of ¢ over a switching period by p. Then p € [—1, 1] and the duty cycle
for Q3 is

The average of uy over a switching period (assuming that V. and V_ are constant within a

switching period) is approximately

uy =dvV, — (1—d)V_ = gvDC + Ve (2.22)

Combining (2.14), (2.20), (2.21) and (2.22), the model of the neutral leg is shown in Figure

2.7, where Vjy = CfﬁVDc plays the role of an external disturbance and p is the control

is- I+ L
A~UN 1 ir i ic

sLy+R,| = >~

variable.

Ypc
2

s(C,+C))

VH ve

1
2

Figure 2.7: Model of the neutral leg.
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2.3.3 Advantages

2.3.3.1 Removal of the operational limit on loads

The neutral leg provides the path for the source current i; and the imbalanced current of the

dual loads R and R_. According to the Kirchhoff’s law, there is
ip=1is—ic—I1++1_. (2.23)

If ic is maintained around 0, then the imbalanced current 7, — I will be provided by the
neutral leg but not by the split capacitors any more. The above-mentioned operational limit
can then be naturally removed. The regulation of the ic can be done through controlling the
control variable p as indicated from the model of the neutral leg in Figure 2.7. As a result,
the proposed rectifier can work properly no matter what kind of combinations of loads are

connected.

2.3.3.2 Reduced voltage ripples

From (2.23), it can be seen that the return source current is provided by the neutral leg, but
not by the split capacitors. Hence, the fundamental component of the voltage ripples on the
split capacitors can be completely eliminated and the voltage ripples on V. and V_ can be

reduced.

2.3.3.3 Provision of independent voltage outputs

Assume the references of the two independent DC outputs are V' and V*, respectively,
which could be the same or different as long as both of them are higher than the peak
value of the source voltage. This is to ensure the boost operation of the rectifier. The
DC-bus voltage Vpe can then be maintained to be the sum of the two independent outputs
by controlling the rectification leg. In other words, the reference for the DC-bus voltage
should be set as

Vie=Vi+V™ (2.24)
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According to the model of the neutral leg shown in Figure 2.7, the DC output V. can be

regulated via changing control variable p. Then
Vy=V} (2.25)
in the steady state, which also means

V_=V*.

Hence, both outputs can be controlled independently.

It is worth mentioning that controlling ic = 0 does not necessarily lead to V., = V be-
cause the integrator m (as shown in Figure 2.7) may cause the deviation of V. from
its reference. As a result, when designing the controller for the neutral leg, the regulation
of both the current and the voltage should be taken into consideration.

One question that arises naturally is that whether the different voltages V. and V_ would
cause problems to the input current regulation. As stated previously, the rectification leg
and the neutral leg are independently controlled and, as a result, the regulation of the input

current only depends on the rectification leg instead of both legs. Indeed, according to

(2.4), the maximum and minimum duty cycles of the two switches in the rectification leg

are
1
dmax — V_(V-i-‘l'vs)
DC
1
dpin = %(VJr_Vs)-

Hence, d,i, > 0 and d,,,4 < 1 can be achieved for any combinations of V. and V_ that
are higher than V; and the regulation of the input current is not affected by the difference
between V. and V_. The only effect of the voltage difference is that the DC offset of the
voltage Vpc (1 —d) across the switch Q», which is the same as V_, is shifted from the mid-
point of the DC bus but this does not cause any problem. To make it easy to understand, the
regulation of the input current is concerned about the DC-bus voltage Vp¢ and it does not
matter how this is split between V. and V_, which is achieved by the neutral-leg controller.

Because the rectification leg is independently controlled, the input power factor and the
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THD of the input current can be regulated as usual and are not affected by the difference
between V. and V_. Similarly, the effect of any possible DC component in the input voltage
is equivalent to the voltage difference between the voltages across the two capacitors and

hence is limited.

2.4 Control Design

2.4.1 Control of the Rectification Leg

As analysed before, one of the main functions for the rectification leg is to regulate the
DC-bus voltage. For this purpose, the two DC voltage outputs should be measured for
feedback. The sum of them constitute the DC-bus voltage, which contains two parts: a
constant component and a ripple component. The constant component should be equal to
its reference value V{ + V* and the ripple one is normally smoothed by DC-bus capacitors
or active energy storage circuits (Wang et al., 2011; Zhang et al., 2013b; Wang et al., 2012).
The constant component should be extracted from the DC-bus voltage for the feedback.
Otherwise, the ripple component is introduced into the control loop, which reduces the

performance and hence should be avoided. Here, the hold filter

1—eTs/2

H(s) = s
where T is the fundamental period of the supply, is used to remove the ripple component
because the major ripple component is at the second harmonic frequency. A PI controller
can then be used to maintain the DC-bus voltage as shown in Figure 2.8(a).

In addition to the DC-bus voltage regulation, the rectification leg is also responsible to
make sure that the source current i, is clean and in phase with the source voltage vy. This
reduces the power pollution to the source caused by the rectifier. Considering the power
balance at the AC and DC sides, the output of the PI voltage controller is set as the peak
amplitude of the reference of i;. Apart from this amplitude information, the phase inform-
ation of the source voltage is also needed to form the reference source current. This can be
realised in many ways, e.g. with phase-lock loops (da Silva et al., 2010; Rodriguez et al.,

2007), sinusoid-locked loops (Zhong and Hornik, 2013b) or sinusoidal tracking algorithms
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(STA) (Ziarani and Konrad, 2004). Here, the STA proposed in (Ziarani and Konrad, 2004)
is adopted. With the peak amplitude provided by the PI controller and phase information
extracted using the STA, the reference source current i; is then formed. What is left now is
to design a current controller so that the current is tracks its reference.

Many current controllers, such as hysteresis controllers (Tilli and Tonielli, 1998) that
have a variable switching frequency and repetitive controllers (Hornik and Zhong, 2011a)
that have a fixed switching frequency, can be applied to track the current reference i.
Because of the excellent harmonic rejection performance, the repetitive controller shown in
Figure 2.9 is used, where i, = i — i is the current tracking error. The output of the repetitive
controller is sent to a PWM generator to generate the PWM signals for the switches Q and
(0. The repetitive controller consists of a proportional controller K, and an internal model

given by
K,

_ W —1ys?
1 S+(1)ie

C(s) =

where 7, is a delay term. The poles of the C(s) are the solutions of the transcendental

equation
;
S + ;

—T4s
= e d

Y

which has infinitely many roots s, kK € Z. The Lambert W function, whose history and
properties are presented in (Corless et al., 1996), is used to solve this equation. The real

part and the imaginary part of the poles s are

1 T ; 1 2km
Res; ~ —In i = —In(14(==)?)
Ta \(tg0)%+ (2km)?  Ta T4 ;i
2km —tan~! % Tt 1
Ims; ~ L 1— ).
Td Td Tq 0;

It is found that these poles are very close to the imaginary axis. In order to allocate the
poles close to the harmonic frequencies, ideally, it is expected that s; = j 27”k where 7 is the

system fundamental period. In this case, 7; needs to satisfy

2 1
=TT T

1
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solutions of which are
1+.,/1--%

T, = %r (2.26)

The reasonable positive solution corresponds to the plus sign in (2.26), which leads to a

good recommendation for 7, as

1+1-2 1
T ~—T=T— —.

Here,

where @; = 2550, 7 =0.02s.
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Figure 2.8: Controller: (a) for the rectification leg; (b) for the neutral leg.
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Figure 2.9: Repetitive current controller.
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2.4.2 Control of the Neutral Leg

As discussed previously, one of the main tasks of the neutral leg is to maintain the current
ic close to zero. For this purpose, the current ic should be measured as a feedback to form a
current controller. Again, the repetitive controller used in the controller of the rectification
leg is adopted here, as shown in Figure 2.8(b), to improve the tracking performance. The
current ic is sent to the repetitive controller as an error signal after being subtracted from its
reference, which is zero in this case. If ic ~ 0, then iy =i; — I +1_ is satisfied. As aresult,
the function of the neutral leg, providing the return source current and the imbalanced
current, is achieved.

However, as can be analysed from the model of the neutral leg, V.. could be other values
than V; even when i. = 0 because of the existence of the integrator ‘(C+—£M As a result,
another loop is required in order to independently control the two voltage outputs. Because
the rectification leg is controlled to maintain the DC-bus voltage at Vi 4 V*, it is only
necessary to control V. to be V. This can be achieved by using a PI controller. Naturally,
V_ = V* can be achieved at the same time. Because this control loop only works at the DC
component and the controller that regulates the current ic only works at non-DC signals,
these two controllers can be put into parallel, as done in (Hornik and Zhong, 2013; Zhong
and Hornik, 2013b), by adding the output of the PI voltage controller and the output of the
current controller together. The sum is then sent to a PWM block to generate drive signals

for Q3 and Q4. The resulting controller for the neutral leg is shown in Figure 2.8(b).
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Table 2.1: Parameters of the system

Parameters \ Values ‘

Supply voltage (RMS) | 110V
Line frequency 50 Hz

L 2.2 mH

l4v 2.2 mH

C 1120 uF

C_ 560 uF

R 1470 Q
R 470 Q

R_ 1000

2.5 Simulation Results
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Figure 2.10: Simulation results with three loads when V' =300 V and V* =200 V.

In order to verify the systems performance, a simulation system of the proposed converter
was built in PLECS. The system parameters used for the simulation are summarised in
Table 2.1. In order to demonstrate the independence of the two DC voltage outputs, the
three DC loads and split capacitors were chosen to be different on purpose. The coefficients
of the PI controller for the DC-bus voltage were chosen by trial-and-error to be Kp =
0.05, K7 = 2 and the gain of the repetitive controller for the source current i; was selected
as K, = 5. In addition, the parameters of the parallel PI voltage and repetitive current
controller were selected as Kp = 0.1, K; = 3 and K, = 5, respectively.

The simulation results with three loads when Vjﬁ =300V and V* =200 V are shown in
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Figure 2.10. Clearly, the two DC voltages V. and V_ are well regulated at their references.
Importantly, the grid current i is controlled to be clean and be in phase with the source

voltage vy, which is not affected by different voltage levels of the V. and V_.

2.6 Experimental Results

As shown in Figure 2.11, the proposed single-phase rectifier was built up in the lab. An
intelligent power module (IPM) was used to construct the topology of the rectifier and a
TMS320F28335 DSP control board was used to control the IPM. In addition, voltage and
current sensors (see Figure 2.11(b)) were adopted to measure voltages and currents that are

used for control. The main system parameters are the same as the ones given in Table 2.1.

42



(b)

Figure 2.11: Photos of the experimental kit: (a) general structure and (b) control and power
boards.

2.6.1 Steady-state Performance

2.6.1.1 With three loads Ry =470 Q, R_ = 1000 Q and R = 1470 Q

In this case, both the conventional half-bridge rectifier and the proposed rectifier work
but the performances are completely different. The references of the output voltages are
set to VI =300 V and V* =200 V. For the conventional half-bridge rectifier, the results
are shown in the (a) and (c) of Figure 2.12. Although the DC-bus voltage is around its
reference!, the source current is not sinusoidal. Although VI >VZ*, there was V, <V_in
experiments because the two DC voltage outputs are determined by the loads R, and R_

and the voltages are not regulated.

'Note that the tolerance of the resistors and the errors in the sensors etc. have caused some errors in the
readings in the figures.
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Figure 2.12: Steady-state performance with three loads (V; = 300 V and V* = 200 V):
(a) and (c) the conventional half-bridge rectifier (without the neutral leg); (b) and (d) the
proposed rectifier (with the neutral leg).

There are noticeable ripples on both voltage outputs, at the fundamental frequency. For

the proposed rectifier, the results are shown in the (b) and (d) of Figure 2.12. The source
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current is now sinusoidal; the two DC voltage outputs are independently well controlled
to be 300 V and 200 V (producing a well-controlled DC bus voltage around 500 V); the
ripples on both voltage outputs are much smaller and no fundamental-frequency component
is seen. It is worth mentioning that the experimental result shown in Figure 2.12(b) has
very similar result as the one shown in Figure 2.10, which verifies the accuracy of the
simulations used to predict system performance.

In order to further compare the ripples of the two cases, the voltage waveforms are
zoomed and shown in Figure 2.12(c) and (d), respectively. From the view of the frequency,
it can be clearly seen that the major component of the ripples is at 50 Hz for the case
of the conventional half-bridge rectifier and 100 Hz for the case of the proposed rectifier.
This is because all the 50 Hz ripples have been diverted from the capacitors by the neutral
leg. From the view of the amplitude, the output voltage ripples of conventional half-bridge

rectifier are 20 V and 16 V, respectively. According to (2.8) and (2.10), the theoretical ratio
V_C_

of the ripple amplitudes are vier N 1.32, which is approximately equal to the observed
value %2—?,’ = 1.25. As a result, the obtained experimental results are consistent with the

theoretical analysis. After starting the neutral leg, the ripple amplitude values are dropped
from 20V and 16 V to 3 V and 6 V, respectively, as shown in Figure 2.12(d). The ratio
then becomes g—x = 0.5, which is the same as the theoretical value % = 0.5. Note that in
the proposed rectifier, the ripple ratio is no longer dependent on the two output voltages
but only on the capacitors. In order to clearly show the ripple reduction performance,
the voltage V. is taken as an example to extract its 50 Hz and 100 Hz ripples from the
recorded experimental data with notch filters tuned at 50 Hz and 100 Hz, respectively. For
the conventional half-bridge rectifier, the peak-peak values of 50 Hz and 100 Hz ripples are
18 V and 2.3 V, respectively. After starting the neutral leg, the peak-peak value of the 50
Hz ripple is significantly reduced to 0.2 V while the 100 Hz ripple remains more or less the
same (because this is not the focus of the chapter and no extra effort is taken to deal with
the 100 Hz ripples).

In order to further demonstrate the capability of independently regulating the two output
voltages, two other experiments were carried out for different voltage references V| = 250

Vand V* =250 V and Vi =200 V and V* = 300 V, respectively. The results are shown

in Figure 2.13. The two output voltages were controlled independently very well.
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Figure 2.13: Steady-state performance with three loads: (a) Vi =250 V and V* =250 V;
(b) Vi =200V and V* =300 V.
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Figure 2.14: Steady-state performance with only one load R =470 Q (Vi = 300 V and
V* =200 V): (a) Output voltages, source current and voltage; (b) Neutral current ic and
auxiliary inductor current iy .
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2.6.1.2 With only one load R, =470 Q

Another experiment was done to test the proposed rectifier when operated with extremely
different loads. Only one of the dual load Ry = 470 Q was connected. Note that the
conventional half-bridge rectifier does not work in this case so no experimental results can
be shown. For the proposed rectifier, the results are shown in Figure 2.14(a). The output
voltages and the source current are regulated very well, without any problem. Moreover,
the neutral current was also well maintained around 0 as shown in Figure 2.14(b), where the
inductor current iz is also shown. It contains a DC component. According to the analysis
in Section 2.3, the inductor current i;, should include a DC bias in this case to offset the
current difference between the dual loads R and R_. Theoretically, the current difference
should be v 300
R_i_ =170 =0.6383 A,
which is very close to the bias current 0.64 A observed from Figure 2.14(b).

2.6.1.3 Input power factor and input current THD

For all the above cases with the same/different loads and/or voltage references, the THD of
the input current is about 4.3% and the input power factor is about 0.99, according to the
recorded data from experiments. This verifies that the regulation of the input current is not
affected by the voltage difference between V.. and V_. Note that the experimental system
is not optimised for power quality purposes because it is not the focus of this chapter. The
synchronisation unit STA, the hold filter H(s) and the PI controller in the rectification-leg
controller shown in Figure 2.8(a) could all bring harmonic components into the reference
input current. Moreover, the input filter, which is not optimised either, plays an important
role in the power quality as well. Hence, the THD of 4.3% for the input current is already

very good. It could be improved if the above factors are taken into consideration.

2.6.2 Transient Performance

In order to evaluate the transient performance, three cases are given here as shown in Fig-
ures 2.15-2.17. The first two were conducted with the voltage references Vi = 300 V and

V* =200 V. For the third one, the DC voltage references were changed from V} = 300 V
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Figure 2.15: Start-up: DC outputs V. and V_ and neutral current ic.
and V* =200 V to Vi =200 V and V* =300 V as a step change.

2.6.2.1 Start-up

In the first case, the controllers for the rectification leg and the neutral leg were initially not
in function. As a result, the system was operated as a diode bridge rectifier and therefore,
the source current is extremely distorted. Also, the DC outputs were clamped at around
150V, which is the peak value of the source voltage. Note that the two voltages are slightly
different because of the different loads and capacitors. After the controllers were activated,
the two voltage outputs quickly increased from 150 V to the reference values of 300 V
and 200 V, respectively, as shown in Figure 2.15. The neutral current ic was regulated and
settled down to nearly 0. This transient response took about 400 ms, which can be reduced
if the allowable maximum neutral current is increased (for the current system it is designed

to be 16.66 A).

2.6.2.2 Load change

The second case was with a load change and the result is shown in Figure 2.16. All the

three loads R, R4 and R_ were initially connected and then two of them, R and R_, were
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Figure 2.16: Load change: DC outputs V. and V_ and neutral current ic.

suddenly cut off from the system. Due to this change, the DC outputs slightly increased
and then went back to the references without any spikes. The neutral current ic was always

maintained around 0.

2.6.2.3 Change of voltage references

The last case was the change of the voltage references and the results are shown in Fig-
ure 2.17. It can be seen that the voltages are smoothly regulated to their new references
from previous ones. Again, the neutral current is always around O without any notice-
able changes. The response time in the last two cases can be shortened by increasing the

allowable maximum neutral current.

2.7 Comparison with a Solution

It is not easy to identify a suitable topology for comparison because of the functions in-
tegrated in the proposed topology. After careful comparison of different topologies, the
topology shown in Figure 2.18 is adopted for comparison. It is able to provide two isolated

DC output voltages in an independent way and adopts the DAB DC/DC converter (Qin and
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Ic.

Kimball, 2014; 2012; Kan et al., 2014) cascaded with a front-end PFC converter, which
are all very popular topologies. It is possible to connect a third load to the DC bus of the
PFC so the system is able to supply three loads at the same time, which is the same as the
proposed topology. The DAB converters use only two active switches in order to reduce
the losses and the PFC rectifier only uses one switch so this system is not bi-directional
but the proposed topology is bidirectional. In order to make this topology bidirectional,
several more active switches need to be added, which will reduce the efficiency. Hence,
the system shown in Figure 2.18 is a good candidate for comparison apart from the lack
of bidirectional capability. The same parameters for the loads, capacitors, active switches
and diodes etc. are adopted for both systems. It is obvious that the cost of the DAB system
is much higher than that of the proposed system for the same capacity, due to the extra
high-frequency transformer, the increased number of active switches (five more) and di-
odes (nine more), and the extra DC-bus capacitor C. If this system is made bidirectional,
the cost is going to increase further. Moreover, the DAB system is much more complicated
and the reliability is lower because of the increased component count.

In order to compare their efficiency, both the DAB system and the proposed system were
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simulated with PLECS, which is able to accurately calculate power losses. The simulations
were done with the same parameters for switches and diodes used in both systems. The
obtained efficiency curves are shown in Figure 2.19. It is clear that the proposed system
has higher efficiency compared to the DAB system. This is expected because of the number
of switches in the proposed topology is much less than that in the DAB system.

As to the complexity of the control, it is similar for both systems. The control of the
rectification leg has a similar level of complexity to the control of the PFC, both with a
current regulator, and the control of the neutral leg has a similar level of complexity to the
control of the two DAB converters.

Apart from the above aspects, it is also worth highlighting the important role of the
neutral line provided by the proposed topology. For applications like microgrids, a neutral
line is necessary if inverters need to supply unbalanced loads and is also needed if both
positive and negative voltages are required by loads.

To sum up, as compared to the DAB system, the proposed system has better perform-
ance, lower costs and higher efficiency. To be fair, the DC outputs of the DAB system can
be higher or lower than the DC-bus voltage but the DC outputs of the proposed system
have to be lower than the DC-bus voltage. Hence, the advantage of the proposed topology

1s obvious.

2.8 Summary

In this chapter, a single-phase rectifier has been proposed as a unified solution to address
the two main drawbacks of conventional half-bridge rectifiers. The proposed rectifier con-
sists of a rectification leg and a neutral leg. The main functions of the rectification leg are to
draw a clean current that is in phase with the source voltage and to generate a stable DC-bus
voltage. On the other hand, thanks to the neutral leg, the two voltage outputs are independ-
ent with each other and are robust against with system parameters. In other words, the
proposed rectifier has the capability of coping with different loads and different capacitors.
Moreover, the ripples of the output voltages are reduced because the fundamental ripple
current is diverted from the capacitors by the neutral leg. Although the capacitors used for

experiments are not optimised, it is obvious that the capacitors can be reduced if the level
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of the voltage ripples is same. Experimental results have demonstrated the capability of
the proposed rectifier. Moreover, the comparison with a typical solution that adopts the
popular DAB DC/DC converter cascaded with a front-end PFC converter has shown that
the proposed topology offers better performance, lower cost, higher reliability and higher

efficiency.
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Chapter 3

Applications in Single-phase to

Independent Three-phase Conversion

As an application of half-bridge rectifiers proposed in Chapter 2, a conversion system is
proposed in this chapter, which can generate independent three phases from a single-phase
power supply so that balanced or unbalanced, linear or non-linear three-phase loads can
be operated. Again, fundamental-frequency voltage ripples are removed from DC outputs
as the case in the rectifiers presented in Chapter 2. It can be used in places, e.g., rural
areas, where only a single-phase power supply is available. The converter consists of four
legs: 1) one rectifier leg to generate a DC-bus voltage; ii) two phase legs to generate two
independent phases to form balanced three-phase voltages together with the single-phase
power supply and iii) one neutral leg to generate a neutral point, which is common to
the single-phase supply and the two phases generated. Decoupled control strategies are
developed to make sure that i) the current drawn from the single-phase supply is sinusoidal
and in phase with the supply voltage, i1) the generated phase voltages contain low voltage
harmonics even when the load is non-linear and iii) the neutral point is maintained stable.

Simulation results are provided to verify the performance of the system.

3.1 Introduction

In some remote areas, it is quite normal to only have a single-phase power supply even
though three-phase distribution systems are very common. This is particularly the case

in rural areas (Cipriano dos Santos et al., 2011). But some electric appliances, e.g., air
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conditioners and motors above a certain power level, require three-phase voltages. Hence, a
device that converts a single-phase supply to balanced three-phase voltages is often needed.
This converter is expected to have the capability of powering single-phase and/or three-
phase, balanced or unbalanced, linear or non-linear loads and drawing a clean current that
is in phase with the supply voltage.

Normally, this conversion process involves in an uncontrolled rectifier bridge cascaded
with a three-phase full-bridge inverter via a DC bus as shown in Figure 3.1(a), which are
widely adopted in motor drives (Bose, 2001). This topology causes high current harmonics
and low input power factor to the supply. Moreover, the power can only unidirectionally
flow from the supply to the motor. The current harmonics and low input power factor can
be improved by adding a boost converter between the rectifier and the inverter (Singh and
Singh, 2010) , as shown in Figure 3.1(b). Figure 3.1(c) shows another popular topology
consisting of a controlled single-phase full-bridge rectifier with a three-phase full-bridge
inverter (Bose, 2001; Kwak and Toliyat, 2005). Although it is able to provide a clean
grid current that is in phase with the grid voltage as well as high quality output voltage, it
requires ten switches to process the full power. For economic and reliable operation, it is
better to reduce the number of switches. One of the rectifier legs can be replaced with a split
DC link to reduce the number of switches (Lee and Kim, 2007; Singh and Singh, 2010),
as shown in Figure 3.1(d). However, it has some drawbacks, such as high output voltage
distortion and large DC-bus capacitors (Blaabjerg et al., 1997; Lee and Kim, 2007). For
these conventional topologies, the full load power needs to be processed by the converter,
which increases the cost of the converter.

An interesting topology, as shown in Figure 3.2, was proposed in (Machado et al., 2006)
along the line where only partial load power needs to be processed. It takes advantage of
the supply voltage as the line-to-line voltage and generates another line to form a balanced
three-phase voltages. The three-phase converter in this topology acts as an active power
filter to provide the reactive and harmonic currents required by the loads so that the supply
current is clean and in phase with the supply voltage. Note that the generated line voltage
depends on the load power. Another drawback is that no neutral line is available for un-
balanced loads. Recently, a topology with a single-phase to three-phase universal active

power filter, as shown in Figure 3.3, has been proposed in (Cipriano dos Santos et al.,
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Figure 3.1: Conventional topologies
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Figure 3.2: A line-interactive single-phase to three-phase converter proposed in (Machado
et al., 2006)

2011). A controlled full-bridge rectifier with four switches and a transformer are added to
the topology shown in Figure 3.2. The generated phase voltages are balanced and have the
same voltage level as the supply voltage but a transformer is needed and no neutral line is
available for the operation of unbalanced three-phase loads. Moreover, for these two topo-
logies, there may be significant amount of harmonics in the output voltage as well since no
strategies are designed to obtain high power quality under high power non-linear loads.

In this chapter, a new topology is proposed and the corresponding control strategies are
developed. The proposed topology consists of a neutral leg, a rectifier leg and two phase
legs, with the total of eight power semiconductor switches. The rectifier leg injects power
into the DC bus to maintain a stable DC bus voltage and also maintains the current drawn
from the supply to be clean and in phase with the supply voltage. The two phase legs gener-
ate two independent phase voltages, which together with the supply voltage form balanced
three-phase voltages. The neutral leg is controlled to provide a stable neutral point which
is shared by the supply voltage and the two phase voltages generated. This facilitates inde-
pendent control of the rectifier leg and the phase legs. The provided three-phase voltages
have the same phase voltage level as the supply voltage and hence no transformer is needed
for loads with rated voltage same as the supply voltage. The loads of Phase a are directly
fed by the supply and the loads of the other two phases are fed by the converter, which

saves cost. Because of the provision of a neutral line, both balanced and unbalanced loads
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Figure 3.3: The topology with a universal active power filter proposed in (Cipriano dos
Santos et al., 2011)

can be connected to the three-phase voltages provided.

Compared to the traditional full bridge converter with ten switches, two switches are
saved. Moreover, when three-phase balanced loads are connected, only two thirds of the
power flows through the converter, which reduces the power rating of the converter and also
decreases the ripples of the DC-bus voltage. In order to obtain high-quality output voltage
even when non-linear loads are supplied, a voltage controller proposed in (Zhong et al.,
2012a) are used to change the output impedance of the inverter at harmonic frequencies to
improve the voltage THD.

Although the proposed strategy is mainly for applications at the supply frequency, it
can be applied to applications where a variable frequency is needed. In this case, the three-
phase balanced load that requires a variable frequency should be connected to phase points
b and c and the neutral point N, with appropriate strategies to generate the voltages; see
e.g. (Lee and Kim, 2007; Hoang et al., 2011).

The rest of the chapter is organised as follows. In Section 3.2, the topology to convert
a single-phase supply to independent three phases is proposed and described. The associ-
ated control strategies are developed in Section 3.3 and simulation results are presented in

Section 3.4, with summary made in Section 3.5.
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Figure 3.4: The proposed single-phase to three-phase converter

3.2 The Proposed Single-phase to Three-phase Converter

3.2.1 The Proposed Topology

The proposed scheme for single-phase to three-phase conversion with a neutral line is
shown in Figure 3.4. It consists of a neutral leg, a rectifier leg and two phase legs. The
neutral leg, taking the topology in (Zhong et al., 2006), consists of two switches, one in-
ductor and two split DC-bus capacitors. It is controlled to maintain the neutral point close
to the mid-point of the DC bus, which is common to the single-phase supply and to the two
phases generated. The provision of a neutral point makes the three-phase voltages inde-
pendent so that unbalanced loads can be operated and the operation of one phase does not
affect others. The rectifier leg, together with the neutral leg, form a rectifier and the two
phase legs, together with the neutral leg, form two single-phase inverters to generate two
phase voltages that are i—%” displaced from the single-phase supply. The rectifier leg is to
provide a compensation current so that the current drawn from the supply is clean and in
phase with the voltage, to pass the power for the other two phases and to maintain a stable
DC-bus voltage. It runs as a boost converter so that the DC-bus voltage can be maintained
at a value needed by the two phase legs without a transformer. The two phase legs generate
two independent phase voltages which, together with the single-phase supply, form inde-
pendent balanced three phase voltages. An LC filter is connected to each phase leg to filter

out the harmonics caused by the switching. It is worth noting that the provided three-phase
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voltages have the same level as the single-phase supply voltage and, hence, there is no need
to use transformers for loads rated at the supply voltage level, which is normally the case.
With this topology, the load of Phase a is fed directly by the single-phase supply and the
loads of Phases b and ¢ are supplied by the converter. Hence, the converter does not process
the full power, which reduces the cost. If balanced loads are connected, only two thirds of
the power is provided by the converter. If no loads are connected to Phases b and ¢, then
the converter runs as an active power filter and a reactive power compensator for Phase a so
that the current drawn from the grid is clean and in phase with the supply voltage. Another
important property of the topology is that the rectifier leg, the neutral leg and the phase
legs can be controlled independently, which offers considerable freedom in designing the
controller. In principle, any control strategies developed for reactive power compensation
and active power filters can be applied to the rectifier leg. Any control strategies developed
for neutral legs can be applied to the neutral leg and any control strategies developed for

inverters can be applied to the phase legs.

3.2.2 Basic Analysis

Assume that the single-phase supply voltage v is

V =V /0,

where V' is its RMS value, and that the generated two phase voltages together with the
supply voltage form balanced three-phase voltages to supply three-phase linear loads with
the load angle (lagging) of 6, 6, and 6., respectively. Moreover, assume that the power loss
in the converter is negligible. Then the (real) power supplied is equal to the (real) power

consumed by the load, i.e.,

VI =VI,cos0+Vyl,cos6,+V.I.cosO,,

=VI,co80 +VI,cosO,+VI.cos,
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Figure 3.5: Phasor diagram of the system: (a) with linear unbalanced three-phase loads, (b)
with linear balanced three-phase loads.

where I, I, and I, are the RMS values of the three-phase load currents. Hence, the RMS

value of the current drawn from the supply is

I=1,c080 +1,cos0,+1.cosb,.

If the loads are balanced, i.e. when 8 = 6, = 6, and I, = I}, = I.., then the supply current is

I =3I,cos6.

According to the Kirchhoff’s current law, there are

iS:i_ia, (3.1)

and

i= i — iy — iy — ip = iy — i} — i (3.2)

As a result, the phasor diagram of the system can be obtained as shown in Figure 3.5,
where the cases with linear balanced and unbalanced three-phase loads are illustrated. The

current [, is

I, = \/12+Ig —21,1cos 0.

When the loads are linear and balanced, there are

I —\/I (31,c080)% —6I2cos? 0 = \/1+3cos? 01,
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and i, = i, which means

I, =1=73I,cos0.

Hence,

I, <2I, and I, <3l,.

These can be applied to determine the current ratings of the switches of the rectifier leg and

the neutral leg.

3.3 Controller Design

As mentioned before, the controller of the four legs can be decoupled and designed in-
dependently. The main function of the controller for the rectifier leg is to draw a clean
sinusoidal current that is in phase with the supply voltage and to maintain a constant DC
bus, which automatically transfers power to the two phases. This is quite similar to the
function of a combined active power filter and reactive power compensator. The main
function of the controller for the neutral leg is to make the voltage of the common point
of the split capacitors with respect to the mid-point of the DC bus stable and close to zero
and to provide a return current path for the rectifier leg and the phase legs. As a result, the
common point of the split capacitors can be used as the neutral point N that is common to
the supply and the two phases generated, which is vital to the operation of the system. The
main function of the controller for the phase legs is to convert the DC bus voltage into two
phase voltages with low harmonics to form balanced three phase voltages together with the

single-phase supply.

3.3.1 Synchronisation Unit

In order to make sure that the current drawn from the supply is in phase with the supply
voltage and also that the generated phase voltages are able to form balanced three-phase
voltages together with the supply voltage, a synchronisation unit is needed to provide the
phase information of the supply. This can be obtained from many ways, e.g. with phase-
locked loops (PLL) (da Silva et al., 2010; Rodriguez et al., 2007) or sinusoidal tracking
algorithms (STA) (Ziarani and Konrad, 2004), as shown in Figure 3.6(a). Once the phase
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information of the supply @t is obtained, the phase information of the generated voltages
can be obtained via adding i%’r to it. The unit also needs to provide the RMS value of the
supply voltage to be used as the reference RMS value for the generated phase voltages. In
this chapter, the STA proposed in (Ziarani and Konrad, 2004) is adopted in the synchron-

isation unit shown in Figure 3.6(a).

3.3.2 Control of the Rectifier Leg

As mentioned before, an important function of the rectifier leg is to inject the right amount
of current to maintain a stable DC-bus voltage. This can be achieved by introducing a PI
controller, as shown in Figure 3.6(b). Because there are ripples in the DC-bus voltage at

the doubled supply frequency, a low-pass filter, e.g. the hold filter

1—eT3/2
H(s) = T
where T is the fundamental period of the supply, can be adopted to remove the ripples of
Vpc for feedback.

The output of the PI controller actually plays the role of the reference peak amplitude
of the current drawn from the supply. The reference current drawn from the supply is then
obtained via multiplying it with the phase signal sin @t of the supply voltage provided by
the synchronisation unit shown in Figure 3.6(a). This makes sure that no reactive power
is drawn from the supply. The reference current of is for the rectifier leg is then obtained
from subtracting i, from the reference current drawn from the supply. As a result, all the
harmonic current components in i, are automatically diverted into the reference current of i
and no extra effort is needed to suppress the current harmonics in the supply current. What
is left is to design a current controller so that the current i tracks the reference current.

Many current controllers, e.g., hysteresis controllers (Tilli and Tonielli, 1998) that have
a variable switching frequency and repetitive controllers (Hornik and Zhong, 2011a) that

have a fixed switching frequency, can be applied to track the reference current of is. In this

chapter, a repetitive controller shown in Figure 3.7 is adopted, where i, is the current error
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Figure 3.6: The proposed control strategy
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Figure 3.7: Repetitive current controller.

signal. The controller consists of a proportional controller K, and an internal model:

K,

_ @; —T4S ’
1 S+(Die

C(s) =

where K, and 7, are designed based on the analysis in (Hornik and Zhong, 2011a; Weiss

and Hafele, 1999) as

1
T =T—— =0.0199sec,
a).

1

Kr — (Der,

in which L, is the neutral line inductor and @; = 10000, T = 0.02sec.
For this purpose, the current i is measured for feedback. Since both the supply voltage
and the supply current i = i, + is are available, a power meter can be easily embedded into

the system for metering purposes.

3.3.3 Control of the Neutral Leg

The neutral leg included in Figure 3.4 is composed of switches Q3 and Q4, one inductor L,
and two split DC-bus capacitors. This topology has been the target of several papers; see
e.g. (Zhong et al., 2006) for its detailed modelling and control. It is the combination of a
split DC link and a neutral leg with the advantage of being controlled separately (Zhong
et al., 2006). Assume the voltages across the capacitors Cy and Cy_ with respect to the

neutral point N are Vy . and Vy_, respectively. Then the DC-bus voltage is

Voc = VNt — Wn- (3.3)
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and the voltage of the neutral point N with respect to the mid-point of the DC bus, which

is the reference point common to the supply voltage and the phase voltages generated, is

Voc _ Vv++Vn-

> 5 (3.4)

Vave = N+ —

The main task of the neutral-leg controller is to maintain the voltage V,,, close to zero
via controlling Q3 and Q4. At the same time, it provides a return current path for the
rectifier leg and the phase legs. If the switches are controlled so that iy, ~ i, and ic ~ 0, then
almost no current flows through the split DC-bus capacitors. As a result, the voltage V. is
stable and close to 0.

According to (3.2), the current i, is iy — i, — i.. If this is applied as the reference current
for the inductor L,, then the current ic can be controlled to be nearly 0 via operating the
switches 03 and Q4. Hence, the control of the neutral leg is also a current-tracking problem.

Here, the inductor current i;, is measured for feedback and a repetitive controller is
applied so that it is able to track the reference inductor current iy — i, — i., as shown in

Figure 3.6(c).

3.3.4 Control of the Phase Legs

Since a neutral point that is closed to the mid-point of the DC bus is available, each phase
leg could take the form of a half bridge connected with an LC filter, as shown in Figure
3.4. This topology has been widely studied, e.g. in (Liang et al., 2009; Srikanthan and
Mishra, 2010). One important aspect here is that the phase of the voltage generated should
be synchronised with the supply voltage with Phase b lagging the supply voltage by ZT” and
Phase c leading the supply voltage by 27” This requires the phase shift at the fundamental
frequency caused by the LC filter to be small. The second important aspect is that the output
voltage should contain low voltage harmonics even when the load is non-linear. There are
many control strategies available for this; see e.g. (Weiss et al., 2004) for repetitive control-
based strategy. The third important aspect is that the RMS value of the generated voltage

should be the same as that of the single-phase supply voltage.
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3.3.4.1 Generation of a clean voltage with the right phase

In order to address the first and second aspects, the simple and effective strategy proposed in
(Zhong et al., 2012a) can be adopted. As shown in Figure 3.6(d) or Figure 3.6(e), it consists
of a current feedback loop to force the output impedance of the phase to be resistive and a
voltage loop to track the reference phase voltage v,; or v,., respectively. The voltage loop
is able to reduce the output impedance at harmonic frequencies, which is able to reduce the
harmonic components of the output voltage.

Take Phase b as an example. The following hold for the voltage loop and the current

loop:

up = Vi — Kiip + Kr(8) (v — vp)

and

ugp = sLip 4+ vp.

Since the switches are operated so that the average of uy;, during a switching period is the

same as uy, there is

vy — Kiip + KR(S) (Vrb - vb) =sLip +vp.

That is,

Vi = Vi — Zo(8)ip,
where the output impedance Z,(s) is

sL+K;

Zo(5) :HTR(S).

When there is no load, the output voltage v, is the same as the reference voltage
vy = V2V sin( ot — 2?7[)
and, similarly, the output voltage v, is the same as the reference voltage
Ve = V2V sin(ot + 2?71:)

There is no any phase shift or voltage drop.
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If there is a load, then the voltage changes slightly because of the load effect. The
smaller the output impedance, the smaller the voltage change. In particular, this is true for
the harmonic voltage components. In order to improve the THD of the output voltage, the
output impedance at harmonic frequencies should be small. This can be done via selecting
appropriate Kg(s). If the real part of Kg(s) is positive, then the THD of the phase voltage
can be reduced. The block Kz(s) can be chosen to have high gains to obtain a small output
impedance at harmonic frequencies. There are many ways to design Kg. One of them is to
use the resonant harmonic compensator (Castilla et al., 2009; Shen et al., 2010)

2E ws

K p—
R(s) h;’msz +2Ehws + (hw)?

XKh

of which the gain at frequency hw is K}, with zero phases for 1 + Kg(s) with & = 0.01 that
is to be used in simulations later. It is almost one everywhere apart from the harmonic fre-
quencies. This means the output impedance can be tuned to be different values at different
harmonic frequencies to improve the THD. For most cases, the coefficients Kj, should be
between 1 and 20 with a larger value for lower harmonics but a smaller value for higher

harmonics.

3.3.4.2 Regulation of the RMS value of the generated phase voltage

In order to address the third aspect, another loop is added to regulate the RMS value of
the phase voltages generated, as shown in Figure 3.6(d) or Figure 3.6(e). The controller
takes the form of a simple PI controller, with the RMS value of the phase voltage generated
as feedback. This makes sure that all the three-phase voltages have the same RMS value
even when loaded. The output of the PI controller plays the role of the peak amplitude of
the reference phase voltage, which is multiplied with the phase information sin(wz — ZT”)
or sin(wr + %ﬂ) provided by the synchronisation unit shown in Figure 3.6(a) to form the

reference phase voltage v,;, or v,.

3.4 Simulation Results

Simulations were carried out in MATLAB/Simulink to verify the proposed topology and

control methods. The solver used was ode23tb with a maximum step size of 1us. Different
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Table 3.1: Parameters of the system

’ Parameters \ Values ‘
Supply voltage 220V
L and L, 1.5mH
L 1mH
C 20uF
CN+ and Cy_ 4000 ,LLF
Initial DC-bus voltage | 600V
’ DC-bus voltage \ 800V ‘

R L
. #let e

Figure 3.8: Model of non-linear loads

simulations with linear balanced loads and non-linear unbalanced loads were carried out.
The model of non-linear loads is shown in Figure 3.8 and the other parameters of the
system are given in Table 3.1. The switching frequency of the repetitive controllers is 10
kHz. The K}, are 10 for the fundamental and 20, 10, Sand35, respectively, for the 3rd, 5th,
7th and 9th harmonics. K; = 4, the parameters of the PI controller for the DC-bus voltage
are Kp = 0.8, K; = 10 and the parameters of the PI controller for the RMS phase voltages

are Kp = 16, K; = 248 . K, = w;Ly = 15 for the repetitive current controller.

3.4.1 With Linear Balanced Three-phase Loads

In this simulation, the three-phase loads were linear and balanced, consisting of a resistor
of 5Q in series with an inductor of 10 mH for each phase. The simulation was started at Os
with the rectifier leg and the neutral leg turned on at 0.04s and the phase legs turned on at
0.12 s, respectively. The simulation results are shown in Figure 3.9.

