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Thesis summary

This thesis presents new high step-up DC-DC converters for photovoltaic and electric
vehicle applications. An asymmetric flyback-forward DC-DC converter is proposed for
the PV system controlled by the MPPT algorithm. The second converter is a modular
switched-capacitor DC-DC converter, it has the capability to operate with transistor
and capacitor open-circuit faults in every module. The results from simulations and
tests of the asymmetric DC-DC converters have suggested that the proposed
converter has a 5% to 10% voltage gain ratio increased to the symmetric structures
among 100W — 300W power (such as [3]) range while maintaining efficiency of 89%-
93% when input voltage is in the range of 25 — 30 V. they also indicated that the soft-
switching technique has been achieved, which significantly reduce the power loss by
1.7%, which exceeds the same topology of the proposed converter without the soft-
switching technique. Moreover, the converters can maintain rated outputs under main
transistor open circuit fault situation or capacitor open circuit faults.

The simulation and test results of the proposed modularized switched-capacitor DC-
DC converters indicate that the proposed converter has the potential of extension, it
can be embedded with infinite module in simulation results, however, during
experiment. The sign open circuit fault to the transistors and capacitors would have
low impact to the proposed converters, only the current ripple on the input source
would increase around 25% for 4-module switched-capacitor DC-DC converters.

The developed converters can be applied to many applications where DC-DC voltage
conversion is alighted. In addition to PVs and EVs. Since they can ride through some
electrical faults in the devices, the developed converter will have economic implications
to improve the system efficiency and reliability.

Key Words: DC-DC converter, High step up, asymmetric, switched-capacitor,

fault tolerance.
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Chapter 1 Background Information

With the rapid development of technology, economy and the growth of population, the
overall demand of energy has been increasing dramatically. According to the latest
statistics and forecast: 2007 to 2030 from International energy agency (IEA), the

world’s energy demand has an average annual growth of 1.6% [1].

1.1 Renewable energy systems

Even at current speed of increasing demand of energy, the traditional energy source
such as fossil fuel and natural gas can only last for decades [1]. Considering the
environment pollution from the traditional energy source, the world is facing a serious
problem causing by energy shortage crisis in the foreseeable future [2]. At present,
solar energy and wind power are considered to construct the future energy landscape,
and the utilizations of the alleged clean energy are significant approaches to solve the
problem of energy crisis. In industry and academics, developing more options of clean,
efficient and renewable energy has become an important topic in the global range [3].
The solar power has many merits when considered as a renewable energy: it can only
be generated during the day, so the maximum power demand has good correlation
with the timing of the power generation; also, the solar energy can be considered to be
infinity, and has less influence on regional restriction. With these advantages, the solar
energy can play as one of the main roles in the stage of future power market [4][5]. As

it turns out that photovoltaic (PV) is the most commonly applied technique to harvest
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solar energy, therefore, PV technology has become a research hotspot of scholars
around the world. According to the European photovoltaic industry association (EPIA),
the cumulative global PV capacity in recent years is shown in Fig 1-1 [1]. It can be
deduced that the PV capacity would keep growing in the near future. However, the
technique for generalize the PV system still has its drawback at present. One of the
many technical bottlenecks of photovoltaic power generation system is: the
photovoltaic cell components are packed with a feature of wide range of variation in
low output voltage [32].
140000

120000

100000

80000

60000

40000

20000 I
N | I I

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

PV panels capacity /MW

Fig 1-1. Global PV panels capacity [1]

For a normal PV farm, it usually embedded with a lot of photovoltaic panels in series
to generate a high DC voltage, and then the DC voltage is to be inverted into AC
voltage to integrated with the grid. In practical application, due to the natures of
photovoltaic components themselves, the inevitable differences from each other and

the influence of shadow block of can cause in-balanced output. A large number of
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photovoltaic panels connected in series would cause imbalanced output for each
photovoltaic module in respect of efficiency.

Fuel cell, as another kind of advanced clean energy, has features as: large energy
density, high efficiency power generation, mobility, near-zero environment pollution
and non-restricted by environmental factors [126]. The manufacture of fuel cells and
its power generation technology have been highly valued in developed countries such
as the United States, Europe and Japan [6]. Currently, the fuel cell is mainly applied in
household electronics, portable devices, communication power supply, uninterrupted
power supply (UPS), electric vehicles, distributed new energy grid-connected power
generation, ship, aerospace and military defense, etc. Fuel cell, similar to PV panel, is
another power source that variates in a wider range of low voltage. If multiple fuel cells
were to be connected in series to obtain higher DC output voltage, it is more likely that
the one failure in any single cell would demise the entire system. On the other hand,
the wide range of output voltage can also be a great challenge for the optimal design
of single-stage grid-connected inverter. While using two levels of generation structure
can divided the whole system control and system utilization into two individual stages,
which is easier to realize. In this case, two level generation has attracted more attention

from low-power vehicle manufacturer [7]-[9]. Fig 1-2 and Fig 1-3 are diagrams of two-
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stage generation systems based on PV, fuel cells and battery respectively [8]—-[11].

1150r 230V
DC-AC Inverter AC grid
Low Voltage Output
Renelwa;)tzllecE“ergv 18 - 56 V High-Step-Up High Voltage
: € DC-DC Converter DC Bus
2. Fuel Cell
DC-DC Converter DC micro-grid

Fig 1-2. PV cell and fuel cell generation system

DC-DC Converter

On-Vehicle Electric
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Controller
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DC-DC Converter OGSk I nverrer

Fig 1-3. Electric vehicle system

1.2 Electric vehicles

Motors

Aston University

Wustration removed for copyright restrictions

The pace of lives in modern city has never been faster than before. It results in rapid

social development, as well as dramatic growth in car ownership, which produces a lot

of automobile exhaust every year for traditional internal combustion locomotive. The

exhaust makes the air pollution increasingly serious.
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The electric vehicles can alleviate the resources and environment pressure in the
automobile industry to a certain extent. Compared with the traditional automobile,
electric cars have great potential in environmental protection since they release
negligible exhaust to the environment. The power resource of electric vehicles comes
from the grid, where the environment pollution can be dealt with intensity, which is far
better than the scenario which each vehicle pollutes the environment individually.