When started, the supply current was not in phase with the supply voltage. After the
rectifier leg and the neutral leg were turned on, the supply current became in phase with the
supply voltage, as shown in Figure 3.9(a). Moreover, the amplitude of the grid current was
reduced because only the real power (of Phase a) was drawn from the supply. The DC-bus

voltage was regulated to be around 800 V and the neutral point was maintained stable. The

72



i/A u/V

0 0.040.080.120.16 0.2 0.240.280.32

Time/s
(a)
900
<
O " n n n n n "
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32
Time/s
(c)
4
2
%o 2
>
_2 _

0 0.040.080.120.16 0.2 0.240.280.32
Time/s

(e)

-150

0 0.040.080.120.16 0.2 0.240.280.32

Time/s
(b)
300
200
100
0

-100
-200

0 0.040.080.120.16 0.2 0.240.280.32
Time/s

(d)
450
300
150

300

O n " n n n
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
Time/s

®

<
- =25
_50
_75.
_ OG L L L " " N
0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
Time/s
€3]

Figure 3.9: Simulations results for the case with linear balanced three-phase loads. (a)
Supply current and voltage. (b) Current of the rectifier leg. (c¢) DC-bus voltage. (d) Inductor

and capacitor currents of the neutral leg. (e) Shift of the neutral point voltage V.. (f)
Three-phase voltages provided. (g) Three-phase load currents.
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Table 3.2: Parameters of non-linear unbalanced three-phase loads
’ Phase \ Parameters of the load ‘

a R=3Q,L=1mH, R, =10Q, C, =800 uF

b linear, with 5Q in series with an inductor of 10mH

c R=10Q,L=5mH, R, =15Q, C, = 1000 uF

current ic was maintained small, without a visible fundamental component.

After the two phase legs were turned on, the supply current increased but was still clean
and in phase with the supply voltage. The currents flowing through the rectifier leg and the
neutral-leg inductor all increased because of the power consumed by the loads connected to
Phase b and Phase c. The DC-bus voltage dropped but quickly recovered in about 5 cycles.
The ripples in the DC bus voltage became larger because the power exchanged became
heavier. The shift V,,, of the neutral point became larger as well because of the increased
current iz but was still within £3 V. The current i~ was still maintained small. The three-
phase output voltages, as shown in Figure 3.9(i), settled down in about two cycles and the

THD of generated Phase b and Phase ¢ voltages was less than 2%.

3.4.2 With Non-linear Unbalanced Three-phase Loads

In this simulation, the three-phase loads were non-linear and unbalanced. Two single-phase
rectifier loads shown in Figure 3.8 with different parameters were connected to Phase a and
Phase c, respectively, and a linear load was connected to Phase b. The parameters of the
loads are given in Table 3.2. The simulation was started at O s with the rectifier leg and
the neutral leg turned on at 0.04 s and the phase legs turned on at 0.12 s, respectively. The
results are shown in Figure 3.10.

Before the rectifier leg and the neutral leg were turned on, the supply current contained
significant amount of harmonic components with THD>40% and was not in phase with the
supply voltage either, as shown in Figure 3.10(a). After the rectifier leg and the neutral leg
were turned on, the supply current became clean with a very low THD and was in phase
with the supply voltage. The DC-bus voltage was regulated well around 800V and the
neutral point was also maintained very well. The current ic was maintained small, without
a visible fundamental component.

After the two phase legs were turned on at 0.12 s, the supply current increased and
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Figure 3.10: Simulations results for the case with non-linear unbalanced three-phase loads.
(a) Supply current and voltage. (b) Current of the rectifier leg. (c) DC-bus voltage. (d)
Inductor and capacitor currents of the neutral leg. (e) Shift of the neutral point voltage V..
(f) Three-phase voltages provided. (g) Three-phase load currents.
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was still clean and in phase with the supply voltage, although the Phase ¢ load was non-
linear. The THD of the supply current was maintained below 1%. Because of the sudden
connection of the loads on Phase b and Phase ¢ and also the start of the two phase legs, the
DC-bus voltage dropped but recovered within 7 cycles. The ripples in the DC-bus voltage
became higher and the variation of the neutral point became bigger as well (but was still
within £2 V), because of the more power exchanged with the load. The generated phase
voltages quickly settled down with low THD (below 2.5%) and formed balanced three-
phase voltages together with the supply voltage. The three-phase loads worked properly
and independently.

3.5 Summary

In this chapter, a four-leg converter has been proposed on the basis of half-bridge rectifiers
developed in Chapter 2 to provide an independent balanced three-phase power source from
a single-phase supply. The three-phase voltages generated contain low voltage harmonics
and the current drawn from the single-phase supply is clean and in phase with the supply
voltage. A neutral leg is introduced to maintain a stable neutral point that is close to the
mid-point of the DC-bus voltage, which is shared by the single-phase supply and the two
phase voltages generated. The load of Phase a is directly fed by the single-phase supply so
that two switches are reduced and the the converter only processes two thirds of the power.
Because of the presence of a stable neutral point, the major functions for the converter can
be implemented independently, which facilitates the controller design. In order to make
sure that the current drawn from the supply is in phase with the supply voltage and the
generated two phase voltages can form three-phase balanced voltages together with the
supply, a synchronisation unit is needed. The generated voltage has the same level as the
supply voltage so no transformer is needed for loads with the same rated voltage as the

supply voltage. Simulation results have verified the performance of the proposed system.
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Chapter 4

p-converters with Reduced
Fundamental and Second-order Voltage

Ripples

This chapter proposes an actively-controlled single-phase four-switch p-converter with
considerably reduced low-frequency voltage ripples. In addition to the fundamental voltage
ripple discussed in Chapters 2 and 3, the well-known second-order voltage ripple is con-
sidered here, which is another obstacle to further reduce capacitance required. In this
chapter, the p-converter is operated in rectification mode while the inversion mode is dis-
cussed in Chapters 5 and 6. The proposed converter consists of one conventional rectific-
ation leg and one neutral leg linked with two capacitors that split the DC bus. The ripple
energy in the converter is actively diverted into the lower split capacitor so that the voltage
across the upper split capacitor, designed to be the DC output voltage, has very small
ripples. The voltage across the lower capacitor is designed to have large ripples on purpose
so that the total capacitance needed is significantly reduced and highly reliable film capacit-
ors, instead of electrolytic capacitors, can be used. At the same time, the rectification leg is
controlled independently from the neutral leg to regulate the input current to achieve unity
power factor and also to maintain the DC-bus voltage. Experimental results are presented

to validate the performance of the proposed strategy.
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4.1 Introduction

More and more microgrids are now connected to the public grid and various loads through
power converters (Zhong and Hornik, 2013b). For both AC and DC microgrids, single-
phase converters are often needed when supplying DC loads. Such converters are expected
to have high power density, high efficiency, high reliability and low costs. There are nu-
merous topologies in the literature, aiming to have improved performance from these three
aspects. Moreover, with the integration of renewable energy sources into the power grid,
there is a trend to have bidirectional single-phase power converter as an interface between
power grid and energy sources (Zhong and Hornik, 2013b; Dong et al., 2012a;b). As a
result, the study of single-phase converters has attracted more and more attention.

Conventionally, bulky electrolytic capacitors are required for single-phase converters to
produce smooth DC-bus voltage, due to the pulsating input power. However, the volume
and weight of bulky electrolytic capacitors could be a serious problem for volume-critical
and/or weight-critical applications, such as electrical vehicles (Wen et al., 2012) and aircraft
power systems (Wang et al., 2011). What is worse is that electrolytic capacitors, known
to have limited lifetime, are one of the most vulnerable components in power electronic
systems (Stevens et al., 2002; Han and Narendran, 2011; Krein et al., 2012). As a result,
in order to enhance the reliability of power electronic systems, it is highly desirable to
minimise the usage of electrolytic capacitors and use highly-reliable small capacitors like
film capacitors if possible, while maintaining low voltage ripples.

In general, the reduction of electrolytic capacitors can be achieved in four approaches.
One approach is to inject harmonic currents to suppress fluctuations of input energy by
changing control strategies for existing power switches in converters. In (Yao et al., 2012),
it was proposed to reduce the DC-bus capacitor by injecting third harmonic component to
the grid current. This approach benefits from fewer switches and easier implementation,
which lead to lower system costs compared to other solutions. The second approach is
to add an active energy storage compensator in parallel with DC-bus capacitors to bypass
ripple energy that originally flows into DC-bus capacitors (Wang et al., 2011; Garcia et al.,
2003; Zhang et al., 2013b; Zhong et al., 2012b; Wang et al., 2012; Pini and Barbi, 2011;
Dusmez and Khaligh, 2014; Tang et al., 2015). This has been extensively studied in the

last few years. Normally, the added compensator is operated as buck/boost converters to
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inject/absorb ripple currents from DC bus. The third approach is based on connecting
an active compensator in series with the DC bus (Wang et al., 2014). The compensator
basically behaves as a voltage source to offset voltage ripples. Due to the series connection,
the compensator has lower voltage stress compared to parallel compensators. The last
approach is to introduce a ripple port terminated with a capacitor, as reported in (Krein
et al., 2012; Harb et al., 2013), to store the ripple power. Different from other solutions, an
AC capacitor instead of a DC capacitor is used to handle ripple energy, which also reduces
the voltage stress on the switches.

In this chapter, a 4-switch converter is proposed to significantly reduce the DC-bus ca-
pacitance in the widely-adopted asymmetrical single-phase systems, where the midpoint
of the AC side is not available. The converter only uses four switches, which is similar
to a conventional bridge PWM converter, but the switches are formed as a rectification leg
and a neutral leg and operated differently from a conventional full-bridge converter. The
rectification leg is operated as a half-bridge converter to regulate the DC-bus voltage via
controlling the grid current to make it clean and in phase with the grid voltage to achieve
unity power factor. The neutral leg, consisting of two active switches, two split capacitors
and one inductor, maintains a stable DC output voltage. The control of the two legs are
independent from each other, which makes control design very flexible, and the corres-
ponding control strategies can be designed according to their own objectives. Importantly,
the neutral leg is able to actively divert the ripple energy from the upper split (output) ca-
pacitor to the lower split capacitor. As a result, the output voltage does not contain any
low frequency ripples and hence, the upper split capacitor can be significantly reduced.
Note that the voltage across the lower split capacitor is designed to have relatively large
ripples on purpose because it is not supplied to any loads. Accordingly, the total usage of
DC-bus capacitors could be reduced significantly so that it is now possible to use highly
reliable film capacitors, instead of bulky electrolytic capacitors. This makes the converter
very suitable for high-reliability applications. The selection criteria of the split capacitors
are discussed with the aim to minimise their usage. This is mainly for systems without
hold-up time requirement. For systems with hold-up requirement, the required capacitance
needs to be large enough if no other means is applied to provide the energy required (Wang

etal., 2014).
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Figure 4.1: The single-phase converter under investigation.

The rest of the chapter is organised as follows. Section 4.2 introduces the converter
under investigation. In Section 4.3, how to significantly reduce DC-bus capacitors is dis-
cussed and, in Section 4.4, the associated control strategies are developed. In order to
achieve the minimal capacitance, the selection criteria of the split capacitors are then dis-
cussed in Section 4.5 and the impact of the different voltages across the split capacitors are
analysed in Section 4.6. Experimental results are provided in Section 4.7 with an efficiency

comparison made in Section 4.8 and the summary is made in Section 4.9.

4.2 The Single-phase Converter under Investigation

The converter proposed in the preliminary version of this chapter (Ming and Zhong, 2014)
is investigated further in this chapter. It consists of one rectification leg and one neutral leg,
as shown in Figure 4.1. The converter can be formed by adding two active switches into a
conventional half-bridge PWM converter by putting a neutral leg consisting of two switches
across the DC bus with their midpoint connected to the midpoint of the split capacitors
through an inductor. The neutral leg is actually a typical DC/DC converter, which has been
widely adopted in industry. In particular, the neutral leg has been applied to three-phase
four-wire power inverters as reported in (Zhong and Hornik, 2013b; Zhong et al., 2002;
Hornik and Zhong, 2013; Liang et al., 2009). According to the analysis made in (Zhong
and Hornik, 2013b), the neutral leg is a stable system although the inductor is coupled with
the split capacitors.

It is well known that bulky electrolytic capacitors are often needed for single-phase con-

verters to smooth the second-order voltage ripples on the DC bus. However, the reliability,
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volume and weight of electrolytic capacitors could be a serious problem for high-reliability,
volume-critical and weight-critical applications (Stevens et al., 2002; Han and Narendran,
2011; Krein et al., 2012). As a result, in order to enhance the reliability and power density
of converters, it is highly desirable to reduce the usage of capacitors so that highly-reliable
capacitors like film capacitors could be used to replace electrolytic capacitors. However, for
conventional single-phase converters, there exists a trade-off between reducing required ca-
pacitors and reducing the output voltage ripples because single-phase full-bridge converters
have only one DC voltage, which is used as both the DC output and the only ripple energy
buffer on the DC bus. In light of this, a lot of auxiliary circuits are proposed to construct
another DC or AC voltage to store the voltage ripples, which can be connected in parallel
or in series at the AC or DC sides (Wang et al., 2011; Krein et al., 2012; Wang et al., 2012;
Wang and Blaabjerg, 2014; Gu et al., 2009).

For the topology shown in Figure 4.1, there are two DC voltages because of the split
capacitors. This provides a possible way to operate the converters to make one of the
voltages as the output voltage to supply loads and to make the other voltage as the ripple
energy buffer. The total capacitance could be significantly reduced because the ripple en-
ergy is diverted from the output capacitor to the other capacitor, which could have high
voltage ripples. By diverting all the ripple power to the lower capacitor C_, the output
voltage V. can become ripple free, which means the output capacitance C can be reduced
a lot because it does not need to process any low frequency ripple energy. Importantly,
the capacitor C_ can also be significantly reduced because its voltage is not supplied to
any loads so it can be designed to have large ripples on purpose. Accordingly, both capa-
citors can be significantly reduced and replaced with highly-reliable film capacitors. This
improves the system power density and reliability and reduces system weight and volume.
Although costly film capacitors are used to replace electrolytic capacitors, the cost arising
from capacitors could still be reduced because the total capacitance required is considerably

reduced.
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Figure 4.2: The average circuit model of the converter shown in Figure 4.1.

4.3 Reduction of the Bulky DC-bus Capacitors

In order to clearly show how to significantly reduce the DC-bus capacitors, there is a need
to analyse the relationship between the ripple energy and the required capacitors for the

investigated converter. For this purpose, an average circuit model is built up at first.
4.3.1 Circuit Analysis
It is assumed that the DC-bus voltage of the converter is
Vpe = Vi+Vo 4.1)

where V. and V_ are the voltages across the split capacitors C; and C_ with respect to the
neutral point N and the negative point of the DC bus, respectively. Suppose that the grid

current is

ig = Igsint 4.2)
and the grid voltage is

ve = Vgsinwt 4.3)

in which V, and I, are the peak values of the grid voltage and current, respectively, and
o is the angular line frequency. Note that the grid voltage and current are supposed to be
in phase in order to achieve unity power factor, and i, is a pure AC current without a DC

component.
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Because the switches are operated at a frequency much higher than the fundamental
frequency, the averaged variables, e.g. average currents and average voltages, can be ad-
opted to well represent the original variables according to the averaging theory (Khalil,
2001) so that the circuit can be analysed by using the average circuit model (Srinivasan
and Oruganti, 1998; Tymerski et al., 1989). The average circuit model of the rectification
leg can be built following the procedures developed in (Srinivasan and Oruganti, 1998).
The switches Q1 and Q; are replaced with a current source ig(l —d,) and a voltage source
Vpe(1 —d,), where d5 is the duty cycle of Oy, as shown in Figure 4.2. Similarly, the aver-
age circuit model of the neutral leg can be obtained as shown in Figure 4.2, where d3 is the
duty cycle of Switch Q3. Note that, in this chapter, the split capacitors are not necessarily
the same, unlike the case in (Srinivasan and Oruganti, 1998; Lo et al., 2002; 2007), so the
model in this chapter is more generic. Also note that in order to facilitate the exposition
in the sequel, the duty cycle of the lower switch of the rectification leg (Q,) and the duty
cycle of the upper switch of the neutral leg (Q3) are adopted in the model.

According to the average circuit model of the converter shown in Figure 4.2, the capa-

citor currents can be found as

icy = ig(1—dy)—Ig—irds (4.4)
ic. = —igdy+ir(1—ds) (4.5)

and the neutral current i;, can be found as
iL = l'C, —iC++ig—IR. (46)

In order to obtain the unity power factor, the two switches Q1 and Q; can be operated
complementarily to track the reference of the grid current, which is in phase with the grid
voltage. Since the switching frequency is much higher than the line frequency, the duty

cycle of Switch Q5 can be calculated in the average sense as

1% v,
d=— — 8 sinet (4.7)
Vbc  Vbce

to maintain the DC-bus voltage Vp¢, according to (Srinivasan and Oruganti, 1998; Lo et al.,

2007). Normally, Switches Q3 and Q4 are operated complementarily to split the DC-bus
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voltage Vpc into V. and V_ (Zhong and Hornik, 2013b; Hornik and Zhong, 2013; 2011b;
Zhong et al., 2005). The duty cycle of Switch Q3 can be calculated as

V_
dy = —— 4.8
3 Vi )

because the neutral leg is operated as a DC/DC buck converter. Because of the power

balance between the AC and DC sides (ignoring the power losses), there is

Vel, V2
=+ 4.9
7 =R (4.9)

and the load current is
_ Ve,

Igr = EY TR
k= v,
which is also the DC component of current /. (4.4) can then be re-written as

V_ % Vol V_
] = I sinwf(— _g'wt_ﬁ__'
ict ¢ sin <VDC + Voo sin @) V. Ve ir
V_ V.1
= ——ig— £8 cos2owt
Vbe 2Vpc

LV_ V.
VeV Ve (4.10)
2ViVpc  Vpc

Similarly, (4.5) can be re-written as

V. V. V_
ic. = —Iysinot(—— — —5sinor)+ir(1— V—)

Voc  Vpe DC
V. V.1
= ——+ig — 58 cos20t
Ve 2Vpc
V.1 V.
878 + _+lL
2Vpc Ve

4.11)

As is well known, no DC currents could pass through capacitors. As a result, iz should
have a DC component so that i and ic_ do not have any DC component. It can be found
out from (4.10) and (4.11) that the DC component of iy is —Ig = —%, 1.€., the same value
as the load current.

If the neutral current iy is controlled to provide the DC component only, that is,

ip = _IR7
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then the capacitor currents are

V_ V.1
icy = ——lg— £ cos2mt
Vbe 2Vpc
and
V. VoI,
ic_ = —ti,— 5% cos20t.

Vo ® 2Vie
In addition to the same second-order ripple current — % cos2mt flowing through the split

capacitors, the grid current i, is split between ic and ic_ because in this case
iC+ + (_iC—) = ig,

which could lead to high voltage ripples and hence bulky electrolytic capacitors are needed.
In order to reduce the voltage ripples, the current flowing through the capacitors should be
regulated differently. For this reason, a different control strategy is proposed in the next

subsection.

4.3.2 Reduction of DC-bus Capacitance

The idea is to push the current components of ic in (4.10) through the neutral leg instead
of through the upper split capacitor so that ic does not contain any fundamental or second
order ripple currents. That is to make icy = 0, ignoring the switching ripples. Hence,

according to (4.10), the current i;, should be controlled to satisty

Vel Vel
iing—zg—Vgcoszwr—#. (4.12)
- +

On the other hand, i; should also satisfy (4.6). Hence, in this case, the current flowing

through the lower split capacitor should be

VI
ic_ = —ﬁ cos2mt. (4.13)

In other words, it only contains the second-order harmonic component or the second-order
component only flows through the lower split capacitor. As a result, all the voltage ripples
are then diverted to the lower capacitor C_, which would increase the voltage ripples on

C_. However, this does not matter because there is no load connected to V_ and the voltage
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V_ can tolerate a much higher ripple voltage. Hence, only a small C_ is needed. Since
the upper capacitor C, does not contain any fundamental and second-order ripple voltage
components any more, it can be reduced a lot while maintaining low voltage ripples. As a
result, both capacitors C; and C_ can be very small, which makes it possible to replace the

required bulky electrolytic capacitors with film capacitors.

4.4 Control Design

4.4.1 Control of the Neutral Leg

The neutral leg should be controlled to maintain the output voltage V.., to remove the ripple

components in ic4 and also to remove the fundamental component in ic_.

4.4.1.1 Regulation of the output voltage V.

Maintaining a stable output voltage V. with very small ripples at the desired output refer-
ence voltage V7 is a major target. The regulation of the sum of the voltages V; and V_,
i.e. the DC-bus voltage Vpc, is the task of the rectification leg and will be discussed in
the next subsection. The neutral leg is responsible for splitting the DC-bus voltage into V.
and V_, which are independent from each other. Since the voltage V- is used as the output
voltage, it can be directly controlled by forming a voltage loop and then the voltage V_ can
be indirectly controlled by regulating the DC-bus voltage.

In order to regulate the output voltage V.., it is measured and put through the hold filter

1— e—Ts

where T is the fundamental period of the grid voltage, to extract its DC component, as
shown in Figure 4.3. A simple proportional-integral (PI) controller is then applied to regu-
late the voltage. The output of the PI controller can be converted to PWM signals to drive
the switches. The parameters for the PI controller can be selected according to classical
design methods for a second-order system, with the characteristic equation given by

K K

2 P i
ZPe
s~|—C+s+C+ )
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PWM | Q4

Figure 4.3: Controller for the neutral leg.

where K, and K; are the gains of the PI controller. These parameters can be chosen to

obtain the damping coefficient of

K, | 1
2\ Cck;

S

As a result,

K> =2C.K;. (4.15)

The relationship between K, and K; is mostly related to the capacitor C.. In practice,
K, or K; can be initially set to small values, which approximately satisfy (4.15), and then
gradually be increased to achieve the desired performance. In this way, both parameters

can be well tuned.

4.4.1.2 Removal of the ripple components in i

As discussed before, the capacitor current icy should be maintained around zero in or-
der to smooth the ripples of the output voltage V.. Note that C is now very small so
the ripple current may flow through the DC load and it is more effective to minimize the
ripple component i in the DC-bus current /. As a result, instead of controlling ic., the

strategy to minimize the DC-bus ripple current i is adopted in this chapter. In order to ex-
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tract this second-order ripple component, a band pass filter (BPF) is adopted, via adding a
resistor—capacitor circuit on the path of the measured / to filter out the switching ripples at
first and then using a digital high pass filter ;715 to remove the DC component. The used
resistor and capacitor are 10 kQ and 0.01 uF. As a result, the transfer function of the BPF
is %. The cut-off frequencies of the BPF are 1.59 Hz on the lower side and
1591 Hz on the higher side so the bandwidth of the BPF is 1589 Hz.

Several possible controllers, e.g. hysteresis controllers with a variable switching fre-
quency and repetitive controllers with a fixed switching frequency, can be applied to min-
imise the ripple current i. In order to reduce the stress on the switches, a repetitive controller
is applied in this chapter as shown in the dashed box of Figure 4.3. Another benefit of the re-
petitive controller is its high performance to handle harmonics (Zhong and Hornik, 2013b;
Hornik and Zhong, 2011a). The repetitive controller consists of a proportional controller
K, and an internal model given by

K,

W —1ys?
1 pnd

C(s) =

where 7, is designed based on the analysis in (Zhong and Hornik, 2013b; Hornik and
Zhong, 2011a) as

1
Tg=T—— =0.0196s

(]

with @; = 2550, 7 =0.02s.

Note that the regulation of V. deals with the DC component but the removal of the
ripple components of ic deals with non-DC components. Hence, the output of the repet-
itive controller can be added to the output of the PI controller for V. to generate the PWM

(13 2

signals for the switches O3 and Q4, as shown in Figure 4.3. Note that the sign at the
output of the controllers is because the duty cycle controlled is d3 instead of d4, which is
1 —ds.

In general, the adoption of the BPF does not lead to any resonance of the controllers
with the converter. This is mainly due to the fact that the BPF behaves as a low-pass filter
at high frequencies and is cascaded with the repetitive controller, which again is a low-pass

filter.
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4.4.1.3 Removal of fundamental component in ic_

The control of the DC-bus ripple current i to O leads to the fact that the ripples are now
diverted to the lower capacitor C_. In this case, the current of the capacitor C_ is expected

to only have a second-order component. However, according to (4.6), when i = 0, there is

g =1 —ic— +1R,

which means that the grid current i, could flow through the inductor Ly and the capacitor
C_ if not controlled properly. Hence, there is a need to make sure that no fundamental
component flows through the capacitor C_ otherwise it would lead to increased voltage
ripples without providing any benefits.

This can be achieved by forcing the fundamental component of V_ to be zero, as shown

in Figure 4.3. The following resonant controller

K 2Eh
KR(S)_ h&a)s

_ . (4.16)
52+ 2Ehws + (ho)

with £ =0.01, A =1, and @ = 27, can be adopted. The output of the resonant controller
is then added onto the outputs of the other two controllers before sending to the PWM
conversion block, as shown in Figure 4.3. The gain K}, of the resonant controller can be
selected by fine tuning through trial-and-error in practice; it is chosen as Kj; = 10 for the
experimental system to be tested. In general, a large gain should improve the performance
of the control but may lead to a large charging current when starting up the system that
might trigger the current protection and also may introduce noticeable disturbance into the
current controller. These should be avoided. Note that the output of this controller is “+”

because the voltage under control relates to V_.

4.4.2 Control of the Rectification Leg

The control of the rectification leg is very similar to that of conventional half-bridge con-
verters, which is mainly used to regulate the grid current and to control the whole DC-bus
voltage. To be more precise, the grid current is expected to be in phase with the grid voltage
and also to be clean with low harmonics. For this purpose, the grid current i should be

measured as a feedback to form a current tracking controller. Here, the repetitive control-
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Figure 4.4: Controller for the rectification leg.

ler shown in the dashed box of Figure 4.3 is adopted again. In order to generate the grid
current reference 7, an outer-loop voltage controller can be constructed.

There can be different ways to construct this voltage controller; see e.g. (Cao et al.,
2015). In this chapter, the voltage controller is designed to maintain the maximum voltage
V_max of V_ constant. Hence, the total DC-bus voltage is maintained at Vi +V*, ., witha
PI controller. The output of the controller can be used as the peak value of the grid current
reference 7, as shown in Figure 4.4. This is multiplied with the phase signal of the grid
voltage, which can be obtained from a phase-locked-loop, to form the grid current reference
Iy As aresult, the grid current is in phase with the grid voltage to achieve the unity power
factor. Here, the phase-locked-loop proposed in (Ziarani and Konrad, 2004) is adopted.

The above-mentioned control strategy of the half-bridge rectification leg is now some-
what standard (Srinivasan and Oruganti, 1998; Lo et al., 2002; 2007; Lin and Hung, 2002).
What is different here is that the maximum DC-bus voltage, instead of the average DC-bus
voltage, is selected as the controlled output. As a result, the objective here is set to control
the maximum DC-bus voltage. For this purpose, the maximum DC-bus voltage should be
extracted at first. Since the voltage V. is controlled to be more or less pure DC without
second-order components, it is only required to extract the maximum value of the voltage
V_, which can be obtained by adding the DC component with the peak voltage of the ripple
component, as shown in Figure 4.4. The hold filter (4.14) is again used to obtain the DC

component. In order to extract the second-order component, the resonant filter (4.16) is
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again adopted with £ = 0.01, h =2, and @ = 27 f. A Peak block in Figure 4.4 is used
to calculate the peak value of the ripple component. The sum of the average voltage and
the peak voltage of the ripple component then forms the maximum voltage of the voltage
V_, which is denoted as V_,,,, in Figure 4.4 and is added with V. to obtain the maximum

DC-bus voltage for feedback.

4.4.3 Stability of the System

Because of the decoupled nature of the controllers for the two legs, the stability of the
system can be easily guaranteed. The controller for the rectification leg has a very typical
structure, which is very mature and widely used in industry. The controller for the neutral
leg has a very special structure with one current loop and two voltage loops. What is special
is that these three loops are in parallel rather than cascaded so the stability of each loop can
be treated individually. The current loop is designed to regulate the AC components of ic,
(or i) to be around zero, i.e., to remove any non-DC components in i. At the same time,
the voltage loop related to V. is to maintain the DC component of the voltage V. while the
voltage loop related to V_ is designed to reduce the fundamental component of voltage V_.
Hence, the functions of the three loops are decoupled in the frequency domain for current
or voltage. The three loops consist of simple PI, repetitive and resonant controllers, which
have been widely analysed in the literature. See, for example, (Zhong and Hornik, 2013b).

Hence, detailed analysis of the stability of the loops is not repeated in this chapter.

4.5 Selection of Components

4.5.1 Selection of Capacitor C_

As demonstrated in (Yao et al., 2012; Gu et al., 2009), the total ripple energy stored in
the split capacitors over a charging period for single-phase converters with the unity power

factor is
_ Vel

T 2w
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With the proposed strategy, all the ripple energy is now stored on the lower capacitor C_

instead of both capacitors C; and C_. Hence,

2F
C o= 4.17)

—max —min

where V_,,, and V_,,;, are the maximum and minimum voltages of V_, respectively. A
small capacitor means that high V_,,,, and/or low V_,,;, is needed. However, in order to

ensure the proper boost operation of the converter,
V_ > Vg|sinwt| (4.18)
should be satisfied. In other words,
V_min 2 Vg. (4.19)

At the same time, V_,,,, has an upper bound as well because of the limit on the devices
and/or the applications. Hence, the capacitor is mainly limited by the allowed maximum

voltage V_ g max and the required minimum capacitance C—,;;y, is

Vel
—V2

) )
—min

C_ =
(V2

—amax

(4.20)

which can be small if V_ ., is high enough.

In addition, another important factor for selecting capacitors is the maximum allowable
ripple currents (Wen et al., 2012; Han and Narendran, 2011; Makdessi et al., 2015). This
is very important for the reliability of capacitors. In general, large current ripples lead
to short lifetime. The current ripples are closely related to the voltage ripples and the
equivalent impedance of capacitors. In order to evaluate the level of voltage ripples, (4.20)

can be rewritten as

C _ Vglg
- wAV_ (V—max + V—min)
Vel
— 88 (4.21)
where AV_ =V_ 0 — V_pin and V_,,,. = W are the peak-peak ripple voltage and
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the average voltage of V_, respectively. Since the capacitor impedance at the second-order
frequency is ﬁ, the peak-peak value Aic_ of the second-order ripple current flowing

through C_ is

Nic_ = =20C_AV._. (4.22)

Substitute (4.21) into (4.22), then there is

Vglg
V—ave .

Nig_ = (4.23)

This is consistent with (4.13). The average voltage should be increased in order to reduce
the ripple current. For the proposed strategy, the voltage V_ can be different or the same
as V. As aresult, the voltage V_,,, can be maintained at a higher value in order to reduce
the ripple current. This can be naturally achieved when the maximum voltage V_,,, is
controlled at the allowable value because the higher the maximum voltage is, the higher
the average voltage V_g, is.

Of course, some other factors such as hold-up time requirement (Wang et al., 2014),
current stress and limited voltage rating of the capacitors and switches, should be taken into
account when selecting capacitors. If the maximum voltage of the capacitor is determined,
then increased capacitance means increased hold-up time and reduced current stress, which
is preferred in practical applications. As a result, there are several trade-offs when selecting

capacitors for a certain application.

4.5.2 Selection of Inductor Ly

The fast switching of the neutral leg leads to switching ripples over the current flowing

through the inductor Ly. Since the two switches Q3 and Q4 are operated complementarily,

1—ds
fs

ing frequency is much higher than the line frequency, it can be assumed that the current

Vyds V_(1-d3)
LnJs oy (to

withstand the negative voltage V_) in these two modes are the same. According to (4.8),

the on time of Q3 is ‘;—‘ and the on time of Q4 is in one PWM period. Since the switch-

increased (to withstand the positive voltage V) and the current decreased

the maximum peak-peak current ripple Aiz,, on the inductor Ly is reached when the duty

cycle d3 reaches the maximum, which is when the voltage V_ reaches the maximum. That
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1s,
o V+d3max o V+ V—max

Nipm = = . (4.24)
" LNfs LNfS(V+ + V—max)
For the given maximum allowed ripple current Aiz,,, the minimum inductance is
VivV_
Lmin = e (4.25)

Aimes (V+ + V—max) '

The inductance can be reduced if the switching frequency f; is increased. When choosing
the magnetic core for the inductor, the DC current component in i;, should be taken into
consideration to avoid saturation.

Note that increasing V_,,, helps reduce the capacitor C_ but it leads to increased in-
ductance Ly so there is a trade-off between these two. One possible option to break this

trade-off is to reduce C_ by increasing V_,,, but decrease Ly by increasing f.

4.5.3 Selection of Capacitor C.

When Q3 is turned on, C is discharged through Ly and the maximum ripple current is
given in (4.24). If the switching frequency of the converter is high and the inductance in
series with the DC load is considered (Salcone and Bond, 2009), it is reasonable to assume
that the switching ripple current mainly flows through the capacitor C;.. According to

(Mohan, 2003), the peak-peak switching ripple voltage across the capacitor C;. is

AiLm
AV = ANipmR
+s 8C. /. + Alppic
_ ( 1 V+meax

—— 4R 7
8C., f c+) Ly fs(Ve +Vomax)

(4.26)

where Rc is the equivalent series resistance (ESR) of the capacitor C,.. The second part,
i.e. AipnRc+, is caused by the ESR of the capacitor. Since R¢ is often negligible for film

capacitors, (4.26) becomes
AiLm

Coni pg _2m 4.27
+min 8fsAV+sm ( )

for the given maximum switching ripple voltage AV, g, and the maximum ripple current

Ay, Note that increasing the switching frequency reduces C. .
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Table 4.1: Parameters of the system
’ Parameters \ Values ‘

Grid voltage (RMS) 110V
Line frequency f 50 Hz
Switching frequency f; | 19 kHz
Vi 200 V

V_max 750 V

R 220 Q

Cy S uF

C_ 5 uF
Ly 2.2 mH
L, 2.2 mH

4.5.4 Design Example

Here, an example is given for demonstration. The selected components, as summarised in
Table 4.1, are also used when building up the test rig.

For the inductor Ly with Aij,, = 4 A, the required minimum inductance is Ly =~ 2.1
mH, according to (4.25). In this study, 2.2 mH is used. Note that the inductor can be
reduced a lot if the switching frequency f; is significantly increased, again according to
(4.25).

. .. . . VI
Based on (4.20), the required minimum capacitance is C_,j, = w(\ﬂg——gvz
—max

7min)

Here, I, = 3 A is used in the calculation, considering the losses of the converter. In order to

~2.76 uF.

leave some margin, the capacitor C_ is selected as 5 uF. According to (4.23), the maximum
Vglg — Vglg
V*LIVC‘ o (meax'i‘vg)/
then be selected based on C_,,;;, and ANic—_ -

second-order ripple current is Ai¢_ax =

5 ~ 1 A. The capacitor C_ can

For the selection of the capacitor C,, according to (4.27), if the maximum switching
ripple voltage AV, g, is expected to be around 5 V, then C.,;, =5 UF.

If a conventional single-phase full-bridge converter is adopted, then the DC-bus capa-
citor should be larger than % ~ 740 uF in order for the output ripple voltage to
be maintained lower than 5 V. For capacitors at this level, electrolytic capacitors are often
needed. The experimental results presented later show that the converter under investiga-
tion can achieve 5 V output ripple voltage only with two 5 uF film capacitors. This means

the DC-bus capacitors can be reduced by over 70 times while maintaining the same level

of output voltage ripples.
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4.6 Impact of Different Voltages V. and V_

The voltages across the two split capacitors are normally maintained to be the same in
similar topologies. However, as mentioned above, the voltages are controlled to be different
on purpose for the proposed strategy, which contributes to suppressing the voltage ripples
and reducing the required capacitors. One question that arises naturally is whether the
voltage difference would cause any problem to the control of the rectification leg and the

neutral leg. This is analysed in this section.

4.6.1 Impact on the Rectification Leg

The main objective of the rectification leg is to maintain the grid current to be clean and to
be in phase with the grid voltage. As stated previously, the control of the rectification leg
and the neutral leg are independent from each other. As a result, the regulation of the input
current only depends on the rectification leg instead of both legs. According to (4.7), the
maximum and minimum values of the duty cycle of the two switches in the rectification leg

are

1

d2max = E (V+ + Vg)
1
dZmin - EC <V+ - Vg) .

Since V., V_ > V,, then db,i, > 0 and dpp < 1 can be achieved for any combinations of

V, and V_. According to the average model, the duty cycle of the switch O is

V. \%
db = —2 8 sinet
Voc  Vbe
1 .
= T (V4 —Vgsinwt) (4.28)

If all the ripple power is provided by the lower capacitor, then (4.28) becomes
1

dy = (V4 —Vgsinr)
Vit V20 (1 = sin200r)

where the derivation of V_ can be found in (Gu et al., 2009) for a given load power P,. It is

clear that the obtained duty cycle contains a second-order ripple component coming from
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V_. The existence of a second-order ripple component is common for all converters based
on the half-bridge structure and does not constitute any problem because the switching
frequency is much higher than the second-order frequency. The only difference here is that
the ripples are stored in the lower capacitor only.

Because the rectification leg is independently controlled, the input power factor and the
THD of the input current can be regulated as usual and are not affected by the difference
between V. and V_. As a result, the regulation of the input current is not affected by the

voltage difference between V. and V_.

4.6.2 Impact on the Neutral Leg

The neutral leg is used for two purposes, i.e. splitting the DC-bus voltage to V. and V_ and
diverting the ripple power to the lower capacitor C_. According to the average model, the

duty cycle of the switch Q3 can be given as

dy = 1---

V+ + \/ —mm )

which is also affected by a second-order ripple component. As long as V_ < Vp¢, which
is always true because Vpc =V, +V_ >V, V_, the duty cycle d3 can be always achieved
by controlling the two switches Q3 and Q4 in an complementary way. Hence, the voltage

difference does not cause any problem to the control of the neutral leg either.

4.6.3 Impact on the Current Stress of the Switches

The voltage difference may lead to different current stresses to the switches. The average
currents are very important when selecting a switch or a diode (Srinivasan and Oruganti,
1998). As a result, they are calculated here in order for selecting suitable switches and

diodes for both legs.
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4.6.3.1 Switches and diodes of the rectification leg

For the rectification leg, there are two switches and two diodes in total. The current flowing
through the rectification leg mainly depends on the grid current i,. The positive cycle of
the grid current i, flows through the Switch Q5 and the corresponding free-wheeling diode
is Dy. On the other hand, the negative cycle of the grid current i, flows through the Switch
Q1 and the corresponding free-wheeling diode is D;. As demonstrated in (Srinivasan and
Oruganti, 1998), the average currents flowing through active switches Q1 and O, and diodes

D and D, are

1 A
I, = E/n ig(1 — d)dt = IS~ 0.5)
8
17 W,
lo, = — [ iydodt =Ig(=*—05 429
o) 27r/o igdh R<Vg7r ) (4.29)
e A
IDl = ﬂ/() lg(l—dz)dt:IR(ﬁ—f-O.S)
8

| q2n W,
1 = — jododt = Ig(—— +0.5).
b 27:/7; lg®2 R(Vgn +0.3)

It can be seen that most of the currents flow through the diodes rather than the active
switches. More importantly, the currents of the active switches are different if V. £ V_.
The same is true for the diode currents. For example, if V_ > V., which is preferred in
order to reduce C_, then Iy, > I, and Ip, > Ip,. As a result, the power loss of the upper
switch Q7 is higher than that of the lower switch O, if V_ > V.. (4.29) can be used as
a principle to select the active switches and diodes. Of course, the two voltages can be
controlled to be the same. In this case, the average currents of the switches become the

same and also, the average currents of the switches become the same too.

4.6.3.2 Switches and diodes of the neutral leg

For the neutral leg, there are also two switches and two diodes in total. The current flowing
through the neutral leg mainly depends on the inductor current iz. In order to analyse the
average currents, similar analysis can be done. The only difference here is the conduction
periods of Q3, Q4 and D3, D4. For example, the conduction period of Switch Q7 in the
rectification leg is from 7 to 27, which is not affected by other factors like the input or

output power. This is because the periods of the positive and negative cycles of the current
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iy are the same, which is 7. However, it is obvious that those periods of the current i, are
not the same according to (4.12), which leads to the fact that the conduction periods of O3,
Q4 and D3, D4 are not the same. In order to calculate their average currents, there is a need

to first know these periods. Let iy = 0, then

Vel Vel
I, sin ot — 88 cos2mr — 528 =0,
2V_ 2V,
or
.2 | 1 VvV
sin“ @t + —sinwt — - — — =0
Ve 2 2V
Hence,
Ve 1 |v? 2V
sin@wft=——=+—4/—=+2+——.
2V 2 ng Vi
Because of (4.19), the “—” sign is not valid. There are two solutions within [0, %], which
are
. 1 .(1 VE+2+2vf vf)
| = —arcsin(=4 [ — —_—— ),
Q] 2 ng Vi 2V,
. 1 .(1 V2+2+2vf vf)
= — — —arcsin(=4 | — ———).
T o o 2\ v2 Ve 2V,

As a result, the average currents flowing through active switches Q3 and Q4 and diodes D3

and D, can be calculated from

1o

I = — i1dsdt

03 271. [1 lLas
1 H+2r

I = — i1 (1 —d3)dt 4.30

0. = 5g)  w(-a) (430)
1 1427

1 = — 1 dsdt

D, 27r/t2 irds

I L% 0 —dy)a

= — — .
Dy ) ir( 3)

The analytical solutions are complicated but, in principle, the currents Ip, and Ip, are again
higher than the currents Iy, and Ip,. Moreover, because V_ is set higher than V., Ip, and
Ip, are higher than Iy, and Ip,, respectively.