The traditional electric vehicles are powered by single energy source for the whole

systems, which has the advantages such as zero emission and low noise. However,

the development of the electric vehicle is restricted by the development of the battery,
which has the following problems:

(1) The battery power is relatively low, when comparing to fossil fuel, the volume of the
battery would be larger than the fuel tank for traditional vehicle. When the electric
vehicle is under overload working conditions (such as start, acceleration and
climbing), the battery needs to release large instantaneous power. In this case, the
instantaneous discharge current of the battery would be too large, to lead to a
reduction the life of the battery [157];

(2) The battery charging and discharging cycles are limited, and the replacement cost
of the battery would be expensive;

To improve the service life of the battery and to ensure the sufficient power when

electric vehicles operate under heavy/over-load, the combination of battery and other

energy power supply system came to the attention of the researchers, one of which is
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ultra-capacities. An outstanding advantage of ultra-capacitor is its high-power density,
which can be used as an auxiliary energy source when the electric vehicle is under
heavy/over-load and can be used as an energy recovery device for electric vehicle
when braking [156]. However, the ultra-capacitors cannot be installed directly with the
battery, they must be connected through boost DC-DC converter.

Boost DC-DC converter is one of the core-components of energy management system
for electric vehicles. Like the application in renewable energy system mentioned before,
DC-DC converter boosts the battery voltage to support the electric motors, high-step-
up DC-DC converter is one of the many choice for the electric motor, namely hybrid
car [12]-[14], the elevator [15], urban railway system [16] and so on.

Urban driving environment require the vehicles to accelerate and break frequently,
which reduces the efficiency of the engine and increases energy consumption. Electric
cars can reduce the energy consumption substantially. The advanced technology of
Europe, the United States, Japan and other countries have started the development of
electric cars very early [17]. Toyota, as the pioneer of EVs industry, was the first the
successor to make a huge profit from its electric vehicles, classic Prius hybrid [17],
other hybrid electric vehicles followed: Estima, Crown, Insight and Civic. The study in
United States of electric vehicles lags that in Japan, and the truly mass-produced
electric vehicles are only the limited to certain individual models from Ford and General
Motors. However, Tesla has become a hot topic in recent years, as it is now one of the

leading enterprise in pure EVs industry. It developed several models and built charging
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station around the world. There are massive number of batteries embedded into one
Tesla electric vehicle, which makes the high-step-up voltage conversion technique
very suitable to them. Electric vehicle charging stations have been built throughout the
country of France. The EV promotions can have national support, including various
incentive subsidies and the establishment of national electric vehicle coordination
committee, making France one of the most successful countries as the pure EVs
industry [17].

Under normal circumstances, single PV cell, fuel cell or battery boosts low voltage level
up to 200-400 V or higher voltage level to meet the demand [17]. In addition, the space
station and satellite system usually need to boost the PV cell voltage from 16-28 V to
100V through high gain DC-DC converter to supply electricity to the entire system [17].
Therefore, the study of high voltage gains and high efficiency boost converter is of
great significance for the rapid development of new renewable energy generation

system and EVs.

1.3 Organisation of the thesis

This paper introduces two novel topologies for high-step-up DC voltage boosting
applications. Both of them are packed with fault tolerance operation capability. The first
topology is an asymmetrical flyback-forward converter, this topology is proposed for
renewable power system that does not include reverse power flow function, such as
PV panel and fuel cell system. The second topology is proposed for electric vehicles

with low battery voltage and high motor voltage requirement, it is a modularized system.
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All the modules in the systems are identical, which makes the system easy to be
repaired. The more modules can boost the voltage into higher level, and with its bypass
capability, the output voltage can be regulated in a large range with small duty ratio
variation. This feature would avoid the extreme duty ratio situation, which would make
it hard for controller to generate such PWM waveform. Moreover, each module can
function as an output voltage source, for a multi-voltage system like electric vehicle,

this new topology would be promising.
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Chapter 2 Literature review

Step-up DC-DC converters (SUDCC) have numerous applications in daily life and
industrial solutions. They variate from low-power devices as power conversion for
control circuit to a megawatts-level system, such as High voltage DC (HVDC) power
system. The principle of this kind of topology is to transfer energy to passive
components (inductors and capacitors) and release the energy to the load. During the
process, the passive components generate magnetic field (inductor) or electric field
(capacitor) so that voltage drop can occur across the elements. In different combination,
lower voltages can be boosted to higher voltages. The development of SUDCC has
benefited from the breakthrough of semiconductor in 1950s and 1960s [18].

SUDCCs are originated from pulse-width modulation (PWM) boost converters. They
inherit several features from PWM boost converters to make them suitable for
application in a wide-range output solution. A SUDC-DC converter can operate at
controllable wide range operation under continuous current mode (CCM) or
discontinuous current mode (DCM) and controlling the duty ratio applied to the active
switching devices [19], [20]. CCM is more preferable in most circumstances [158].
However, SUDC-DC converters have some drawbacks that have been studied to
overcome in decades: hard switching causing overshot when switching the
semiconductor, reverse recovery energy, non-minimum-phase, low power density due

to the existence of passive components. Some disadvantages have been key aspects

25



to promote researchers to discover new topologies and control algorithms, especially

for high performance inquiry is required [21]-[25].

When considering reliability, volume and efficiency of SUDCCs, some basic topologies
are more than capable for lower requirement. They are discussed in this part of
literature review, e.g. boost, single ended primary inductor converter (SEPIC). If
galvanic isolation is necessary, fly-back, forward, push-pull and bridge circuits are still
useful structure and also reviewed. In addition, review also contains techniques that
fulfill higher operation demand such as: soft-switching, interleaved, voltage multiplier

cells, switched capacitor, coupled inductor and so on [25-152].

The first part of the review will be structured based on the application and requirements,
e.g., galvanic isolation capability, bidirectional power transmission capability, minimum
phase feature. Second part is the discussion of different boosting techniques. Third

part is the overview for the discussed topologies and techniques.

2.1 Categories of step-up DC-DC converters

This section is the classification in terms of topology. Fig 2-1 indicates the step-up DC-
DC converter techniques classification in this thesis. Detailed descriptions of these

categories are presented in following parts.

Fig 2-1. Technique of step-up DC-DC converter.
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2.1.1 Unidirectional/bidirectional topologies

In general, unidirectional SUDCCs only allow energy transferring from the input end to
output end, [25-53], they serve the purpose of only energy consumption such as control
circuit on PCB board, sensors, battery-based household application and so on. One
textbook layout of such SUDCC is illustrated in Fig 2-2 (a). As shown, the key elements
those two types of converters are: one inductor, one active switching device (IGBT or
MOSFET) and one diode. In such topology, the power flow is unidirectional because
only one active switch is applied in the circuit. The present of diode would block any
current that flow back from the output end. In this case, this kind of DC-DC converter
is single-quadrant, i.e., the direct of voltage and current in unidirectional converter can
only be positive. However, the bidirectional structure, shown in Fig 2-2 (d), consists of
two semiconductors (IGBTs or MOSFETSs) and one inductor. It can be treated as both
buck and boost converter, which depends on the duty ratio of the semiconductors. In
this case, bidirectional DC-DC converters are two-quadrant, i.e., the direction of the
voltage is only positive, while current has an extra negative option. When bidirectional
power follow is not necessary, unidirectional structure is always preferable, owing its
less complicated structure and simpler control requirement.

The development of power system and renewable energy increase the demand of
application of energy storage system (counter the power demand and power
generation). Both unidirectional and bidirectional DC-DC converter are appreciated in

numerous situations such as PV panel and fuel cell for the unidirectional DC-DC
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converter; battery bank, automotive transportation, aerospace, uninterruptable
applications, High voltage DC (HVDC) systems and so on [26]—-[54]. Fig 2-3 shows the
isolated version of those categories, there are two H-bridge in both kinds. The high
frequency transformer in both of these further enhance the boosting capability owing
to the turns ratio. The isolated unidirectional structure has a diode rectifier on the
secondary end to limit the current direction, while bidirectional one has symmetry
structure that would enable bidirectional power flow. The latter, so called dual active
bridge (DAB) converters are preferable in high voltage/power application [37], [44]-
[46]. The voltage of the isolated unidirectional DC-DC converter is uncontrollable while
DAB is controlled by adjusting switching angle of the two H-bridge to control the phase

of two AC voltage across both sides of the transformer.

Power Flow Power Flow

4
'y
4

Vin|

Vin}

Vin C‘m

(b) (c) (d)
Fig 2-2. Indications of non-isolated unidirectional and bidirectional DC-DC
converter
(a). Power flow indication of uni- and bi- directional DC-DC converter;
(b). unidirectional buck DC-DC converter;
(c). unidirectional boost DC-DC converter;
(d). bidirectional boost DC-DC converter.
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Fig 2-3. Indications of isolated unidirectional and bidirectional DC-DC converter

(a). unidirectional DC-DC converter;

(b). bidirectional DC-DC converter.

2.1.2 Isolated/non-isolated topologies

This classification method is one of the basics, non-isolated converters are where from
commercial product to industrial application. Fig 2-4 presents the structures of non-
isolated and isolated DC-DC converters. The non-isolated converters are low-cost and
efficient due to its simple structure and straight-forward control. They shine on the
feature of low volume when compare to isolated DC-DC converters where magnetic
component is necessary [24], [25]. Many studies on the non-isolated DC-DC converter
have been carried out for lower cost, smaller volume, higher efficiency [25-91] since
non-isolated DC-DC converter has many applications. However, when dealing with
high power level with high voltage, basic non-isolated DC-DC converters are not
working well. Because the voltage boosting is limited by the magnetic saturation of

inductor. To acquire higher voltage boosting ratio from basic non-isolated converter,
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more power will be dispatched in term of heat due to magnetic saturation. In order to

overcome the drawback, coupled inductor (Cl) is introduced in the circuit. Cl can be

employed in isolated and non-isolated DC-DC converter [25-91]. In the non-isolated

converter, the features applied in turns ratio. The turns ratio can directly change the

voltage ratio from windings on the same magnetic core. Once parameter of Cl is

finalized, the voltage ratio would not change, the voltage tuning process is still based

on tuning duty ratio of the active switch. It introduces one dimensionality “N” into the

voltage ration equation when designing the circuit. In this case, the voltage can be

boosted to a higher level.

Vin Vin

01. O
(a) (b)

Fig 2-4. General indication of non-isolated and isolated DC-DC converter.
(a) non-isolated DC-DC converter;
(b) isolated DC-DC converter.

In isolated DC-DC converter one more feature that is applied from the Cl is electrical
isolation. This feature in essential to the power grid and some other application that
safety, reliability, low noise and low electromagnetic interference (EMI) are required.
The power gird would require electrical isolation to protect the grid from the faulted
parts to avoid entire system fault and other application that would not allow to be
damaged from power failure also demand electrical isolation [38], [39], [45], [50], [55]-
[73]. And specifically, in [39], [40], [68]-[71], [73]-[92], these literatures have reported

the CI is applied for various applications. In such applications, DC voltages are
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transformed into AC voltages to the primary ends of the coupled inductors. The
secondary ends generate AC voltages and then rectified into DC voltages. These
converters usually operate at high frequency to reduce the volume and loss of the
converter by reducing current ripple.

The detailed classification of isolated converter is made in terms of topology, i.e., fly-
back, forward, push-pull, half and full bridge converters. In all of these categories, fly-
back converter is distinctive: energy transmission in other topologies from the primary
end to secondary end is simultaneously with the charging stage of primary end,
however, in fly-back converter, those two processes are separated, i.e., the inductor
would store the energy and then release it to the secondary end. For this reason, fly-
back converters are not capable for high power level, due to the limitation of inductor
energy storage capability. However, because of the unique characteristic, the

secondary ends of fly-back converters can be easily extended in parallel.

2.2 High Step-Up DC-DC converters

High step-up converters are always a challenge, due to its unique high voltage gain
requirement. They have many applications from power grid system to automotive
transportation. In PV system, the normal PV panel output voltage is from 10 to 42 V,
in order to connect to the grid, the voltage should be first boosted to over 311-volt and
then inverted to AC voltage. Normal DC-DC converters would not have the capability
for that voltage gain. Different techniques are employed to achieve that function. Fig

2-5 shows the brief classification of the boost technique. Five major categories are
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presented: switched capacitor, voltage multiplier, switched inductor, magnetic multi-

stage/-level.