For certain applications with known system parameters, the average currents flowing
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through the switches and diodes of both legs can be easily obtained based on the above
analysis. Together with the voltage stress, i.e. the DC-bus voltage Vpc, suitable switches

and diodes can be selected.

4.6.4 Impact on the Voltage Stress of the Switches

In order to choose suitable switches for both legs, the voltage stress of the switches is
another factor to be considered.

Compared to the current stress of the switches, it is more straightforward to analyse the
voltage stress of the switches. Regardless of other system parameters, the voltage stress of
the switches is always the sum of the voltages V. and V_. It is well known that low voltage
stress generally leads to low costs and high efficiency. As a result, it is always hoped to
maintain the voltage stress within a reasonable level. Either decreasing V. or V_ can help
to reduce the voltage stress. The level of the voltage V. is determined by the requirement of
the DC load and cannot be changed. However, the voltage V_ does have some freedom to
be decreased. According to the discussion before, the proposed converter can still perform
well to control the grid current and the DC output voltage as long as the minimum voltage
of V_ is higher than the peak of the grid voltage. Hence, there is V_,;, = V,. Note that
the ripple level of the output voltage V. is still very low even if V_,,;, = V,. The only
compromise here is the DC-bus capacitance. In order to meet a given maximum voltage
stress Vyqx, the maximum voltage of V_ is then fixed, which is V_,,,x = Vjux — V. Itis clear
that low voltage stress means low V_,,,,. Since both maximum and minimum values of the
voltage V_ are fixed now, the minimum required capacitance can be obtained according to
(4.20). The higher the voltage stress can be, the smaller the capacitance C_ can be. It is
worth mentioning that high voltage stress leads to high switching loss, which decreases the
efficiency. When large electrolytic capacitors are used, the voltage stress could be lower
because V_,,4 could be reduced. In this case, the switching loss of the converter is lower.
However, the loss caused by the ESR of the capacitors becomes higher because the required
capacitance can be very large and electrolytic capacitors have to be used. The additional
loss caused by the high voltage stress may have been well compensated by the reduction of

the loss in capacitors.
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4.6.5 Impact on Switching Ripples of the Grid Current

Since the switching frequency is much higher than the fundamental frequency, the average
grid current over each switching period can be controlled to track its reference, which is
a sinusoidal signal. Apart from controlling the average grid current, it is also desirable
to maintain the switching ripple of the grid current under a certain level, in order not to
introduce power pollution to the grid. According to (Srinivasan and Oruganti, 1998), the

peak-peak switching ripple of the grid current can be given as

V_ .
AL - %VDC~I—Vgsma)td
g Lf 2
8J S
1

= V.V_ —VZ2sin® ot) +
LgfsVDC< * 8 )
(Ve —V_)V,

LefsVpc

sin . (4.31)

Apparently, increasing the inductor and/or increasing the switching frequency could reduce
the switching current ripple. According to (4.31), the switching ripple current is related to
almost all system parameters. Compared to most of the analysis in the literature, the only

difference here is that the voltages V. and V_ are designed to be different on purpose.

. . . . BEAs V_g2 ) . .. .
The first part of the switching ripple, i.e. L, fs( Voo Vo S ot), is always positive in
the positive and negative half cycles of the grid current. However, the second part, i.e.
(Ve —V_)V,

AT £ sin wt, changes its sign during the positive and negative cycles of the grid current.
For example, if V. < V_, it is negative in the positive half cycle of the grid current but
is positive in the negative half cycle of the grid current. The resulted effect is that the
switching ripples of the grid current in the negative half cycle are larger than those in the
positive half cycle. If V. > V_, then the switching ripples of the grid current in the negative
half cycle are smaller than those in the positive half cycle. However, the slightly different
switching ripples does not constitute any noticeable problems to the grid. If needed, an

LCL filter, instead of an inductor L,, can be adopted so that the switching ripple currents

can flow through the filter capacitor instead of the grid.
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4.7 Experimental Results

In order to validate the design and operation of the converter, experiments were conducted
on a test rig in the lab. The test system consists of the investigated converter and its control
circuit, which was constructed based on TMS320F28335 DSP. The main parameters of the
test system are the same as the ones in the design example of Section 4.5 as summarised
in Table 4.1. The system parameters like the inductor L, and the switching frequency are
selected according to the test rig and the available components in the lab and hence are
not optimized for performance. Note that the two split capacitors are very small (5 uF),
which demonstrates the capability of significantly reducing capacitors while maintaining
low ripples on the DC output voltage. The required usage of capacitors is reduced by over
70 times from 740 uF to 10 uF. Here, two 5 uF metallized polypropylene film capacitors
(MKP1848C55012JK?2) are used as the two split capacitors in experiments. The system

responses both in the steady state and during transient period are presented.

4.7.1 Steady-state Performance

4.7.1.1 The grid current i, and the DC voltages V, and V_

The system steady-state performance with Vi = 200 V is given in Figure 4.5(a)-(d) for
Ve = 600, V*, =650, V* =700 and V*

—max —max —max —max

= 750, respectively. It is clear that
the DC output voltage V. is always maintained around its reference 200 V while the ripple
voltage of V_ varies from 337 V to 431 V depending on the maximum voltages of V_.
Importantly, the voltage ripples of the voltage V. are only about 5 V when V*, =700V
and 750 V. As a result, nearly all the ripple power is now stored on the lower capacitor C_
instead of both C; and C_ over a wide range of V_. It is worth again pointing out that only
two 5 UF are used in the system. The reduction of capacitors and ripples on the output V.
have been achieved at the same time.

In order to clearly illustrate the relationship between the voltage ripples and the average
voltage on the capacitor C_, the steady-state performance to reduce the ripple voltage under
different average voltage of V_ is shown in Figure 4.6. It can be clearly seen that the ripples
of V. were kept around 5 V over a wide range of V_ while the ripples of V_ are much

larger, ranging from 337 V to 431 V. Furthermore, the ripples of V_ decreased along with
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Figure 4.5: Grid voltage v, grid current i, and DC voltages V and V_ with V} = 200 V:
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Figure 4.6: Voltage ripples of V.. and V_ over a wide range of V_,..
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Figure 4.7: Deteriorated system performance with V¥ =200 V when V*, =500 V.

the increase of its average voltage. The obtained experimental results nicely match the
condition (4.21) with AV_ = l\éf—(ﬁo (represented by the dashed line in Figure 4.6) over a
wide range of V_,,, as long as the boost operation of the converter is successful. Here, the
number 185000 was found via curve fitting.

Moreover, the grid current i, is always regulated to be clean and in phase with the grid
voltage and, thus, the unity power factor is achieved. According to the recorded experi-
mental data, the THD of the grid current is around 4% and the input power factor is above
0.99 for all cases. This verifies that the regulation of the grid current is not affected by large
ripples of V_ and the voltage difference between V. and V_. Note that the experimental test
rig is not optimised for high power quality because it is not the main focus of this chapter.
In light of this, the obtained results are very good.

In order to further demonstrate the operation of the system, another two results are
shown in Figures 4.7 and 4.8, respectively, for the cases when the DC voltages V. and V_
were lower than the peak grid voltage and when the controller that removes the fundamental
component from ic_ was disabled. As shown in Figure 4.7, the output voltage ripple be-
comes around 80 V, much larger than 5 V, when V*, is set at 500 V. The relatively low
voltages of V. and V_ also lead to distorted grid current as highlighted by the dashed circles
in Figure 4.7 when both voltages are lower than the peak grid voltage. When the controller
that removes the fundamental component from ic_ was disabled, the results are shown in

Figure 4.8. The voltage V_ now consists of a noticeable fundamental component. The ex-
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Figure 4.8: Deteriorated system performance when the controller that removes the funda-

mental component from ic_ was disabled (V*,,,. = 700 V).

perimental data of Figures 4.5(c) and 4.8 were processed in MATLAB/Simulink to extract
the fundamental component and indeed the fundamental component increased from 2 V to

15 V when the resonant controller was disabled.

4.7.1.2 The DC-bus current and the capacitor currents

As mentioned above, the reduction of the voltage ripples is achieved by controlling the
AC component i of the DC-bus current /. In order to show the system performance of the
current control, the waveforms of the DC-bus current and the capacitors currents ic; and
ic— over a wide range of V_ are shown in Figure 4.9(a)-(d). Note that a low-pass filter
with a cut-off frequency of 6 kHz is applied to remove the high frequency component in
the currents. It can be seen that the AC component of the DC-bus current and the current
ic+ are always maintained around zero for different voltages of V_. On the other hand, the
ripples of the capacitor current ic_ are relatively large because all the ripple power is now
stored on the capacitor C_. In general, it can be seen that the higher the capacitor voltage
V_, the lower the capacitor current ic_. The relationship between the capacitor voltage
and the capacitor current is shown in Figure 4.10, which nicely matches the condition
Nic_ = %, where the number 600 was found via curve fitting.

Moreover, the spectra of the DC-bus current / are shown in Figure 4.11(a) and Figure
4.11(b) to demonstrate the performance of reducing the second-order ripples in the current

I for the cases without and with the repetitive controller, respectively. It is obvious that the
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Figure 4.11: Comparison of (a) without and (b) with the repetitive current controller for the
neutral leg.

109



Tek Pretu = ROOkHz Moise Filter

[250 V/d1v]

8.33 A/dw] ;

Y Wf@fh_/\nn/ﬁfd ______ ey
Y

|[4u armns |C R J17:51:23

Figure 4.12: System start-up (V; =200 V and V* =700 V).

second-order harmonic component, i.e. 100 Hz, in the current / is significantly reduced
when the repetitive controller is enabled. Most of the 100 Hz component is diverted to the
neutral leg from the output capacitor. Due to the diverted 100 Hz current, both the ripples
of the output voltage V. and DC-bus current / are considerably reduced as shown in Figure

4.11(b).

4.7.2 Transient Performance

4.7.2.1 System start-up

In order to demonstrate the transient response of the proposed system, the results during
the system start-up are shown in Figure 4.12. The grid current first increased to charge the
capacitors and then the current was maintained well back to its steady-state value after the
DC output voltage was settled. The system start-up took about 200 ms, which is only about

10 cycles.

4.7.2.2 Change of the voltage reference

When the reference of the voltage V. was changed from 200 V to 300 V, the results are
shown in Figure 4.13. The voltage V., was smoothly increased from 200 V to 300 V without
any spikes. It is worth highlighting that the ripple level of the output voltage V. is always
small during the transient period. However, the ripples of the voltage V_ became larger

in order to tackle the increased ripple power caused by the increased voltage reference
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Figure 4.13: Transient response when the reference of the voltage V. was changed from
200 V to 300 V.

(and the power). This transient response took about 2 s, which is limited by the allowable
maximum neutral current of the experimental system, and could be made much faster if
the allowable maximum neutral current is increased. For the test rig, the neutral current
is limited by the neutral inductor, which would be saturated if the neutral current exceeds

about 5 A.

4.7.2.3 Hold-up time

Although the DC-bus capacitors are designed for systems without hold-time requirement, it
is still interesting to see how the proposed converter responds to a sudden AC power outage.
Here, two experiments were conducted in order to show the system performance regarding
to the hold-up time under different capacitors. In order for a fair comparison, only the
capacitor C; was changed while the other system parameters were kept unchanged. With
C; =5 UF, the time for the voltage V. decreased from 200 V to 0 V is about 14 ms as shown
in Figure 4.14(a). Of course, this time is too short for systems with hold-up requirement. A
simple way to increase this time is to use a larger capacitor. The experimental result with
a larger capacitor (C; = 100 uF) is shown in Figure 4.14(b). Indeed, the voltage V. was
decreased at a much slower pace, which took about 42 ms for the voltage V to decrease
from 200 V to 0 V. Since the main focus of this chapter is not about the hold-up time, no
further mathematical analysis is made. Interested readers are referred to (Wang et al., 2014)

to see how to design capacitors for single-phase converters with hold-up time requirement.
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4.7.3 System Performance with a Hybrid Load

Apart from resistive loads, converters often have switching devices connected as loads.
Such switching devices can include DC/DC converters and DC/AC converters. In order to
validate this, a buck DC/DC converter shown in Figure 4.15(a) was built as the switching
load and its output voltage V}, is regulated to be around 48 V while its input voltage V. is
200 V and the load R, is 20 Q. Note that a 470 Q resistor is also connected across the
voltage V., which means the equivalent load of the converter is a combination of resistive
and switching loads. As shown in Figure 4.15(b), the voltage V., (200 V) is levelled down
to the voltage V}, (48 V) and the ripples of the voltage V.. are again kept to be very low.
As a result, the proposed converter can indeed work well with both resistive and switching

loads.
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Figure 4.16: The full-bridge system used for the comparison.
4.8 Efficiency Comparison

In this section, the proposed converter is compared to a system to evaluate the efficiency
performance. In order to be fair, the system used for comparison should be able to work
with the widely-spread single-phase unbalanced power grid and also should have the fol-
lowing features: (1) a common AC and DC ground; (2) capability of working with any
power factor; (3) bidirectional power flow; (4) capability of reducing the usage of DC ca-
pacitors. Because of so many integrated features, it is not easy to find a suitable solution.
For example, most converters would fail if their AC and DC grounds are directly connected
together. Indeed, there are a few topologies with common AC and DC ground in the liter-
ature, such as the Zigzag converter proposed in (Fujita, 2010) and the Karschny converter
proposed in (Karschny, 1998). However, they are not good candidates for the compar-
ison because the Karschny converter cannot work with non-unity power factor (Karschny,
1998) while the Zigzag converter requires relatively large and increased number of capacit-
ors (Fujita, 2010). It is worth mentioning that the Zigzag converter benefits with multilevel
outputs, which helps improve the power quality of the grid current and also to reduce the
size of AC filters.

After careful comparison among different systems, the full-bridge system shown in
Figure 4.16 is used for the comparison. The isolating transformer 7" facilitates the direct

connection between AC and DC grounds. Moreover, the conventional single-phase full-
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Figure 4.17: Efficiency comparison.

bridge converter is used as the interface between the AC and DC sides to achieve any
power factor. At the same time, a ripple eliminator (Krein et al., 2012; Zhang et al., 2013b;
Zhong et al., 2012b; Wang et al., 2012; Pini and Barbi, 2011) is hooked onto the DC bus to
absorb the ripple energy. Hence, the total usage of capacitors can be significantly reduced
while having low DC-bus voltage ripples.

Based on the above discussion, it is clear that the full-bridge system shown in Figure
4.16 is a good candidate for the comparison because it has all the four main features of
the proposed converter. The full-bridge system and the proposed converter have their own
merits. For example, the proposed converter does not need the isolating transformer and
the number of used switches are only four, which means two switches are saved compared
to the full-bridge system. Moreover, it is easier to commercially implement the proposed
converter by using a power module with four switches. On the other hand, the full-bridge
system benefits with lower voltage stress of switches because of the adopted full-bridge
topology. As a result, the switching loss of the full-bridge system is expected to be lower
than the proposed converter. However, because of the reduced number of switches and the
removed isolating transformer, the efficiency of the proposed system could be comparable
with that of the full-bridge system even if the switching loss of the proposed converter is
higher.

In order to compare the efficiency between the full-bridge system and the proposed
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converter, PLECS simulations of both systems were constructed. Similar method to com-
pare efficiencies is used in Chapter 2, which has been demonstrated to be accurate enough.
The same DC capacitors and switches are used for both systems for a fair comparison. A
1 kW system was built based on PLECS and MATLAB/Simulink and the system power
ranging from 50 W to 1000 W was tested by changing the DC load while keeping the DC
output voltage constant. The obtained result is shown in Figure 4.17. It is obvious that
the proposed converter are almost always more efficient than that of the full-bridge system
except when the power is low (<150 W).

As to power density, the proposed converter is absolutely higher than the full-bridge
system shown in Figure 4.16. This also means reduced system cost even if the increased
cost of the switches due to the increased voltage stress.

To sum up, the proposed converter is always better than the full-bridge system shown
in Figure 4.16 in terms of power density, efficiency and cost, and is a very competitive

solution for high power density converters.

4.9 Summary

This chapter has addressed a big issue for single-phase converters, which is to reduce DC-
bus low-frequency voltage ripples and total capacitance required. It has been demonstrated
that the required usage of DC-bus capacitors can be significantly reduced while maintaining
low output voltage ripples by advanced control strategies. As a result, highly-reliable film
capacitors can be used to replace bulky electrolytic capacitors. The elimination of DC-bus
electrolytic capacitors is achieved by the neutral leg of the converter without adding any
other power components. To be more precise, all the ripple energy is diverted from the
upper (output) capacitor to the lower capacitor through the neutral leg so that the upper
capacitor can be reduced a lot. At the same time, the voltage across the lower capacitor is
designed to have large ripples as it is not supplied to any loads. In this case, both capacitors
can be reduced to a level that film capacitors are cost effective to be used.

The rectification leg of the converter is used to maintain the grid current and the DC-bus
voltage. Importantly, the impact of different voltages across the capacitors are analysed in

detail. It has been found that the different voltages and large voltage ripples do not affect
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the aforementioned functions of the two legs but do affect the selection of the switches
because the upper switches and lower switches of both legs may have different voltage and
current stresses. Experimental results have been presented to show that the required usage
of capacitors can be reduced by over 70 times while maintaining the same level of output
voltage ripples for the test rig. The converter can indeed work well without using DC-bus

electrolytic capacitors.
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Chapter 5

Reduction of High-frequency

Common-Mode Voltages of p-converters

In this chapter, the reduction of common-mode currents without the need of an isolating
transformer is investigated via providing a common AC and DC ground for grid-tied con-
verters, following the p-converter developed in Chapter 4 that reduces the need of bulky
electrolytic capacitors. Moreover, the operation of the converter as both a rectifier and an
inverter is demonstrated. Because of the common AC and DC ground, the parasitic capa-
citance on the path of common mode currents is bypassed. The key to achieve this lies in
the active control strategy that decouples the control of the two legs of the converter so that
one leg is responsible for the power exchange between the DC side and the AC side and
the other leg is responsible for maintaining stable voltages across the DC split capacitors
and providing a path for the DC current. Experimental results are provided to validate the

analysis.

5.1 Introduction

Driven by the penetration of renewable energy systems, a lot of advanced technologies
regarding the integration of renewable systems with the power grid are developed in the last
few years (Zhong and Hornik, 2013b). Due to parasitic capacitors between power sources
in some renewable systems and the ground, the problem of high common mode (CM)
currents, which reduces system efficiency and causes safety concerns like electric shock,

has become a serious issue for renewable energy systems. In order to eliminate/reduce
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Figure 5.1: Generic equivalent circuit for analysing CM currents.

CM currents, galvanic isolation transformers are normally added between the renewable
energy systems and the grid. But the adoption of transformers reduces power density and
efficiency (Kerekes et al., 2011) and increases manufacturing costs. As a result, systems
without transformers have attracted more and more attention. However, the absence of
transformers may lead to high CM currents.

Figure 5.1 illustrates a generic equivalent circuit for analysing CM currents, which
consists of a CM voltage source vcy, a filter L and a parasitic capacitor C, between the DC
ground and the AC ground, which is often connected to the earth via the neutral line when
an isolating transformer is not used. This closes the loop for the CM current icy, and the
CM voltage vy, which is generated by the switching of power switches and other reasons,
appears on the parasitic capacitor C,,. If the switching frequency is high enough, the CM
current icy could be very large even if the parasitic capacitor C, is relatively small.

In general, the CM current iy, mainly depends on both the behaviour of the CM voltage
and the impedance in the path of the CM current. In light of this, there are four main ap-
proaches in the literature to reduce CM currents. One approach is to reduce high-frequency
components in the CM voltage v, across the parasitic capacitor C,,. This can be achieved by
reducing high-frequency components in the vcys e.g. changing the modulation strategies
(FREDDY TAN et al., 2015; Bae and Kim, 2014) and decoupling AC and DC sides of
converters during freewheeling phases (Kerekes et al., 2011; Buticchi et al., 2014; Xiao
etal., 2014; Ji et al., 2013). It can also be achieved by putting passive or active components
(Barater et al., 2014) in series or in parallel with vcy,. Although these methods to reduce v,
can reduce CM currents to some extent, they suffer from reduced voltage utilization ratio
(Cavalcanti et al., 2010), reduced ability to process reactive power (Gu et al., 2013) and/or
degraded performance caused by parasitic capacitors of switches (Gu et al., 2013).

The second approach is to increase the impedance in the path of the CM current. For
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example, this can be achieved by increasing the filter L. Filters used for this purpose is
called CM filters (Heldwein et al., 2010), which have large inductance to mitigate CM
currents. However, due to the large size and heavy weight, the system power density could
be reduced.

The third approach is to provide another current path between the AC ground and the
DC ground so that most of the CM current flow through this path instead of the parasitic
capacitor. For example, this can be achieved by connecting the AC ground to the midpoint
of the DC bus, which is normally formed by split capacitors (Xiao and Xie, 2012). This
makes the split capacitors in parallel with the parasitic capacitor so that most of the CM
current icy; can be bypassed through the split capacitors. Since the split capacitors are nor-
mally much larger than the parasitic capacitor C,, the CM current is reduced. For example,
converters based on the half-bridge topology are equipped with split capacitors (Srinivasan
and Oruganti, 1998), which have the potential of forming the bypassing current path. For
three-phase applications, the three-phase four-wire power converters proposed in (Zhong
and Hornik, 2013b; Hornik and Zhong, 2013) also have the bypassing current path so that
CM current icys can be reduced a lot. Another way is to connect the neutral point of the AC
side formed by AC capacitors of the LC filters to the split capacitors (Dong et al., 2012a).
In this case, the AC capacitors are in series with the split DC capacitors in the current path,
which are in parallel with the parasitic capacitor C,,.

The last approach is to connect the AC ground and the DC ground together so that
the CM current icy, is almost completely eliminated. The elimination of CM currents
is naturally achieved because the parasitic capacitor is short-circuited without any other
efforts, when ignoring the parasitic inductance of the cables. One of such converters is the
Karschny inverter (Karschny, 1998). Unfortunately, this inverter suffers from the complex
structure, the increased number of power switches and the need of large capacitors. Another
one was proposed in (Gu et al., 2013), where the concept of virtual DC bus is used to
enable the direct connection between AC and DC grounds. The virtual DC bus is achieved
by adding an extra active switch and an extra DC capacitor into a conventional full-bridge
converter. Benefiting from its topological structure, the converter is capable of exchanging
both real and reactive power with the power grid. The operation of the two converters

are similar to that of conventional full-bridge converters. Moreover, it is also possible to
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connect the AC and DC grounds together if the midpoints of both AC and DC sides are
constructed, as reported in (Breazeale and Ayyanar, 2015).

As reported in (Kerekes et al., 2009), it is possible to have a common AC and DC ground
if two series of balanced PV panels are connected to a three-phase inverter with split DC
capacitors. The midpoint of the split capacitors is then connected to the grid neutral line.
In this case, the CM currents can be almost completely eliminated. However, the upper
and lower panels are likely to become unbalanced due to the potential induced degradation
(PID) of solar panels (Omron, 2013; Fujita, 2010), even initially designed to be balanced.
The unbalanced voltages could lead to the failure of the whole system. From the view of
preventing the PID effect, it is better to only keep the upper PV panels. However, it is not
straightforward to run the system without the lower PV panels. This is because the split
DC capacitors cannot provide the required DC current to make the grid current free from
DC components. It is also difficult or even impossible to maintain the voltages across the
split capacitors to be balanced without employing a suitable control strategy.

In this chapter, the idea of connecting the AC ground and the DC ground together is
explored further, based on the converter topology equipped with split DC capacitors. After
briefly describing the grounds, grounding and common-mode currents in grid-tied convert-
ers, the challenges to connect the AC ground and the DC ground of a converter together are
discussed in detail. Then, it is revealed that a single-phase four-switch converter recently
reported in (Ming et al., 2016) is able to overcome these challenges, after proposing a suit-
able control strategy to balance the voltages across the split capacitors. Such a converter
consists of a neutral leg and a conversion leg. Thanks to the neutral leg, the DC ground
can be directly connected to the AC ground. Accordingly, the CM current can be almost
completely eliminated when ignoring the parasitic inductance of the cables. Moreover, the
DC-side voltage of the converter, which is just about half of the whole DC-bus voltage of
conventional half-bridge converters, is only required to be higher than the peak value of
the grid voltage. This doubles the voltage utilization ratio of conventional half-bridge con-
verters. Note that the minimum voltage of the whole DC bus is still the same as that of the
conventional half-bridge converters, which is twice of the grid voltage. Hence, the voltage
stress of the switches is not changed. The conversion leg is used to control the power ex-

changed between the DC bus and the power grid, which simplifies the operation of the
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converter. It is also worth pointing out that both real and reactive power can be exchanged
without any restrictions caused by the common ground. In addition, the control of the two
legs are independent from each other, which makes control design very flexible so there is
no restriction on the modulation and control strategies caused by the common AC and DC
ground. Moreover, the operation of this converter is very different from the conventional
full-bridge converters, although both converters have two legs. The operation of the two
legs in this converter is independent from each other while the two legs in conventional
full-bridge converters is dependent with each other. This is the key to make it possible to
connect the AC ground and the DC ground together. Compared to Chapter 4, the new con-
tributions of this chapter include: 1) revealing the capability of this converter on reducing
CM currents after presenting the challenges and benefits of providing a common AC and
DC ground for grid-tied converters; 2) proposing a suitable control strategy to achieve this;

3) demonstrating the operation as an inverter, in addition to the operation as a rectifier.

5.2 Grounds and CM Currents of Grid-tied Converters

5.2.1 Ground, Grounding and Grounded Systems

In electrical engineering, ground refers to the reference point in an electrical circuit from
which voltages are measured, a common return path for electric currents, or a direct phys-
ical connection to the earth. For grid-tied converters, separate reference points are often
adopted for the DC and AC parts of the circuit, respectively. As a result, there are often
three (or more) grounds in a grid-tied converter, i.e., the earth, an AC ground and an DC
ground.

Grounding is connecting, whether intentionally or accidentally, an electrical circuit or
equipment to the earth or to some conducting body that serves in place of the earth (Wiles,
2012). In this chapter, only the intentional grounding will be considered. In general, there
are two kinds of groundings: equipment grounding and system grounding. Equipment
grounding refers to connecting any exposed non-current carrying electrical conductors or
equipment to the earth. By doing this, the voltage from the conductors or equipment to the
earth can be limited, which avoids potential electrical shock. Proper equipment grounding

is essential for any electrical equipment as the electrical conductors or equipment may be
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Figure 5.2: Four earthing networks for low-voltage systems (Wikipedia, 2014).
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energized because of failed insulation. System grounding refers to connecting one of the
(current-carrying) electrical conductors to the earth. For a grid-tied converter, the (current-
carrying) electrical conductors that are used for grounding are normally the AC ground or
the DC ground. Since a converter is often connected to the grid neutral line, the AC ground
is often connected to the earth. However, DC grounds may or may not be connected to
the earth, depending on the topology and the control strategy of the converter. If the DC
ground is not connected to the AC ground (the earth), as shown in Figure 5.1, then a CM
current icy appears.

Grounded systems are those with one of the DC conductors (either positive or negative)
connected to the earth or to some conducting body that serves in place of the earth (Wiles,
2012). Otherwise, systems are ungrounded. As a result, electrical systems can be classified
into grounded systems and ungrounded systems, according to the arrangement for system
grounding. Note that system grounding is optional but equipment grounding is essential
for safety reasons. For example, for grid-tied PV inverters, the pre-2005 edition of the US
National Electrical Code (NEC) required that all PV systems have one of the DC circuit
conductors grounded whenever the maximum system voltage was higher than 50 volts
(NEC 690.41). However, ungrounded PV systems are now allowed according to NEC
690.35, which was added to the 2005 NEC (Wiles, 2012).

Following the above definitions for ground, grounding and grounded systems, four main
earthing networks are shown in Figure 5.2. According to the International Standard IEC
60364, the two-letter codes TN, TT, and IT are used to distinguish the networks (Wiki-
pedia, 2014). The first letter indicates the connection between earth and the power-supply
equipment (generator or transformer): *T°— Direct connection of a point with earth (Latin:
terra); 'I’— No point is connected with earth (isolation), except perhaps via a high imped-
ance (Wikipedia, 2014). The second letter indicates the connection between earth and
the electrical device being supplied: *T°— Direct connection of a point with earth; "N’—
Direct connection to neutral at the origin of installation, which is connected to the earth
(Wikipedia, 2014).

Note that the equipment grounding is defined as the connection between the equipment
and the line PE but not the line N because the line N is designed to be the current return

path and it cannot be used for equipment grounding, although the lines PE and N have the
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Figure 5.3: Equivalent circuit for analysing CM current of a grid-tied converter with a
common AC and DC ground.

same voltage potential when ignoring the line impedance. The system grounding is not
depicted in the networks, which can be achieved by connecting either the positive or the

negative pole of the DC bus to the line N.

5.2.2 Benefits of Connecting AC and DC Grounds Together

As mentioned before, the AC ground of a grid-tied converter without an isolation trans-
former is often connected to the earth, which often results in CM currents. If the DC ground
and the AC ground could be connected together, then the equivalent CM circuit can be de-
picted as shown in Figure 5.3, which means the parasitic capacitor C, is short-circuited.
As a result, the CM current iy, is always nearly zero. Moreover, the negative pole of DC
conductors (the DC ground) has almost the same voltage potential as the earth. As a result,

if applied for solar power, the PID effect of solar panels can be almost prevented.

5.2.3 Challenges of Connecting AC and DC Grounds Together

As discussed above, the removal of isolation transformers is highly recommended to reduce
costs and to improve system efficiency and power density (Gu et al., 2013; Meneses et al.,
2013). However, most of the grounded grid-tied converters fail to work if the isolation
transformers are removed. The most popular full-bridge and half-bridge converters are

taken as two examples to explain the reason.

5.2.3.1 Grounding in full-bridge converters

The topology of a full-bridge converter is shown in Figure 5.4(a). The AC ground is con-
nected to the earth and the DC ground is the negative pole of the DC bus. The parasitic

capacitor is between the DC ground and the earth. The corresponding equivalent circuit for
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Figure 5.4: Conventional full-bridge converter: (a) topology; (b) equivalent circuit for
analysing the CM current.

the CM current path is shown in Figure 5.4(b), where the equivalent common mode voltage

can be found as (Dong et al., 2012a)

LN—Lg
LN—f—Lg.

__ VADy T VBDy
=Ty

+ (vapy +VBDy) 5.1

Here, vap, and vgp, are the voltages between points A and Dy and between points B and
Dy, respectively. The voltages vap, and vpp, depend on both the system parameters and
the modulation strategies. The CM current icy; can be large enough to cause electrical
shock if the high-frequency components in the v4p, and vgp,, are high.

According to the previous discussions, the CM current could be eliminated if the AC
and DC grounds were directly connected together. However, the converters would then fail
to function properly and there would be no way to provide the negative AC voltage. In light
of this, a negative voltage must be constituted in order to enable the connection. A possible
solution is to add an additional switch and an additional DC capacitor into conventional
full-bridge converters (Gu et al., 2013) to form the required negative voltage, as shown in
Figure 5.5. During the negative cycle of v4p, the required negative voltage is provided by
the DC capacitor C;. The detailed operation principles of this topology can be found in (Gu

et al., 2013) and are not repeated here.
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Figure 5.5: Improved full-bridge converters with a common AC and DC ground: (a) topo-
logy; (b) equivalent circuit for analysing the CM current.

5.2.3.2 Grounding in half-bridge converters

The topology of conventional half-bridge converters is shown in Figure 5.6(a) and the equi-
valent circuit for CM current analysis is shown in Figure 5.6(b). The CM current is reduced
a lot because of the topological structure, where the two split capacitors C; and C_ are
connected between the AC and DC grounds, in parallel with the parasitic capacitor Cp,.
Hence, the equivalent capacitance is much larger than C,,. The equivalent CM voltage vey
is clamped to the voltages on the two capacitors, which consists of a DC component, a
fundamental component and a second order component. The resulting CM current icys is
much smaller and most of the CM current flows through the capacitors C and C_. The
performance of reducing the CM current depends on the ratio between the parasitic capa-
citor C,, and the DC capacitors C; and C_. The larger the DC capacitors, the smaller the
CM current. However, because C. and C_ are normally preferred as small as possible, the
CM current can still be a problem in some applications.

As mentioned previously, CM currents could be almost completely eliminated regard-
less of C+ and C_ if the AC and DC grounds were connected together. However, like
full-bridge converters, it is also impossible to directly connect the DC and AC grounds
together for half-bridge converters. Here are the detailed reasons. There are two possible

ways to connect the DC ground and AC ground together, as shown by the dot-dash lines
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Figure 5.6: Conventional half-bridge converters: (a) topology; (b) equivalent circuit for
analysing the CM current.
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Figure 5.7: DC grounding of half-bridge converters (not feasible): (a) the negative pole
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grounding.
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in Figure 5.7. However, both do not work. For the case shown in Figure 5.7(a), the lower
capacitor C_ is short-circuited so it would not work properly. For the case shown in Figure
5.7(b), the DC ground and the negative pole of the DC bus are moved to the mid-point of
the split capacitor, i.e. the AC ground. According to the Kirchhoff’s law, there is

ig =ic, —ic +1 (5.2)

where ig, ic, , ic_ and I are the currents flowing through the grid inductor, the capacitor C,
the capacitor C_ and the DC bus, respectively. As the grid current i is supposed to be AC
current without any DC components, the capacitors C;. and C_ must provide the required
DC current to establish (5.2). However, it is well known that capacitors cannot allow any
DC currents to flow through. As a result, connecting the AC and DC grounds together in

this way does not work either.

5.3 Provision of a Common AC and DC Ground to Reduce
CM Currents

5.3.1 Topology under Investigation

Although conventional half-bridge converters have the potential to completely eliminate
CM currents by connecting the AC and DC grounds together, it is not straightforward to
do so and both options discussed in the previous section have all failed. Due to the short-
circuit of the capacitor, the first option is disregarded. The second option can be viable if
the required DC current / can be provided by another path instead of the capacitors. This
can be achieved by adding an additional current branch to enable the connection between
the AC and DC grounds.

In this chapter, a recently-proposed topology, as shown in Figure 5.8(a), has been re-
vealed to be able to provide a common AC and DC ground. Very similarly to a conventional
full-bridge converter, it consists of two legs but now the two legs, one conversion leg and
one neutral leg, have different functions. The conversion leg functions as a conventional
half-bridge converter. The neutral leg is put across the negative and positive points of the

DC bus and the midpoint of the leg is connected to the midpoint of the split capacitors
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Figure 5.8: The converter with a common AC and DC ground: (a) topology; (b) equivalent
circuit for analysing the CM current.

through an inductor Ly. The inductor can be treated as a part of the filter of a grid-tied con-
verter. In this case, the inductor is used in a multiple way, i.e. to filter out harmonics and to
enable the current control of the neutral leg. The main objectives of the added neutral leg
are to balance the voltages V. and V_ and to provide the return path of the DC current / to
make it work so that the AC and DC grounds can be connected together. It is worth men-
tioning that the two legs can be controlled independently, which makes the control design
much easier and more flexible.

For this topology, the DC ground and the AC ground are directly connected together as
a common ground. As aresult, the CM current is almost completely eliminated because the
parasitic capacitors are short circuited, as can be seen from the equivalent circuit shown in
Figure 5.8(b). Moreover, this converter has the capability of operating in the rectification
mode and in the inversion mode. For both modes, the power factor can be regulated to unity
or other values according to system requirements. Hence, the converter has the capability
of exchanging both real and reactive power with the grid, which is highly preferred for grid-
tied converters. Note that the connection of the AC and DC grounds together is achieved
inside the converter and the connection line can be very short, which means the parasitic
line inductance is negligible.

It is worth mentioning that similar topologies have appeared in the literature, e.g. as
an independently controlled neutral leg for three-phase four-wire inverters in (Zhong and
Hornik, 2013b; Liang et al., 2009), but the feature of eliminating CM currents has not been

explored in the literature, to the best knowledge of the authors.
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Figure 5.9: Controller for the neutral leg.

5.3.2 Operation Principles

As the conversion leg is connected to the grid, it is mainly used to exchange power between
the DC side and the power grid. The operation of the conversion leg is the same as that of
conventional half-bridge converters and hence, many strategies developed for conventional
half-bridge converters (Srinivasan and Oruganti, 1998) can be directly applied here. Both
current control and voltage control strategies can be implemented. It is worth mentioning
that there is no restriction on the direction and angle of the grid current. Accordingly, both
real and reactive power can be exchanged. If the control strategy is designed to be equipped
with grid-support functions (Zhong and Hornik, 2013b), the converter can take part in the
regulation of the grid voltage via exchanging the right amount of current (power) with the
grid.

The operation of the neutral leg is independent from that of the conversion leg. As a
result, the conversion leg can be designed according to its objectives to achieve the desired
performance. One objective of the neutral leg is to balance the voltages across the split
capacitors, which can be achieved by measuring the two voltages and fed into the controller.
Another objective is to provide the return path of the DC current /. This can be naturally
achieved when the DC voltages are stable. According to the Kirchhoft’s law, the only path
for the return DC current is the neutral leg because the DC capacitors are incapable of
providing any DC currents and there is stringent requirement on the DC component in the

grid current.

5.3.3 Control Design

5.3.3.1 Control of the neutral leg

The function of the neutral leg is to maintain a balanced voltage across the split capacit-

ors and to provide a current path for the DC component. This is the same for both the
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Figure 5.11: Generation of i, for unity power factor (a) when operated as rectifiers and (b)
when operated as inverters.

rectification mode and the inversion mode so the controller designed can be used for both
modes. Assume that the DC-bus voltage is maintained by the converter in the rectification
mode and is determined by the DC bus supply in the inversion mode. Then balancing the
voltages of the split capacitor can be achieved by regulating either the voltage V. or V_. In
this chapter, regulating V_ is chosen.

In order to maintain the voltage V_, a simple PI controller can be adopted, as shown in
Figure 5.9. The voltage V_ is measured and fed through a low-pass filter (LPF) to extract

the DC component. Here, the hold filter H(s) = 1—e~Ts/2

= "T57 is adopted to remove the voltage

ripples.

5.3.3.2 Control of the conversion leg

As a grid-tied converter, either the AC output voltage or the current of the converter should
be regulated in order to facilitate the power exchange between the AC side and the DC
side. Both current-controlled and voltage-controlled converters are widely used nowadays
because they have their own benefits (Zhong and Hornik, 2013b). These can be applied
to the investigated converter as well, without any limitations caused by the common AC
and DC ground. In this chapter, the current-controlled mode is taken as an example to

demonstrate the capability of exchanging real and reactive power between the AC side and
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the DC side.

In order to regulate the grid-side current i,, many candidate controllers, e.g., hyster-
esis controllers having a variable switching frequency and repetitive controllers having a
fixed switching frequency, can be adopted (Zhong and Hornik, 2013b). In this chapter, the
repetitive controller shown in Figure 5.10 is adopted because of the high performance in
handling harmonics. The controller consists of a proportional controller K, and an internal
model. Here, @w; = 2550, 7=0.02andt; =7 — wL, =0.01965s. The input to the controller is
the error signal of the current with respect to the reference grid current 7, of which the gen-
eration depends on the operation mode of the converter to achieve power balance between
the AC side and the DC side. It is known that repetitive control is sensitive to frequency
variations but this can be dealt with (Zhong and Hornik, 2013b).

When the converter is operated as a rectifier, the DC bus voltage Vpc = V4 +V_ should
be regulated according to the load requirements at the desired value V5~ = Vi +V* . This
can also be easily achieved by a PI controller, as shown in Figure 5.11(a), where the DC-
bus voltage is measured and fed through a low-pass filter to extract the DC component. The
output of the PI controller is multiplied with the unity sinusoidal signal obtained through a
phase-locked-loop (PLL) to form the grid current reference i,. When the unity sinusoidal
signal is in phase with the grid voltage, the unity power factor is achieved. The reactive
power can be adjusted via changing the phase of the unity sinusoidal signal. Once the grid
current reference is generated, the grid current controller shown in Figure 5.10 is able to
track it.

When the converter is operated as an inverter, the voltage V., is given. In this case, the
power injected to the grid can be controlled. For a given real power Py, the corresponding
peak grid current [, = ‘272

a phase-locked-loop (PLL), the grid current reference 7,

5.11(b). Similarly, when the unity sinusoidal signal is in phase with the grid voltage, the

Multiplying it with the unity sinusoidal signal obtained through

can be formed, as shown in Figure
unity power factor is achieved. The reactive power can be adjusted via changing the phase

of the unity sinusoidal signal. Once the grid current reference is generated, the grid current

controller is able to track it.
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Figure 5.12: Steady-state performance (rectification mode): (a) with the unity power factor;
(b) with a non-unity power factor.
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Figure 5.13: Measured CM current (rectification mode).