Voltage Voltage Multipiler Coupled
Multipiler Cell Rectifier [Cen=fosney Inductor

Fig 2-5. Classification of voltage boosting techniques.

Cascaded Cascaded Multilevel

2.2.1 Switched capacitor (charge pump)

The switched capacitor (SC) is one of the most popular voltage boosting technique,
one of the common modification of charge pump (Fig 2-6(a)). The principle operation
of the technique only involves electric energy transfer, it does not have electric-
magnetic energy conversion. As shown in Fig 2-6 (a), the switch | and switch II
complement each other. When capacitor Cy is charged, C: is discharge. Until steady
state, all the capacitor voltages would be the same with the input voltage, and so it is
with the load voltage [93].

The charge pump circuit is only capable for energy transfer, other than any regulation
on the output voltage. The idea of switched capacitor then is raised. SC structure also
include the charging and discharging process of the capacitor as charge pump
structure. In the first stage, the capacitor is charged. And in second stage, together
with the input source, the capacitor is discharging, transferring energy to the load. As

shown in Fig 2-6 (b), the voltage of the load would be N times of the input source (N is
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the number of switched capacitor stages in the converter) [94]. However, the switches
in the basic switched capacitor structure are all two-way switch, which is highly
impractical for commercial product. So that the structure doubler switched capacitor is
proposed [95]. The operation philosophy of the doubler as the same with the basic
structure. The difference is that the function of two single pole double throw switches
is realized by four single pole single throw switches. Since then, different topologies
have been introduced to reduce the number of switches, shown in Fig 2-6(d)-(g) [94]-
[96]. Taking the structure in Fig 2-6(g) for example, the structure is proposed by M. S.
Makowski in 1997 [96]. The structures of each stage are identical; however, the control
is complementary in adjacent stages. The voltages of each capacitor in different stage
are different. In detailed analysis, voltage of Cyis Vi, and V¢2 is 2Vin. When switch | is
closed, C is charged with Vi, and the output voltage is equal to Vc2+Vin, and when
switch Il is closed, C2 is charged with V¢1+Vis, which is 2Vj,. Concluding from above,
the output voltage is 3Vin. The output voltage would submit to Fibonacci number,
respect the number of switched capacitor stages. Although this kind of SC has high
voltage gain, the voltage stresses in the SC cells are problematic as they become high

and vary from each other.
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Fig 2-6. Structure of charge pump and switched capacitor.

High current gradient is the inherent drawback of this kind of SC structure, as they
have no passive element to restrict the current variation. High current gradient
would cause high current ripples, which would degrade power density and
efficiency. Solution towards this kind of situation has been mentioned in [97], which

is adding inductor into the circuit to achieve soft-charging.
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Fig 2-7. Variant of different switched capacitor

In 1999, H. S. H. Chung present a switched capacitor DC-DC converter with
continuous input current, as the input source is always connected in the circuit. In Fig
2-7(a), when Sy turns off and all QS, turn on, the input source is charging the capacitors
through the diodes. And in the complementary phase, the input source, together with
the capacitors, is transferring energy to the load [98]. And similar topology is reported
in [99], in which, the diodes are replaced by active switches. In Fig 2-7(b), a small
inductor is inserted into the circuit to minimized the current ripple and achieve ZCS.
The voltage of Cny is the sum of the voltages of Cn.1v and Cra. Fig 2-7(c) reveals
modular multilevel switched capacitor DC-DC converters (MMSCC), the converters
use a modular structure, and the control of each cell is identical. This type of DC-DC
converters has fault tolerance operation potential [29], [30]. Fig 2-7(d) and (e) present
two symmetrical MMSCC, which can be easily extended with more modules for higher
voltage gain. In (d), the number of active and passive component is significantly larger
than what is in (e). The former one has better performance regarding current stress,
while and latter would be cost friendly since only two active components are applied.

As conclusion, a summary of the reported SC converters is listed in Table 2-1.

Table 2-1. Summary of the reported SC converter
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Converter | No. of No. of No. of Feature
in Fig. 8 switches  capacitors  stages
*Continuous input
(a) 5 . . current
*ZCS
*Less current ripple
(b) 2 4 2 *Only two active
switches
*Multiple input/output
capability
(c) / . 2 *Fault tolerance
capability
*low current stress
(d) 8 5 2 *Extension capability
*Only two active
(e) 2 g 2 switches

*Extension capability

2.2.2 Voltage multiplier

Voltage multiplier is [100] a structure consists of only passive components (diodes and
capacitors). It is a very efficient technique regarding voltage boosting for the simple
structure and low cost. They can be divided into two categories in terms of structure:
the first one is non-isolated voltage multiplier cell (VMC) and second one is isolated
voltage multiplier rectifier (VMR). The VMCs are usually placed after the main switch
to reduce the voltage stress of the main switch, while VMRs are placed in the
secondary end of the coupled inductors/transformers. Due to the existence of the

diodes, all converters that employ voltage multiplier is uni-directional. Voltage multiplier

cell (VMC)
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1. Voltage multiplier cell (VMC)

VMCs are widely applied for high voltage gain DC-DC converters for their simple
structure and easy implementation [101]. Their operation relies on the bidirectional
current follow to the SC cell. Fig 2-8(a) to Fig 2-8(c) present VMCs with only
capacitors and diodes, known as switched capacitor (SC) VMCs [102]-[104].
Other topologies have more complicated structure, they can be implemented with
active switches (Fig 2-8(d) [105]), or with inductors (Fig 2-8(e) and Fig 2-8(f) [102]—

[104], [106], [107])
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Fig 2-8. Different VMCs

The first three topologies in Fig 2-8 have the same voltage gain: (1 + D)/(1 - D), where
D is the duty ratio. The latter two structures (Fig 2-8(e)(f)) and the one shown in Fig
2-8(c), implemented with inductors, can achieve ZCS in the main circuit, for the LC
oscillation circuit in the structures. The reported VMCs have similar function, and the
principle of operation are similar as well, the Table 2-2 summaries the number of

components required in each topology and their feature.
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Table 2-2. Summary of reported VMCs

NO. No. Active
VMC Voltage Gain Passive X Feature
component
component
Fig2-8(a) |(1+D)/(1-D) 4 0 NA
Fig 2-8(b) | (1+D)/(1-D) 4 0 NA
Fig 2-8(c) (1+D)/(1-D) 4 0 ZCS capability
Fig 2-8(d) |(1+D)/(1-D) 4 1 NA
ZCS capability
Fig 2-8(e) (2+ D)/(1-D) 5 0 Higher voltage
gain
Fig 2-8(f) 1/(1 - D) 4 0 ZCS capability

2. Voltage multiplier rectifier (VMR)

Voltage multiplier rectifier is another classification of voltage multiplier. Unlike VMCs,
the VMRs rectify sinusoidal or rectangular AC voltage into different capacitors and
multiple the voltages together to achieve higher voltage gain. This kind of multiplier
only boost input voltage to its integer multiple.

Fig 2-9(a), Fig 2-9(c) and Fig 2-9 (e) present three fundamental types of VMRs. In Fig
2-9(a), known as the half wave voltage multiplier (HW-VMR), the input voltage would
charge C1 in its negative period, and, together with Cs, charge C: in its positive period.
Thus, the output voltage is 2 times of the input ones. Fig 2-9(b) reveals the extend
capability of the HW-VMR [68], [108]-[111]. In the second one (in Fig 2-9(c)), known
as full wave voltage multiplier rectifier (FW-VMR), the positive and negative periods of
the input voltage charge C7 and C: respectively and the voltages of Cs and C> are the
directly represent the output voltage [59], [72], [78], [79], [89], [112]-[114]. The last one

(in Fig 2-9(e)) is a hybrid version of the previous converter. In the positive and negative
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period of the input voltage charge Cs and C: respectively, and in the next positive
period, the input voltage charges the output capacitor with C; and C> [74], [90], [115],

[116]. Fig 2-9(d) and Fig 2-9(f) are the extended version of Fig 2-9(c) and Fig 2-9(e)
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Fig 2-9. Different VMRs

The voltage gain ratio is based on the number of the capacitors applied in the system.
There are some other modifications, which may reduce the voltage stress of the
component by increasing the number of capacitors for the same voltage gain. the

summary of the VMRs is presented in

Table 2-3.
Table 2-3. Summary of the VMRs
Output Output capacitor Output diode
VMR
voltage voltage stress voltage stress
HW-VM R 2 Vin Vout Vout
FW-VM R 2 Vin Vout/ 2 Vout/ 2
Hyb rid 3Vin Vout Vout
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2.2.3 Magnetic coupling

Magnetic coupling is a very popular voltage boosting method, it transfers energy
regardless of the cable connection. The winding which convert magnetic energy to
electric energy can be treated as a voltage source that can be convenient to boost
voltage. Despite of the benefits, magnetic coupling is always facing the challenge of
leakage inductance, no matter it is transformers or coupled inductors. The transformers
and coupled inductors are basically the same things. The principle of these two are
identical, apart from a few parameter differences. The transformers are meant to
deliver energy from one winding to another, without any energy storing process.
However, coupling inductors will have airgaps to increase the energy storing capacity,
which can be useful in the converter that magnetic energy storage is necessary, i.e.,
flyback converter. In the following sections, papers regarding these two magnetic will

be reviewed.

2.2.4 Transformer

Techniques of transformer is one of the popular research topic in the high-step up DC-
DC converter, due to the introduction of the additional dimension known as turns ratio
into the voltage gain function. However, the purpose of transformer is not necessary
to be electric isolation. The technique itself then can be divided into two categories:

isolated and non-isolated.
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1. Isolated transformer-based DC-DC converter

Fig 2-10(a) has indicated the basic structure of isolated version. Generally speaking,
the output of this type would require rectifier to converter AC voltage from the
secondary end of transformer into DC voltage [19], [20]. Basic applications include
bridge structure, forward structure, and push-pull structure, presenting in Fig
2-10(b)(c)(d) respectively. Researches are reported for boosting capabilities and
optimizing features. Improvements such as soft-switching has been reported [67]. New
topologies such as dual active bridge topologies, dual active half bridge and other

topologies have been reported in [37]-[43], [52]-[54], [59], [80], [81], [114], [117]-[119].

Switching Converter  Transformer Rectifier

V‘m—_

(b)

Fig 2-10. Configuration of isolated transformer-based DCF converter

2. Non-isolated transformer-based DC-DC converter

Non-isolated version to utilize transformer has more flexibility than the isolated version

in terms of topology. The applications are usually implemented with capacitor to lift the
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voltage. the ideal of the non-isolated circuit is derived from the isolated circuit. The
energy transfer can be divided into direct energy transfer and magnetic coupling
energy transfer. Some examples from the literature are shown in Fig 2-11 [113], [120]-

[122].

Voltage Mulitiplier

(d) (e) (f)

Fig 2-11. Non-isolated transformer-based DC-DC converter

2.2.5 Multi-stage

Multi-stage is a well-known technique for voltage boosting and eliminating harmonic.
It can be realized by applying serval identical or similar module, alone with other
voltage boosting techniques mentioned above. In this section, multilevel converters

and interleave structure are introduced.
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3. Cascaded converter

Cascaded converters utilize cascading connection for increasing voltage gain. In [123],
schematic cascaded DC-DC converter has been introduced. Based on Fig 2-12, more
than one DC-DC converters are connected front to end one another. The structures or

types of these converters can be identical (quadratic boost) or different (hybrid boost).