5.4 Experimental Results

In order to demonstrate the operation of the converter, an experimental rig was assembled
in the laboratory. The main parameters of the system used in experiments are chosen as
Ve = 110v/2 V, f = 50 Hz, Ly =44mH, Ly =22 mH and C; = C_ = 1120 uF. The
four switches are operated at 20 kHz. As discussed in Chapter 4, it is possible to signific-
antly reduce the total capacitance. However, the main focus of this chapter is to discuss
the converter’s capability of reducing CM currents, which is not affected by the adopted
capacitance, and the components used for experiments are not optimized for small capacit-
ance. During the experiments, both rectification and inversion modes were tested. In the
rectification mode, a 470 Q resistor was applied as the load of the converter.

For the rectification mode with the control strategies shown in Figure 5.10 and Figure
5.11(a), the results shown in Figure 5.12 demonstrates the steady state performance of the
system for both the unity power factor case and a non-unity power factor case. The grid
current was well regulated to be clean and the output voltage V. was maintained closely
around its reference value 300 V. According to the recorded experimental data, the THD of
the grid current is always lower than 4%. Since no special methods are used to improve the
power quality of the grid current, the THD is already low enough. Also, the DC voltage V_
was well controlled to be close to V by the neutral leg for the unity power factor case as
shown in Figure 5.12(a). For the non-unity power factor case, the grid current i, was not in

phase with the grid voltage as shown in Figure 5.12(b), which is expected.
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unity power factor.
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Although the grid current was changed, the DC voltages V. and V_ were regulated well
around 300 V, with slightly increased ripples. As a result, the converter is able to draw
real and reactive power from the grid but without significantly affecting the regulation of
the DC-bus voltage. In order to verify the system performance of reducing CM currents, a
0.47 uF capacitor is connected as the parasitic capacitor and the current flowing through
this capacitor is measured and shown in Figure 5.13. Indeed, the CM current icy, is almost
completely eliminated.

For the inversion mode, a diode bridge rectifier cascaded with a variac was built up to
establish V. at 200 V. With the control of the neutral leg, the voltage V_ was established to
be around 200 V as well. Then, the investigated converter was tested in the inversion mode
for both the unity power factor case and a non-unity power factor case. The controller
in Figure 5.10 and 5.11(b) were applied in this mode. As shown in Figure 5.14(a), the
grid current and grid voltage were exactly 180° out of phase with each other when the
converter was operated in the unity power factor case. As a result, the power sent to the
grid is purely real power. When the power factor was non-unity, the power sent to the grid
contains reactive power, as shown in Figure 5.14(b). The grid current is always clean, with

the given phase difference.

5.5 Summary

Following the proposed p-converters with significantly-reduced capacitance in Chapter 4,
it has been shown that p-converters are also able to reduce CM currents without an isol-
ating transformer for grid-tied converters because of the provision of a common AC and
DC ground to bypass the parasitic capacitance and a suitable control strategy to decouple
the control of the two legs in the converter. Because the controllers of the two legs are
independent from each other, the controllers can be tailored to improve their performance
according to their own objectives. Two simple controllers are designed as an example for
the two legs, respectively, to demonstrate the operation of the converter. Importantly, the
operation of the converter as an inverter has also been demonstrated in this chapter. Exper-
imental results have demonstrated that the converter is able to bidirectionally exchanging

both real power and reactive power with the grid while almost eliminating CM currents.
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Chapter 6

Operation of the p-converter as a
Self-synchronised Synchronverter with

Reduced Input Current Ripples

The main focus of this chapter is to investigate the inversion mode of the p-converter de-
veloped in Chapters 4 and 5. The p-converter is controlled as a grid-tied PV inverter. It
again consists of one neutral leg and one inverter leg. The presence of the neutral leg en-
ables the direct connection between the ground of PV panels and the earth. Two main
benefits are then obtained. First, the common mode currents are completely eliminated
because the stray capacitors between the PV panels and the grid neutral line are bypassed.
Another benefit is the voltage of the PV is only required to be higher than the peak value
of the grid voltage, which is same as that of conventional full bridge inverter. In addition,
the synchronverter technology designed for three-phase inverters is extended to a single-
phase case to design the controller of the inverter leg. As a result, the investigated inverter
becomes more grid-friendly. The control of the two legs are independent with each other,
which means the controller design much easier. The performance of the whole system is

evaluated in detail with the provided real-time simulation results.

6.1 Introduction

Driven by the penetration of photovoltaic (PV) systems, a lot of advanced technologies

regarding PV panels and their operation in grid-connected modes are developed in the last
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Figure 6.1: Generic equivalent circuit for CM current path

few years. Due to large stray capacitors between PV panels and the ground, PV systems
are stuck with high common mode (CM) currents, which reduce the system efficiency and
cause safety issues like electric shock. In order to eliminate the leakage currents, a galvanic
isolation transformer is normally put between the panels and the grid. But the adoption
of line frequency transformers reduces power density of the whole system and increases
manufacturing costs. As a result, transformerless inverter topologies have attracted more
and more attention in PV systems.

However, the absence of transformers may lead to high CM currents flowing through
parasitic capacitors. Figure 6.1 illustrates a generic equivalent circuit for the CM current
path, which is formed by CM voltage source v¢yy, filter L and parasitic capacitor Cpy. The
voltage vcyy is generated because of high frequency power switches. If the switching fre-
quency is high enough, the CM current icy; can be very large even if the parasitic capacitor
Cpy is relatively small. In general, the CM current can be reduced through either mitigating
the CM voltage vcys (Ogasawara et al., 1998; Cavalcanti et al., 2010; Kerekes et al., 2011;
Yang et al., 2012), increasing impedance L (Von Jouanne et al., 1998; Dong et al., 2012a),
or providing another path for the CM current (Dong et al., 2012a; Xiao and Xie, 2012).

In this chapter, a transformerless PV inverter based on the conventional half bridge
inverter is discussed. The inverter consists of one neutral leg and one inverter leg. Thanks
to the neutral leg, the ground of the PV panels can be directly connected to the grid neutral
line. Accordingly, the common mode current is completely eliminated so that transformers
can be removed. Moreover, the DC input voltage of the inverter is only required to be
higher than the peak value of the grid voltage, which is the same as that of conventional
full bridge inverter. For the inverter leg, the concept of controlling three-phase inverters to
mimic synchronous generators (Zhong and Weiss, 2011a; Zhong et al., 2014) is extended
to a single-phase case. This makes the investigated inverter more grid-friendly. As a result,

the investigated inverter can be a competitively complete solution to grid-tied PV inverter.
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Figure 6.2: The topology of conventional half bridge inverter.

Figure 6.3: Average circuit model of conventional half bridge inverter.

The rest of the chapter is organised as follows. The operation of the conventional half
bridge inverter is first reviewed in Section 6.2. In Section 6.3, the topology of the investig-
ated transformerless inverter is given and then its operation principles together with control
methods are discussed in detail. The associated control strategies for the inverter leg are
developed in Section 6.4 and real-time simulation results are presented in Section 6.5, with

summary made in Section 6.6.

6.2 Operation of Conventional Half Bridge Inverter

As a solution to transformerless PV inverters, the conventional half bridge inverter shown

in Figure 6.2 has several advantages such as fewer power switches, reduced common mode
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currents and relatively low costs. However, it suffers from high input voltage requirement,
which is recognised as its main drawback (Gu et al., 2013). In this section, the operation
of the conventional half bridge inverter is reviewed. In order to facilitate the analysis, the
average circuit model of the half bridge inverter is first built. Assume that V. and V_ are
the voltages across the capacitors C and C_ with respect to the neutral point N and the

negative point of the DC bus, respectively. Then the DC input voltage is
Voc=Vi+V_.
Also, assume the output current of the inverter is sinusoidal
ip = I,sin(wr + @) (6.1)
without any harmonics and the grid voltage is
v, = V,sinwt,

where V,, and I, are the peak values of the output voltage and output current, respectively,
and o is the angular line frequency. Because the two switches are operated in a comple-
mentary way, the average circuit model of the half bridge inverter can be obtained as shown
in Figure 6.3. The switches Q| and Q, are replaced by a current source i,(1 —d;) and a

voltage source Vpe(1 — dp), where d is the duty cycle of O, and can be given by

VJ,- VO
h=——

= sin Wt
Vbc  Vpce

as demonstrated in (Srinivasan and Oruganti, 1998) because the switching frequency is

much higher than the line frequency.

6.2.1 Common Mode Current Reduction

The voltage across the parasitic capacitor is clamped by the voltages across DC capacitors.
This is because the grid neutral line is directly connected to the midpoint of the DC bus. In
this case, most of the high frequency common mode currents would flow through the DC

capacitors but not the parasitic capacitors. Although low frequency components may still
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exist, the common mode currents have been reduced to several mA, which is far below the

300 mA limit.

6.2.2 Output Voltage Range

In order to ensure the successful boost operation, each of the voltages across both capacitors

must be higher than output voltage, which means
Vi, Vo>V,

In light of this, the required DC-bus voltage should be doubled that of conventional full
bridge inverter. A natural solution is to put two DC sources in parallel with the split ca-
pacitors. In this case, the requirement on the input DC voltage is the same as that of
conventional full bridge inverter. However, the requirement on the additional power source
leads to increased system costs. Also, the balance of the two power sources can be a serious
problem in real applications. It is also worth mentioning that the DC power source can not
be put across any one of the capacitors if only one power source is present. The system
fails to work properly in this case because DC capacitors are not able to provide the return

DC input current.

6.3 The Investigated Transformerless Inverter

6.3.1 The Topology of the Investigated Inverter

The investigated transformerless inverter is shown in Figure 6.4, which consists of one
neutral leg and one inverter leg. The investigated topology can be formed by adding the
neutral leg into the conventional half bridge inverter. The added neutral leg consists of
two switches and one inductor. The two switches are connected in parallel and then put
between the positive and negative lines of the DC bus. The neutral inductor is put between
midpoints of the switches and the split capacitors. The main objectives of the neutral leg
are to balance the voltages of the capacitors and provide the return path for the DC input
current. On the other hand, the inverter leg is used to generate AC output voltage in high

power quality and to control the reactive and active power exchange between the PV and
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Figure 6.5: Average circuit model of the investigated inverter.

the grid. Note that the inverter leg can be operated as done for conventional half bridge

inverter because the control of the neutral and the inverter leg are independent.

6.3.2 Operation Principles of the Neutral Leg

Similarly, the average model of the investigated inverter can be obtained as shown in Figure

6.5, where d; = %‘C is the duty of the switch Q3. According to the Kirchhoff’s law, there is

ic+ip =Ipc—1i,. (6.2)
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The right part of the equation is the combination of a DC component plus an AC compon-
ent. If the left part, the sum of i¢ and iz, can provide this combined current then the system
can work properly. As well known, DC capacitors can not provide DC currents so that ic
does not contain any DC components. That is why the conventional half bridge inverter
can not work when the PV is connected to any one of the DC capacitors. It is also preferred
that ic can be as small as possible so that the voltage ripples on the DC capacitors can be
small. Fortunately, in the investigated inverter, another component iy is provided, which
can be DC or AC according to different control strategies of the neutral leg. As a result,

(6.2) can be satisfied if

ir=Ipc+i,—ic.

Either controlling ic = 0 or iy = Ipc + i, can achieve this. Obviously, the most effective
way is to control i¢c to 0, which also features less calculation and measurement work.

In order to enable the current control, a stable DC voltage on the capacitor C_ is needed.
The voltage can be regulated to be higher and lower values, respectively, via increasing and

decreasing the current ic_. Again, according to the Kirchhoff’s law, there is
ic. =ic, —ic. (6.3)

If the output voltage of the PV is supposed to be absolutely direct without any low fre-

quency ripples, then ic, = 0 for low frequency components. Consequently, (6.3) becomes

ic =—ic.

Obviously, controlling ic can regulate the voltage on the capacitor C_. As a result, (6.2)

can be realised with the help of the neutral leg.

6.3.3 Control of the Neutral Leg

One of the main objectives of the neutral leg is to provide the return path for the output
current i,. In order to achieve this, ic is regulated to be around zero so that all the return
current is provided by the neutral leg. For this purpose, ic should be measured as a feed-
back. Many current controller such as hysteresis controllers (Tilli and Tonielli, 1998) that

have a variable switching frequency and repetitive controllers (Hornik and Zhong, 2011a)
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Figure 6.6: Controller for the neutral leg

that have a fixed switching frequency, can be applied here to squeeze the current ic. Be-
cause of the excellent harmonic rejection performance, the repetitive controller shown in
Figure 6.6 is used. The controller consists of a proportional controller K, and an internal

model:
K,

_ @; —T4S ’
1 S+a)ie

C(s) =

where K, and 7; are designed based on the analysis in (Hornik and Zhong, 2011a; Weiss
and Hafele, 1999) as

1
Ty=T——= 0.0196 sec,

1

Kr = wiLr7

in which L, is the neutral line inductor and @; = 2550, T = 0.02 sec.

In order to enable the current control, a stable DC voltage on the capacitor C_ is needed.
In this sense, a voltage loop is put in parallel with the current loop. They are added up
before sending to the PWM so that the two loops are decoupled, which means the control

design much easier and the resulting high performance of the system can be obtained.

6.3.4 Performance Evaluation

6.3.4.1 CM current elimination

As analysed before, although the common mode current in conventional half bridge inverter
has been reduced a lot, it still suffers from the component caused by half of the DC-bus

voltage. For many other typical transformerless topologies such as H5, HERIC and H6,
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the disconnection between the AC ground and DC ground are incomplete so that high
frequency common mode current may still exist.

For the investigated topology, the DC ground and AC neutral line are directly connected
together. As a result, the common mode current is completely eliminated as the parasitic

capacitors are actually short circuited.

6.3.4.2 Input voltage requirement

As the DC input is connected to the capacitor C, the required DC input voltage is only
half of the one required by conventional half bridge inverter. In other words, the required
DC input voltage is the same as that of the full bridge inverter. If two stages are used, this
reduces the voltage stress on the DC/DC converter between PV panels and the transformer-
less inverter. If single stage is used, this is able to reduce the minimum number of the PV

panels, which are put in series to obtain enough DC input voltage.

6.4 Control of the Inverter Leg as the Synchronverter

In order to make the PV inverter to be more grid-friendly, the inverter leg is controlled to
be the synchronverter as proposed in (Zhong and Weiss, 2011a). There are two operating
modes defined in the operation of the single-phase synchronverter (SPSV), the autonomous
mode and the grid connected mode. In the autonomous mode, the SPSV generates the
nominal voltage at the nominal frequency. The real and reactive power generated depend
on the local load connected. In the grid connected mode, the SPSV could be controlled to
generate the required amount of both real and reactive power, which includes the effects of
the grid frequency and grid voltage by droop control mechanisms, or excludes those effects
and generates the exact set-points of power.

The three-phase self-synchronised synchronverter proposed in (Zhong et al., 2014) is
applied to a single-phase case in this chapter. Like the three-phase synchronverter, it will
show later that the SPSV has several mixed control modes when it operates grid-connected.
The set modes are to generate required set point Py, (P-mode) and/or Qg,; (Q-mode). The
frequency droop mode (F-mode) takes into account the frequency difference in the control

loop to decide the amount of the real power generated. The voltage droop mode (V-mode)
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Table 6.1: Switches and corresponding control modes

’ Sc \ Mode H Sp \ Mode H So \ Mode ‘
1 | Synchronisation || ON | P-mode || ON | V-mode
2 Normal OFF | F-mode || OFF | O-mode

Figure 6.7: Controller for the inverter leg.

takes into account the voltage difference to decide the amount of reactive power delivered.
Besides, there is a stage called the synchronisation stage when the SPSV operates in normal
mode. During this stage, the output AC voltage is controlled to be synchronised with the
grid voltage so that it is safe to connect the SPSV to the grid. Three switches Sp, Sp, and Sc¢
shown in Figure 6.7 define all the aforementioned control modes. Their functional details

are given in Table 6.1.

6.4.1 Real Power Control Channel and the Frequency Droop Control
Mode

The power angle is controlled by regulating the mechanical torque in the case of an syn-
chronous generator. In SPSV, obviously the real mechanical torque is not available because
it is a virtual machine. Instead, the virtual mechanical torque 7;, is calculated from the
power command Py,;. Taking into account the fact that normal operation usually has grid

frequency not diverged too much from its nominal value, i.e. 6 ~ 6, in most of the time,
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becomes

Pset Pset
Ty = —4 3 6.4
=5 8, (6.4)

where with 6, is the nominal grid frequency. That 7}, is then fed into the control system
as the set point for the electrical torque 7,. T, is not a controllable parameter in this case,
although the control objective is still similar i.e. regulating 6 to track 6, so that § = 6 — 6,
could be settled in the value that results P, = Py, — F,. Different power demands Py, will
cause O to settle in different values. Hence a compensator is designed on the top of the
mechanical channel to regulate 6.

The details about how to design this loop can be found in (Zhong et al., 2014). How-
ever, it is still worth mentioning that, in droop modes, the electrical power generated no
longer follows the set point, but taking into account the effect of AT defined by the droop
coefficient D). For example, if Qg is higher than the nominal frequency ,, i.e. grid is
under-load, then the controller will control the SPSV to generate less power than the set
point Py, or even negative power (if the power part of the SPSV is designed with an energy
storage mechanism). The power difference AP = O AT depends on D » predefined and the
dropped frequency AB = 6 — 6, (Zhong and Weiss, 2011b).

6.4.2 Reactive Power Control Channel and the Voltage Droop Control
Mode

The structure of the reactive control channel is shown in the lower part of the Figure 6.7.
Again, the design of this loop is similar to the three-phase case, which can be found in
(Zhong et al., 2014). In operation, this control channel preserves the characteristics of the
original synchronverter. When the switch Sg is off, Myiy is generated depending on the
tracking error between Qg and Q only, via the integrator with the gain 1/K. Therefore
in the steady state the integrator can eliminate the tracking error , which results Q to track
the set point Q. regardless of the voltage difference between V, and V,. This mode is the
Q-mode defined in the Table 6.1. When the switch S is on, the voltage droop is enabled,
the error AV =V, —V, is taken into account to generate Myi ;. Therefore in the steady state

Q does not track Q. but keeping a steady state error depending on the voltage difference
AV.

149



Table 6.2: Parameters of the System

’ Parameters \ Values ‘
DC input voltage 200V
Grid voltage (RMS) 110V
Line frequency 50 Hz
L 2.2 mH
DC-bus capacitance C; | 5000 uF
DC-bus capacitance C_ | 5000 uF

6.4.3 Synchronisation Stage

Before the SPSV is connected, the voltage v must be controlled to be synchronised with
the grid voltage v,, The self-synchronised strategy (Zhong et al., 2014) to control P, and
O, to zero is adopted here for synchronisation. As shown in Figure 6.7, Sc is in position
1 to direct the virtual current i into the controller control loop; Sp and Sp are switched on
with Py; = 0 and Qs = 0 to define the control objective. The virtual current iy flowing
on the virtual impedance R and L then could be used to replace the grid current in the
calculations of 7,. The feedback Q is replaced by Q, calculated from the grid voltage
ve and the synchronisation current i;. In the steady state, even with the the local load
connected, the zero power of P, and Q, implies v and v, are synchronised, and the SPSV

is entitled to be connected to the grid.

6.5 Real-time Simulation Results

Real-time simulations were carried out with the Opal-RT OP5600 to test the investigated
inverter and the solver used was ode4 (Runge-Kutta) with a fixed step size of 6 us. The
parameters of the system are given in Table 6.2. The parameters of the PI controller for the
voltage V_ are Kp = 0.1, K; = 10 and the gain of the repetitive controller for neutral current
ic are K, = 20.

During simulations, the neutral leg was first started before enabling the synchronverter
leg. As a result, the voltages across the split capacitors can be built so as to make sure the
successful operation of the synchronverter leg. The controller operation modes, including
direct active and reactive power control (P-mode, Q-mode), frequency droop control (F-

mode), and voltage droop control (V-mode) were investigated. The grid voltage frequency
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Figure 6.8: Real power P, reactive power Q and DC voltage V_.

f¢ = 50 Hz and amplitude V, = 1.02V), were set at the beginning in order to test the sys-
tem performance when enabling droop control. During the simulations, the grid voltage
frequency and amplitude were varied to test the droop control modes of the SPSV. The
sequence of events are as follows

1) Start the neutral leg at (o =0 s

2) Start the inverter leg with the synchronisation command at#; =0.5s .

3) Connect the inverter to the grid att, =1 s.

4) Apply the set point Py,; = 400 W and Qy.; = 200 Var att3 =2 s.

5) Enable the F—mode and V —mode by, respectively, switching off Sp and S¢p at 74 =3

6) Increase the grid frequency to f; = 50.02 Hz att5 = 4 s.

7) Drop the grid voltage amplitude to V, = 0.98V,, at75 =5 s.

The simulation results are shown in Figure 6.8. With the help of the neutral leg, the
voltage across the capacitor C— was well maintained to be balanced with the DC input
voltage regardless of the modes of the SPSV. For the synchronverter leg, there is no problem
connecting SPSV from the grid at # = 1 s. The real and reactive power shown in Figure
6.8 were regulated back to zero after connecting to the grid. This is because Py,; = 0 and
Qser = 0 before t+ =2 s. The response of the synchronverter was fast and smooth when
Pser =400 W and Qy,.; = 200 Var were applied att =2 s.

When the F'—mode and V —mode were enabled at = 3 s, the grid voltage V, was 2%
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higher than V,,. Because D, was set to drop 100% of reactive power (i.e. 1000 Var dropped)
when the grid voltage increases by 10%, the reactive power expected to be dropped in this
case was

2
AQ = —1000 x 0= —200Var (6.5)

from the set point. This expected value matches well with the simulation result shown in
Figure 6.8. As the grid frequency is at its nominal value, the real power was maintained to
its set point even after the the F—mode and V —mode were enabled.

The simulation continued with the conditions when the grid voltage changed to higher
frequency i.e. f, = 50.02 Hz at 7 = 4 s and then lower voltage V, = 0.98V,, att =5 s. The
inverter leg was still controlled in F'-mode and V-mode. The response of the system was
again fast and smooth. Similar to the explanation above, the changes of real and reactive
power were expected to be AP = —70 W and AQ = 400 Var from their previous values.

These expected values again match well with the simulation results shown in Figure 6.8.

6.6 Summary

The operation of p-converters developed in Chapter 4 and 5 as a PV inverter has been
investigated in this chapter. The inverter consists of one neutral leg and one inverter leg.
With the help of the neutral leg, the DC input voltage can be the same as that of conven-
tional full bridge inverter, which makes the whole system easier to be implemented. More
importantly, the neutral leg facilitates the direct connection between the ground of the PV
and the grid neutral line. As a result, the CM current is completely eliminated. Apart from
the neutral leg, the inverter leg is controlled as the synchronverter so that the whole inverter
becomes more grid-friendly. Real-time simulation results have verified the performance of

the investigated system.
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Chapter 7

Adding a Capacitor to Bridge Rectifiers
for Reduction of Low-frequency Voltage
Ripples and High-frequency CM
Voltages

In this chapter, an auxiliary capacitor is added to a conventional full-bridge rectifier to
provide a path for low-frequency ripple currents and the high-frequency CM current. Com-
pared to the p-converters in Chapters 4, 5 and 6, the proposed rectifier has much lower
voltage stress on active switches and higher DC output voltage. All of these merits make
the proposed rectifier more suitable for high voltage applications. Experimental results are
presented to demonstrate the excellent performance of the proposed rectifier in reducing
the ripples, the common-mode currents and the total capacitance needed, with comparison
to the conventional bridge rectifier without the auxiliary capacitor.

The operation of the proposed rectifier is split into the operation of a half-bridge rectifier
and a DC-DC converter so that the ripple energy can be diverted from the DC-bus capacitor
to the auxiliary capacitor. Hence, the DC-bus capacitor can be significantly reduced while
maintaining very low voltage ripples on the DC bus because it is only required to filter out
switching ripples. The auxiliary capacitor is designed to allow high voltage ripples because
its voltage is not supplied to any load. Accordingly, the auxiliary capacitor can also be
very small as well. As a result, the total required capacitance becomes very small. The

reduction ratio of the total capacitance is significant, which makes it cost-effective to use
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film capacitors instead of electrolytic capacitors. Because the operation of the proposed
rectifier is similar to that of a half-bridge rectifier, the proposed rectifier inherits many
features of half-bridge rectifiers, e.g. the same range of DC output voltage and simple drive

circuits.

7.1 Introduction

Rectifiers are widely used to convert AC voltages into DC voltages. There are numerous
kinds of topologies for such rectifiers (Zhong and Hornik, 2013b), among which the con-
ventional full-bridge rectifier with four active switches is one of the most popular topolo-
gies. Full-bridge rectifiers often need an isolation transformer, at either high or low frequen-
cies, to cut off the current path of common mode (CM) currents in order to avoid electric
shock and to reduce electromagnetic interference (EMI) (Kerekes et al., 2011). However,
isolation transformers lead to low power density and reduced power efficiency (Kerekes
et al., 2011). Moreover, rectifiers often need bulky electrolytic capacitors to smooth the
pulsating power, in particular, for single-phase systems (Wang et al., 2012; Krein et al.,
2012; Wang et al., 2011). However, it is well known that the reliability of electrolytic
capacitors can be a serious problem and almost one third of failures for power electronic
systems are due to the failure of electrolytic capacitors (Wang et al., 2013).

In this chapter, through adding a small auxiliary capacitor into a full-bridge rectifier,
both the isolation transformer and electrolytic capacitors can be removed. The capacitor is
connected between the grid neutral line and the negative line of the DC bus. As aresult, the
added auxiliary capacitor is actually in parallel with the parasitic capacitors and provides
a path for the CM current. Hence, the CM current can be considerably reduced and the
isolation transformer can be removed while still maintaining the CM current at a low level.
Moreover, the operation of the rectifier is changed to the operation of a half-bridge rectifier
and a DC/DC converter so that the ripple energy originally flowing through the output capa-
citor is now diverted to the auxiliary capacitor. As a result, the DC-bus capacitance can be
significantly reduced. At the same time, the auxiliary capacitor is designed to allow large
voltage ripples because no loads are connected to the auxiliary capacitor. Hence, the auxil-

iary capacitor can be also very small. Although the number of capacitors is increased from
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one to two, the total capacitance becomes much smaller and highly-reliable film capacitors
instead of electrolytic capacitors can now be used.

The impact of adding the auxiliary capacitor with large voltage ripples is analysed in
detail. Because the operation of the proposed rectifier is similar to that of the half-bridge
rectifier, the proposed rectifier inherits many features of the half-bridge rectifier, e.g. the
same range of the DC output voltage and simple drive circuits. As a result, the proposed
rectifier is suitable for loads that are originally supplied by conventional half-bridge recti-
fiers. The two legs of the proposed bridge rectifier are independently controlled so there is
no need to synchronise the driving signals for both legs, which simplifies the design of the
driver circuits. One leg is responsible for the energy exchange between the AC side and
the DC side and the other leg is responsible for diverting the ripple energy to the auxiliary
capacitor.

The rest of this chapter is organised as follows. In Section 7.2, the conventional full-
bridge rectifiers are analysed in terms of the need of an isolation transformer and bulky
electrolytic capacitors. Then, the topology and operation principles of the proposed rectifier
are given in Section 7.3, followed with detailed analysis on how to reduce the CM current
and the capacitance. The control strategies are presented in Section 7.4 and the selection
of the components are shown in Section 7.5. The impact of adding the auxiliary capacitor
and changing the operation principles is analysed in Section 7.6. Experimental results are
then provided to validate the system performance in Section 7.7, with summary made in

Section 7.8.

7.2 Conventional Single-phase Full-bridge Rectifier

The conventional single-phase full-bridge rectifier is shown in Figure 7.1(a), with four
power switches connected as two legs. The two switches on each leg are normally operated
in complementary and the two legs are operated in complementary as well. The switches
are operated at high frequencies to inject the right amount of current into the DC bus so
that the DC-bus voltage is regulated. The power factor of rectifiers are often required to
be close to 1. A lot of technologies have been developed to improve the performance of

the rectifier from different aspects such as control strategies, modulation strategies, power
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Figure 7.1: Conventional single-phase full-bridge rectifier: (a) topology; (b) equivalent
circuit for analysing CM currents.

density, reliability and efficiency (Zhong and Hornik, 2013b; Kerekes et al., 2011; Wang
etal., 2011).

7.2.1 The Need of an Isolation Transformer

The equivalent circuit for analysing the CM current of the conventional full-bridge rectifier
is shown in Figure 7.1(b). As demonstrated in (Cavalcanti et al., 2010; Dong et al., 2012a;
2013b), the equivalent CM voltage is

LN—l—Lg

VADy + VBDy
2

vem = + (vapy +vBDy) (7.1)

where v4p, and vgp, are the voltages between points A and Dy and between points B and
Dy, respectively. The voltages vap, and vgp, depend on both the system parameters and
the modulation strategies (Hou et al., 2013; Hoseini et al., 2014).

Because of the parasitic capacitor C, between the DC ground and the earth, a current
loop is formed so the CM current icy; appears. The impedance of the CM loop is

LyL, 1
S— —_—
Ly + Lg SCp

Z(s) = (7.2)
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from which the CM current can be found as

1
——————V
p LyLg 1 CM
Ly+Lg ' sCp

icm

= —2 LNL CI, vCM? (73)

which could lead to reduced system efficiency, high electromagnetic emissions and safety
issues (Kerekes et al., 2011; Lopez et al., 2010). In order to limit this current, either a
low-frequency or a high-frequency isolation transformer is often used, which cuts off the
flowing path of the icys by providing a galvanic isolation between DC and AC sides of
rectifiers (Kerekes et al., 2011; Gu et al., 2013; Lopez et al., 2010). Removing isolation
transformers, of course, helps to improve system efficiency, power density and reliability.
However, high level of the current icy; would appear on the parasitic capacitor, which

should be avoided as mentioned before.

7.2.2 The Need of Bulky DC-bus Electrolytic Capacitors
Assume that the grid voltage is
Vg =V, sin ot

where V, is the peak value of the grid voltage and ® is the angular grid frequency. With the

unity power factor, it can be assumed that the grid current is
ig = Iy sinwt

where I, is the peak value of the grid current. As a result, the instantaneous input power

Vgig consists of a constant component % and a ripple component —% cos2wt. Ideally,
. . 1 . .

the power consumed by the DC load is constant, i.e. %, when ignoring power losses, so

an energy buffer is needed to store the ripple component. This is often achieved by using

DC capacitors. Assume that all the ripple energy is stored in DC capacitors. Then the

157



7R o
Vs
N C ‘ AC Ground
- _— Vbce
Cl
= Vlic
ic-
Dy
. * ] ° L
AC Ground / Neutral Line i DC Ground DC Ground
= FEarth G _?_Z.CM
+ Farth
(a) (b)

Figure 7.2: The proposed rectifier: (a) topology; (b) equivalent circuit for analysing CM
current.

required DC capacitance is (Wang et al., 2012; Yao et al., 2012)

Vglg
OVcmax — Vicmin)
DCmax DCmin
Vglg
20AVpcVpco

C =

(7.4)

where Vpemaxs Vocmin, NVpe and Vpeg are the maximum, minimum, peak-peak and aver-
age values of Vp¢, respectively. If AVpc is required to be very small, the required capacitor
C could be very large, which often reaches a level that only electrolytic capacitors are cost-

effective to be used.

7.3 The Proposed Rectifier

7.3.1 Topology

The proposed rectifier is formed by adding a small auxiliary capacitor C_ into the conven-
tional full-bridge rectifier between the neutral line N and the negative line Dy of the DC
bus, as shown in Figure 7.2(a). Moreover, the operation of the bridge rectifier is changed:
Q1 and Q; are operated as a half-bridge rectifier, called the rectification leg, and Q3 and
Q4 are operated as a DC/DC converter, called the neutral leg. They share the same neutral

point N.
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7.3.2 Operation Principle

For conventional full-bridge rectifiers, the two legs are operated in a complimentary way
(Zhong and Hornik, 2013b). As a result, the control of the two legs are not independent.
The main objectives of the two legs are to regulate the grid current and the DC-bus voltage.
Note that the regulation of the DC-bus voltage can be indirectly achieved by injecting the
right amount of the grid current. Hence, there is only one independent objective, i.e. the
regulation of the grid current.

For the proposed rectifier, the two legs become independent from each other. They can
now have their own objectives and the corresponding control strategies can be designed
according to different objectives. The rectification leg is still used to regulate the grid
current and to maintain the DC-bus voltage. The neutral leg can be used to achieve some
other objectives, in addition to providing the return path of the grid current. One option is
to divert the ripple energy from the DC bus to the auxiliary capacitor. This can be achieved
by complimentarily operating the two switches of the neutral leg to absorb/inject the right
amount of currents from/to the DC bus and the auxiliary capacitor. In order to make this
happen, the average voltage across the auxiliary capacitor V_ needs to be regulated to a

certain range.

7.3.3 Average Circuit Model

According to (Tymerski et al., 1989; Srinivasan and Oruganti, 1998), the average circuit
model of the proposed rectifier can be built as shown in Figure 7.3. The switches Q; and
Q, are replaced with a current source ig(1 —d>) and a voltage source Vpe(l —dp), where
d, 1is the duty cycle of Q. At the same time, the switches Q3 and Q4 are replaced with a

current source ir(1 —d4) and a voltage source Vpc(1 —ds), where dy is the duty cycle of

Q4.

Because the switching frequency is much higher than the line frequency, there are

Vg = Vl)c(l —dz) —V_ (7.5)
Vo =Vpe(l—ds). (7.6)
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Figure 7.3: Average circuit model of the proposed rectifier.

As a result, the duty cycles of the Switch O, and the Switch Q4 can be found as

V. \%
&b = — — 8 sinwt
Voc  Vbe
Vi
d = —.
Vbe

7.3.4 Reduction of the DC-bus Voltage Ripples

According to the Kirchhoff’s law, there are

ic = ig(l —d2)+iL(1 —d4) —1Ir

ic. = —ig —i = —Ig sin Wt — iy,

(7.7)

(7.8)

(7.9)
(7.10)

where ic, ic_ and Ir are the currents flowing through the capacitor C, the capacitor C_

and the load, respectively, ignoring the switching-frequency components. Moreover, if the

power losses are neglected, then the DC load current is

_ Vel
~ 2Vpc

Ig
because of power balance. Substituting (7.7)-(7.8) into (7.9), then

ic = ig(l —dy)+ip(1—dy)—Ig

V— V V_ V I
= (—+ £ sina)t)lg sinwt + —ip — 58
Voc | Vpe Vbe 2Vpc
VI \Y} V_
= —Lsinwr— =25 cos2wr + —ir,
pC DC Ve
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where i; is the current of the inductor Ly. Both capacitor currents could contain funda-
mental, second-order and other frequency components, which lead to voltage ripples across
the capacitors C and C_ if not controlled properly.

In order to divert the ripple energy away from the capacitor C, it is required to force
ic=0,or

V_I Vel V_
ic = —2Lsinwr — ¢ cosZa)t+V—iL =0.

Ve 2Vpc DC

In other words, the current flowing through the inductor Ly should be

Vel
i, = —Igsinwt+ﬁcos2wt. (7.12)

Substituting (7.12) into (7.10), the current flowing through the capacitor C_ becomes

V,I
ic. = —2g—Vg(:052wt, (7.13)

which means the current ic— mainly contains a second-order component. Because the
voltage across the capacitor C_ is not connected to any load, it could be designed to have
large voltage ripples with a small capacitor. Since ic does not contain any low frequency
currents, the capacitor C can be significantly reduced while still maintaining low voltage
ripples. Although an auxiliary capacitor (C_) is added, the total capacitance C + C_ could

be reduced considerably.

7.3.5 Operational Boundary

Because the voltage V_ and the current ic_ satisfies

dv_
o Y=
Ic ar
there is
dv_ V,I
2V,7 = —%COSZ(DL
As a result,
y2oy2 Vel g0 (7.14)
- 0 aeC ’ ‘
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Figure 7.4: Range of the voltage V_ determined by the |v,| and Vpc — [vg|.

Vbc

Vbe-|vel

where V_g is the DC component of V_. In order to ensure the boost operation of the

rectifier, both the voltages V. and V_ should be higher than the grid voltage. As a result,

both V_ > V,sinwt and V. = Vpc —V_ = Vgsinwr for 0 < wr < 7 should be satisfied,

which means

Vpc —Vgsinwt > V_ = Vsinwt.

(7.15)

In this case, the operational range of the V_ is determined, which should be chosen

within the part shaded by the dashed red lines shown in Figure 7.4. In the extreme case,

the waveform of the voltage V_ is tangent to to the waveforms of both Vp¢ — |V, sin wt| and

|Vgsinwt|. The voltage V_ then achieves its maximum allowed ripples, which means the

capacitor C_ achieve its minimum value according to (7.14).

Because of V_ > |V, sin wt|, there is

which means

V2
Vel
— 265(?, sin 2 ot
V.1
§8 sin2ot
20C_
2
y2, v
2
y2, Y
_0 2

>

WV

WV

WV

2.2
Vg sin” @t,

ng sin® @t

> 1 —cos2wt
8 2

ng Vel,

——=Ccos2mt + ——=—

> T0C sin 2wt

Jals )

Asin(2ot —
sin(2@ arCCOS(Z/la)C,
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2
where A = \/(—z‘gfég )2+ (VTg)2
2
As long as system parameters are determined, the left part of (7.16), i.e. VEO — VTg is
determined. Note that the right part of the (7.16) is time-varying in second-order frequency.

In order to make sure that (7.16) is always satisfied, there is

2 2
e Ve _ \/(ﬂ)zﬂv_g)z, (7.17)

20C_

where V_g . is the minimum value of the V_y. According to (7.14) and (7.17), the min-

imum value of the V_ can be given as

Vel

= \ (7.18)
and the maximum value of the V_ can be given as
V,l,
— 2 gls
Vormar = \/ V0 200
)/
V2 g
g wC_
—= 1+—). 7.19
5+ +1+ v, ) (7.19)

It can be found that the V_,;, is very close to the RMS value of the grid voltage, i.e.
%. According to (7.18) and (7.19), the minimum and maximum values of the V_ can be
determined with a tentatively given C_, which can be small. If the resulted V_ is greater
than Vpc — Vgsinwt for 0 < wr < 7, the maximum value of the V_ should be decreased

so that V_ < Vpc — Ve sin@t can be satisfied, which ensures the successful operation of
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the rectifier as mentioned before. The V_,,,, can be decreased by simply increasing the

capacitor C_. In this way, the selection of the V_ and the capacitor C_ can be achieved.

7.3.6 Reduction of the CM Current

The equivalent circuit for analysing the CM current is shown in Figure 7.2(b). Because the
capacitor C_ is connected in parallel with the parasitic capacitor C,, the voltage across the

parasitic capacitor is clamped to the voltage V_ and the resulting CM current is

which is significantly reduced with comparison to the original CM current (7.3) because
V_ is designed to contain a DC component and a second-order ripple, which do not make
much contribution to the CM current, plus a switching ripple, which is designed to be small.
Hence, an isolation transformer is no longer needed. Importantly, the reduction of the CM

current is achieved naturally.

7.4 Control Design

As mentioned before, the control of the two legs is independent from each other. The main
objective of the rectification leg is to regulate the DC-bus voltage via controlling the grid
current to be in phase with the grid voltage so that the unity power factor can be achieved
as well. The control of the rectification leg is very similar to that of conventional half-
bridge and full-bridge rectifier and the detailed control structure is not given here because
of the page limit. Interested readers are referred to (Zhong and Hornik, 2013b; Srinivasan
and Oruganti, 1998; Ming and Zhong, 2013; 2015). The following design is focused on
the controller for the neutral leg. The main objective of the neutral leg is to divert the
ripple energy from the DC bus to the capacitor C_, or in other words, to make the current
flowing through the capacitor C to be zero. This can be achieved by making the non-DC
component of the current / to be zero. In order to achieve this, there is a need to regulate

the DC component of V_ as well so that the neutral leg can work properly.
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Figure 7.5: Controller for the neutral leg.

7.4.1 Regulation of the DC Component of V_

According to (7.8), the regulation of the voltage V_ can be achieved by changing the duty
cycle d4. In order to guarantee the boost operation of the rectifier, the voltage V_ should
be higher than the peak grid voltage. This can be achieved by controlling the average,
minimum or maximum value of the voltage V_. In this chapter, the control objective is
to control the minimum value of the voltage V_ at a given value. For this purpose, the
minimum value of the voltage V_ is extracted by using the average voltage to subtract the
peak value of the voltage ripple AV_. The average voltage can be easily obtained by using
the hold filter
1—eTs

H(s) = 75 (7.20)

where T is the fundamental period of the grid voltage, as shown in Figure 7.5. At the same

time, the measured voltage V_ is sent to the following resonant filter (Castilla et al., 2009;

Shen et al., 2010)

Kh2§ha)s
KR(S) - 2
s2+2Ehows+ (ho)

to extract the AV_. The filter is tuned at the second-order harmonics with & = 0.01 and

(7.21)

h = 2. Then, the peak value of AV_ can be extracted by squaring the AV_ with the result
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sent to a hold filter. Once the minimum value of the voltage V_ is obtained, a simple
proportional-integral (PI) controller can be adopted to regulate it at the given value via

generating the right duty cycle dj.