VOUt

Fig 2-12. Schematic general cascaded DC-DC converter in [25]

a. Quadratic boost DC-DC converter (QBC)

Fig 2-13(a) presents a fundamental structure of the quadratic boost DC-DC converter
reported in [124]. it consists of two identical boost DC-DC converters, which can be
divided into two stages. The first stage can operate in high frequency for the lower
voltage stress across the transistor. However, the voltage stress across the transistor
in the second stage is higher. In order to limit the switching losses, the operation
frequency in the second stage should be lower than the first stage. Fig 2-13(b) is an
improved structure of the general structure. It integrates two switches into one switch
and an extra diode. [125] presents the extended structure of Fig 2-13(b) and deduced
buck converter version of this structure. To reduce the voltage stress of the
semiconductors, [126] illustrates a three-level quadratic boost DC-DC converter shown

in (c). With this feature, it can be applied in scenario where high voltage gain is required.
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Other modifications of quadratic boost DC-DC converters are presented in Fig 2-13(d),
(f), (g) and (h). The more DC-DC converters integrated in QBC, the wider the voltage
various range it is capable of. QBC are preferred by lower power application where
sophisticated magnetic designs are unnecessary. In general, quadratic boost

converters contain one inductor and one capacitor in each module.
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Fig 2-13. Quadratic boost DC-DC converters.

(a) two-level cascaded boost converter;

(b) quadratic boost converter;

(c) three-level quadratic boost converter;

(d) to (g)some basic quadratic boost DC-DC converter.

b. Hybrid boost DC-DC converter (HBC)

Fig 2-14 (a) is a general display of HBC, for quadratic boost structure combined with
other voltage boosting techniques. In [127], apart from the quadratic boost structure,
the output voltage is further boosted by coupled inductors, the second end of the

coupled inductors is used to charge the extra output capacitor, which is connected in
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series with the original one (shown in Fig 2-14 (b)). In [128], another structure utilizing
coupled inductors is reported. As shown in Fig 2-14 (c), the primary end and secondary
end of the coupled inductors are connected in series to increase the voltage of the
original output capacitor. More layout of the HBCs are presented in Fig 2-14 (d) and
(e). The former one consists of interleaved structure for the first stage and three-level
boosting techniques in the second stage. And the later one is the combination of buck-
boost converter and half-bridge converter. The HBCs have the potential of cascading
different types of DC-DC converter structures or boosting techniques. Compared with
traditional DC-DC converters, HBCs can be implemented with more components to

gain high voltage ratio, however, increase the overall cost of the system.
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Fig 2-14. Hybrid boost DC-DC converter.
(a) General layout of HBC;
(b) HBC presented in [127];
(c) HBC presented in [128];
(d) HBC presented in [129];
(e) HBC presented in [130].
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4. Multilevel converter

Multilevel technique is popular in both industry and academia due to its significance in
high voltage application. By applying this structure, magnetic component can be
decreased or eliminated. For single input structure, the mechanism of voltage boosting
of general multilevel converters lies with capacitor. Unlike cascaded system, most
module in multilevel converter only consists of semiconductors and capacitors. One
particular structure is boost converter with multiple sub-modules shown in Fig 2-15
[131]-[133]. Fig 2-15(a) reveal the general structure of this kind of multilevel converters.
Fig 2-15(b) presents a PWM boost converter based multilevel converter. As shown,
the even number of the capacitors are used as voltage lift of the odd number capacitors.
The odd number capacitors are connected in series as output capacitor group to
provide output voltage. In Fig 2-15(c), similar structure is presented, the difference with

the previous one is the absence of the inductor.
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Fig 2-15. Layout multilevel converter.

(a) General layout the multilevel converter in [212];
(b) Multilevel converter shown in [160];

(c) Multilevel converter shown in [161].

Fig 2-16(a) indicates examples of the multilevel converter [28]. The sub-modules of
this topology only consist of transistors and capacitors, thus, there is no magnetic

component in the entire circuit. In Fig 2-16(b), this structure is the base of DC-DC
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converter boosting function. Another module structure is revealed in Fig 2-16(c). This
structure consists of two capacitors and four switches [30]. Due to the switched-
capacitor structure, the features description and analysis are presented in previous

section.
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Fig 2-16. Multilevel switched-capacitor DC-DC converters.
(a) Overall structure of multilevel switched-capacitor DC-DC converter;
(b) Module structure in [215];
(c) Module structure in [217].

2.3 Hard/soft switching

Hard switching is that the active switch operates without any auxiliary circuit to deal
with the switching losses and soft switching is the opposite. IGBTs and MOSFETs are
still the most commonly used semiconductors, both of them have current and voltage
overlap during switching period. The overlaps are the origins of switching losses. A

main disadvantage of hard switching converters is the switching power losses,
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especially when IGBTs are employed, due to their tail current in switching-off stage.
Moreover, high EMI would be a potential issue as high dv/dt and di/dt occur in switching
stage [22]. In order to limit the power losses of the hard-switching converter, switching
frequency of the semiconductors is limited. However, Lower switching frequency would
require larger volume of the passive component (i.e., inductors and capacitors) to
achieve the same current and voltage ripple. These defects diminish the practical value
of the converters.

On the other hand, soft switching technique can improve the above situations by
reducing the switching losses in each switching cycle. It is achieved by means of
utilizing auxiliary circuit (contains small inductors and capacitors) to generate
resonance oscillation to force voltage or current become zero so that the overlap stage
would be reduced as small as possible. If the voltage is forced to zero, then the process
is called “zero voltage switching (ZVS)”. And if that is the current, it is called “zero
current switching (ZCS)”. In the past decades, soft switching has been a hot topic, and
literatures have been reported which often relate to the aspect of reducing volume,
complexity and achieving controlled oscillation process [31], [32], [45]-[49], [52]—[54],
[671-[73], [78]-[84], [97], [97], [113], [120]-{122], [133]-[147].

Soft switching converters can be classified as passive resonant networks and active
resonant auxiliary circuit. The passive resonant networks consist of only passive
component, the parameter of the passive component is calculated so that the

oscillation frequency would be fixed. In this case, the switching frequency of the entire
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circuit would also be limited to a certain range to achieve soft switching. Fig 2-17(a)
presents the different resonant network: LC series, LC parallel, LCC, LLC, CLLC, LCL.
These networks have been reported in [31], [47], [57]-[59], [111], [148]. In these
papers, the design and operation of the converters are tied to the certain power level,
duty ratio and switching frequency, which make them, as mentioned above, not
suitable for universal solutions for different circumstances. The active resonant
auxiliary circuit is illustrated in Fig 2-17(b). The circuit that enable oscillation is not
always connected to the circuit, they only applied when the main switch operates at
switching stage. The parameter calculation is only based on the minimum switching
frequency. So that the application of the active resonant auxiliary circuit would be

feasible in a wide variety of converter [149]-[154].
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2.4 Fault mechanism

Fault in power electronic system has always been a topic of interest in academia
as well as in industry. The fault in power electronic system would cause series
consequences in essential applications such as power grid or aircraft. Studying
the mechanism and providing the solution for fault operation is significant in

practical system.