7.4.2 Removal of Low-Frequency Ripples from Vp¢

In order to make the DC-bus voltage ripple-free, all the low frequency ripples should be
removed from the current ic. This can be achieved by making the DC-bus current [ ripple-
free. The low-frequency component of the DC-bus current / can be extracted with a band

pass filter, e.g.
10000s

(s + 10)(s + 10000)’

and then used as a feedback signal. It is then compared with its reference set at zero. What

B(s) =

is left is to design a current controller. A repetitive controller is used here, as shown in
Figure 7.5. The repetitive controller consists of a proportional controller K, and an internal

model given by
K,

_ W —1ys?
1 S—O—Cl),‘e

C(s) =

where 7; is designed based on the analysis in (Zhong and Hornik, 2013b; Hornik and
Zhong, 2011a) as

1
Tg=T—— =0.0196s

1

with @; = 2550, 7 =0.02s.

The controller used for the regulation of the voltage V_ is to deal with the DC com-
ponent of the voltage V_ while the repetitive current controller is to deal with the non-DC
component. As a result, they are decoupled in the frequency domain and the outputs from
the two controllers can be added together to form the final duty cycle, as shown in Figure
7.5. Because these control strategies are very matured (Zhong and Hornik, 2013b), the sta-
bility of the system can be guaranteed with ease so no detailed stability analysis is carried

out here.
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7.5 Selection of Passive Components

In general, the principles to select passive components are to minimise their volume. There
are in total four passive components, i.e., the capacitors C_ and C , the inductors L, and
Ly. How to select the capacitor C_ has been discussed before. Also, the selection criteria
of the inductor L, are extensively discussed in the literature. Basically, rules to select grid
side inductor in conventional rectifiers can be directly applied here for the selection of the

Lg . As aresult, the following parts are mainly focused on how to select the C and Ly.

7.5.1 Selection of the Inductor Ly

Along with the switching on and off of the Switches Q3 and Q4, the current i; contains
switching frequency component. The inductor limits the increasing and decreasing speed
of the current. From the viewpoint of limiting switching current ripples, the inductor should
be as large as it can be. However, it is preferable to have a small inductor in order to reduce
costs and to improve power density and dynamic response.

The operation of the neutral leg is similar to that of a DC/DC buck converter. The

Switches Q3 and Q4 are operated complementarily, the on time of Qg4 is % and the on

time of Q3 is ]}fl“ in one PWM period, where f; is the switching frequency. Since the

switching frequency is much higher than the line frequency, it can be assumed that the
current increased and decreased are the same during the two modes. As demonstrated in

(Srinivasan and Oruganti, 1998), the peak-peak current ripple is

/A

ANip = ————.
Ly fsVpc
As a result, the maximum peak-peak current ripple Aiy,, on the inductor Ly is

(V+ V_ )max

Nir,, =
tm Ly fsVpc

(7.22)

where (V4. V_)qy is the maximum value of the product of V. and V_. Since V. +V_ =V,
the V. V_ reaches its maximum value when V. =V_ = %. In order to maintain the current
ripple less than a given value Aiy,,, the required minimum inductor is

Ve

—_— 7.23
4fsAiLm ( )

LNmin -
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The inductor can be very small if f; is high enough.

7.5.2 Selection of the Capacitor C

Since the low frequencies (both fundamental and second-order) ripples are diverted away
from the the capacitor C, it is now mainly used to filter output switching frequency ripples.
Those high frequency ripples come from both the rectification leg and the neutral leg. Be-
cause the grid current should not have large switching ripples, the level of the switching
ripples flowing through the capacitor C is more or less the same as that of the switching
ripples flowing through the neutral leg, i.e. the switching ripples flowing through the in-
ductor Ly. According to (Mohan, 2003), the peak-peak switching voltage ripples across

the capacitor C are

Nipm
AV, =
DCs 8C fs
Ve
= — 7.24
32CLy f? (7.24)
The required DC-bus capacitor C is
Ve
C=rFr—7—. 7.25
32AVpesLy f? (7.25)

In this chapter, only the effect of the switching ripples is considered when choosing the
capacitor C. However, the chosen C should be large enough to fulfil the other system
requirements, such as hold-up time and dynamic response, for certain applications (Wang

et al., 2014).

7.5.3 Design Example

A numerical example is given here with the parameters of the system summarised in Table

7.1. These parameters are taken from the experimental test rig to be validated later.
Vglg
—y2

—min)

According to (7.14), the required minimum capacitance is C_;;, = oV

V2x110x3.5
1007(2752—1102)

capacitor is then selected as C_ = 30 uF in order to leave some margin.

~ 27 uF. Here I, = 3.5 A is used to take into account the power losses. The

The selection of the inductor Ly mainly depends on its capability to limit switching
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Table 7.1: Parameters of the system

Parameters Values
Grid voltage (RMS) 110V
Line frequency f 50 Hz
Switching frequency f; 19 kHz
Inductor L, 2.2 mH
Inductor Ly 2.2 mH
DC-bus voltage V- 400 V
Load R 690 Q

DC-bus capacitor C 20 uF
Auxiliary capacitor C— 30 uF

current ripples. Based on (7.23), the required minimum inductor is Lyuin = ALJ)/%CI'L ~2

mH, where Aij,, = 2.5 A. Here, a 2.2 mH inductor is used.

For the DC-bus capacitor C = 20 uF, AVpcy = ~ 0.7 V, which is small enough.

Vbc
32CLy [

7.5.4 Comparison of the Required Volume of Capacitors

Although both of the capacitors are small, it is natural to question whether the total capa-
citance becomes smaller compared to that of the conventional full-bridge rectifier. In order
to clearly show the reduction of the capacitors, a comparison of the required capacitors is
presented based on the aim to achieve the same level of DC-bus voltage ripples. Note that
Vibco 1s equal to Vpe because the DC-bus voltage ripples are almost eliminated. Taking into
account (7.25), the reduction ratio of the required capacitance of the proposed rectifier with

comparison to that of the conventional full-bridge rectifier is

Cfmin + C
r=
20AVpcVpe
B ( Vg Ig N Vbe ZCOAVDCvDC
(D(VEmax - Vzmm) 32AVDCSLN‘](:¢2 Vglg
_ 2AVcVpe WAVpcVie (7.26)
VZiar = V2in - 1OAVDOLN f3Vely |

For the numerical example given before, when AVpc =5V, r = 0.1 and the required
capacitance is reduced by about 10 times. If AVpc =2V, then r = 0.045, which means the

required capacitance is reduced by about 22 times.
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7.6 Impact of Adding the Auxiliary Capacitor C_

In this section, the impact of the auxiliary capacitor is analysed in detail from several as-
pects, such as the regulation of the DC-bus voltage and the grid current, the voltage stress
of the power switches and the efficiency. In order to facilitate the following analysis, the
power transistor and diode of each switch are denoted as T and D. Ty, Dy, T>, D», T3, D3,
Ty, D4, Vpc and d; in the conventional full-bridge rectifier are denoted as Try, Dyy, Ty,
Dy, Tr3, D3, Tra, Dya, Vepc and dp, respectively. Ty, Dy, Tz, D2, T3, D3, Ty, Dy, Vpc and

d, are specially referred to the components in the proposed rectifier.

7.6.1 Impact on the Range of the DC-bus Voltage

In order to satisfy 0 < d < 1, according to (7.7), there is Vpc > 2V,. In other words, the
minimum DC-bus voltage should be at least twice of the peak grid voltage V,. This is the
same as conventional half-bridge rectifiers and twice of conventional full-bridge rectifiers.
Hence, the topology is particularly good for applications that requires high voltage ratio
between the DC side and the AC side, e.g., single-phase to three-phase power conversion
(Machado et al., 2006; Cipriano dos Santos et al., 2011; Enjeti and Rahman, 1993).

For the same load voltage Vpc = Vypc, the proposed rectifier only requires half of the
peak grid voltage V, needed by full-bridge rectifiers. For some applications, if a transformer
is needed to step down the supply voltage to ensure the boost operation of rectifiers, then
the size and cost of the transformer used in the proposed rectifier would be lower than that
used in full-bridge rectifier. Due to the smaller transformer, system efficiency and power

density would be accordingly improved.

7.6.2 Impact on the Regulation of the Grid Current

The regulation of the grid current mainly depends on the rectification leg. Due to the

auxiliary capacitor, the duty cycle is changed from dp, = 1 — %| sinwt| to dp = ‘%C —

% sinwt. As a result, the duty cycle is different in order to achieve the same grid current.
However, since 0 < d, < 1 is always achievable, the grid current can be regulated as usual

and hence, is not affected by adding the capacitor C_.
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7.6.3 Impact on the Voltage Stress of the Switches

For the switches of conventional full-bridge rectifiers and half-bridge rectifiers, the max-
imum voltage across the switches is Vypc. Similarly, the maximum voltage across the
switches in the proposed rectifier is Vpc. For the same load voltage, i.e. with Vpc = Vipc,

the maximum voltage on the switches are not affected after adding the auxiliary capacitor.

7.6.4 Impact on the Efficiency

In order to evaluate the impact of the auxiliary capacitor on the system efficiency, both
conduction losses and switching losses should be taken into consideration. Note that, to
some extent, the following comparison is unfair because the conventional full-bridge recti-
fier does not have the capability of reducing the electrolytic capacitors and the CM currents.

Even so, the impact on the efficiency is small.

7.6.4.1 Extra conduction loss

Assume that the four switches of the proposed rectifier have the same conduction voltage
drop V,,, as the ones in the conventional full-bridge rectifier. Here, IGBTs are used for all
the switches. For the Switches Q and Q; of the rectification leg, the transported current is
the grid current, which is exactly the same as the corresponding ones in the conventional
full-bridge rectifier. At the same time, apart from the second-order component in the in-
ductor current iy, the low frequency current transported by the Switches Q3 and Q4 of the
neutral leg is nearly the same as that of the conventional full-bridge rectifier. As mentioned
previously, the second-order component of the inductor current iy, flows through the DC-
bus capacitor in the conventional full-bridge rectifier. Therefore, compared to the conven-
tional full-bridge rectifier, the only extra conduction losses are caused by the second-order

component flowing through power switches Q3 and Q4. As a result, there is

Von f027t %cos%)t\(dg, —|—d4)da)[

Fe = 2
v,
8Von Jy! 2v+ cos2wtd wt
a o
VoVl
I 7
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Table 7.2: Summary of forced commutations of the proposed rectifier

Power | Number of || Voltage Current
Device| forced com-
mutations
D1, 1 Vbe 1 g sin @t
D,
T, 1 Vbe Ig sin
Ds, 1 Vpc || —Igsin a)t+% cos2mt
Dy
1z, Ty 1 Vpc || —Igsin a)t+% cos2mt

where P, is the extra conduction losses. The ratio between the extra power and the system

real power is

P, T gy
e  mvV_ on
% = % = (7.27)

The conduction voltage V,,, is normally around a few volts. The level of the voltage V_ is
designed according to the system power, the DC-bus voltage and the auxiliary capacitor. It
is often to have V_ >V, and hence, the extra conduction losses can be negligible compared
to the system power.
For the design example, the average value of the V_ is set around 215 V and the ratio
% ~ 0.0024 with V,,, = 1.5 V, which means there additional power loss is only 0.44%.
The overall conduction loss of the conventional full-bridge rectifier is Py = ‘%T”Ig. Asa

result, the ratio between the extra conduction losses and the overall conduction losses is

Vonvglg
Pt Ve
Pr Hule 4y

T

For the design example, the conduction loss of the proposed rectifier is 1%_ ~ 18% higher
than the condition losses of the conventional full-bridge rectifier.

Both the aforementioned ratios indicates that the proposed rectifier has low extra con-
duction loss while achieving the elimination of the isolation transformer and the bulky

electrolytic capacitors.
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Table 7.3: Summary of forced commutations of the conventional full-bridge rectifier

Power Number of Voltage || Current
Device forced
commutations
Df] , sz, 2 Vbe Ig sin @t
D 135 D 14
Try, Ty, 2 Ve I, sin ot
Tf3 , Tf4

7.6.4.2 Extra switching loss

Both legs of the proposed rectifier are operated at switching frequency. As a result, there are
two forced commutation switches in one switching period, as shown in Table 7.2. Similar
analysis can be done for the conventional full-bridge rectifier and the results are shown in
Table 7.3. It is clear that the switching losses of the proposed rectifier are almost the same
as those of the conventional full-bridge rectifier. The only extra switching loss is caused by
the second-order component in the current flowing through D3, D4, T3 and 7. Since the
voltage stress in the two rectifiers is the same, this loss mainly depends on the level of the

second-order current.

7.6.4.3 Efficiency comparison

In order to evaluate the performance of the proposed system on efficiency, an efficiency
comparison is made, between the proposed rectifier and the conventional full-bridge recti-
fier. The PLECS simulations for both systems are built for this purpose. Similar method
for efficiency comparison is used in Chapter 2, which has been demonstrated to be accurate
enough. The systems were tested from 50 W to 1000 W by changing DC load R. Note that
the DC-bus voltage is always kept at 400 V. The obtained result is shown in Figure 7.6. It
can be found that the efficiency of the proposed rectifier is lower than that of the full-bridge
rectifier when the power is lower than 400 W. However, along with the increase of system
power, their efficiencies become almost the same.

Actually, it is worth mentioning that the above efficiency comparison is unfair because
the full-bridge rectifier cannot achieve the reduction of the CM current and DC-bus voltage
ripples while the proposed rectifier can. Normally, an isolation transformer is required

in the full-bridge rectifier to reduce CM voltage, which introduces about 2% decrease on
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Figure 7.6: Efficiency comparison.

system efficiency (Kerekes et al., 2011). At the same time, if a parallel active filter is
used to reduce DC-bus voltage ripples in full-bridge rectifier, it is expected that the system
efficiency could be reduced about 3% (Wang et al., 2012). As a result, the efficiency of the
proposed rectifier is very likely to become higher than that of the full-bridge system, which

includes both the isolation transformer and the active filter.

7.7 Experimental Results

In order to validate the proposed rectifier, a test rig was assembled in the lab. The test
rig is based on a control system with TMS320F28335 DSP and some auxiliary parts such
as sensors and conditioning circuits. The code of the control system is built by MAT-
LAB/SIMULINK R2013a and then downloaded to the DSP for execution with the sampling
frequency of 4 kHz. The other system parameters are the same as the ones given in Table
7.1. The capacitors used are one 20 uF metallized polypropylene film capacitor for C and
one 30 uF for C_, respectively.

7.7.1 Normal Operation

The reference of the DC-bus voltage Vpc 400 V is slightly higher than the required voltage

2V,. In order to demonstrate the performance improvement of adding the auxiliary capa-
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C_ connected to N (proposed)
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C_ connected to N (proposed)
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C_ connected to N (proposed)
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Figure 7.7: Experimental results: (a) DC voltages Vpc and V_, grid voltage v, and grid
current ig; (b) common mode voltage vp,y and its FFT spectra; (¢c) DC voltages Vpc and
V_, capacitor currents ic and ic_ after applying a 6 kHz low-pass filter to filter out the
switching ripples.
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citor, the experiments were carried out for two cases: one for the proposed topology with
C_ connected to the neutral point N and the other for the conventional full-bridge with C_
connected to the positive pole Dp of the DC bus (in parallel with C). For the proposed
topology, V_,,in is set at 150 V. The results are shown in Figure 7.7. The DC-bus voltage
Vpc for the proposed topology is maintained very well around its reference with very low
voltage ripples (around 5 V). However, the conventional full-bridge rectifier has very high
voltage ripples (around 52 V). For the proposed topology, the voltage V_ across the capa-
citor C_ has high voltage ripples, at around 128 V, but this is expected. Because of the
allowable large voltage ripples, the auxiliary capacitor C_ can be small and hence the total
capacitance is reduced significantly.

Apart from having low output voltage ripples, it is also important to have clean grid
current, which is expected to be in phase with the grid voltage to achieve the unity power
factor. As shown in Figure 7.7(a), the grid current is well regulated to be in phase with
the grid voltage for both cases. According to the experimental data, the total harmonic
distortion (THD) of the grid current is around 4% and the power factor is above 0.99. Note
that no special efforts are made to improve the power quality of the test rig and, hence, the
quality of the grid current is very good. For the conventional full-bridge rectifier, the THD
of the grid current is about 3.2%, which is more or less the same as that of the proposed
rectifier.

For both rectifiers, the CM voltage vp,y is tested via measuring the voltage between
points Dy and N, which are the DC and AC grounds, respectively, and the results are
shown in 7.7(b). Also, the FFT spectra of the CM voltage is given in order for comparison.
Obviously, the high-frequency components of the vp,y, which contribute to most of CM
currents, are significantly reduced in the proposed rectifier compared those in conventional
bridge rectifier.

In order to demonstrate how the ripple power is diverted from C to C_, the correspond-
ing capacitor current ic and ic_ are shown in Figure 7.7(c) after applying a filter having a
bandwidth of 6 kHz to filter out the switching ripples. For the proposed rectifier, the cur-
rent ic is around 0.06 A without visible low-frequency components and hence, the output
voltage Vpc can be almost ripple-free. For the conventional bridge rectifier, the current i¢c

is around 1.7 A because most of the second-order current flow through DC-bus capacitors.
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Figure 7.8: Examination of the operational boundary.

On the other hand, the second-order harmonic current in the proposed rectifier is diverted
to the auxiliary capacitor C_, as expected, and the current ic_ has relatively large ripples

as designed, at 2.5 A.

7.7.2 Examination of the Operational Boundary

In order to examine the operational boundary of the rectifier, the results with V_,,;,;, = 112
V and V_,;;, = 104 V are shown in Figure 7.8. According to (7.15), both voltage V, and
V_ should be higher than the grid voltage. When V_,,;, = 112V, the voltage V_ is almost
equal to the grid voltage during some period (highlighted by dashed cycles) as shown in
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Figure 7.8(a). The grid current under this case does not have any noticeable distortion and
can be still well regulated. However, when V_,,;, = 104 V, which is lower than 110 V, the
grid current has some distortions (highlighted by dashed cycles) as shown in Figure 7.8(b)
(highlighted by dashed cycles). The above results are well consistent with the analysis

made in the Section 7.3.5.

7.8 Summary

An auxiliary capacitor has been added to the widely-used full-bridge rectifiers with four
switches, which has resulted in significantly-reduced CM currents and DC-bus voltage
ripples with small capacitors. Because of the added auxiliary capacitor, the operation of the
rectifier is very different from that of the conventional full-bridge rectifiers. The two legs
become independent from each other, which makes the design of both legs very flexible.
One leg remains to take the responsibility of exchanging energy with the grid to achieve
unity power factor and to regulate the DC-bus voltage; the other leg is to divert the ripple
energy from the DC-bus capacitor to the auxiliary capacitor. Although the number of ca-
pacitors is increased from one to two, it has been demonstrated that the total capacitance
needed becomes much smaller. As a result, it becomes cost-effective to use film capacit-
ors to replace bulky electrolytic capacitors, which improves power density and reliability.
Finally, experimental results for both the proposed rectifier and the full-bridge rectifier are

presented and compared to validate the high performance of the proposed rectifier.
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Chapter 8

6-converters with Further Reduced
Total Capacitance Compared to

p-converters

In this chapter, the aforementioned research on the p-converter is moved forward to de-
velop a single-phase 0-converter, which further reduces the total capacitance required and
low-frequency voltage ripples compared to that in the p-converter. Again, the AC and DC
grounds are directly connected together so that the common mode current is completely
eliminated without extra efforts. Hence, isolation transformers are no longer needed.
Moreover, there are also two capacitors in the proposed converter. One of them is used as
the output capacitor and the ripple current flowing through the output capacitor is instant-
aneously diverted to another capacitor. The output capacitor is sized only for switching-
frequency ripples and it can be very small. At the same time, the capacitor with the diverted
ripple current is used to store system ripple power and it is designed to have large voltage
ripples because the voltage across it does not supply any loads. As a result, only a small
capacitor is needed for this purpose. In this case, the total capacitance required becomes
much smaller with comparison to that of conventional converters. The reduction of the total
capacitance and the output voltage ripples are achieved at the same time. A comparison is
made on total capacitance required between the proposed 6-converter and p-converter.
Experimental results are presented to demonstrate the high performance of the proposed

system.
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Figure 8.1: The p-converter.

8.1 Introduction

As discussed in Chapters 4, 5 and 6, it is possible to reduce voltage ripples and the required
DC-bus capacitance in p-converters with common AC and DC ground. As shown in Figure
8.1, p-converters have two capacitors that are symmetrically connected across the DC bus
in a split manner. System ripple power is stored in the lower one of the split capacitors and
the upper one is used as the output capacitor, which is sized only for switching-frequency
ripples. In this case, the total capacitance required can be significantly reduced compared
that in conventional converters. Accordingly, both bulky electrolytic capacitors and isola-
tion transformers can be removed. Importantly, only four switches are used and hence, the
p-converter is very compact. A converter with similar structure can be found in (Breazeale
and Ayyanar, 2015), which was specially designed for split-phase power grid.

In this chapter, a converter with common AC and DC ground is proposed. The elimin-
ation of the CM current is naturally achieved because of the common AC and DC ground.
Moreover, there are two capacitors in the converter. Due to the shape of the converter,
the proposed converter is called 8-converter. One of the capacitors is used as the output
voltage to supply DC loads, which is only required to be high enough to filter out switching-
frequency ripples. As a result, it can be very small. At the same time, another capacitor
is used to stored all the system ripple but it is not used to supply any DC loads. In this
case, the voltage across it can be designed to have large voltage ripple on purpose. Due to
the allowed large voltage ripples, only a small capacitor is needed. Accordingly, the total

capacitance required is significantly reduced compared to that in conventional converters.
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Highly-reliable capacitors can be used without increasing system costs because of reduced
capacitance. Due to the removed isolation transformers and electrolytic capacitors, the
system power density and reliability are significantly improved. The removal is mainly
achieved by the neutral leg, which is one of the two legs in the 6-converter. Another leg,
1.e. the rectification leg, is mainly used to control the power exchange between the AC and
DC sides. Both real and reactive power can be processed without any restrictions on the
power factor. Note that the control of the two legs is independent from each other. The
detailed control strategies are designed for the two legs, respectively.

The main difference is the location of one of the two capacitors, when comparing the
0-converter with the p-converter. The location of the output capacitor is kept same. In the
p-converter shown in Figure 8.1, the capacitor used for storing the ripple power is placed
between the AC neutral line and negative line of the DC bus. However, the location of this
capacitor is changed and it is placed between the positive line and negative line of the DC-
bus in the O-converter. Although this change seems small, the total capacitance required
is further reduced to be a very low level. For the experimental system presented later, this
capacitance is reduced by 172 times compared to that of conventional converter and by
about 3.5 times compared to that of the p-converter. The further reduction is because the
ripple current can now be instantaneously tracked while it is tracked on average for the
p-converter. It is also because the voltage level of the capacitor used to store the ripple
power becomes higher and hence, this capacitor can be reduced in order to achieve the
same voltage ripples.

The following parts of this chapter are organised as follows. In Section 8.2, the topology
and operation principles of the 8-converter are given with the discussion on how to achieve
the reduction of the output voltage ripples and total capacitance required in Section 8.3.
In order to further optimize the performance of the 8-converter, how to select components
such as capacitors and inductors are given with the aim to minimise their usage. The 0-
converter is compared to the p-converter in the Section 8.5 mainly from the view of total
capacitance required. The associated controllers for the two legs are developed in Section
8.6. After that, intensive experimental results are presented to validate the operation and

performance of the 8-converter in Section 8.7, with summary made in Section 8.8.
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Figure 8.2: The proposed 8-converter: (a) topology; (b) equivalent circuit for analysing the
CM current.

8.2 The Proposed 0-converter

As shown in Figure 8.2(a), the proposed converter consists of two legs, i.e. a conversion
leg and a neutral leg. Only four switches are used to construct the converter. For the
conversion leg, there are two switches, i.e. Q1 and O, and one inductor L,. Moreover, the
neutral leg is comprised of two switches, i.e. Q3 and Qy4, two capacitors C; and C and one
inductor Ly. Because of the shape formed by the two legs and the capacitor C, the proposed
converter is named as O-converter. It is worth highlighting that the 6-converter can be
operated in the rectification mode and in the inversion mode. For both modes, there is no
restriction on power factor. This means the 8-converter has the capability of bidirectionally
exchanging both real and reactive power with the grid, which is highly preferred for grid-
tied converters.

The equivalent circuit of the 6-converter for analysing CM currents is shown in Figure
8.2(b). It can be found the CM current icys is completely eliminated because the AC and
DC grounds are directly connected together. As a result, isolation transformers are no
longer required, which is naturally achieved without any special efforts on control and/or
modulation strategies.

The conversion leg of the 6-converter is mainly used to control the grid current i, and
the DC-bus voltage Vpc. At the same time, the neutral leg is responsible to regulate the out-
put voltage V, and to divert the second-order ripple power from the output capacitor C..
Instead of the capacitor C.., the ripple power is now stored in the capacitor C, which is con-

nected across the DC bus. The output capacitor Cy is sized only for switching-frequency
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Figure 8.3: Average circuit model of the 8-converter.

ripples and hence, a very small capacitor is enough. At the same time, the capacitor C does
not supply any loads and hence, it can be designed to have large voltage ripples on purpose.
In this case, this capacitor can be very small as well. The total capacitance required, i.e.
C + (4, can be significantly reduced with comparison to that of conventional converters.

All the above objectives are achieved by two legs with only four switches. The two legs
can have their own control objectives because they are independent from each other. Ac-
cordingly, it is possible to flexibly apply advanced control strategies to each leg according
to their own objectives. Design of the controllers for both legs is presented later.

In order to facilitate the following analysis, the converter operated in rectification mode
is taken as an example. Only slight changes are required on the analysis when the converter

is operated in inversion mode.

8.3 Reduction of DC Voltage Ripples and Total Capacit-

ance Required

8.3.1 Circuit Analysis

For the AC side of the 6-converter, the grid current is often controlled to be in phase with
the grid voltage for the unity power factor. In this case, it can be assumed that the grid

voltage and the grid current are

ve = Vgsinwt

ig, = Iysinwr,
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respectively, where V, is the peak grid voltage, I, is the peak grid current and @ is the grid
angular frequency. The product of the v, and i, results in the system power, which contains
a DC component and a second-order ripple component. As demonstrated in (Gu et al.,
2009; Yao et al., 2012), the system input ripple energy for single-phase converters with the

unity power factor is
_ Vel

E
" 2w

(8.1)

For the DC side of the converter, there is
V+ - VDC —-V_

where V. and Vp are the voltages across the capacitors C and C, respectively, and V_ is
the voltage between N and D¢ as shown in Figure 8.2(a). Note that the output voltage of
the converter is V. not Vpc or V_. Because of the power balance, the system input ripple
energy (8.1) also appears at the DC side. For conventional converters, bulky electrolytic
capacitors are often used to smooth this ripple energy so that the output voltage ripples can
be maintained at a low level.

Since the switching frequency is of several orders compared to the grid frequency, the
grid current can be controlled to well track its reference. As a result, it can be supposed
that the fundamental component of the grid current is constant during one switching cycle.

According to the demonstration made in (Srinivasan and Oruganti, 1998), there is

V. %
dr) = T 8 dinot
Vbc  Vpce

where d» is the duty cycle of the Switch Q,. Since the two switches of the conversion leg

is operated in complementary, the duty cycle of the Switch Qg is

d = 1-d

V_ Ve .
= — 4+ ——SInwt.
Voc  Vpe

Hence, the average circuit model of the conversion leg can be built as shown in Figure 8.3.
The switches Q1 and Q; are represented by a current source iz (1 —d>) and a voltage source

Vpe(1 —ds), respectively.
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Similarly, the model of the neutral leg can be built. As shown in Figure 8.3, the Switches
Q3 and Q4 are represented by a current source iy (1 —dy4) and a voltage source Vpc(1 —dy),
respectively. For the neutral leg, it is actually operated as a DC/DC converter. In this case,

there is
_ W

dy =
Vbc

(8.2)

where dj 1s the duty cycle of the Switch Q4. Due to the complementary operation, the duty
cycle of the Switch Q3 is

dy = 1—dy

v

Ve

8.3.2 Reduction of Output Voltage Ripples and the Output Capacitor
Cy

Since the impedance of the output capacitor at the second-order frequency is ﬁ, the

peak-peak value of the output voltage ripples can be given as

1
2(DC+

AV, = Nic, (8.3)

where Aic, is the peak-peak value of the second-order current flowing through the capa-
citor C.. It is clear that the level of the AV, depends on the current Aic, and the capacitor
C.. The smaller the capacitor C is, the larger the output voltage ripples AV, are. As a
result, there exists a trade off between the reduction of the output voltage ripples and the
output capacitor. According to (8.3), it is possible to break this deadlock by minimising the
current Aic, . As long as the current Aic, is around zero, the AV, can be very small even
if a small capacitor C. is used. In this case, the reduction of the AV, and the C; can be
achieved at the same time without any trade-off.

According to the average circuit model of the converter, there is
ic+ ZiL—I—ig—IR (8.4)

where ic,, ii and I are the currents flowing through the capacitor C,, the inductor Ly

and the load, respectively. Because of the power balance between the AC and DC sides

187



(without considering losses), there is

Vel
In = 58 8.5
R= oy, (8.5)
Substitute (8.5) into (8.4), then
Vel
ic, =ip+I;sinot — zg—vj
If let ic, = 0, then
' 1, sin ot + Vel (8.6)
ip = —I,si == .
L g 2V+ )

which can be achieved by the control of the neutral leg. The detailed control strategies can

be found in the control design part presented later.

8.3.3 Reduction of the Capacitor C

Due to the significantly-reduced current flowing through the output capacitor C., the sys-

tem ripple energy E, is now mainly stored in the capacitor C. As a result, there is

E,
AVpcVpeo
Velg
= &5 @ 8.7
2a)AVDCVDCO ( )

C =

where AVpe and Vpc are the peak-peak and average values of the voltage Vpc, respect-
ively. Since the voltage Vpc does not supply any loads, it can be designed to have large
ripples. As a result, a small capacitor C is already enough.

Based on the above discussion, it is apparent that both the capacitors C and C, are
very small and hence, the total capacitance required, i.e. C+ C,, can be very small as
well. Compared to the capacitance required in conventional converters, the total capacit-
ance required in the @-converter is significantly reduced. It is then cost-effective to use
highly-reliable film capacitors to replace original electrolytic capacitors. Detailed discus-

sions on how much the total capacitance can be reduced are given in the next section.
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8.4 Selection of the Components

From the view of power density and reliability, it is preferred to minimise the usage of
passive components. In this section, how to select the capacitors C and C and the inductor

Ly is first discussed and a design example is given in the last.

8.4.1 Selection of the Capacitor C

In order to clearly demonstrate the minimum capacitance of the C, (8.7) can be re-formed

as
Vglg
C= v (8.8)
DCmax DCmin

where Vpcmar and Vpepin are the maximum and minimum values of the voltage Vpc. Since

Vpe = V4 +V_, the voltages Vpcmax and Vpenin depend on both voltages V. and V_. The
voltage V. is the output voltage of the converter, which is set according to the DC load R.

As a result, there are

Vocmin = V4 +Vomin (3.9)
Vocmax = Vi +Vomax (8.10)

where V_,,;;, and V_,,,, are the minimum and maximum values of the voltage V_. In order
to ensure the successful operation of the converter, the voltage V_ must be higher than the
peak grid voltage, which means

Voin =V, (8.11)

in order to leave some margin. On the other hand, the voltage V_,,,« mainly depends on
allowed voltages of both capacitors and switches. If the lower one of the two allowed
voltages is V,, then

V_max = Va— V4. (8.12)

Substitute (8.11) and (8.12) into (8.9) and (8.10), respectively, then

Vocmin = Vi +Vg

VDCmax = Va .
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According to (8.8), the minimum capacitance can be given as

Velg

w(Vl%Cmax - Vl%Cmin>
Vglg
_ . 8.13
o(VZ— (Vs 1V,)?) (619

Cmin =

It can be found that the higher the voltage V,, is, the smaller the capacitor C can be.
Apart from the minimum capacitance, it is also desirable to know the current flowing
through the capacitor in order to select a right capacitor. According to the average circuit

model of the O-converter, there is

ic = ig(1—dy)+ir(1—ds)—ic, —Ir

= Lsinwt(l — —+ ——sinwt)+i (1l — —)—ic, —Ig
V_I Vel Vel Vel, V_i

= ——Lsinwr— =% cos2owr + 55 — &8 2
Vbe 2Vpc 2Vpc  2Vy  Vpc

—ic,, (8.14)

where ic is the current flowing through the capacitor C. If ic, is around zero, then (8.14)

becomes
_ V_I, | Vel Vel, Vol V_ip .
ic = —=sinWt— —==-cos2mt+ - —ic
Vbc Vbc 2Vpc  2Vy  Vpc -
V_I, | Vel, Vel Vol  V_ )
= sin Wt — —==-cos2mt + — Ip —1i
Vbc DC 2Vpc  2Vy  Vpc ( ¢
_ Vel, cos 201+ Vel, B Vel,  V_Vil,
VeI,
= ——%% cos2mr. (8.15)
2Vpe

. Vel . . . .
There is only a second-order component — ZéDi‘ cos2mt in the current i¢c (without consider-

ing switching-frequency component). The peak-peak value of the current ic is

I
Nic = @. (8.16)
Vbe

With both (8.13) and (8.16), the capacitor C can be well selected.
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8.4.2 Selection of the Inductor Ly

The inductor current iz, is controlled to track its reference (8.6) by complementarily switch-
ing on and off the switches Q3 and Q4. As a result, the i; contains both low-frequency and
switching-frequency components. Both of them are important when selecting the inductor.
For the low-frequency component, the maximum absolute value of the current iy, is

Velg

=L 8.17
2V, (8.17)

iLmax =1, +

according to (8.6). As a result, the selected inductor Ly should have a maximum current
) I, . ) )
higher than 7, + % in order to avoid saturation.
+

For the switching-frequency component, its peak-peak value is

 Vids
LNfs

Air,

because of the complementary operation of the neutral leg. Since the voltage V. is set
according to the load R, the AAi; reaches to its maximum value Aij,,,, when the duty cycle

dz is maximized. That is,

V.
V+d3max _ V+( - 7:)
LNfs LNfs

DNipmax = (8.18)

where d3,,4, 1s the maximum value of the d3. The minimum inductance can be then given

as

Vi( —‘(/—:)

Nt (8.19)

LNmin

which can be reduced if the switching frequency f is increased. On the other hand, high V,
leads to a high minimum inductance, which should be avoided, although high V, helps to
reduce the total capacitance required. As a result, there is a trade-off between minimising
the inductor Ly and the total capacitance. It is possible to break this trade-off by increasing

the switching frequency f;.
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Table 8.1: Parameters of the 6-converter

Parameters Values
Grid voltage (RMS) 110V
Line frequency f 50 Hz
Switching frequency f; 19 kHz
Inductor L, 2.2mH
Inductor Ly 2.2 mH
DC output voltage Vi 200 V
Load R 220Q
Capacitor C S uF
Capacitor C 6 uF

8.4.3 Selection of the Output Capacitor C

Because most of the system ripple energy is diverted from the capacitor C.., it is mainly
used to smooth switching-frequency ripples. The level of the switching-frequency ripple
current flowing through the capacitor C; mainly depends on the current i; because the grid
current iz is supposed to have low switching-frequency ripples. As a result, the peak-peak

switching voltage ripples across the capacitor C;. can be given as (Mohan, 2003)

A iLmax

AN = .
T A

Then, the capacitance required is

Vi(1-15)

LNminfs
C, = —Nmnls
" 8f, AV,

Vi(l- )

V,
= —4 8.20
stzAV—i-LNmin ( )

It is obvious that the switching frequency f; plays an important role when selecting the

capacitor C;.. High f; leads to low capacitance required.

8.4.4 Design Example

In order to further demonstrate how to select the capacitors and the inductor, a design
example is given here. The related system parameters are summarised in Table 8.1. If

let Aip,, =4 A, then the required minimum inductance is Ly, ~ 1.97 mH according to
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(8.19) with V, = 800 V. Here, a 2.2 mH inductor is used in order to leave some margin.
. . V,l, .

According to (8.13), there is Gy, = WM ~288 uFifl, =3 A. Let AV, =6V,

g ;%ZAL"\Z ~ 4.38 uF according to (8.20). In order to leave some margin, a 6 uF

and a 5 UuF capacitors are selected as C and C, respectively.

then C; =

8.5 Comparison of the 6-converter with the p-converter

In this section, the performance of the 0-converter is compared to that of the p-converter.
The corresponding topologies of the p-converter and the 0-converter are shown in Figure
8.1 and Figure 8.2, respectively. The following comparisons are made mainly from the
view of second-order ripple current, output voltage ripples, total capacitance required and
inductor current. In order for a fair comparison, the DC component and second-order
ripple components of the Vpc are set to be approximately the same for the 6-converter and
p-converter. This can be achieved by selecting different capacitance for the capacitors C
and C_. At the same time, the reference of the output voltages in both converters are set to
be the same. In this case, the system ripple energy and the voltage stress of the switches
are similar for both converters. In order to facilitate the following analysis, V., AV, , V_,
AV_,Vpc, AVpc, 01, @2, 03, Q4, R and Ly in the p-converter are denoted as V., AV,
V_p, AV_p, Vpcp, AVpcp, Q1p» Q2p, OQ3p» Q4p, Rp and Ly, respectively. Vi, AV, V_,
AV_, Vpe, AVpe, O1, Q2, 03, Q4, R and Ly are specially referred to the components in

the O-converter.

8.5.1 The Flowing Path of the Second-order Ripple Current

As discussed before, there exists a second-order ripple power for single-phase converters.
Due to the power balance, the ripple power appears at both the AC and DC sides. Cur-
rents at the DC side shall then contain second-order components in order to have the ripple
power. However, the current at the AC side, i.e. the grid current, only contains a funda-
mental component. In other words, second-order currents do not flow through the AC side
although the second-order ripple power appear at both sides. It is important to analyse the
flowing path of second-order ripple currents because the currents determine the total capa-

citance required, the DC-bus voltage ripples and the output voltage ripples. For example, if
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the ripple currents can be diverted from the output capacitor, then output voltage becomes
ripple-free and the output capacitor required can be significantly reduced.

According to the average models of both converters, the second-order current first ap-
pears at the switches of the conversion leg, i.e. the Switches Q1, Q> and the Switches Q1p,

0»p. For example, the currents flowing through the Switches QO and Q; are

V_I, Vel Vel,

0, = ——sinwt+_———_——cos2mt 8.21
ig, Vi sin @f + Woe e cos ( )
. Vil . Velg Vil

= —=sinWt — ==+ ——="=cos2mt 8.22
ig, Ve sin Woc + WVoc cos2mz, (8.22)

respectively. It can be found that both of them contain a fundamental component, a DC

component and a second-order component. The sum of the two currents is

L Vi Vi,
lQl -+ lQ2 = WC sin Wt + WC S1n Wt
= I,sinot,

which is actually the grid current ig. In other words, the current i, is divided into two parts
due to the on and off operation of the Switches Q1 and Q. One of them flows through
the Switch Q1 and the other flows through the Switches Q,. Similarly, the corresponding

currents in the p-converter can be given as

VoI V.1 VI,
ig, P8 sincr 4 ——5-5— — 58 _cos20t (8.23)
P Vbep 2Vpep  2Vpep
Vool V.1 VI
ig, = —PLsinor— S5 4 58 cos2t. (8.24)
P DCp 2Vpcp  2Vpep

Again, there is ig,, +ig,, = ig.
Because of V. ~ V,,, V_ &= V_, and Vpc ~ Vpcp, there are ip, ~ inp and ig, ~ inp.
As a result, the currents flowing through the grid and the conversion leg are almost the

same for the two converters. According to (8.21), (8.22) and (8.23), (8.24), there exists
Vglg

the same second-order current
2Vpe

cost. It is well known that a closed-loop is needed
for a current. As a result, the other parts of converters need to provide return path for this

second-order current, which is defined as i»,,; here.
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For the 0-converter, there are
ig, = ic+tic, +1Ir—ig
ig, = —lc—lg,:
In order to provide the return second-order current ip,q from ig, and ip,, either ic, ic., I,

ig, or ip, should contain components in second order. According to the average model

shown in Figure 8.3, the currents flowing through the Switches Q3 and Q4 are

- VI, | Vl,V_
i = — sin ©f + —=— (8.25)
& Vpe 2V, Vpe
_ Vil, AR

= ——Ssinwt + —>—. 8.26
% Vpe sinort 2V, Vpe (826)

As aresult, the currents ip, and ip, do not contain any second-order components and hence,
the Switches Q3 and Q4 are not in the return path of the second-order current i,;. As
mentioned previously, second-order currents are diverted from the output capacitor C
and hence, the capacitor current ic, and the load current /g do not have any second-order
components either. In this case, the capacitor C is the only path for the return second-order
current in the 8-converter.

On the other hand, there are

g, = lc, t1r, —ig,
lQZp = ~lc, _lQ4p
for the p-converter. Similarly, either ic o IRP’ i, o> ic_ ,Or iQ4p should contain second-

order components. According to the average model of the p-converter, the currents flowing

through the Switches O3, and Q4p can be given as

V_I Vol VoI, V_
ig,, = ———sinwt+ 2% cos2mt+ 25— (8.27)
P Vpe 2Vpe 2V, Ve
, Vil, . VIV Vel,
lQ4p = —WCSIH(X)I—}—mCOSz(Dl—f—m. (828)

It is obvious that the currents ip,, and ig,, both contain second-order components. At the
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Table 8.2: Summary of components carrying is,4

Components Number
of com-
ponents

The Switches O1, 0> 3
0-converter and capacitor C

The Switches O, 7
p-converter 02p, Q3p and

Q4p, capacitor
C_ and inductor

same time, the current flowing through the capacitor C_ is

. Vglg
P T Tav,

cos2mt,

which is in second order. Since the output capacitor C;, and the load R, do not carry any
low frequency components, the components that carry the return second-order current iy,q
are the Switches Q35 and Qu,, the inductor Ly, and the capacitor C-.