2.4.1 Fault type

In power circuit, especially in DC-DC converter system, Fault can be classified
as: power circuit fault and control/sensor fault. Power circuit fault includes all
passive elements and transistors open circuit and short circuit fault. Control/sensor
fault include any malfunction in control circuit and sensors inaccurate
measurement as well as malfunction. In this thesis, power circuit fault is analyzed
in detail.

The most common fault in power circuit is the transistors and capacitor. For
different types of the transistors. The most likelihood fault occasions can be open
circuit fault due to the overload of electrical and thermal stress. Various IGBT
failures can be categorized as open circuit fault (OCF), short-circuit fault (SCF)
and gate signal fault. And in DC-DC converter, most IGBT would suffer from OCF.
The SCF on the IGBT in DC-DC converter has more destructive consequences

that the OCF. SCF can cause high current flow to the DC-link capacitors and the
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load, resulting damage to the DC-link capacitors and the load. The overcurrent
damage to the DC-link capacitor can result in system break-down or even
explosion. The OCF would just lead to system shut down, however, it still would
be an issue when the DC-DC converters are supporting critical system, like
aerospace or medical facility. DC-link capacitor open circuit fault also makes up

60% deviations[155].
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Chapter 3 Research methodology

In this chapter, all the DC-DC topology mechanisms, system analysis methods, and

control strategies are explained in detail.

3.1 Analysis of DC-DC converters

DC-DC converters, namely, switching converters, consist of semiconductor power
devices, inductors and capacitors in the form of an electric network to transform electric
energy. To stabilize the output voltage, negative closed-loop control is the most
common and effective approach. Due to high efficiency feature of DC-DC converters,
they have been widely accepted in power source management. In this section, several

basic structures and characteristics of DC-DC converters are introduced.

3.1.1 System overview

DC-DC converter systems are usually combined with a power circuit and control circuit.
The power circuit oversees the energy conversion and has a higher voltage and current
rating than the control circuit. In contrast, the control circuit generates low level voltage
and a current signal to trigger the power devices, and the signal contains information,
such as the duty cycle and switching frequency.

Fig 3-1 shows an example of a buck converter. In the power circuit, the transistor
periodically switches the inductor to connect between the input voltage Vg and the

GND. The mean value of the voltage-second balance is determined by the duty cycle
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D of the control signal. The inductor and the capacitor consist of an LC filter network
to transform the square wave voltage from the positive end of the transistor to a DC
voltage to supply the load. The voltage goes through DC to square wave to DC
transform. From the control circuit point of view, the power circuit can be simplified as
a system with an input signal D and an output signal Vout. The control circuit applies
the feedback control with an error amplifier that detects and amplifies the feedback
signal [156]. The amplifier output is compared with the saw-tooth wave to generate a

PWM signal driving power switch, thus constituting a closed loop.

Power Stage

|

Q

Z

O
s— 1

>
>

Control Stage

Fig 3-1. Example of a buck converter

As shown in the figure, the switch power supply is a linear feedback control system,
and the feedback keeps the output voltage constant and is not affected by factors such
as the power supply, load, and external environment. However, the feedback also
causes system stability problems, so compensation is the key to the switch power

supply system design.
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Main parameter of the DC-DC converter:

e Efficiency: The percentage of output power and input power of conversion

efficiency.

e Voltage gain: Voltage conversion ratio of output voltage to input voltage.

e  Output ripple: Output voltage fluctuation amplitude when the output voltage ripple

is in steady state.

e Output current capability: The output current capacity converter provides the

current range for the load.

e Transient load response: After the load current changes, the time to regain the

referenced output voltage represent the transient load response capability.

3.1.2 Power circuit structure

This section lists all the components that are used for energy transformation in the DC-

DC converter and explains their mechanisms.

1. Non-consumption device

The switch power supply, the power level of processing in the form of energy
transformation, is composed of a switch and inductance and capacitance components
(sometimes including diodes, whose action can be used to switch to the equivalent).

The basic power components are listed in Fig 3-2.
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Fig 3-2. Basic power passive components

For the inductor component, the current gradient /. is proportional to the voltage V.
across it; in the frequency domain, the relationship can be expressed as:

v, =Lt 3-1
For the capacitor component, the voltage gradient V. is proportional to the current /;
charging or discharging it; in the frequency domain, the relationship can be expressed
as:

Ie=L5E 3-2
The voltage of the inductor is always orthogonal to the current signal of the capacitor,
and the power consumed is the product of the voltage and current. Therefore, the ideal
inductors and capacitors do not consume energy but only stores or releases energy.
For an ideal switch, there is no conductive resistance, and the voltage across it is 0
when it turns on. The conductive resistance is infinite, and the current passing through
the switch is 0 when it turns off. Therefore, the voltage and current signal of the ideal
switch are also orthogonal and do not consume energy. The ideal switching power
level is a lossless transformation structure. Of course, the actual switch is realized by
a semiconductor device, such as MOFET or IGBT, and there is certain conductive

resistance and leakage current, which causes a loss. The real-world inductors

capacitors also have parasitic series resistance, which causes a loss. With soft-
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switching technique, the switching power supply can achieve a high energy conversion

efficiency, and existing products can achieve more than 90% efficiency [3].

2. Topology structure

The combination of the switch, inductance and capacitance constitutes the switching
power level. According to the voltage conversion range, the topological structure of the
power level is mainly divided into the following types: Buck converter, Boost converter,
buck boost converter, Cuk converter, Zeta converter, single ended primary inductor
converter (SEPIC) converter, switched capacitor converter, Flyback converter and

Forward converter.

a. Non-isolated DC-DC converter

The buck converter structure is shown in Fig 3-1 and consists of a pair of
complementary switches, an inductor and capacitors. Fig 3-3 shows the schematic
diagram of the buck converter power circuit structure. The left side of the inductor
switches between the power supply and the ground, and the other end of the inductor

is connected to the output. The output voltage Vou is lower than the input voltage V.

o lCl ! LSZ PT“CT@ Vo
I |

Fig 3-3. Buck conven‘;ar powe} circuit
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The booster converter structure can be treated as an input-output inverse version of
the buck converter, as shown in Fig 3-4. The input end of the inductor is always
connected to the input power supply, and the output end switches between the output
end and the GND, i.e., the output voltage is equal to the mean value of the sum of the
input voltage and the voltage across the inductor. The output voltage Vot is higher than

the input voltage Vin.