According to the above discussions, it becomes obvious that the components that carry
the i»,,4 in both converters are very different. A summary of the related components is given
in Table 8.2. Also, the corresponding paths are depicted by dashed red lines as shown in
Figure 8.1 and Figure 8.2, respectively, for the the p-converter and 6-converter.

It is inevitable that the current iy,; flows through Switches Q1 and Q,. In order to
form a return path for the i5,; , at least one more component is needed, which should be
connected between the Switches O and Q,. As a result, the minimum number of the the
components carrying iy, is three. According to the Table 8.2, it can be found that only
one more component, i.e. the capacitor C, is added to carry the return current iy, in the
0-converter. In this case, the number of the components carrying iy,  is already minimised.

On the other hand, seven components are used to carry the current ip,; in the p-
converter. Obviously, four more components are needed, which leads to higher losses and

degraded tracking performance of the current iy,;.
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8.5.2 The Ripples of the Output Voltage V.

As mentioned before, the reduction of the output voltage ripples is achieved by diverting
the second-order ripple current i,; from the output capacitor. For the O-converter, it is
diverted from the output capacitor C; to the capacitor C. Since the current flowing through
the capacitor C is continuous, the ripple current i,,; can be instantaneously diverted from
the output capacitor. Because of the instantaneous diversion, the 0-converter is expected
to have high performance on the reduction of the output voltage ripples.

On the other hand, the corresponding ripple current is averagely diverted from the out-
put capacitor in the p-converter because currents flowing through the Switches Q3 and Q4
are discontinuous. As a result, the performance of the p-converter to reduce the output
voltage ripples is degraded compared to that of the 6-converter.

Apparently, the 8-converter has better performance to reduce the output voltage ripples
because of the instantaneous current diversion. In other words, the capacitance of the C
can be further reduced in order to achieve the same level of output voltage ripples. Exper-
imental results are provided later to verify the comparison of the output voltage ripples of
the two converters. Importantly, the instantaneous current diversion is naturally achieved
without affecting the operation of the neutral leg and the conversion leg. The control of the

two legs are still independent from each other in the 6-converter.

8.5.3 Comparison of the Capacitors C_ and C

For the p-converter, all the system ripple power is stored in the capacitor C_. As a result,

there is
Vel
=_— 896 8.29

20)V_0AV, ( )
where V_ and AV_ are the average and peak-peak values of the voltage V_, respectively.
Since the DC-bus voltage V¢ is assumed to be approximately the same for both converters,
there are V_g = Vpco — V. and AV_ &~ AVpc. (8.29) can be then reformulated as
Velg

C_= .
2w(VDCO — V+)AVDC

On the other hand, the capacitor C is used to store the ripple power for the 6-converter.
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According to (8.7), the ratio between the two capacitors is

Vg I 8
C . 2 wVDCO N VDC

C_ Vel
20(Vpco—V+)AVpe

Vbco — V+

It is clear that the capacitor C is always smaller than the capacitor C_ because 1 — %20 < 1.

8.5.4 Comparison of the Total Capacitance Required

For conventional converters, the DC-bus capacitance required is

_ Vely
" 20V, 0AV,
in order to achieve a set level of output voltage ripples AV,. Low AV, lead to high
capacitance C,. The ratio between the capacitance required in conventional converters and

that in the O-converter is
Cy

T C+Cy

re
On the other hand, the capacitance required is

2W,l,

Copp=— 585
P20V, 0AV,,

in order for conventional converters to achieve the AV, ,. Note that AV, < AV, be-
cause of the better performance of the 8-converter to reduce output voltage ripples. The
ratio between the total capacitance required in conventional converters and that in the p-

converter is

rp= -
C_+Cy
Based on the above discussion, there is
rp - C + C+ Cvp
B AVyip (C_+Cy)
AV (C+Cy)
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Because AV, p > AV, and C_ > C, :—z is always greater than one. Accordingly, the total

capacitance required in the 6-converter is further reduced with comparison that in the p-

converter. How much the total capacitance can be reduced depends on system parameters.

For the system with parameters summarised in Table 8.1, there are C, ~ 1900 uF and
~ _ G 1900 — _Gp 740 ro

Cvp ~ 740 [JF As aresult, rg = crcs Y516 172, Ip = C1C; Y5110 ~ 49 and a ~3.5.

Here, AV, =2V and AV,, =5 V according to the experiments presented later. In other

words, the total capacitance required in the O-converter is reduced by about 172 times
compared to that in conventional converters and by about 3.5 times compared to that in the

p-converter.

8.5.5 Comparison of Capacitor Currents

Both converters have two capacitors. The output capacitor C in both converters has the
same function, i.e. filtering out switching-frequency ripples. As a result, the current flow-
ing through this capacitor is almost the same for both converters. On the other hand, the
currents flowing through the capacitors C and C_ are different, although they are used to
store the same ripple power. This is because the voltages across the capacitors C and C_
are different. According to the average circuit model of the p-converter (Ming and Zhong,

2014), there is

Vel,
ic_, = —25{2 cos2mt.
According to (8.15), there is .
lC_*P = @ (8.30)
ic V.’ '

which means ic <ic , because Vpc > V_. In this case, the capacitor C is expected to have

longer lifetime in general because of the reduced ripple current.

8.5.6 Comparison of the Inductor Current iy

Apart from the inductance, it is also important to know the maximum current flowing
through the inductor Ly. It is possible that the inductor becomes saturated when the current

is higher than the maximum value, which should be avoided.
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For the p-converter, the current flowing through the inductor Ly, is

Vel, Vel,
irp = —Iysin@t + = V. & cos2mt + 52 v, (8.31)

Compared to (8.6), (8.31) has one more second-order component % cos2mt. The deriv-

ative of (8.31) is

dirp d(—1, Sina)t—l—%cosZa)t_f_‘z/gTIf)
dt i
d(—lgsina)t—l— %(1 —25in2 or) + %)
dt
d(— Iy sin ot + 55 — = sin® or + 5% )
dt

Vel,
= —wlgcoswt — ——= v £« 2sin @t X Wcos ot

Vel

2 )
= —wl;coswr — Sin Wt cos Wt.

In order to extract the maximum value of the current iz, let lL” = 0. That is

20V,
—wl,cos ot — —5£

sin ot cos Wt = 0.

There are four possible solutions, which depend on system parameters. Among the four

solutions, there are two solutions for sure, which are

T
20
t_37r
2 7 2w

On the other hand, there are another two solutions

t3 = E—kiarcsin&
0 2V,
ty = 2—jr—larcsmu
0w o 2V,

if V_ < 2V,. Specially, there is 13 =14 =1, = 2 - T whenV_ = =2V,.

The maximum value of the current i;, may be reached with any one of the above four
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solutions, which depends on system parameters. Since there are four possible solutions,

there are four possible peak values of the current ir,. With solutions # and 7, the peak

currents are
, Vel Vel,
itopliey =1t 3y ~ 3y, (8.32)
and
Vel, VoI, (8.33)

vl =l =2y 3y,

Note that inpL:tl =+ iLPP‘t:tz unless V. =V_,.

On the other hand, the peak currents reached at = #3 and ¢t = t4 are the same. There is

Vo Vo, Ve, Vo, VI

' — (T oy rle Tele V-2 Velg

Ipp ‘t:l3,t4 g( 2Vg ) + 2V. V_ ( 2Vg ) 2V+

Vil Velg Velg V2 Ve,

2V, 2V. Vo 4V2 2V

Vg Velg  V-Iy Vel

2V, T 2Vo 4V, 2v,

Vi, Vol Vi,

= : 8.34
2, Tav. T, (8.34)

The maximum value of the current i;, can be obtained when t =, 1 =1, or t = 13, I,

which depends on system parameters.

For the O-converter, it is much more straightforward to know the maximum value of
the inductor current i; because of the absence of the second-order component % cos2wt.
According to (8.17), the maximum current flowing through the inductor Ly iS ippmax =
I, + ‘z/gTIf in the B-converter.

In order to identify the relation between the inductor current in the two converters, the
iLmax 1 compared to inp|t:t1’ inp‘[:Q and inp|t:t37[4, respectively.

. : ) .V, D
The difference between ippq, and irp p‘ 1=t 19 sv—» which is always greater than zero.

As aresult, ipmax > irp p‘ 1=ty is always true.

Moreover, the difference between the iy, and the izp, i—t5.1, 18

Vel Vol Vel Vel

[Lmax — iLPP‘t:t3,l4 = et vy 4V, 2Vv_ 2V,
V_ V.
-Gy, )
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Since V, < V_ <2V, whent =13, 14, there is

In this case, ifar — iLPP‘z:g 0y 0, which means iz nax > irpp i=t3.0°

The difference between the iz and the i), - is

Velg j Velg | Vil

iLmax — iLppl,_, = Ig+m s~y Tav,
_ Vels Ve,
V. v

As a result, there are if;;q, > iLPP’z:zl when V. < 2V_ and ip e < iLPP‘z:zl when V., >
2V_. Specially, ifmax = in,,|t:t1 when V. =2V_.

To sum up, the maximum current flowing through the inductor Ly in the @-converter
is higher than that in the p-converter when V. < 2V_. On the other hand, this maximum
current in the 0-converter is lower than that in the p-converter when V. > 2V_. The two

converters have the same maximum inductor current when V., =2V_.

8.6 Control Design

In general, there are three control objectives, i.e. to maintain the output voltage V., to
maintain the DC-bus voltage Vpc and to control the grid current i,. The first objective is
mainly achieved by the control of the neutral leg while the others are mainly achieved by
the control of the conversion leg. In this section, the controllers for both legs are presented.
Note that the control of the two legs are independent from each other and hence, the design

of the controllers is very flexible. Again, only the rectification mode is considered here.

8.6.1 Control of the Neutral Leg

Regardless of switching components, there might exist two main components, i.e. a DC
component and a low-frequency component, in the output voltage V... In order to maintain

the voltage V., both components are needed to be considered.

202



+* l [——
v, - P O ={Pwm|q,
I Voc -

VA

Repetitive Controller

Figure 8.4: Controller for the neutral leg.

8.6.1.1 Regulation of the DC component of the V.

The DC component of the voltage V. needs to be maintained at its reference according to
load requirement. In order to achieve this, the voltage V. should be measured as a feedback

and then a simple proportional-intergral (PI) controller can be used as shown in Figure 8.4.

8.6.1.2 Removal of the low-frequency component in the V.

Here, the DC-bus current / is measured as a feedback and the aim is to remove low-
frequency component in the current /. By doing this, the low-frequency component in
the V. can be removed because the current flowing through the output capacitor becomes
ripple-free. For this purpose, there is a need to first extract the low-frequency component
in the current /. Note that the current / contains a DC component, a switching-frequency

component and a low-frequency component. Here, a band pass filter

10000s

BS) = 5310) (s 1 10000)

is used as shown in Figure 8.4. The reference of the extracted low-frequency component is
set to be zero and the left work is to design a current controller. Because of high perform-

ance to handle harmonics, a repetitive current controller is adopted, which is formed by a
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proportional gain K, and an internal model

K,

W —1ys?
1 pnd

C(s) =
where 7, 1s designed as (Zhong and Hornik, 2013b; Hornik and Zhong, 2011a)

1
Tg=T—— =0.0196s

(]

with @; = 2550, 7 =0.02s.

8.6.1.3 Removal of the fundamental component in the V¢

Since the low-frequency component in the current / is removed, there is
ic = ig(l — a'z) =+ iL(l — d4) —Iy.

It can be found that the capacitor current ic may contain a fundamental component because
the grid current i, and the inductor current i7, are in fundamental frequency. However, it
is expected that the current ic only has a second-order component and should not function
as the return path of the grid current. Fundamental components required to form the re-
turn grid current should be provided by the neutral leg not the capacitor C. Since the key
objective of the controller is not to remove the fundamental component in the Vpc, it is
permitted for the Vpc to have some fundamental ripples. A simple controller is enough
if the fundamental component can be limited at a low level. Here, the following resonant

controller (Castilla et al., 2009; Shen et al., 2010)

o Kh2§hws
2+ 2Ehos + (ho)*

Kg(s) (8.35)

of which the gain at frequency h® is K, with zero phases, is adopted to reduce the fun-
damental component. In order to tune the controller at the fundamental frequency, & and
h are chosen as 0.01 and 1, respectively. The gain K}, can be tuned by trial-and-error in
experiments.

As shown in Figure 8.4, the final duty cycle is formed by the sum of the above three

loops. Since the loops are decoupled in frequency domain, they can be added together
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Figure 8.5: Controller for the conversion leg.

without affecting the other loops. As long as each loop is stable, the stability of the whole

controller can be guaranteed.

8.6.2 Control of the Conversion Leg

8.6.2.1 Control of the grid current i,

In order to achieve the unity power factor, it is desirable to control the grid current to be
in phase with the grid voltage. Also, the grid current is expected to have low harmonics so
as to avoid introducing power pollution to the grid. The repetitive controller used for the
neutral leg is again adopted here to improve the tracking performance of the grid current.
The left work is to generate the reference of the grid current, which should be in phase with
the grid voltage. As a result, the phase signal of the grid voltage needs to be extracted.
A phase-locked-loop (PLL) (Ziarani and Konrad, 2004) is used for this purpose as shown
in Figure 8.5. Apart from the phase signal, the peak value of the grid current is required.
According to the power balance between the AC and DC sides, this value can be obtained
if the DC-bus voltage Vpc is maintained at its reference, which is discussed in the next

paragraph.
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8.6.2.2 Regulation of minimum value of the V¢

It is possible to control the maximum, average and minimum values of the voltage Vpc.
Compared to controlling the average voltage, controlling the maximum and minimum
voltages have more benefits. For example, if the maximum voltage is controlled, then
the DC-bus voltage can always reach to highest level for different loads, which helps to
reduce the total capacitance required. On the other hand, if the minimum voltage is con-
trolled, then the DC-bus voltage always has lowest values for different loads. In this case,
the converter has better performance on the efficiency because switching losses are reduced
because of the minimised DC-bus voltage. Here, the minimum value of the voltage Vpc is
set as the control target. The extraction of the minimum value from the measured Vp¢ can
be achieved by using the average value minus the peak value of the AVpc. The average

value of the Vpc can be easily obtained by using the following hold filter

_ ,—Ts
His) =1 (8.36)

where T is the fundamental period of the grid voltage, as shown in Figure 8.5. At the same
time, the measured voltage V¢ is sent to the Kg(s) with & =0.01, h =2 and Kj, = 1. Then,
the needed peak value of the AVpc can be extracted by squaring the AVpe with the result
sent to a hold filter. Then the minimum value of the voltage Vpc can be obtained by using
the average value of the Vp¢ to minus the peak value of the AVpc (see Figure 8.5). Here,
a simple PI is used as the voltage controller to generate the right peak value of the grid

current.

8.7 Experimental Results

In order to validate the proposed system, intensive experiments were conducted on a proto-
type, which is based on IGBTs controlled by TMS320F28335 DSP. The system parameters
used for experiments are the same as those summarised in Table 8.1. Here, a5 uF and a 6
uF metallized polypropylene film capacitors are used as the capacitors C; and C in exper-
iments, respectively. Compared to conventional converters, the total capacitance required
in the O-converter is reduced by about 172 times from 1900 uF to 11 uF. Both steady-state

and transient performance were tested and the corresponding results are shown in Figure
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Figure 8.6: The steady-state performance of the 8-converter when Vi = 200 V: (a) grid
voltage v,, grid current i, and DC voltages V. and Vpc ; (b) inductor current i; and capa-

citor current ic.
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8.6-8.9. Moreover, similar experiments for the p-converter were also conducted in order to
validate the comparison between the 8-converter and the p-converter. The related results
are shown in Figure 8.10. Note that a 10 uF metallized polypropylene film capacitor is
used as the capacitor C_ in the 6-converter in order to keep the voltage Vpc to be similar.

The capacitor C. in both converters is kept the same, which is 5 uF.

8.7.1 System Steady-state Performance

In order to test the system steady-state performance, both the cases with V}, =450V

Cmin
and V}5,.., = 500 V were considered. The obtained experimental results can be found in

Figure 8.6.

8.7.1.1 Grid current i, and DC voltages V. and Vpc

As shown in Figure 8.6(a), the grid current i, was always well controlled to be in phase
with the grid voltage for both cases. According to the recorded experimental data, the
total harmonic distortion (THD) of the grid current is around 4%, which is already very
low because no special efforts were made to improve the power quality of the grid current.
Moreover, the power factor was above 0.99 for both cases and hence, the unity power factor
is achieved.

Apart from the grid current, the DC output voltage V. is also well maintained. Import-
antly, it has very low voltage ripples for both cases, which are about 2 V. Most of the system
ripple power is now stored in the capacitor C instead of the output capacitor C_ and hence,
the voltage across the capacitor C, i.e. the voltage Vpc, has very large voltage ripples as
shown in Figure 8.6(a). When V5, .. = 450 V, there is AVpc = 228 V, which is much lar-
ger than the output voltage ripple. According to (8.8), the voltage AVpc is decreased along
with the increase of the Vpcyin. Indeed, the voltage AVpe was decreased to 210 V when

Vpcmin Was raised to 500 V (compare the left column and right column of Figure 8.6(a)).

8.7.1.2 The currents i; and i

According to (8.6), the inductor current iy contains a DC component and a fundamental
component. As shown in Figure 8.6(b), the i indeed has a DC component and an AC

component in fundamental frequency. It can be found that the DC offset is around 0.9 A,
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Figure 8.7: The measured CM current icyy

which is almost equal to the theoretical DC current Ipc = % ~ 0.909 A. Also, it can be
found that the fundamental component in the i; has the same phase and peak-peak value as
the grid current. Note that a 6 kHz noise filter was applied to filter out switching-frequency
component in the currents so that it is possible to clearly see the other components.
According to (8.15), the current i¢c should be mainly composed by a second-order com-
ponent (without considering switching-frequency component). Indeed, the measured ic is
in second order as shown in Figure 8.6(b). Compared to the Case I, the peak-peak value
of the current ic in Case II is lower because of the higher Vp¢ , which is consistent with

(8.16).

8.7.1.3 The CM current icy,

A 0.47 uF capacitor was connected as the parasitic capacitor and the current flowing
through this capacitor is the CM current icy,. The measured icys 1s shown in Figure 8.7. It
is clear that the icys is indeed zero. As a result, the objective to eliminate CM current is

achieved.

8.7.2 System Transient Response

In order to test the system dynamic performance, two transient cases (system start-up and

change of the output voltage) are considered.
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8.7.2.1 System start-up

As shown in Figure 8.8, the system was disabled first and then was suddenly started. It can
be seen that the output voltage V. was quickly regulated to its reference (200 V) and the
whole start-up period only took about 12 fundamental cycles. During the start-up, the grid
current was first dramatically increased to charge the output capacitor and then was quickly

decreased to its steady-state value.

8.7.2.2 Change of the output voltage

Another experiment was done by changing the reference of the output voltage V. from 200
V to 300 V. As shown in Figure 8.9, the output voltage V. was smoothly increased to 300 V
without any spikes. It is worth highlighting that the ripples of the voltage V.. were always
maintained at very low levels during the whole transient period. It took about 1.6 s for
this transient response. The relatively slow response is because of the limited maximum
current of the inductor Ly, which is about 5 A. If higher than 5 A, the inductor Ly may
become saturated. Accordingly, system gains are limited and the result is the slow transient
response. In other words, the transient response can be much faster if system gains are

increased.
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Figure 8.10: The steady-state performance of the p-converter when V} = 200 V: (a) grid

voltage v,, grid current i, and DC voltages V. and Vpc; (b) inductor current i; and capacitor
current ic .
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8.7.3 Comparison with the p-converter

As shown in Figure 8.10, the Case I with V}; =450V and the Case Il with V., .. = 500

Cmin

V were considered for the p-converter.

8.7.3.1 Output voltage ripples

Compared to the output voltage V. shown in Figure 8.6(a), the output voltage V., in Figure
8.10(a) obviously has larger ripples. To be more precise, the ripples of the output voltage
V. were increased from 2 V to 5 V. On the other hand, the ripples of the DC-bus voltage Vpc
were kept almost the same on purpose. As a result, the 0-converter has better performance
on the reduction of output voltage ripples, which is consistent with the analysis made in

Section 8.5.

8.7.3.2 The current i;,

As discussed before, the only difference of the current iy in the O-converter and the p-
converter 1s the second-order component. As shown in Figure 8.10(b), the if in the p-
converter indeed has a second-order component, which makes the top of the i; becomes
flat. On the other hand, the iz in the O-converter does not have this component (see 8.6(b)).

Moreover, there are ippqy = 5.1 A and ippmax = 4.8 A with V. < 2V_, which are con-

sistent consistent with the theoretical analysis made in Section 8.5.6.

8.7.3.3 The capacitor currents ic and ic_

As can be seen from Figure 8.6(b) and Figure 8.10(b), the peak-peak value of the capacitor
current ic (about 0.93 A) in the 0-converter is lower than that of the capacitor current i¢c_

(around 1.48 A) in the p-converter. This is consistent with (8.30).

8.8 Summary

The 0-converter with common AC and DC ground has been proposed in this chapter. Both
isolation transformers and bulky electrolytic capacitors have been removed from the con-

verter. The removal of isolation transformers is naturally achieved because of the common
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AC and DC ground. At the same time, the output capacitor is significantly reduced be-
cause it does not need to process any low-frequency ripples and only needs to be sized for
switching-frequency ripples. All the system ripple power is stored on another capacitor,
which is connected across the DC bus. The stored ripple power is instantaneously equal
to the system ripple power. As a result, the system performance to reduce output voltage
ripples is promising. Since the DC-bus voltage (higher than the output voltage) does not
supply any loads, it is designed to have large voltage ripples on purpose. In this case, only
a small capacitor is needed in order to store all the system ripple power. As a result, the
total capacitance required is significantly reduced compared to that of conventional con-
verters. Moreover, the normal objectives of conventional converters like unity power factor
have been achieved without any compromise. Importantly, all the above objectives are
achieved by two legs with only four switches and hence, the 0-converter is very compact.
It is very flexible to design controllers for the two legs because they are independent from
each other. Intensive experimental results have been presented to validate the performance

of the converter.
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Chapter 9

6-converters with Significantly-Reduced

Neutral Inductor

Following the development of the O-converter to eliminate low-frequency voltage ripples
and high-frequency CM voltages, this chapter is focused on further improving the per-
formance of the 0-converter. The improvement is achieved by the reduction of a passive
component in the @-converter, i.e., the neutral inductor. The location of the inductor in
the O-converter is changed but without affecting the other functions of the converter. It is
analysed and verified by experiments that the current flowing through the inductor can be
reduced at least three times and hence, the size of the inductor can be reduced by at least
about nine times. Together with the significantly-reduced required capacitance, the pro-
posed converter becomes a very competitive solution to single-phase converters. How to
operate the system to achieve the reduction of the inductor and the capacitors is discussed in
detail. Moreover, selection criteria on passive components used in the proposed converter
are discussed in order to minimise their usage. Intensive experimental results are presented
to demonstrate that the proposed converter can indeed reduce the inductor current while the

other functions of the 6-converter are well maintained.

9.1 Introduction

As discussed in Chapter 8, the O-converter can achieve the elimination of the transformers
and the reduction of required capacitors in the widely-used asymmetrical single-phase

power grid. As shown in Figure 9.1, the 0-converter is very compact because only four
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Figure 9.1: The 0-converter.

switches are used. The AC and DC ground is common so that CM currents can be nat-
urally eliminated. At the same time, the reduction of required capacitors is achieved by
diverting ripple energy from the output capacitor to another capacitor, which is designed
to hold large ripples because it does not supply any loads. As a result, both capacitors
can be very small. It has been analysed and verified by experiments that the total required
capacitance can be reduced by above 172 times compared to that in conventional single-
phase converters. Highly-reliable film capacitors can then be cost-effective to be used. As
a result, the O-converter can be a very competitive solution to high power density and high
reliability single-phase converters.

Apart from the four switches and the two film capacitors, there are still two inductors in
the O-converter. One of the inductors is connected to the grid for the purpose of controlling
the grid current, which is common in power converters. Another inductor is specially used
for the control of the DC output voltage of the converter, which does not exist in other
power converters. The current flowing through this inductor is the sum of the grid current
and the DC output current, which can be high. Inevitably, the size of this inductor becomes
very large, which degrades the system power density.

In this chapter, an improved 6-converter is developed to reduce the size of the inductor

through reducing the current carried by the inductor. The inductor is moved away from the
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return path of the grid current. As a result, it only carries the DC output current. Since
the maximum value of the DC output current is much smaller compared to that of the
grid current, the current flowing through the inductor can be reduced compared to that in
the O-converter. Accordingly, the size of the inductor becomes smaller. According to the
analysis presented later, the current can be reduced by about at least three times and the
corresponding reduction of the size of the inductor is about at least nine times. Together
with the reduced requirement on capacitors, the proposed converter is very suitable for
volume- and weight-critical long-life applications.

The following parts of this chapter are organized as follows. In Section 9.2, the topo-
logy, features and the operation of the proposed converter are analysed. After that, how to
reduce the inductor current and the required capacitance is discussed in Section 9.3 and the
Section 9.4, respectively. With the aim to minimise the usage of passive components, their
selection criteria are presented in Section 9.5. The performance of the proposed converter
is then fully evaluated in Section 9.6. Experimental results are provided in Section 9.7 for

verification followed by the summary made in Section 9.8.

9.2 The Proposed Converter

9.2.1 Topology, Features and Operation Principles

9.2.1.1 Topology

As shown in Figure 9.2(a), the proposed converter consists of two legs, i.e. the conversion
leg and the neutral leg, with only four switches. The grid is connected between points A and
N with a series inductor L,. On the other hand, the DC load is connected between points
Dp and Dy. In this case, the DC output voltage is the V. not the Vpc. Another inductor,
1.e. L, is added in order to enable the regulation of the voltage V..

The proposed converter can be formed by only changing the location of the inductor L
in the O-converter. Despite of a small change, the reduction of the current flowing through
the inductor L is achieved without affecting the other functions of the system. Detailed

discussions on how to achieve the reduction are made later.
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Figure 9.2: The proposed converter: (a) topology; (b) equivalent circuit for analysing the
CM current.

9.2.1.2 Features

One of important features of the converter is the common AC and DC ground. To be more
precise, the AC ground point N and the DC ground point Dy are directly connected together
as shown in Figure 9.2(a). The resulted benefit is the completely eliminated CM current. In
order to clearly demonstrate the removal of CM current, the equivalent circuit for analysing
the CM current is shown in Figure 9.2(b). The parasitic capacitor C, is actually short-
circuited because of the common AC and DC ground. Accordingly, the current flowing
through the C,, i.e. the CM current icyy, is completely eliminated. In this case, isolation
transformers are no longer required and can be removed from the converter without causing
large CM current.

Another important feature of the converter is the significantly-reduced capacitance re-
quired. It is well known that the power in single-phase converters contains a second-order
component, which results in second-order voltage ripples at the DC side. Bulky capacit-
ors are often required to smooth the ripples in conventional converters. For the proposed
converter, there are two capacitors C and C,.. The capacitor C, is the output capacitor and
hence, it should be with low voltage ripples. On the other hand, the voltage across the C
can be with large ripples because the capacitor C is not connected to any loads. Through

proper control of the proposed converter, most of the system ripple energy can be diverted

220



to the capacitor C instead of the capacitor C,. Accordingly, the capacitor C; can be very
small because it does not need to process any low-frequency ripple energy. At the same
time, the capacitor C; can be also very small because it can hold large voltage ripples as
discussed before. As a result, the total capacitance required, i.e. C+ Cy, is very small.
Compared to that of conventional single-phase converters, the capacitance is significantly
reduced. Detailed theoretical analysis on the reduction is presented later, which is also
verified by experiments.

Compared to the 0-converter, the proposed converter has an unique feature: the current
flowing through the inductor L, i.e. iz, is reduced. The current iz, in the proposed converter
is reduced by at least three times compared to that in the 0-converter. The main benefit
resulting from the reduced current is the reduced size of the inductor L, which becomes at

most one-ninth of the size of the L in the 6-converter.

9.2.1.3 Operation principles

The conversion leg is composed by the inductor L, and the Switches QO and Q», which is
mainly responsible to control the power exchanged between the AC and DC sides of the
converter. Note that both switches are in bidirectional, which means the converter has the
capability to bidirectionally process both real and reactive power. The two switches are
operated in a complementary way. In practice, a certain amount of dead time is required in
order to avoid shoot-through problem.

At the same time, the neutral leg is formed by the inductor L, the capacitors C and C.
and the Switches O3 and Q4. Again, these two switches are operated in complementary.
The operation of the neutral leg is similar to that of a bidirectional DC/DC converter. The
main objective of the neutral leg is to maintain the DC voltage V., which might contain

both DC and second-order components.

9.2.2 Circuit Analysis

9.2.2.1 Average circuit model

In order to achieve the unity power factor, the grid current should be controlled to be in

phase with the grid voltage. With this assumption, the grid voltage and the grid current can
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Figure 9.3: Average circuit model of the proposed converter.

be denoted as

Ve = Vg sin @t

ig, = Iysinwr,

respectively, where V, is the peak grid voltage, I is the peak grid current and @ is the grid
angular frequency.
As demonstrated in (Srinivasan and Oruganti, 1998; Tymerski et al., 1989), there is
Vi Ve

d=—— ——sinwt
Vbc  Vpe

where d; is the duty cycle of the Switch O, and, V and Vp¢ are the voltages across the
capacitors C; and C, respectively. Since the Q1 and Q, are operated in complementary, the

duty cycle of the Switch Qj is

d = 1-d

VooV, .
= — + —2sinwt 9.1
Voc  Vpc

where V_ = Vpc — V,.. Hence, the average circuit model of the conversion leg can be
built as shown in Figure 9.3. The switches QO and Q, are represented by a current source

io(1 —d>) and a voltage source Vpc (1 —da), respectively.
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Table 9.1: Summary of operation modes
Mode Q1 Q> QO3 Qs vap

1 o 1 0 1 0

2 1 0 0 1 Vp
3 1 0 1 0 0

4 0 1 1 0 —Vpe

Similarly, the model of the neutral leg can be built. As shown in Figure 9.3, the Switches
Q3 and Q4 are represented by a current source i (1 —dy4) and a voltage source Vpc(1 —dy),
respectively. For the neutral leg, it is actually operated as a DC/DC converter. In this case,

the duty cycle of the Switch Q4 is
Vi

dy = .
Ve

9.2)

Due to the complementary operation, the duty cycle of the Switch Q3 is

dy = 1—dy

V_
= —. 9.3
Ve )

9.2.2.2 Operation modes and modulation strategy

According to the on and off state of the four switches, different modes of the proposed
converter are resulted, which are summarised in Table 9.1. Since the two switches of the
same leg are operated in complementary, there are four modes in total. In Mode 1 and Mode
3, the voltage between points A and B, i.e. v4p, is 0. On the other hand, the voltage v4p is
Vpe and —Vpe in the Mode 2 and Mode 4, respectively. The four modes of the circuit are
shown in Figure 9.4(a)-(d), respectively. For a certain mode, solid lines are paths to carry
currents while paths denoted by dashed lines do not carry currents in this mode. It should
be mentioned that currents can flow through either diodes or transistors of switches. During
the Mode 1, the positive half cycle of the grid current flows through the transistor of the
Switch Q5 and then the diode of the Switch Q4 while the negative half cycle flows through
the transistor of the Switch Q4 and then the diode of the Switch Q,. Similar analysis can
be made for the other modes.

Since the two legs have their own objectives, both of them need to be operated at high

frequency. Due to the lower grid current ripples, the bipolar PWM is adopted here. As
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(d)

Figure 9.4: Operation modes of the proposed converter: (a) mode 1 (v4g = 0); (b) mode 2
(vaB = Vpc); (¢) mode 3 (vap = 0); (d) mode 4 (vap = —Vpc).

224



|

d; Carrier

1 WAVSIAN
YaY; W

o

Ll
Q|| |_|
Qs |_|
o I I

L 1]
[ ]

J

Vas Qi Q0N
Voe Qz, Q::0n
: 2y 3. :
0 : - ” —t
“Voc  H b
Modell2 3 212 3 212 3 41 434 14 3 41!

Figure 9.5: Bipolar operation of the proposed converter.

shown in Figure 9.5, the four switches are actually divided into two groups. The Switches
Q1 and Q, are modulated by d; while the Switches Q3 and Q4 are modulated by d3. Ac-
cording to (9.1) and (9.3), the DC component in d; and d3 is the same. The only difference
is that there is a fundamental AC component in d;. This leads a fact that d; is always higher
than d3 in the positive half cycle of dy, while d; is always lower than d3 in the negative half
cycle of d;. The resulted impact is that the on time of the Switch Q; is always longer than
that of the Switch Q3 in the positive half cycle. On the other hand, the on time of Switch
Qs is always longer than that of the Switch Qg in the negative half cycle. In this case, the
Mode 4 and Mode 2 do not appear in the positive and negative half cycles, respectively. It
can be also observed that equivalent frequency of the voltage v4p is higher than the switch-
ing frequency, which helps to reduce the size of the required inductor for the purpose of
smoothing high-frequency ripples in the grid current.

During the positive half cycle, the circuit rotates in the sequence of “Mode 1, Mode 2,
Mode 3 and Mode 2,” and the voltage v4p accordingly rotates in the sequence of “0, Vpc,
0 and Vpc”. During the negative half cycle, the circuit rotates in the sequence of “Mode 4,
Mode 1, Mode 4 and Mode 3,” and the voltage v4p accordingly rotates in the sequence of

“—Vpc, 0, =Vpc and 0”.
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9.3 Reduction of the Current Flowing through the Inductor
L

In this section, the proposed converter is compared with the 6-converter mainly from the
view of the inductor L. After a careful comparison between the two converters, it is con-
firmed that the only difference between the two converters is the location of the inductor
L. To be more precise, the inductor L is put in the path of the current iy in the 6-converter
while it is put in the path of the current / in the proposed converter. As a result, the current
flowing through the L, which is denoted as iz, can be very different.

In order to facilitate the following analysis, iz, Vi, Vpc, O1, Q2, 03, O4, R, Ly and L
in the 6-converter are denoted as irg, Vig, Vpce, Q16, O26, O30, Qag, Rg, Lgg and Ly,
respectively. ir, Vi, Vpe, O1, Q2, O3, O4, R, Ly and L are only referred to components of

the proposed converter.

9.3.1 The Flowing Path of the Grid Current i,

The grid current i, is mainly controlled by the conversion leg in both converters. In this
case, the i,, of course, flows through the switches Q; and O, and also the inductor attached
to the conversion leg, i.e. L,. As the return path of the grid current, the switches Q3 and Q4
also carry the grid current in both converters. The only difference is that the inductor L does
not carry the i, in the proposed converter while it does carry the i, in the 6-converter. The
components carrying the current i, are summarised in Table 9.2. In this case, the currents

ir and iy ¢ are obviously different.

9.3.2 Reduction of the Current and Size of the Inductor L

According to the average model of the proposed converter, there is

L= Ik =~
L R 2V+g
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Table 9.2: Summary of components carrying i,

Components Number
of com-
ponents

The proposed  Switches Q1, 0>, 5
converter 03, O4 and the

inductor L,

The Switches Q1 g, 6
0-converter 0> O30 and

Q4p, inductor Lgg
and inductor Lg

without considering switching frequency components. On the other hand, there is

irg = Iro+ige
= 0 4 sina
2V+6 8 8

in the @-converter. It is easy to find out that their maximum values are

| v,
Umax = W, I,

. Veo

lLOmax — ﬁlge + Ig@a

respectively. In order for a fair comparison, the two converters are supposed to be run at

the same power level, which means Vo9 =V, I,9 = I, and V9 = V.. In this case, there is

Veo
. 8
ILOmax 2V.g Igg + Ige

; V,

L _8
Lmax W I f

W,
Vg '

= 1+ 9.4)

Because V. > V, for ensuring the boost operation of the converter, it can be found that

iL(-)max

>3 9.5)

iLmax

is always true. As a result, the maximum current flowing through the inductor L is reduced

at least by three times in the proposed converter compared to that in the 8-converter. The
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size of the inductor can be accordingly reduced. The ratio between the size of the inductor

L in the two converters can be approximatively given as

Ep

=6
Ep

172
2 LlLGmax

ry, =

172
EL leax

— (l.Lemax )2 > 9, (96)

ULmax

which means the size of the inductor is reduced by at least nine times. As a result, the

power density of the converter can be significantly improved.

9.4 Reduction of Output Voltage Ripples and Total Capa-

citance Required

9.4.1 Reduction of DC Output Voltage Ripples

The instantaneous power from the AC side is

P = Vglg
= Vel sin? ot
Velg  Velg
= == _-°°cos2mt.
2 2

Note that the power arising from the inductor L, is neglected here in order to simplify the

analysis, which is very small compared to the power p. It is clear that the instantaneous
. 1 .

power is composed by a constant component % and a second-order ripple component

— % cos2mwt. Due to the power balance between the AC and DC sides without considering

power losses, both components appear at the DC side. Accordingly, there is

Vel,  Vel,

Vbocic + V+(ic+ + IR) = 5 T cos2mt (97)

in which the left part is the instantaneous power at the DC side. If the output voltage V. is

ripple-free, there is
dvy
—_— i pu— 0
dt Ic+



without considering switching-frequency ripples. Then, (4.9) becomes

Vo, VI
Vicic +Vilg = % — %cos 20t. 9.8)

Because of the power balance between the AC and DC sides (without considering losses),

there is
Vel
Vilg =-2£, (9.9)
2
and hence, (9.8) becomes
: Velg
=— 2mt. 9.10
ic Woe cos ( )

As mentioned above, the neutral leg is operated as a DC/DC converter and the (9.10) can
be achieved by the control of the neutral leg. ic, = 0 is then naturally achieved and the

output voltage V. becomes ripple-free.

9.4.2 Reduction of Total Capacitance Required

9.4.2.1 Reduction of the capacitor C..

Since the capacitor C;. does not process any low frequency ripples, a very small capacitor

is already enough, which is mainly used to filter out high frequency ripples.

9.4.2.2 Reduction of the capacitor C

All the second-order ripple energy is now stored in the capacitor C and hence, the required

capacitance is

Vely

O AVpe(Vpcmax + Vpcmin)
Vel
_ glg (9.11)
20 AVpcVpcave

where AVpe, Vpcmaxs Vocmin and Vpeave are the peak-peak, maximum, minimum and av-
erage values of the voltage Vpc. Because the capacitor C is not connected to any loads, the
voltage across the C is allowed to have large voltage ripples. As long as AVpcVpeave 18
high enough, the capacitor C can be also very small.

Based on the above analysis, both the capacitor C. and the capacitor C are small and the
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Figure 9.6: Controller for the neutral leg.

sum of them is still much smaller compared to the total capacitance required in conventional
single-phase converters. The detailed comparison is introduced in the next section after the

selection of components.

9.4.3 Control Design

In order to achieve the reduction of the inductor and capacitors, the two legs should be
controlled properly. It is worth highlighting that the control design of the two legs is inde-
pendent from each other. Advance control techniques can be applied to each leg according

to their own objectives.

9.4.3.1 Control of the neutral leg

The neutral leg mainly aims to maintain the output voltage V.. The DC component in
the V. should be well regulated at its reference, while the second-order component in the
V4 is expected to be completely removed. In order to simultaneously achieve the two
goals, a control strategy with parallel structure is designed as shown in Figure 9.6. A
proportional-integral (PI) controller is adopted to maintain the DC component. At the same
time, a parallel-connected current loop is designed in order to remove the second-order
component in the V. According to the discussion before, the removal can be achieved
through minimising second-order component in the current /. For this purpose, this second-
order component, which is denoted as i, should be first extracted from the current /. Here,
a band-pass-filter (BPF) is used, the transfer function of which is B(s) = ( 10000

5+10)(s+10000) *
The cut-off frequencies of the BPF are 1.59 Hz and 1591 Hz so the bandwidth of the BPF
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is about 1589 Hz.

Many current controllers can be applied to minimise the i. Here, a repetitive controller
is used because of its strong capability to handle harmonics. As shown in Figure 9.6, the
adopted repetitive controller consists of a proportional controller K, and an internal model

given by
K,

_ @; —T4S )
1 S+a)ie

C(s) =

where 7, is designed based on the analysis made in (Zhong and Hornik, 2013b; Hornik and
Zhong, 2011a)as t; =7 — c%, =0.0196 s with w; = 2550, T = 0.02s.

The sum of the above two loops forms the controller for the neutral leg, as shown
in Figure 9.6. Because the two loops are connected in parallel, it is straightforward to
guarantee the stability of the controller as long as each of the loops is stable, which can be

easily achieved.

9.4.3.2 Control of the conversion leg

The main objective of the conversion leg is to control the power exchange drawn from the
grid by the converter. Many advanced well-known control strategies for grid-connected
converters can be applied here. For example, if the robust droop controller (Zhong, 2013b)
is applied to control the conversion leg, the proposed converter could take part in the regu-

lation of the grid voltage to support the stability of the grid.
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Figure 9.8: Generation of the 7, for the unity power factor.

Since the control design is not the main focus of this chapter, only a simple example
is given here to demonstrate basic rules to design the controller for the conversion leg. In
order to control the power exchanged with the grid, the most common way is to control

the grid current. The repetitive controller used for the neutral leg is again adopted here as

*
8

controller, the input of which is the error of the voltage Vp¢ (see Figure 9.8). How to design

shown in Figure 9.7. The grid current reference i; can be simply generated through a PI
such PI controller is very matured and hence, is not discussed here. Note that the following
low-pass-filter (LPF)

l—eTs

where T is the fundamental period of the grid voltage, is adopted to avoid introducing
second-order harmonics to the grid current, as shown in Figure 9.8. The output of the PI
controller is acted as the peak value of the i,. The phase signal of the 7, is obtained using
a phase-locked-loop (PLL). The product of the peak value and the phase signal can then

form the i;.

9.5 Selection of the Passive Components

In order to have high power density and reliability, it is desirable to minimise required
passive components. There are four of them in the proposed converter, i.e. inductors Lg,
L and capacitors C; and C. For the selection of the inductor L,, strategies developed for
conventional grid-connected single-phase converters can be directly used and hence, only

criteria to select the other three components are discussed in the following parts.
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9.5.1 Selection of the Inductor L

The inductor current / is controlled by complementarily switching on and off the switches
Q3 and Q4. Accordingly, the I contains both DC and switching-frequency components.
Assume that the peak-peak value of the switching component in the 7 is Ai, then the
maximum value of the inductor current is

Ni

The selected inductor L should have a maximum current higher than /,,,, to avoid satura-
tion. Since the neutral leg is operated as a DC/DC converter, there is
Vid
Niy = M)
Lfs
where f; is the switching frequency and the level of the voltage V. is set according to the

load requirement. In this case, the Ai reaches to its maximum value when 3 is maximised.

That is

V
Vidimas _ V41— o) 9.14)
LNfs LNfS

where d3,,,4, 1S the maximum value of the d3. The minimum inductance can be then given

Aismax -

as
V.
L..: — V+(1 B VDCJl:mx) (9 15)
i Aismaxfs ’ .

which can be reduced if the switching frequency f; is increased. The inductor L can be then
well selected. To sum up, the maximum allowed current of the inductor should be higher
than the 7,,,,, defined by (9.13) and the minimum inductance required should be larger than

the L,,;, defined by (9.15).

9.5.2 Selection of the Capacitor C

The capacitor C; is now mainly used to filter out switching-frequency ripples because
most of ripple energy is diverted to the capacitor C. The capacitor C is only sized to limit
switching-frequency ripple under a certain level. Since the capacitor C; is connected in

series with the inductor L, they have more or less the same switching-frequency current.
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As a result, the peak-peak switching voltage ripples across the capacitor C can be given

as (Mohan, 2003)

Nigmax
8C+fs .

AV—"S -

For a required level of the maximum switching ripples AV, the minimum capacitance

required is

Vi
V+ ( - VDCmax )

Lminfs
SfSAV—i-sm
Vi(l— o)

VDCmax
= ) 9.16
Sf:vaV#YmLmin ( )

C—|—min

The switching frequency f; is important when selecting the capacitor C. The higher the

[ 1s, the lower the C can be.

9.5.3 Selection of the Capacitor C

In order to clearly demonstrate the minimum capacitance of the C, (9.11) can be re-formed

as
Vel,
C=——7———. (9.17)
w(VDCmax - VDCmin>

The voltage Vpcmar mainly depends on the voltage rating of the switches. After leaving

some margins, if the maximum allowed voltage of the switches is V,, then

VDCmax = Vs (918)

Since Vpec = V4 4+ V_ and the V. is set according to load requirement, there is

Vocmin = V4 + V. 9.19)

because V_ should be greater than V, to guarantee the successful boost operation of the
converter.

Substitute (9.18) and (9.19) into (9.17) and then the minimum capacitance can be given
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Table 9.3: Parameters of the proposed converter

Parameters Values
Grid voltage (RMS) 110V
Grid frequency f 50 Hz
Switching frequency f; 19 kHz
Inductor L, 2.2 mH
Inductor L 2.2 mH
DC output voltage V' 200 V
Load R 220Q
Capacitor C+ 5 uF
Capacitor C 6 uF
as
Cnin = D) Vglg 3
w(VDCmax - VDCmin>
Velg

T 00z (VP 020
It can be found that the higher the voltage V, is, the smaller the capacitor C can be.

In order to select a right capacitor, it is also desirable to know the maximum second-
order ripple current flowing through the capacitor. According to (9.10), the peak-peak value
of the i¢ is

ANic = @. (9.21)
Vbe
With both (9.20) and (9.21), the capacitor C can be well selected.

9.5.4 Design Example

A design example is given here to further demonstrate the selections. The parameters of
the investigated system are summarised in Table 9.3. If Aig,q =4 A, then the minimum
inductance is L, ~ 1.9 mH, according to (9.15) when V, = 700 V. In order to leave some

margin, a 2.2 mH inductor is chosen. Based on (9.20), the minimum required capacitance
Vglg
o (Ve —(V4+Vg)?)

AVign =06V, then Cyipn = ﬁm ~ 4.38 uF. In the experiments presented later, a 5 uF

and a 6 uF film capacitors are selected as C and C, respectively.

1s Cpin = ~ 4.1 uF if I, = 3 A. If the maximum switching ripple voltage
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9.6 Performance Evaluation

9.6.1 The Total Capacitance Required

In order to clearly demonstrate the system performance to reduce capacitance, the total
capacitance required in the proposed converter is compared to that in conventional single-

phase converters. The ratio of them can be given as

_ C+min + Chin
c o= Velg
2(0AV+V+
_ Vi (1—55) Vel

BfP AVesmLimin -~ @(Vg — (Vo +Vg)?)

y 20)AV+V+

Vglg
V.
OAVLVE(1—3) 20V, V,

= + . 9.22
4Vglgfs2AV+smLmin Va2 - (V-i- + Vg)z ( )

)

For the design example given before, if AVpc =5V, then r¢ = 0.0114 and the required
capacitance is reduced by about 87 times in theory. If AVpe =2V, then r¢ = 0.0045. In
this case, the total capacitance required is reduced by about 220 times in theory. In practice,
the capacitors are normally selected to be slightly larger than their minimum values to leave
some margin for transient responses. As a result, the actual rc may become slightly larger
than its theoretical value.

The experimental results presented later show that the proposed converter can maintain
the output voltage ripples at around 2 V with only a 5 uF and a 6 uF capacitors. In this
case, the actual r¢c =~ 0.0058, which means the capacitance is reduced by about 172 times
compared to that in conventional single-phase converters. Film capacitors becomes cost-

effective to be used for this level of capacitors.

9.6.2 Voltage Stress

Instead of depending on other system parameters, the voltage stress of the switches is al-
ways the voltage Vpc. It is desirable to maintain the voltage stress within a reasonable level
so as to reduce switching losses and costs arising from switches. As mentioned before,

both voltages V.. and V_ needs to be higher than the peak grid voltage, which means the
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sum of them, i.e. the Vpc, should be higher than doubled peak grid voltage. As long as
Vpc > 2V, is satisfied, the proposed converter can work properly to draw grid current in
any power factors, to maintain DC voltages and to reduce the total capacitance required.
The first two objectives can be achieved without any compromise for all V¢ that are higher
than 2V,. However, the system performance to reduce total capacitance is degraded along
with the decrease of the Vpc. According to (9.22), the higher the V¢ is, the lower the total
capacitance can be. In other words, the voltage stress should be high enough to guarantee
the system performance to reduce capacitance. In practice, 1200 V switches are already
enough for the proposed converter with universal AC voltage (88 V264 V). For specific
applications, the voltage stress can be tailored by selecting appropriate capacitors, accord-

ing to (9.16) and (9.20).

9.6.3 Current Stress of Switches

Apart from the voltage stress, the average currents of switches are also important when se-
lecting switches or diodes (Srinivasan and Oruganti, 1998). As a result, they are discussed

here so that suitable switches and diodes for both legs can be well selected.

9.6.3.1 Switches and diodes of the conversion leg

There are two transistors and two diodes for the conversion leg. The average currents
flowing through these transistors and diodes mainly depend on the level of the grid current
ig. According to the analysis of the four operation modes, the positive half cycle of the i,
flows through either the transistor of the O, or the diode of the Q. On the other hand, the
negative half cycle of the i, flows through either the transistor of the Q or the diode of the

(0. In this case, the average currents flowing through the switches Q1 and Q, and diodes
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D and D, are

e 2(Vpe —V.
Iy, = ﬁ/ﬂ lg(l—dz)dl‘:IR(%—O.S)
8
1 [t 2V,
Ip, = — | idhdt=Ir(==-05 9.23
0 27r/o igdy R(Vgn ) (9.23)
1 [T 2(Vpe —V.
Ip, = ﬂ/o lg(l—dz)dt:IR(%-i-o.S)
8

| g2 W,
1 = — [ drdt = Ir(—— +0.5).
D> Zﬂ/n ‘g2 R(Vgn +0.5)

Obviously, the average current are very related to the voltages V.. and Vpc.

9.6.3.2 Switches and diodes of the neutral leg

For the neutral leg, there are again two transistors and two diodes in total. The cur-
rent flowing through the neutral leg mainly depends on the current iy, which is equal to
—I,sinwr + ggTIf Unlike the current ig, the periods of positive and negative cycles of the iy
depend on system parameters. In order to calculate the average currents, it is required to
first know these periods. If let iy = 0, then

Vol
—Igsina)t—l—ﬁ =0.
2V,

Hence,
. V,
sint = —5-.
+

There are two solutions within [0, %’t], which are

1 .V,
1y = —arcsin ——
Q)] 2V+
T 1 .V
1 = — ——arcsin——.
0w o 2V,
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As a result, the average currents flowing through active switches Q3 and Q4 and diodes D3

and D4 can be calculated from

I L% dd
- — t
Q3 271: /tl lN 3

1 s

1Q4 = g/tz iN(l—dg,)dt (9.24)
1 mt+E

ID3 = ﬁ/tz indsdt
1 )

Ip, = ﬁ/tl in(1—d3)dt.

For certain applications with known system parameters, the average currents flowing through

the switches and diodes of both legs can be easily obtained based on the above analysis.

9.7 Experimental Results

For verification of the system performance in practice, a prototype was assembled with
parameters summarised in Table 9.3. One 5 uF and one 6 uF metallized polypropylene
film capacitors are used as the capacitors C; and C in experiments, respectively. Bulky and
vulnerable electrolytic capacitors are removed from the system. It is worth highlighting
again that the total capacitance required in the proposed converter is considerably reduced
by about 172 times in comparison with that in conventional single-phase converters. For
the other system parameters, e.g. the inductor L, and the switching frequency f;, they are
selected according to the available components in the laboratory and also the characteristics
of the prototype. In the following parts of this section, measured experimental results
during steady-state and transient responses are presented in Figure 9.9-9.16. Both cases
with the unity and non-unity power factors are considered in order to well demonstrate
the system capability to work with any power factors. In order for comparison, some

waveforms of the 6-converter are also presented.
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Figure 9.9: Grid voltage v, grid current i, and DC voltages V, and V_ under unity power
factor with Vi =200 V and (a) Vpcmax = 600 V; (a) Vpcmax = 650 V; (a) Vpcmax = 700 V;
(@) Vbcmax =750 V.
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Figure 9.10: Grid voltage vg, grid current i, and DC voltages V. and Vpc under a non-unity
power factor with V' =200 V and Vpcuax = 700 V.

9.7.1 Steady-state Performance

9.7.1.1 The grid current i, and the DC voltages V. and Vpc

The system performance with unity power factor was recorded and the corresponding
results are shown in Figure 9.9(a)-(d) for cases with V., =600V, V. =650V,
Vicma: = 700 V and V5, =750V, respectively. For the AC side of the converter, the
grid current i, is always controlled well to be clean and to be in phase with the grid voltage
over a wide range of Vpcyax. According to the recorded experimental data, the total har-
monic distortion (THD) of the grid current is always lower than 4% , which is already very
low since no special efforts are made for improving the quality of the grid current. For the
DC side of the converter, the DC output voltage V. is with very low voltage ripples, which
are only about 2 V, although the output capacitor is very small. Moreover, the DC-bus
voltage Vpc is regulated well according to the set reference of its maximum value. Most of
system ripple energy is now stored in the capacitor C instead of the output capacitor C;..
In addition, the corresponding waveforms with a non-unity power factor are shown in
Figure 9.10. The grid current is again very clean with low THD. The reference of the grid
current is delayed by 2 ms compared with the grid voltage on purpose. Indeed, the time
difference between the grid voltage and the current is 2 ms as shown in Figure 9.10. It
is observed that the DC output voltage V again has very low ripples while the DC-bus
voltage Vpc does have large ripples as expected. As a result, the power factor does not

affect the control of the DC voltages.
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9.7.1.2 The voltage vp

In order to verify the analysis on the modulation strategy, the voltage v4p is measured
together with the grid current i, during a few fundamental cycles and a few switching-
frequency cycles as shown in Figure 9.11(a) and (b), respectively. According to Figure
9.11(a), it is obvious that the voltage v4p rotated between zero and Vp¢ and rotated between
zero and —Vp¢ during positive and negative half cycles, respectively. This is well consistent
with the analysis made in the Section 9.2.2. In addition, the waveforms shown in Figure
9.11(b) were captured during the positive half cycle of the grid current and hence, the
voltage v4p is either zero or Vpc. In general, the experimental waveform of the v4p (see
9.11(b)) well matches with its theoretical waveform of the v4p (see Figure 9.5), which

verifies the effectiveness of the modulation strategy.

9.7.1.3 The CM current i), and the current /

A 0.47 uF capacitor is connected between the DC ground and the earth to mimic the para-
sitic capacitor. In this case, the current flowing through this capacitor is the CM current
icy- The current icy; was measured in experiments and the corresponding waveform is
shown in Figure 9.12. It is clear that the icy, is indeed zero, which is consistent to the
theoretical analysis made before.

The spectrum of the current / was measured with and without the repetitive current
controller for the neutral leg to demonstrate the performance of reducing second-order
ripples in the current /. The corresponding results are shown in Figure 9.13(a) and Figure
9.13(b), respectively. Note that a 2.9 kHz filter is applied to clearly show low-frequency
components in the / and the V.. Obviously, the second-order (100 Hz) component in the
current was diverted from the current / when the repetitive controller was activated, which

leads to significantly-reduced ripples in the voltage V...

9.7.1.4 Comparison of the Inductor Current

As shown in Figure 9.14, the current flowing through the inductor L in the 0-converter was
measured. It can be found that the maximum value of the inductor current is ij g, = 5.1
A. As shown in Figure 9.13(b)), the maximum value of the current 7 is if;;qc = 1.42 A.

Note that the same system parameters used for the proposed converter are applied to the
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Figure 9.11: The voltage v4p and the grid current i, when Vi =200 V and V}, ... = 600

V: (a) during a few fundamental-frequency cycles; (b) during a few switching-frequency
cycles.
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Figure 9.12: Measured CM current icyy.
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Figure 9.13: Comparison of (a) without and (b) with the repetitive current controller for the
neutral leg.
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Figure 9.14: Measured current flowing through the inductor L in the 8-converter.
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Figure 9.15: System start-up (V =200 V and V};,,,. = 600 V).

O-converter for a fair comparison. According to (9.4), the theoretical ratio between the
two maximum values is ’L"’”‘” =1+ 2V+ =1+ %foz\(? ~ 3.57. The ratio in experiments is

% ~ 3.59, which well matches with 1ts theoretical value.

9.7.2 Transient Response

9.7.2.1 System start-up

In order to demonstrate the transient response of the proposed converter, the waveforms
when the system was started were captured as shown in Figure 9.15. Note that the system
was initially run as a uncontrolled diode bridge and the grid current was seriously distorted.
After the system was started, the output voltage V., was quickly maintained at its reference

and the whole process only took about 300 ms, which is about 15 fundamental cycles.

9.7.2.2 Change of the output voltage reference

As shown in Figure 9.16, the reference of the output voltage V. was stepped from 200 V to
300 V. It took about 240 ms for the voltage V. to be settled at 300 V. The whole process is
very smooth without spikes. Due to the increased system power, the ripples of the voltage
Vpe becomes larger and the grid current becomes higher as expected. On the other hand,
the ripples of the output voltage V., are always kept to be very low, which is important

because the load is connected across the V..
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Figure 9.16: Transient response when the reference of the output voltage V.. was stepped
from 200 V to 300 V.

9.8 Summary

A single-phase four-switch converter has been proposed in this chapter. The proposed con-
verter is developed on the basis of the 0-converter, which is proposed in Chapter 8. The
location of the neutral inductor in the 8-converter is changed to form the proposed con-
verter. Because of this change, the grid current does not flow through the neutral inductor
any more. In this case, the neutral-inductor current is reduced by at least three times and
the size of the inductor is accordingly reduced by at least about nine times. The other
functions of the 6-converter, e.g. control of the grid current, elimination of the CM current
and reduction of total capacitance, are well maintained. Only four active switches are used
to achieve all the aforementioned functions. Selection criteria for the capacitors and the
inductor have been discussed with the aim to minimise their usage and a design example
has been given for demonstration. The presented experimental results have demonstrated
that the proposed converter can indeed achieve the reduction of the inductor current while

well maintaining the other functions of the 6-converter.
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Chapter 10

DCM Ripple Eliminator to Reduce
Low-frequency Voltage Ripples and
Total Capacitance Required in DC

Systems

In this chapter, a discontinuous-current-mode (DCM) ripple eliminator, which is a bi-
directional buck-boost converter terminated with an auxiliary capacitor, is proposed to
replace bulky capacitors in general DC systems while the aforementioned chapters are fo-
cused on some specific topologies. The low-frequency voltage ripples on the terminals
(i.e., the DC bus) can be transferred to the auxiliary capacitor and the ripples on the aux-
iliary capacitor can vary in a wide range. Compared to the research in previous chapters,
the proposed ripple eliminator is more effective for general DC systems, although several
more power components are required.

For the proposed eliminator, the average voltage of the auxiliary capacitor can be con-
trolled either lower or higher than the DC-bus voltage, which offers a wide operational
range for the ripple eliminator and also the possibility of further reducing the auxiliary ca-
pacitance. Hence, the total capacitance required can be much smaller than the originally
needed. After proposing a control strategy to transfer the voltage ripples to the auxiliary
capacitor, three control strategies are proposed to regulate the auxiliary-capacitor voltage
to maintain proper operation. Intensive experimental results are presented to demonstrate

the performance.
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10.1 Introduction

Voltage ripples and current ripples are main problems in DC microgrids or DC bus in
renewable energy system and smart grid, which has drawn great attention from researchers
in recent years(Zhong and Hornik, 2013b; Keyhani et al., 2010). Numerous strategies have
been developed to counteract the ripples to obtain a smooth DC bus for backward-stage
loads and forward-stage sources (Zhang et al., 2014; Babaei and Seyed Mahmoodieh, 2014;
Ma et al., 2013). For backward-stage loads, stable DC input sources are desired to facilitate
the control of converters in DC/DC or DC/AC applications; for forward-stage sources, an
energy tank (e.g., bulky capacitors) is needed to absorb the ripple energy in the rectifier
outputs and, moreover, active power factor correction (PFC) should be added as well to
avoid the adverse impact of DC outputs on the AC grid. For AC systems and DC/AC
applications, the elimination of voltage or current harmonics has also been extensively
used to reduce the total harmonic distortion (THD) of AC voltages/currents (Keyhani et al.,
2010; Zhong, 2013a; Sreeraj et al., 2014; Dai et al., 2008).

For systems powered from batteries and fuel cells, large ripple currents and ripple
voltages could considerably reduce the lifetime of batteries and fuel cells (Li et al., 2011b;
Baek et al., 2013). Generally, current ripples should be less than 10% of the rated current for
batteries (Wen et al., 2012). For volume-critical and/or weight-critical applications, such
as electrical vehicles (Wen et al., 2012) and aircraft power systems (Wang et al., 2011), the
volume and weight of large capacitors could cause a serious problem. Another problem is
the limited lifetime of large electrolytic capacitors so it is advantageous if small capacitors
can be used to achieve low voltage ripples. Actually, electrolytic capacitors are also well
known as sources of reliability issues. Therefore, active control strategies to reduce voltage
and current ripples have received a lot of attention in recent years, aiming to improve the
reliability of the whole system and reduce system volume, weight and cost (Li et al., 2006;
Du et al., 2012; Lenwari et al., 2006; Chen and Hui, 2012; Dai et al., 2005).

In principle, voltage ripples on a DC bus mainly stem from the ripple current flowing
through the DC bus, which leads to the so-called ripple power. Accordingly, if the ripple
power is counteracted by an energy storage system or a buffer then there are no large
voltage ripples in the system (Picard). From this viewpoint, three solutions with different

circuit topologies (boost/buck, flyback/buck and multimode buck/boost) were proposed
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and compared for a high-voltage energy storage system to minimize the size of the DC-bus
capacitor in (Picard). Moreover, the flyback/buck topology, with three power switches, one
inductor and one capacitor, was selected as the best choice due to its excellent trade-off
between the small size and the acceptable complexity and costs.

Recently, a buck/boost bi-directional converter terminated with a capacitor was adopted
to achieve the reduction of the DC-bus capacitor and to implement a high power density
single-phase PWM rectifier in (Wang et al., 2011; Chao et al., 2009; Li et al., 2011a).
The system is operated in the buck mode to absorb energy from the DC bus and in the
boost mode to inject energy back to the DC bus. The inductor current is regulated with
average-current control in the discontinuous current mode (DCM) and the auxiliary capa-
citor voltage is less than the DC-bus voltage. Through the energy absorbing and injecting
processes, the DC-bus ripple power/energy can be diverted actively to the capacitor. The
performance of the system is very good and it is particularly suitable for aircraft applica-
tions where no voltage higher than the DC-bus voltage is allowed.

A voltage bus conditioner, with two power switches, one inductor and one capacitor,
was proposed in (Kim et al., 2009; Chang et al., 2011; Mollov, 2011) to mitigate the bus
voltage transients for distributed power systems with large impulsive backward-stage loads
and simulation results were presented to validate the strategy. There, detailed analysis was
carried out with an averaged small-signal model, based on which the corresponding control
law was developed. The main control principle was to maintain the current through the
DC-bus capacitor to be zero, which can result in a ripple-free DC-bus voltage. Two con-
trol strategies, a PI controller and a sliding mode controller, were designed and compared
to mitigate DC-bus voltage transients caused by multiple parallel loads. In this chapter,
the same topology, called a ripple eliminator, is adopted to absorb/inject the ripple energy
introduced by the input source to reduce the DC-bus voltage ripples. It is in principle a
buck-boost converter terminated with an auxiliary capacitor, of which the voltage can be
controlled to be lower or higher than the DC-bus voltage. This widens the operational
range, e.g. to meet the requirement of heavily-loaded applications, and offers the possibil-
ity of further reducing the auxiliary capacitance. As a result, the total capacitance needed is
reduced. A controller is proposed to divert the ripple power on the DC bus to the auxiliary

capacitor after analysing the operational principle of the circuit. In order for the energy

251



transfer to be achieved properly, the average voltage of the auxiliary capacitor needs to be
regulated at a certain level. This can be achieved via controlling the average voltage, the
voltage ripple ratio or the minimum voltage of the auxiliary capacitor, at a given value. All
these three control strategies are developed and verified with experimental results. With
comparison to (Kim et al., 2009; Chang et al., 2011; Mollov, 2011), the main contributions
of this chapter include 1) carrying out detailed analysis of the operational modes, which
has led to the explicit calculation of PWM duty cycles for the switches and simplified cur-
rent controller; 2) providing guidelines for selecting the major components; 3) proposing
three methods to regulate the auxiliary-capacitor voltage with unique characteristics and
advantages, which widens the ripple eliminator for different applications; 4) carrying out
extensive experiments to demonstrate the excellent performance of the ripple eliminator
and to verify the relationship between the ripple voltage and average voltage on the auxili-
ary capacitor as well as the proposed control strategies. It is shown that the three methods
are good for different applications but the most appropriate method is to regulate the min-
imum voltage of the auxiliary capacitor. Note that the cost analysis is not carried out and
will be reported in the future after proper prototypes are built. Nevertheless, according to
(Wang et al., 2011), the efficiency drop after replacing electrolytic capacitors with active
controlled ripple eliminators is not significant but the power density could be significantly
increased. The most important thing is that this reduces the usage of electrolytic capacitors
and enhances system reliability.

The rest of the chapter is organised as follows. Various aspects of the ripple eliminator,
including the topology, its operation, control and design, are detailed in Section 10.2. Then,
extensive experimental results are presented in Section 10.3 with the summary made in

Section 10.4.

i i 1 ’.|.
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Fig. 10.1: Sketch view of a single-phase PWM rectifier.
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10.2 The Ripple Eliminator under Study

There are different settings to investigate the ripples in DC microgrids or DC systems. In
this chapter, a typical single-phase PWM-controlled rectifier, as shown in Fig. 10.1, is taken
as an example to facilitate the presentation. Because the input current of such a rectifier
is controlled to be sinusoidal and often in phase with the input voltage, the instantaneous
power taken at the AC side is pulsating but the power consumed by the load at the DC
side is often a constant (ideally). The difference of the two is called the ripple power. If
there are capacitors on the DC bus, then the ripple power should be taken by the capacitors,
which leads to voltage ripples on the DC bus because the capacitance cannot be infinite. In
order to analyse the voltage ripples of the DC bus, the net change of the energy stored in
the DC-bus capacitor over a charging period (i.e. a quarter cycle of the supply), called the

ripple energy, can be calculated as demonstrated in (Wang et al., 2011) as

0 OLP? sin @ 2
\/PO + [V_Yzcos2¢ — 5 (cosq))}
E, = p , (10.1)

where ¢ is the phase difference between the voltage and the current of the AC supply, P, is
output power of the rectifier, E, is Ripple energy, L is the input inductor at the AC side and
Vs and I are peak values of the grid voltage and grid current, respectively. When the input

current is in phase with the voltage, ¢ = 0. In this case, the ripple energy is

E, = I—as) V2 + (wLI)?. (10.2)
When E, is high, the DC-bus capacitor needed can be very large in order to maintain the
ripples below a certain level.

In recent years, there have been a lot of interests in diverting the ripple power away from
the DC bus into another energy storage device or a buffer, as mentioned before. Because
the voltage of the buffer is allowed to vary in a much wider range without affecting the
proper operation of the system, the capacitance needed can be considerably reduced. Such
a strategy, called a ripple eliminator, is studied in this chapter.

Although the PWM-controlled rectifier is taken as an example in this chapter to facilit-

ate the presentation, the strategy studied can be applied to other DC systems, e.g. inverters
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powered by fuel cells or batteries and other DC systems that are interfaced with an AC
source/sink, without changing the topology. The only change that may be needed is the
way of detecting the ripple current flowing through the DC bus.

10.2.1 Topology

The proposed ripple eliminator to divert the ripple power away from the DC bus into an-
other energy storage device is shown in Fig. 10.2. It is in principle a buck-boost converter
terminated with an auxiliary capacitor C,, which is operated as the energy-storage device
or the buffer for the ripple power. The inductor L, is operated as an energy-transferring

device between the DC bus and the auxiliary capacitor.

DC-Bus
i . ]

Fig. 10.2: The ripple eliminator under study.

In order to eliminate the voltage ripples on the DC bus, all the ripple power should
be diverted to the auxiliary capacitor C,. In other words, the current / needs to be main-
tained purely constant and the ripple current i, in the DC-bus current i should flow or be
diverted through the ripple eliminator. Because i, is an AC current, diverting i, through
the ripple eliminator involves two operating modes: charging and discharging the auxiliary
capacitor C,. The inductor current should be controlled in the average-current mode so
that the current i, is at the right value. The ripple eliminator is operated in the Discontinu-
ous Conduction Mode (DCM) in this chapter because the duty cycle of PWM for power
switches in this case can be calculated directly as demonstrated below and there is no need
to measure the inductor current for control purposes, which saves one current sensor and
simplifies the controller design.

Since this ripple eliminator is a buck-boost converter in both the charging mode and the
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discharging mode, the voltage across C, can be lower or higher than the DC-bus voltage.
When it is controlled to be higher than the DC-bus voltage, it offers the possibility of further
reducing the capacitance C, because the energy stored in the capacitor is %Ca\/azo and the

ripple energy corresponding to the voltage ripple AV, is

1 1 1 1
—Cy (Voo + =AV,))? — =Cy (Vo — =AV,))?
= C,V0AV, (10.3)

where V,, V,0 and AV, are the voltage, its DC component and its peak-peak ripple across
the capacitor C,, respectively. For a given required ripple energy, e.g. E,, the larger the Vo
the smaller the C,; the larger the voltage ripple AV, the smaller the C,. When V, is fixed,
then C, is in inverse proportion to AV,. Hence, this ripple eliminator allows the auxiliary
capacitance C, or the voltage ripple AV, on C, to be reduced considerably via increasing
the voltage V,9. Once the ripple energy is diverted to C,, the DC-bus capacitor is only
needed to deal with the ripples caused by the high-frequency switching. As a result, both C
and C, can be made small so that it is possible to use film capacitors instead of electrolytic
capacitors, which significantly enhances the reliability of the system (Chen and Hui, 2012).
Moreover, because of the high switching frequency for Q; and @, the inductor L, can be
made very small as well. Hence, the ripple eliminator can be made very small and of high
power density. Note that the ripple eliminator can be sealed in one package so that the
high-voltage part of the circuit is not accessible.

Without looking closely, the topology seems very similar to the one studied in (Wang
etal., 2011). However, it is different because 1) the topology studied in (Wang et al., 2011)
is operated as a buck converter in the charging mode and as a boost converter in the dis-
charging mode; 2) the voltage across the auxiliary capacitor in (Wang et al., 2011) has
to be lower than the DC-bus voltage and it is impossible to further reduce the auxiliary
capacitor C, by increasing the voltage level of the auxiliary capacitor. The strategy pro-
posed in this chapter is able to halve the DC-bus voltage ripples with the same hardware,

as demonstrated by the experimental results later.
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10.2.2 Operation in the Charging Mode

When i, is positive, the ripple eliminator works in the charging mode and transfers the
ripple energy from the DC bus to C, via L,. In this mode, Q> is always OFF and Q;
is driven by a PWM signal with the diode D, freewheeling the inductor current to the
capacitor.

When Q; is ON with a duty cycle of D, = %, the inductor current increases to withstand
the DC-bus voltage Vpc and its rising rate is

Vbe
L,

K. = (10.4)

where D, is the duty cycle in the charging mode, 7 and 73 are rising period and falling
period of the inductor current in a switching cycle, respectively.

When Qg is OFF, the inductor current decreases to withstand the auxiliary-capacitor
voltage and the falling rate is

Va
Ko=——. 10.
2= (10.5)

The typical current waveforms when V, < Vpc and V, > Vpc are shown in Fig. 10.3(a)
and (b), where Vpc is the DC-bus voltage. They are in the same shape but with different
falling rates. The inductor absorbs energy from the DC bus when being energized during
the rising-period 77 of the inductor current so the ripple current is diverted from the DC bus
only during 77 (the hatched area in Fig. 10.3(a) and (b)). Its average over a switching cycle

should be equal to the reference ripple current i;. Hence, the duty cycle D, for Q; can then

D= | 2rfita. (10.6)
Ve

according to Vpc and the reference ripple current i; (the positive part). Moreover, the

be obtained as

current falling time can also be found as

Dc TrKcl

A2
SALS (10.7)
frVa . .

L =
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10.2.3 Operation in the Discharging Mode

When i, is negative, the ripple eliminator works in the discharging mode and transfers the
stored ripple energy from C, to the DC bus via L,. In this mode, Q; is always OFF and O,
is driven by a PWM signal to discharge the auxiliary capacitor. The inductor freewheeling

current flows through the diode D; when Q, is OFF.

(©) (d)

Fig. 10.3: Typical current waveform of the inductor: (a) V, < Vpc in the charging mode.
(b) V; > Vpc in the charging mode. (¢) V, < Vpc in the discharging mode. (d) V, > Vp¢ in
the discharging mode.

When @; is ON with a duty cycle of D; = %, the inductor current increases to withstand

the auxiliary-capacitor voltage and its rising rate is

Va
K =——. 10.8
d1 L (10.8)

When Q5 is OFF, the inductor current decreases to withstand the DC-bus voltage and the
current is diverted to the DC bus to compensate the ripple current. The falling rate of the

inductor current is

Kp = . 10.
2= (10.9)

The typical current waveforms when V, < Vpc and V,, > Vpc are shown in Fig. 10.3(c) and
(d), with differences in the rising rates. The reference ripple current iy should be equal to

the average of the current diverted to the DC bus during the falling-period 75 of the inductor
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current (the hatched area in Fig. 10.3(c) and (d)) over a switching cycle. Hence,

1
—i*T, = 5Kdsz. (10.10)

Since the peak inductor current satisfies
—KiTh =KpTh, (10.11)

therefore, the duty cycle Dy is

NETT Ay
py = Y 2r/rLaVie (10.12)

= V. ,

which can be obtained according to Vp¢, V, and the reference ripple current iy (the negative
part). Note that Dy is affected by V,, but D, is not.

10.2.4 Design and Parameter Selection

In order to ensure that the inductor is operated in the DCM, the inductor should release all

its stored energy in each switching cycle. Hence,

T +T, <T. (10.13)
That is
Vi
D.T.(1+25)<T, (10.14)
Va
for the charging mode and
V,
D T, (1+ ) <T, (10.15)
Ve

for the discharging mode. These should be satisfied when the ripple current reaches the

rated maximum ripple current /,,,,. These two conditions actually become the same as

21rmf rLa VDC 2
1 <1 10.16
which is equivalent to
L V2
< 4 . (10.17)

Vpc — 2Irmfr (Va + VDC)Z

258



Moreover, the inductor peak current should be maintained below the maximum peak

current Iy, of the inductor. That is,

Vi
D=2 <1, (10.18)
L,
for the charging mode and
V,
DdT,L—a <I (10.19)

a

for the discharging mode. These should be satisfied when the ripple current reaches the
rated maximum ripple current /,,, and the inductor current reaches the maximum peak

current Iy ,. In this case, these two conditions become the same as

21’;” < Lo (10.20)
ft, — Vo
Combining it with (10.17), there is
2
21’;" < Lo o Va 5 (10.21)
frILp Vpe 21rmfr (Va + VDC)
This can be re-written as
2
2(”—’" 2  Imfrka < Va (10.22)

I, = Vpe 2 (Va + Vl)c)z ’

where /., fL, reflects the voltage dropped on L, caused by I, at the switching frequency
fr- This relationship is shown in Fig. 10.4 and can be adopted to determine L,. It is
clear that L, can be reduced via increasing f,. Moreover, when I,,, is increased, L, can
be reduced. These are all consistent with normal principles. The selection range for L,
increases when the voltage of the auxiliary capacitor is increased and/or the ratio %—n’z is
increased. The extreme case is

1
O < Irmera < EVDC, (10.23)

which can be used to approximately choose L, after determining Vpc, I, and f;,.
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If the condition (10.21) holds, then

2
21”;” < Va 5 (10.24)
fVILp ermfr (Va + VDC)

That is,
V., 2L,

VDC - ILp - 2Irm .

(10.25)

This relationship is shown in Fig. 10.5. It describes the required minimum voltage of
the auxiliary capacitor to guarantee the normal DCM operation for a given ratio of the
inductor peak current to the maximum ripple current /,,,,. It can be seen that, for a given
ripple energy value, increasing the voltage of the auxiliary capacitor does not only further
reduces the auxiliary capacitor but also helps reduce the current rating of the inductor.
Note that V,, > Vpc if I, < 41,,. In other words, if 11, is chosen smaller than 41,,, then
the auxiliary-capacitor voltage should be higher than Vpc. It is worth noting that although
the auxiliary-capacitor voltage used in (10.25) is V, instead of V,, it is quite accurate to
treat V,, as V,o because the maximum ripple current appears around the point when the
auxiliary-capacitor voltage crosses the average value V,o, assuming that the losses in the

ripple eliminator is small.

10.2.5 Control of the Ripple Current

For single-phase applications, e.g. the one shown in Fig. 10.1, the ripple power on the DC
bus is dominated by a second-order harmonic component. In order to minimize the ripple
energy in the DC bus, the ripple eliminator should draw all the ripple current i, in i. After
measuring the DC-bus current before the connecting point of the DC bus and the ripple
eliminator, the second-order harmonic component can be obtained via passing the current

i through the resonant filter (Zhong et al., 2011; Lenwari et al., 2006)

B 2Ehws
2+ 2Ehos+ (ho)*’

KR(s) (10.26)

where h =2 and f and @ are frequency and angular frequency of the AC supply, respect-
ively. In order to cope with frequency variations, & can be chosen as 0.01 ~ 0.02. Once

the ripple current is obtained, the duty cycles in the charging mode and in the discharging
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Fig. 10.5: DCM operation region characterized by V‘glc and ;f—n’z

mode can be calculated from (10.6) and (10.12) to generate the gate signals gp1 and ggo,
respectively. The resulting control strategy is shown in Fig. 10.6, with the injection of an
additional DC bias current /;; that is needed to establish and maintain a stable auxiliary-
capacitor voltage, which is to be discussed in the next subsection. If the ripple current is
not dominated by a second-order harmonic component, then Kz(s) needs to be changed

accordingly.

10.2.6 Control of the Auxiliary-capacitor Voltage

Since the voltage ripples on the DC bus are transferred to the auxiliary capacitor, there are

significant ripples in the voltage V,. Its DC component V,g can be obtained after passing
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Fig. 10.6: Control strategy for the ripple eliminator.

the voltage V,, through the hold filter

1—e "/

H(S):T/Z’

(10.27)

because the fundamental frequency of the ripple is twice of the AC supply frequency T = }
In order to maintain the auxiliary-capacitor voltage, three control methods are proposed in

this chapter to meet different requirements.

Fig. 10.7: Regulation of the auxiliary-capacitor voltage to generate ;. (a) Method A: To
maintain a given average voltage V. (b) Method B: to maintain a given ripple ratio R;. (c)

Method C: To maintain a given minimum voltage V;, . .
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10.2.6.1 Method A: To maintain V, at a given value V

This is the most straightforward requirement and can be easily achieved with a PI control-
ler, after comparing the DC component Vo with the given value V3. As a result, the PI
controller generates the required DC bias current [, to charge the auxiliary capacitor. The
resulting controller is shown in Fig. 10.7(a). The input of the PI controller is the difference
of the auxiliary-capacitor voltage from the given value V; and the output is the additional
current I to be injected to the ripple eliminator, i.e. the DC offset of the reference ripple
current ix. The tuning of the PI controller can be started with a proportional gain Kp to

achieve the expected time constant 7. of the loop from I to V};, which is approximately

The integral gain can then be chosen initially to be the same as K,,. If needed, some fine
tuning through trial-and-error can be carried out. In practice, a small 7, may lead to a large
charging current that might trigger the current protection.

If the ripple energy increases, then the voltage ripple AV, on the auxiliary capacitor
would increase as well according to (10.3). This would cause the minimum voltage Vi, to
decrease accordingly. When V,,,i, decreases below a certain level, the ripple energy could
not be compensated sufficiently. Therefore, the given average voltage V3, should be chosen
high enough to cope with the variation of ripple energy on the DC bus. An indicative value
for Vi can be obtained from (10.25) as %VDC; see the experimental verification in
Subsection 10.3.2. This is often not an issue because the idea of ripple eliminators is to

increase V, as much as practically possible.

10.2.6.2 Method B: To maintain a given ripple ratio R} for V,

As illustrated in (Zhao et al., 2013; Lee et al., 2007; Venet et al., 1999), increased voltage
ripples lead to increased capacitor currents, which accelerates the ageing process of the
capacitor. Hence, for applications with high voltage ripples, it is better to maintain the
voltage ripple ratio within a certain range so that the capacitor current is limited. This is
beneficial to extend the life cycle of the auxiliary capacitor.

The ripple ratio R, of V, is the ratio of the ripple amplitude AV, (peak-peak) to the
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average voltage V,, i.e.,
AV,

R, =
Y VZO

x 100%. (10.28)

In order to improve the performance under different loading conditions, the ripple ratio of
V, can be maintained so that the average voltage V,o can be automatically regulated when
the load changes. This can be achieved with the strategy shown in Fig. 10.7(b), where the
resonant filter (10.26) is adopted to pick up the voltage ripples in V, so that the peak-peak
value can be obtained as AV,. Because of the scaling factor from the voltage V, to the ripple
ratio R}, the parameters of the PI controller can be obtained by scaling the parameters of
the PI controller used in Method A by %9 as the starting point of the tuning process. Since
the order of the system is low, the range of the parameters is very wide, which makes it
very easy to tune the parameters.

Substituting (10.28) into (10.3), the corresponding ripple energy the auxiliary capacitor
handles is RvCaVaZO. For a desiredV,, the ripple ratio increases with the ripple energy.
Hence, Method B is good for systems with high ripple energy and Method A is good for

systems with low ripple energy.

10.2.6.3 Method C: To maintain a given minimum voltage V> . for V,

amin

As discussed above, in order to maintain the normal operation of the ripple eliminator in
the DCM, the voltage of the auxiliary capacitor should be controlled to be higher than a
certain value. It is then natural to regulate V, so that it is higher than a minimum voltage

V*

amin®

This can be achieved with the strategy shown in Fig. 10.7(c), where the ripple ratio

R} in Method B is automatically adjusted according to the operational condition as

v .
R =2(1 — Zamin) (10.29)
VZO

By doing this, the voltage stress of the auxiliary capacitor can be kept at the minimum
while maintaining good performance under different load conditions. The parameters of
the PI controller can be chosen the same as the ones for Method B because the only change
is to set the reference R} as a specific value given in (10.29).

The difference from Method B is that the minimum voltage is kept constant and the

ripple ratio changes here when the load changes but with Method B the ripple ratio is
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Fig. 10.8: Overall control schematic of the test rig.

Table 10.1: Parameters of the experimental system

Parameters Values
Supply voltage (RMS) 230V
Supply frequency f 50 Hz
Switching frequency of the PWM-controlled rectifier 10 kHz
Switching frequency of the ripple eliminator f, 18 kHz
AC-side inductor L 2.2mH
DC-bus capacitance C 110 uF
DC-bus voltage Vpc 400 V
Rectifier load (resistor R,) 170 Q
Auxiliary inductance L, 0.55 mH
Auxiliary capacitance C, 165 uF

kept constant and the minimum voltage changes. In other words, Method C actually keeps
the minimum voltage stress on the auxiliary capacitor without affecting the current track-
ing performance. In addition, maintaining the minimum voltage can reduce the operating
voltage of the capacitor. Therefore, the voltage rating of the capacitor needed in the ripple
eliminator can be reduced accordingly. In summary, Method C is the most appropriate one

among the three methods.
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Fig. 10.9: Experimental results of the PWM-controlled rectifier.
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Fig. 10.10: Steady-state experimental results of the buck/boost strategy in (Wang et al.,

2011): (a) Vi, =200 V. (b) V5, = 250 V. (c) V.5, = 300 V.

10.3 Experimental Results

In order to verify the proposed strategy, some experiments were carried out with a 1 kW
prototype. The test rig consists of a single-phase PWM-controlled rectifier and the ripple

eliminator, as shown in Fig. 10.8. The rectifier and the ripple eliminator were controlled
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separately using two TT TMS320F28335 without any communication. The parameters of
the system are listed in Table 10.1. In order to demonstrate the effectiveness of the ripple
eliminator later, experiments were carried out on the test rig without the ripple eliminator
at first. The results are shown in Fig. 10.9. The input current is in phase with the input

voltage but the voltage ripple on the DC-bus is 78 V.

10.3.1 Performance of the Strategy in (Wang et al., 2011)

In order to demonstrate the performance of the ripple eliminator, the experimental system
was re-configured according to the topology and the control strategy proposed in (Wang
et al., 2011). The results when the auxiliary-capacitor voltage was maintained at 200 V,
250 V and 300 V are shown in Fig. 10.10. The DC-bus voltage ripples were reduced from
the original 78 V to 19 V when the auxiliary-capacitor voltage was controlled at 200 V.
However, the voltage ripple increased to 23 V when the auxiliary-capacitor voltage was
controlled at 250 V because the positive part of the ripple current was not well diverted to
the auxiliary capacitor, as can be seen from the positive part of the current iz (highlighted in
the figure with dashed ovals) because the auxiliary-capacitor voltage cannot be higher than
a certain value in the charging mode. When the auxiliary-capacitor voltage was controlled
at 300 V, the performance was deteriorated further and the ripple voltage increased to 32 V

and the positive part of the ripple current was not diverted well at all.

10.3.2 Performance of the Eliminator Controlled with Method A

The ripple eliminator was tested with Method A to maintain a given Vj, (V; = 600 V),
where the PI controller was easily tuned as Kp = 0.01 and K; = 0.02. The results are
shown in Fig. 10.11 (a). Moreover, the voltage V,o was also controlled to 400 V (the
same as Vpc) and 300 V (lower than Vpc), respectively. The DC-bus voltage ripples are all
reduced to 9~10 V. What is more important is that the higher the V,o the smaller the ripple
on C,, with the lowest of 33 V for V,o = 600 V, which means the capacitance of C, can
be further reduced as well. Since the voltage of the auxiliary capacitor can be regulated
flexibly in a wide range, in particular, without an upper limit, the ripple eliminator can be
packed as a module and installed on different DC microgrids at different voltage levels,

which facilitates the manufacture of ripple eliminators.
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Fig. 10.11: Experimental results of the ripple eliminator with different methods(steady-
state): (a) Method A to maintain V;; = 600 V. (b) Method B to maintain a fixed ripple ratio
R} =10%. (c) Method C to maintain a given minimum voltage V) . = 300 V.
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Fig. 10.12: Experimental verification of the required minimum auxiliary-capacitor voltage:
() Vi, =280 V. (b) V') = 260 V. (c) V', = 250 V.
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Fig. 10.13: Expanded negative parts of current iz: (a) V., =280 V. (b) V; =250 V.

In order to demonstrate the lower-limit requirement on the auxiliary-capacitor voltage,
the ripple eliminator was tested with Vj; = 250 V, 260 V and 280 V, respectively, and the
results are shown in Fig. 10.12. When V, = 250 V, the negative part of the current iy,
(highlighted in the figure with dashed ovals) does not closely follow the shape of the ripple
current to be compensated, of which the major component is a second-order harmonics, so
the ripple current was not diverted well to the ripple eliminator. This can be easily seen
when comparing the figures with those in Fig. 10.11 and also from the expanded negative
parts of current iz, for Vj; = 250 V and 280 V shown in Fig. 10.13, which are re-drawn
from the oscilloscope data recorded. The performance became better when the auxiliary-
capacitor voltage was increased. When the ripple current was diverted well to the ripple
eliminator, the ripple current and the peak inductor current were measured approximately to
be I,,, =7 Aand I, = 35A. According to (10.25), the minimum auxiliary-capacitor voltage

required is 267 V. When V; = 260 V, the ripple current was still not diverted well (although
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only slightly), as highlighted in the figure, but when V}; = 280 V, the ripple current was
diverted well. It can be seen from the waveforms that indeed the ripple (inductor) current
reaches the maximum value around the point when V,, crosses the average value Vo and it is
very accurate to replace V, in (10.25) with V, to calculate the minimum auxiliary-capacitor

voltage required.

10.3.3 Performance of the Ripple Eliminator Controlled with Method
B

The ripple eliminator was tested with Method B to maintain a given ripple ratio R}, where
the PI controller was easily tuned with trial-and-error to be Kp = 0.1 and K; = 0.1. The
results are shown in Fig. 10.11 (b) for R} = 10%. In addition, the ripple ratio R, was
also controlled to be 4% and 20%, respectively. Due to the limited pages, not all results
are given here. Since the ripple ratio of R} = 4% is very tight, V, has to be high and
it increased to about 710 V. It went down to 465 V and 328 V for R} = 10% and 20%,
respectively. The DC-bus voltage ripples were all kept at 9 V and the voltage ripple ratio

was also regulated accurately.

10.3.4 Performance of the Ripple Eliminator Controlled with Method
C

The ripple eliminator was tested with Method C to maintain a given minimum auxiliary-

capacitor voltage V7 . .

where the PI controller used in Method B with Kp = 0.1 and K; =
0.1 was used. The results are shown in Fig. 10.11 (c) for V; . = 300 V. Moreover, the
minimum auxiliary-capacitor voltage Vi, was also controlled to be 400 V and 500 V,
respectively. Due to the page limit , the results were omitted. The DC-bus voltage ripples
were kept at 9 V or 10 V and the minimum voltage for V,, was also regulated accurately.

The corresponding voltage ripples on C, was changed to 48 V and 38 V, respectively.
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10.3.5 Summary of Steady-state Performance with the Three Control
Methods

From (10.3), it can be seen that, for the same ripple energy, the ripple voltage on the auxil-
iary capacitor is determined by the average voltage. This does not change with the control
method adopted. Fig. 10.14 shows the experimental result with Method B for the given
ripple ratio R}, = 20%. The ripple voltage is 64V and the average voltage is 328V. This is
very close to the case shown in Fig. 10.11(c), where Method C was adopted with the given
minimum voltage 300V, ripple voltage 60V and average voltage of about 330V.

+ Voc: [50 V/div]

i: [8.33 A/div]

Fig. 10.14: Experimental results of the ripple eliminator with Method B to maintain a given
ripple ratio R}, = 20%.

In order to illustrate the relationship between the ripple voltage and average voltage on
the auxiliary capacitor more clearly, the steady-state performance of the ripple eliminator
under different cases tested with the three different methods is summarised in Table 10.2
and the voltage ripples on the DC bus and on the auxiliary capacitor are shown in Fig.
10.15. The DC-bus voltage ripples AVpc were maintained to be 9~10 V over a wide range
of V0. When Vo dropped to below the minimum required voltage, the DC-bus voltage
ripples increased. The voltage ripples AV, on the auxiliary capacitor dropped when the
voltage V,o increased. The condition V,0AV, = constant given in (10.3) is demonstrated
nicely when the ripple eliminator worked properly over a wide range of Vg as shown in
Fig. 10.15, where the experimental data fit well around the dashed line of %, although

different control methods were adopted. Here, the number 20290 was found via curve

273



Table 10.2: Summary of the steady-state performance

Variables Values
Average auxiliary-capacitor voltage V,g (V) 252 266 290 309 328 330 404 429 465 524 631 706
Ripple voltage on the auxiliary capacitor AV, (V) 80 80 76 65 64 60 52 48 43 38 33 27
Ripple voltage on the DC bus AVpc (V) 19 16 17 9 9 9 10 9 9 10 10 9

Method adopted A A A A B C A C B C A B
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Fig. 10.15: Voltage ripples on the DC bus (AVp¢) and the capacitor C, (AV,) over a wide
range of V.

It is worth noting that the performance of the proposed strategy is much better than the
one proposed in (Wang et al., 2011) when the auxiliary voltage is increased. However, if
the auxiliary voltage is controlled to be the same level, then the performance is similar be-
cause the condition V,0AV, = constant still holds. For example, when the average auxiliary
capacitor voltage is controlled to be 250V, the ripple voltage on the DC-bus is 19V for the
proposed strategy, according to Table 10.2, and it is 23V for the strategy proposed in (Wang
etal., 2011), according to Fig. 10.10(b).

10.3.6 Start-up and Stop of the Ripple Eliminator

When the system is initially started, the voltage V, is zero, which makes D, and I, very
large and, consequently, D, is very large as well. As a result, a large current is drawn from
the DC bus to charge the capacitor C,. In order to prevent triggering the current protection,
soft-start schemes can be adopted. Fig. 10.16(a) shows the soft-start performance of the
ripple eliminator controlled with Method A for Vj; = 400 V. The reference ripple current iy
was gradually linearly increased from 10% to 100% within the first 18 ms. Moreover, the
actual auxiliary-capacitor voltage Vo was replaced with 542000t V within the first 40 ms

(i.e., V,0 =5~ 85V). The ripple eliminator quickly reacted and reduced the DC-bus voltage
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Fig. 10.16: Start-up and stop of the ripple eliminator controlled with Method A (V) =
400V): (a) Start-up. (b) Stop.

ripple within 40 ms, resulting in very good dynamic performance. Of course, other soft-
start options, e.g., to add a saturation unit to limit the lowest output from H (s) or to regulate
the charging current, could be adopted. Fig. 10.16(b) shows the experimental results when
disabling the ripple eliminator. The DC-bus voltage ripple increased immediately.

Fig. 10.17 shows the start-up and stop of the ripple eliminator with Method B. A similar
soft-start method was also adopted to avoid triggering the current protection. In order to
demonstrate that the proposed strategy is not sensitive to the selection of the PI control
parameters, Kp = 160 and K; = 160 were used. The system was still stable although the

response was a bit slower.
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Fig. 10.17: Start-up and stop of the ripple eliminator controlled with Method B (R} = 10%):

(a) Start-up. (b) Stop.

10.4 Summary

In this chapter, a ripple eliminator has been adopted to reduce the voltage ripples on a DC
bus caused by the input source and, as a result, the conventionally needed large capacitance
on the DC bus can be reduced. The ripple eliminator is a buck-boost converter terminated
with an auxiliary capacitor and can transfer the voltage ripples on the DC bus to the aux-
iliary capacitor by diverting the ripple current on the DC bus to the ripple eliminator. The
operational principle of the ripple eliminator is analysed in detail and a control strategy is
proposed to achieve the function. The voltage on the auxiliary capacitor can be regulated

either lower or higher than the DC-bus voltage, which relaxes the constraints on the system
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design and also makes it possible to further reduce the auxiliary capacitance via increasing
the voltage of the auxiliary capacitor. Hence, the total capacitance needed can be signific-
antly reduced. In order to maintain proper operation, the average voltage of the auxiliary
capacitor needs to be maintained above a certain level and three different strategies are pro-
posed for this purpose to directly regulate the average voltage, the voltage ripple ratio or the
minimum voltage. Experimental results have been presented to demonstrate the proposed

strategy.
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Chapter 11

CCM Ripple Eliminator to Further
Reduce Low-frequency Voltage Ripples
and Total Capacitance Required in DC

Systems

In this chapter, a single-phase PWM-controlled rectifier is taken as an example to invest-
igate how active control strategies can improve the power quality of DC systems, reduce
voltage ripples and, at the same time, reduce the usage of electrolytic capacitors. The
concept of ripple eliminators proposed in the Chapter 10 is further developed and the ra-
tio of capacitance reduction is quantified. With such ripple eliminators, this power quality
problem is formulated as a control problem to actively divert the ripple current on the DC
bus. An advanced control strategy based on the repetitive control is proposed to one pos-
sible implementation of ripple eliminators in CCM. Experimental results are presented to
validate the strategy, with comparison to the DCM ripple eliminator proposed in Chapter
10. It is found that the proposed CCM ripple eliminator leads to nearly four times improve-

ment of performance than that of the DCM ripple eliminator.

11.1 Introduction

As discussed in Chapter 1, there are in total six approaches to reduce low-frequency voltage

ripples. Some of the approaches are only effective in some specific DC systems while
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the others are applicable to different kinds of DC systems. For example, the method of
injecting harmonics to mitigate pulsating power is specially designed for rectifier systems
(Wang et al., 2010; Gu et al., 2009). In DC systems, there might be different kinds of
widely-distributed sources and loads and hence, it is hard to apply this method to all sources
and/or loads. From this point of view, it becomes obvious that the last two approaches
are more effective to improve the power quality for general DC systems, although more
power components are required. Compared to the sixth approach, i.e. adding a series
eliminator, the fifth approach, i.e., adding a shunt eliminator, is more suitable for general
DC systems because it does not need to cut off any lines for connecting eliminators. Shunt
eliminators can be simply hooked onto the DC bus for the purpose of reducing voltage
ripples to improve power quality in DC systems.

The main focus of this chapter is to investigate how advanced control strategies could
improve the performance of the fifth approach for DC systems, rather than optimizing the
system performance through topological design. The fifth approach, i.e. bypassing the
ripple energy with a shunt circuit, called a ripple eliminator (Cao et al., 2015), is taken
as an example to further develop this general concept so that the ripples on the DC bus is
eliminated and the capacitance needed is reduced. The level of reduction of capacitance
is quantified. Moreover, it is found that the capability of diverting the ripple current away
from the DC bus is the key for improving the performance. Hence, it is important to adopt a
control strategy that is able to track periodic signals and the repetitive control strategy (Hara
et al., 1988; Hornik and Zhong, 2011a; Zhong and Hornik, 2013a) is then applied to achieve
instantaneous current tracking at a fixed switching frequency. Furthermore, it is preferred
to operating the ripple eliminator in the continuous current mode (CCM) rather than in the
discontinuous current mode (DCM) because the current tracking is instantaneous in CCM
but is in the average sense in DCM. Because the ripple current is diverted instantaneously
in CCM, the voltage ripples can be reduced considerably. The topology in (Wang et al.,
2012), where a flicker-free AC—DC LED driver with a flyback PFC converter was designed
and the strategy about how to remove the ripple power through tracking the ripple current
generated by the flyback converter was analysed, is taken as an example to demonstrate
the performance improvement by designing a suitable controller. This topology was also

investigated in (Kyritsis et al., 2007; 2008). It is a bidirectional buck-boost converter that
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is able to divert the ripple current instantaneously. The voltage of the auxiliary capacitor
is higher than the DC-bus voltage, which helps improve the current tracking performance
and reduce the required capacitance to achieve the same performance.

The rest of the chapter is organised as follows. In Section 11.2, a single-phase H-bridge
PWM rectifier is taken as an example to analyse the ripple energy and ripple voltage in a DC
system. In Section 11.3, the concept of ripple eliminators is further developed and the level
of reduction of capacitance is quantified. In Section 11.4, the operation principle of the
ripple eliminator under investigation is discussed and in Section 11.5 the control strategy
of the ripple eliminator is developed based on repetitive control. Experimental results with
comparison to a ripple eliminator reported in the literature are provided in Section 11.6,

with the summary made in Section 11.7.

11.2 Analysis of Ripple Energy and Ripple Voltage

In order to facilitate the analysis in this chapter, a single-phase H-bridge PWM-controlled
rectifier as shown in Figure 11.1 is used as an example, with all the components assumed
to be ideal to simplify the analysis in the sequel. Most of the findings can be easily applied
to other applications.

If the input current of the rectifier is regulated to be sinusoidal as i; = v/2I;sin(®t) and

in phase with the input voltage v, = v/2V, sin(®t), then the input power is
ps = vsis = Vi1 — VI cos(201), (11.1)

where V; and I are the RMS values of the input voltage and current, respectively, and ®
is the angular line frequency. Note that the power drawn from the AC source consists of a
constant VI and a second-order ripple component —V;I;cos(2mt).

In order to analyse the voltage ripples of the DC bus, the net change of the energy stored
in the DC-bus capacitor over a charging period (i.e. a quarter cycle of the supply), called

the ripple energy, can be calculated as (Wang et al., 2011)

E =23, (11.2)

As demonstrated in (Wang et al., 2011), the voltage ripple (peak-peak) on the DC-bus
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capacitor can be calculated as

E,
AV, ~ 11.3
DC Voo (11.3)

where Vpco 1s the average value of the voltage Vpc. It is clear that when increasing the
capacitor C the DC-bus voltage ripple is decreased but this increases the weight, volume
and cost of the system and decreases the reliability of the system, which should be avoided

if possible.

11.3 Ripple Eliminators and the Level of Capacitance Re-

duction

In order to break the deadlock between minimising the required capacitors and reducing
voltage ripples, another design degree of freedom, called the ripple eliminator (Cao et al.,

2015), can be introduced to replace the bulky DC-bus capacitor, as shown in Figure 11.2.
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The basic idea is to introduce an auxiliary capacitor C, in the ripple eliminator so that
the ripples on the DC bus can be transferred onto C,. The voltage V, across the auxiliary
capacitor C, is allowed to vary within a wide range with a large ripple /AV,. This concept
can be regarded as the general form of the strategies proposed in the literature, e.g. (Wang
etal., 2011; 2012).

Since the ripple eliminator is operated to divert the ripple energy on the DC bus to the
auxiliary capacitor, there is no need to use a large electrolytic capacitor on the DC bus and
the ripple power on the auxiliary capacitor should be equal to the DC-bus ripple power in

the ideal case. Applying (11.3) to the auxiliary capacitor, there is

E,
C, = 11.4
a AVaVaO Y ( )

where AV, and V, are the peak-peak and average voltages of the auxiliary capacitor. Note
that the ripple energy E, is determined by the DC bus and not affected by the added ripple
eliminator. Note also that the auxiliary capacitor is designed to allow large voltage ripples.

Assume the ripple voltage ratio of the auxiliary capacitor is

Tg = .

VaO

Then (11.4) can be re-written as

E,
C, = 5
raVy

(11.5)

It is clear that for the same ripple ratio r,, the capacitance is in inverse proportion to the
square of the voltage across it, which means the auxiliary capacitance can be significantly
reduced via increasing its operating voltage.

If the same ripple energy E, needs to be taken care of by a DC-bus capacitor C, as
shown in Figure 11.1, then, according to (11.3), the voltage ripple ratio r of the DC bus is

about
E,
rR———.
CVheo

This means the auxiliary capacitor needed can be reduced to

C,~

L Vbco

)*C
Fa Vao
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by a factor of

Ya, Vao 2 AViVao
R;=— =

- . (11.6)
r " Vpco AVpcVpco

The capacitance C, can be reduced by 1) allowing the voltage ripple ratio higher than that
of the original DC bus, 2) adopting an operating voltage V,o higher than Vpcq for C,. The
topology in (Wang et al., 2011) adopts a higher voltage ripple ratio and the strategy in (Cao
et al., 2015) adopts both.

Note that (11.6) is independent of applications. It sets the basic guidelines for designing
different ripple eliminators. Some other guidelines include: 1) a ripple eliminator needs to
be able to provide bi-directional current path so that the ripple current can flow through; 2)
the remaining level of ripples on the DC bus is determined by the performance of the ripple
eliminator so the ripple eliminator needs to be controlled properly; 3) The hold-up time
requirement (Wang et al., 2014), current stress and limited voltage rating of the capacitors
should be taken into account when choosing capacitors. If the maximum voltage of the
capacitor is determined, then increased capacitance means longer hold-up time and lower
current stress, which are preferred in some applications. As a result, there are several
trade-offs when selecting capacitors and they should be considered together for certain
applications. If all the ripple current in i is bypassed through the ripple eliminator then
the DC-bus capacitor C’ only needs to take care of the switching ripples and hence small

capacitors can be used.
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11.4 The Ripple Eliminator under Investigation

In this chapter, a practical implementation of the ripple eliminator concept to be studied
is shown in the dashed box of Figure 11.3, which is actually a bi-directional boost-buck
converter. It can also be regarded as one phase of an inverter with the DC bus provided
by the auxiliary capacitor C, so it is able to divert a bidirectional current i, away from
the DC bus. This topology was studied in (Wang et al., 2012), where a flicker-free LED
driver with a flyback PFC converter was designed and the strategy about how to remove
the ripple energy through tracking the ripple current generated by the flyback converter
was analysed in detail, and in (Kyritsis et al., 2007; 2008), where an active filter for single
stage grid-connected PV modules was developed to eliminate the low frequency PV current
ripple.

In order to track the ripple current, switches Q1 and Q> can be controlled in two different
switching modes. One is only to control O, (Q1, resp.) in the positive (negative, resp.) half
cycle of the ripple current, which corresponds to the charging (discharging) mode. In the
charging mode, Q5 is controlled by a PWM signal and Q; is always OFF, which provides
the path for the positive half cycle of the ripple current i,, and hence, the ripple eliminator
is operated as a boost converter. In the discharging mode, Q, is always OFF and Q; is
controlled by a PWM signal, which provides the path for the negative half cycle of the
ripple current i,, and the circuit is operated as a buck converter. Therefore, the direction of
the current flowing through the auxiliary inductor can only be negative or positive in one
switching period.

Another switching mode is to control the two switches complementarily. That means
switches Q; and Q; are controlled by two inverse PWM signals to track the ripple current
and the voltage across the auxiliary inductor can be Vpc and Vpc —V,, depending on the
ON-OFF combinations of these two switches. In one PWM period, if Q; is ON, Q; is
controlled by an inverse signal to keep OFF and vice versa. Different from the previous
operation mode, the inductor current can be positive or negative even during one switching
period. This is a very good feature because the current can be tracked very well no matter
at zero-crossing points or at large current ripple conditions. In the previous mode, the
sharp turn at the zero-crossing points causes rich harmonic content, which is hard for the

controller to track. Since the final control objective is to reduce DC-bus voltage ripples, it

285



does not matter if the auxiliary current ripple is slightly large because of the high switching
frequency. With the same system parameters, large ripple means a small inductor is needed,
which can reduce the size of the ripple eliminator. In this chapter, in order to make full
use of the ripple eliminator under different working conditions, Q; and Q, are operated

complementarily to track the ripple current.

11.5 Control of the Ripple Eliminator

11.5.1 Formulation of the Control Problem

As discussed before, the DC voltage ripple is caused by the pulsating input energy. After the
ripple eliminator is introduced to bypass the ripple current flowing through the capacitor,
the DC-bus voltage then becomes ripple free, apart from switching ripples, and equal to the

DC-bus voltage. Hence, the current to be diverted should be

Vil
i, = ———cos(2wt), (11.7)
DCO

which is a second-order harmonic current. Note that the current i, could be different for
other DC systems but it does not affect the analysis above. The control objective of the
ripple eliminator is then to instantaneously divert i, in (11.7) away from the DC bus through
the ripple eliminator so that the current flows through the load does not contain ripples other
than switching ripples. In other words, the control problem is to instantaneously track the
ripple current i, that corresponds to the ripple power via controlling Q and Q5.

Tracking the i, can be achieved in terms of either averaged values or instantaneous
values, which corresponds to the DCM or CCM operation of the ripple eliminator. Of
course, the current tracking performance in CCM is better than that in DCM. Hence, the
CCM operation is preferred. On the other hand, the inductor will have a relatively large size
in order to keep the ripple current continuous. This can be mitigated if the ripple eliminator
can be operated at high switching frequencies. For example, if MOSFETsS instead of IGBTs
are used to construct the eliminator, then the switching frequency can be very high, e.g., at
200 kHz, so that only a small inductor is needed. When it is operated in DCM, the inductor
can be smaller but the maximum current flowing through the switches is much higher in

DCM than that in CCM because of the average tracking. High current means high cost for
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switches.

In this chapter, the CCM operation is chosen because of its high performance for current
tracking. The ripple current tracking can be achieved in two steps: 1) to generate a reference
ripple current and 2) to track the reference ripple current. Moreover, in order to make sure
that the current tracking can be achieved properly, the voltage across the auxiliary capacitor
C, should be regulated as well. The proposed overall control strategy is shown in Figure

11.4, which is explained in detail in the following subsections.

11.5.2 Regulation of the Auxiliary Capacitor Voltage

The operation of the ripple eliminator relies on a properly regulated auxiliary capacitor
voltage, which is designed to allow a significant amount of ripples. In order to maintain
the average DC component at a certain value, a low-pass filter can be adopted to remove

ripples. Here, the hold filter
] — e 75/2

Ts/2

where 7 is the fundamental period of the system, is adopted to extract the average value

H(s) = (11.8)

of the voltage for control. Once the average voltage is obtained, it can be easily regulated
at a given value V° by using a PI controller, as shown in Figure 11.4, via charging or

discharging the ripple eliminator. It is also possible to design the controller to regulate the
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maximum or minimum value of the voltage, as reported in (Cao et al., 2015).

11.5.3 Generation of the Reference Ripple Current i

The second-order harmonic current of the current i between the rectifier and the ripple

eliminator can be extracted by using the following resonant filter

. Kh2§hws
52+ 2Ehos + (ho)*

KR(S)

tuned at the second harmonic frequency with & =0.01, A =2, and @ = 27 f. If the harmonic
current has components at other frequencies, then Kg(s) can be designed to include the
corresponding term. For example, if there is a 3rd-order harmonic current, then Kz(s) can
include a term with &2 = 3. The extracted current can be added to the output of the PI
controller that regulates the auxiliary capacitor voltage to form the reference ripple current

i, as shown in Figure 11.4.

11.5.4 Design of a Repetitive Controller to Track the Reference Ripple

Current

As explained before, the control problem is essentially a current tracking problem. Since
the reference ripple current is periodic, the repetitive control strategy (Zhong and Hornik,
2013b; Hornik and Zhong, 2011a) can be adopted to achieve excellent tracking perform-
ance with a fixed switching frequency, as shown in Figure 11.4.

A repetitive controller contains an internal model, which is a local positive feedback
loop involving a delay term and a low-pass filter, as shown in Figure 11.5. It introduces
high gains at the fundamental and all harmonic frequencies of interest and hence, it is able
to eliminate periodic errors (Hara et al., 1988), according to the internal model principle
(Francis and Wonham, 1975). From the controllers designed with advanced control al-
gorithms, e.g., the ones in (Hornik and Zhong, 2011a), the controllers that work with the
repetitive control strategy can be very simple. In this chapter, since the problem is a current
tracking problem, the proportional controller K, cascaded with the internal model obtained
in (Hornik and Zhong, 2011a; Zhong and Hornik, 2013b) with the H., control strategy, as

shown in Figure 11.5, is adopted. Here, i, = i¥ — i, is the current tracking error.
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Table 11.1: Parameters of the test rig

Parameters Values
Supply voltage (RMS) 230V
Line frequency 50 Hz
PWM frequency 10 kHz

L 2.2 mH

L, 2.2 mH

DC-bus capacitance C 110 uF
Auxiliary capacitance C, 165 uF
DC-bus voltage Vpc 400 V

Based on the analysis in (Hornik and Zhong, 2011a; Weiss and Hafele, 1999), 1, is
selected as
T 1

Td:§—51200099s

for w; = 10000 rad/sec and 7 = ]lc = 0.02 s. The proportional gain can be determined by
following the procedures of H., control design proposed in (Hornik and Zhong, 2011a;
Zhong and Hornik, 2013b) or simply by tuning with trial-and-error.

11.6 Experimental Results

In order to verify the proposed control method, a test rig that consists of a 1.1 kW single-
phase PWM-controlled rectifier and three kinds of ripple eliminators was built. The para-
meters of the PWM rectifier are summarized in Table 11.1. In this study, the ripple voltage
ratio is selected below 10% for all the auxiliary capacitor voltage references from 500 V
to 700 V. According to (11.5), C, should be around 160 uF and is chosen as C, = 165 uF.
Of course, this ratio could be greater than 10% in order to further decrease the capacit-
ance needed as long as the auxiliary capacitor voltage is higher than the DC-bus voltage to

ensure the normal operation of the ripple eliminator.

11.6.1 Control of the Single-phase PWM-controlled Rectifier

The PWM rectifier is adopted as an example for generating voltage/current ripples in a
DC system. It is controlled to draw a clean sinusoidal current from the source that is in

phase with the voltage source. This can be achieved with the controller shown in Fig-
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Figure 11.6: Controller for a single-phase PWM-controlled rectifier.

Repetitive
Controller

ure 11.6, which mainly consists of three parts: 1) a synchronisation unit to generate a
clean sinusoidal current signal that is in phase with the source so that the reactive power
drawn from the supply is controlled to be zero; 2) a PI controller that regulates the DC-bus
voltage Vpc according to the DC-bus reference voltage V- to generate the right amplitude
for the current reference; and 3) a current controller to track the reference current that is
formed according to the output of the PI controller and the synchronisation signal. Here,
the sinusoid-tracking algorithm (STA) (Ziarani and Konrad, 2004) is adopted to provide the
phase information sin @¢ for the input current, as shown in Figure 11.6. In order to obtain
the DC component of the DC-bus voltage, the hold filter (11.8) is adopted to remove the
voltage ripples. This is able to reduce the ripple component in the reference current, which
helps improve the power quality of the current drawn from the voltage source.

Since the reference current is periodic, the repetitive controller designed for the ripple

eliminator can also be adopted to track the reference current, as shown in Figure 11.6.

11.6.2 Validation

11.6.2.1 Without the ripple eliminator
Figure 11.7 shows the experimental results of the single-phase PWM-controlled rectifier
without the ripple eliminator. The input current was well regulated to be in phase with the

source voltage to achieve the unity power factor. However, the DC-bus voltage ripple is

about 90 V, which is often not acceptable in practice.
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Figure 11.7: Experimental results when the ripple eliminator was not activated: DC-bus
voltage Vpc, input voltage vy and input current ;.

11.6.2.2 With the ripple eliminator activated

Figure 11.8 shows the results with the ripple eliminator activated. In order to investigate
the effect of the auxiliary capacitor voltage on the reduction of the voltage ripple, different
auxiliary capacitor voltages at 500 V, 600 V and 700 V were tested. Generally, it can be
seen that the DC-bus voltage ripple was significantly reduced for all these three voltages.
The performance is improved when the auxiliary capacitor voltage is increased because the
inductor current tracking performance is improved when the auxiliary capacitor voltage
increases. The DC-bus voltage ripple is around 2.5 V when the auxiliary capacitor voltage
is 600 V and 700 V, which represents 36 times of improvement. Moreover, the voltage
ripple on the auxiliary capacitor decreased with the increase of its DC voltage. The corres-
ponding voltage ripples AVpc and AV, are shown in Figure 11.9. Based on the analysis in
Section 11.3, the product of AV, and V, should be a constant if the auxiliary capacitor is
not changed. Indeed, the product is equal to about 25000 for the three different voltages
500 V, 600 V or 700 V. Moreover, the current ripple of the auxiliary inductor shown in
Figure 11.8(b) crosses zero in most of PWM cycles.

The high-frequency current ripples of the auxiliary-inductor current increased along
with the increase of the auxiliary-capacitor voltage. Figure 11.10 shows the theoretical and
experimental results of the auxiliary-inductor current ripples Ai,. It can be seen that the

experimental results match the calculated values well.
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Figure 11.8: Experimental results with different auxiliary capacitor voltages: (a) V,; = 700

V. (b) V* =600 V. (c) V* = 500 V.
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Figure 11.9: Voltage ripples on the DC bus (AVp¢) and the capacitor C, (AV,) of the pro-
posed ripple eliminator tested over a wide range of V.
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Figure 11.11: Dynamic performance of the proposed ripple eliminator (V,, = 600 V): (a)
Start-up. (b) Stop.

11.6.2.3 Dynamic performance

The dynamic performance of the ripple eliminator was tested. As shown in Figure 11.11(a),
the voltage ripple was almost removed from the DC-bus voltage after the eliminator was
activated for about seven line cycles. When the ripple eliminator was deactivated, the
ripples of the DC-bus voltage immediately went back to about 90 V, as shown in Figure

11.11(b).

11.6.2.4 Comparison with the DCM ripple eliminator in (Cao et al., 2015)

The experimental results for the ripple eliminator reported in (Cao et al., 2015), as shown
in Figure 11.12(a), are presented for comparison. The only difference in this topology is
that the power switch Q5 is swapped with the inductor L, and the direction of the switch Q;
is reversed. This makes the ripple eliminator either a buck or a boost converter and hence,
the voltage of the auxiliary C, can be higher or lower than the DC-bus voltage.

The inductor L, is changed to 0.55 mH so that the eliminator can be operated in DCM
as studied in (Cao et al., 2015) and the load is slightly lighter, 1 kW instead of 1.1 kW. The
other parameters of the system are the same as given in Table 11.1. The experimental results
are shown in Figure 11.12(b) when the minimum of the auxiliary voltage was regulated at

300 V. The DC-bus voltage ripple is about 9 V, which is almost 4 times of 2.5 V shown in
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Figure 11.12: The DCM ripple eliminator studied in (Cao et al., 2015): (a) topology; (b)

experimental results with V) . = 300 V.
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Figure 11.8(b) and 11.8(c) obtained with the proposed control strategy. The investigated
eliminator can remove more than 97% of the voltage ripples from the DC bus but the
DCM one shown in Figure 11.12(a) can only eliminate about 90% of the voltage ripples.
Moreover, the voltage ripple of the auxiliary capacitor C, increased to about 60 V because
of the lower average voltage. It is also worth noting that the peak value of the compensation
ripple current i, nearly reached 30A, which is about 7 times of the peak current obtained in

this chapter.

11.7 Summary

The concept of ripple eliminators has been further developed to improve the power quality
and reduce the voltage ripples in DC systems and, at the same time, reduce the capacitance
needed and the usage of electrolytic capacitors. After deriving the reduction ratio of the
capacitance required, the focus of this chapter is on the design of an advanced control
strategy so that the ripple current can be instantaneously compensated. Compared to the
Chapter 10 and some other related research in the literature, this chapter has the following
unique contributions: 1) It has been revealed that the capability of of instantly diverting the
ripple current away from the DC bus is the key to improve the performance. As a result,
ripple eliminators that can be operated in CCM to instantaneously divert ripple currents
are preferred; 2) the repetitive control strategy is proposed to control one exemplar ripple
eliminator, with the ripple energy provided by a single-phase PWM-controlled rectifier. It
instantaneously compensates the ripple current on the DC bus so that the voltage ripples
on the DC bus can be significantly reduced. Experimental results have demonstrated that
the proposed strategy is valid and offers several times of performance improvement with
comparison to a DCM ripple eliminator reported in the literature. It has been confirmed
that it is important to operate ripple eliminators in CCM to instantaneously track the ripple

current so that the DC-bus voltage ripples can be minimised to the greatest extent.
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Chapter 12

Conclusions and Future Work

This chapter first concludes the work presented from Chapter 2 to Chapter 11 and then

summarises some aspects that can be concentrated for future work.

12.1 Conclusions

In this thesis, active control techniques have been applied to innovatively address two fun-
damental challenges in power electronic converters, i.e. the need of bulky electrolytic
capacitors and isolation transformers, in a holistic way. Such techniques pave the way to
develop highly compact and reliable power electronic converters with minimum number of
switches and passive components.

The focus has been first placed on the reduction of fundamental voltage ripples in con-
ventional half-bridge converters. An actively-controlled neutral leg is added so that fun-
damental voltage ripples can be diverted from DC outputs. It has been demonstrated that
the output voltage ripples are significantly reduced and, hence, the required capacitance
to achieve the same level of voltage ripples is reduced compared to that in conventional
half-bridge rectifiers. Then, the half-bridge converter with the neutral leg has been applied
to construct a conversion system to generate independent three-phase voltage outputs from
a single-phase voltage supply. The corresponding active control strategies have been pro-
posed to properly operate the system. It is worth mentioning that only eight switches are
needed, which means four of them have been saved compared to conventional solutions in
the literature.

In addition to fundamental voltage ripples, the p-converter has been proposed to reduce
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second-order and high-frequency CM voltage ripples in a holistic way. One of the two legs
in the p-converter, i.e. the neutral leg, is actively controlled to divert all the ripples into
the lower split capacitor so that the voltage across the upper split capacitor, designed to
be the DC output voltage, has very small ripples in both fundamental and second-order
frequencies. It has been demonstrated that the total capacitance required can be reduced
by more than 70 times compared to that in conventional full-bridge converters so that film
capacitors are cost-effective to be used. Moreover, high-frequency CM voltage ripples have
been completely eliminated because the AC and DC grounds of the p-converter are directly
connected together. As a result, isolation transformers are no longer needed. Measured CM
voltages in experiments have been given for verification. In addition, the inversion mode
of the p-converter has been discussed, which is controlled to mimic synchronous generat-
ors so that the converter can take part in the regulation of system voltage and frequency.
As a result, the bidirectional p-converter has been fully functional, which can holistically
remove fundamental, second-order and high-frequency CM voltage ripples with only four
active switches.

The performance of the p-converter has been improved by further reduction of capa-
citors and also by the reduction of the neutral inductor, which are again achieved by using
active control techniques. It has been found that the total capacitance required and the
size of the neutral inductor can be reduced by more than 2.5 times and 9 times, respect-
ively, compared to those in the p-converter. As a result, the power density, efficiency and
reliability of the p-converter have been considerably improved.

Most of the aforementioned research are devoted to controlling voltage ripples in some
specific PEC. In order to reduce low-frequency voltage ripples in general DC systems,
two actively-controlled ripple eliminators have been proposed. One of ripple eliminators
is operated in DCM with the feature that the voltage across the auxiliary capacitor in the
eliminator can be either higher or lower than DC-bus voltage, which relaxes the constraints
on the system design and also makes it possible to further reduce the auxiliary capacitance
via increasing the voltage of the auxiliary capacitor. Then, another ripple eliminator has
been proposed, which is operated in CCM. A comparison has been made between the two
ripple eliminators and it has been found that instantaneous current tracking is the key to

reduce voltage ripples and total capacitance required to the greatest extent. As a result,
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CCM ripple eliminators are preferred.

12.2 Future Work

In order to further optimize the performance of systems proposed in the thesis, future re-

search can be focused on the following aspects:

1. Reduction of voltage stress on active switches: The DC-bus voltage of the p-converter
and O-converter needs to be higher than the doubled grid voltage, which leads to
doubled voltage stress on active switches compared to that of conventional full-
bridge converters. Future research efforts can be focused on how to reduce this
voltage stress by re-designing topologies of converters and/or employing advanced

modulation strategies.

2. Widening DC output voltage: It is possible to combine Z-source and/or multi-terminal
DC/DC converters with the developed power converters in a compact way, aiming to
widen the range of the DC voltage with minimized number of switches and passive
components and minimized power losses, and accordingly expand the application

range of the converters.

3. Reducing impact of parasitic inductors in neutral line: The reduction of high-frequency
CM voltages is achieved because AC and DC grounds of converters are directly con-
nected together. In practice, power lines used for the connection are not pure resistive
but have some parasitic inductors, which can affect the performance of reducing CM
voltages. This may be solved by adding a small neutral capacitor and how to select
such capacitor should be well explored in order to avoid introducing any resonance

with the other parts of converters.

4. Two independent ripple-free outputs: It has been demonstrated that it is possible to
use only four switches to provide two DC outputs with reduced fundamental voltage
ripples. However, the outputs still contain a certain level of second-order voltage
ripples. It is interesting to find out whether it is possible to remove second-order
ripples from the two outputs at the same time but with the minimised number of

switches.
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5. Further improvement of efficiency: Soft-switching techniques can be introduced to
reduce switching losses and hence help to improve efficiency of the developed con-
verters. The key is to construct negative bias voltage and alternative current path to
achieve zero-voltage on and zero-current off. Another possible optimization on effi-
ciency could be achieved by integrating three-level T-type converter topology to the
developed converters, which would also reduce filters required at the AC side of the
developed converters and improve the system performance on the regulation of AC

currents.
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