° Vout

D]

Fig 3-4. Boost converter pov&er circuit

The buck converter is shown in Fig 3-5. it charges the inductor when Sy turns on and
the inductor support the load alone when Sy turns off. In this case, the voltage would

step down from input end to the output end.

_ (YYYL

S1

g = ? Com Vout

Fig 3-5. Buck convc;n‘er powe_r circuit

The Cuk chopper circuit, also known as the Cuk converter (Fig 3-6), was introduced
by Slobodan Cuk at the California Institute of Technology. It was an improvement
based on the buck/boost single-switch non-isolated DC-DC converter. The inductor
participates in both the input and output of the system, which can significantly reduce

the input and output current ripple. The polarity of the output voltage is the inverse of
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that of the input voltage, and the output voltage can be either greater than or less than
the input voltage. The Cuk converter can be treated as a series-connected boost and

buck converter.

fi ® ) 1
Ll ][ |_2 cht
C
Vin !
ey l S D (:0I

Fig 3-6. Cuk converter

Transistor S is in the pulse width modulation (PWM) control mode. The Cuk converter
has two working modes: the continuous current mode (CCM) and the discontinuous
current mode (DCM). These two modes indicate whether the current has continuous
or discontinuous flow through the diode D. During the turn-off stage of transistor S in
a switching cycle, if the diode current is always greater than zero, the current is in the
CCM. If the diode current is zero for a period of time, then the current is in the DCM. If
the diode current is reduced to zero at t=Ts, then it is in the critical continuous working
mode. There are two inductors in the Cuk converter that can have no coupling or
coupling, and the coupling inductance can reduce the current fluctuation.

Fig 3-7 shows the schematic diagram of a Zeta converter structure. The basic working
principle of the Zeta circuit is that during the steady state of S, the power supply is
switched on to the inductive L energy storage, while the power supply and C are
powered by L, to load R. After the closing of S, L is charged to 1 by D, and its stored

energy is transferred to C; in addition, the current of L, is continuous with D.
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Fig 3-7. Zeta conv;erter power circuit

The SEPIC is a DC-DC converter that allows the output voltage to be greater than or
equal to the input voltage. The output voltage is controlled by the main control switch.
The structure of the SEPIC converter is revealed in Fig 3-8. When Sy is in the on state,
the Vin- L1 - S circuit and Cp - L2 - S loop simultaneously conducts, and L7 and L2 store
energy. When S is in the off state, the Vin- L1- Cp - D1 - load (Cout and Vou) circuit and
L2 - Dy - load circuit conduct at the same time. In this stage, Vin, L1 and L2 supply power
to the load and also charge Cy, and the energy stored in Cy transfers to L> when Sy is

in the on state.

0 Vout

L;

[ il

Fig 3-8. SEPIC c;nven‘er power c;rcuit

(Wi, 4

The greatest benefit of this circuit is that the input and output have the same polarity.
This circuit is especially suitable for the use of battery power supply as it allows the
battery voltage to be higher than or less than the required input voltage. Another benefit
is the isolation of the input and output, which is achieved by capacitance C; on the

main loop. The output voltage is 0 V when the transistor is turned on.
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The switched capacitor is the last non-isolated topology mentioned in this paper. The
basic principle of the switch capacitor converter is to transfer the charge from the input

end to the output end by using the capacitance to transfer the current required by the

load without any magnetic component.

Stn

.

0 Vout

Slnfl
/.

Fig 3-9. Switched capacitor
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Fig 3-10. Second-order switched capacitor DC-DC converter
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Fig 3-11. Basic swi?ched capacitor bc-DC converter thology
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The unified model of the switched capacitor DC-DC converter is shown in Fig 3-9,
where S represents the power switch, C;is the n; order of the capacitance combination

structure, n; is the number of capacitors, and subscript i represents the ith string
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capacitor combination structure. These structures are composed of the capacitors
(usually the same capacitance) and diode, and these capacitors have the
characteristics of series charging and parallel discharging, as shown in Fig 3-10. The
dotted box indicates the second-order switched capacitor DC-DC converter, and Fig
3-11 shows the basic topology of the switched capacitor DC-DC converter.

As shown in Fig 3-9, the switched capacitor DC-DC converter generally has two states:
the charging state and discharging state. In the charging state, Sis and Sis conduct, Sis
turns off, and Cy... Cny are charging in parallel. Similarly, in the discharging state, Sis
and Sis turn off, Sj3 conducts, and Cs... Cp are discharging in series. In the first state,
Co discharges to provide load current, while in the second state, Cs... Cn provide
charge to Co, while Co functions as an output filter to obtain a smooth output voltage.
In the industry, switched capacitor DC-DC converters have a considerable advantage
over the other type of DC-DC converter due to its high modularization capability. By
increasing the switched capacitor module, the output voltage can be boosted to a very
high level without introducing any magnetic component. However, it has a fixed
conversion ratio and a high transient current; other techniques are needed to address

those issues, as discussed in a later section.

b. Isolated DC-DC converter

The forward converter is an isolated DC-DC converter that utilizes the transformer to

transfer electric energy to magnetic energy and then back to electric energy to the load.
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It provides galvanic isolation to protect the adjacent circuit from any faulty operation
from the source and/or the primary end of the converter. The converter can provide
higher or lower voltage, depending on the turns ratio of the transformer. The structure

of a single-switch forward converter is shown in Fig 3-12.

N7:Np:Ns

Vin i Ei tg ]i D3 Co - Vou[

S1

Fig 3-12. Structure of é singleiswitch forward converter

As shown in the figure, the transformer in the forward converter is same-polarity
connected. The transformer itself lacks the capability to store the energy because the
transformer has no air gap, and the maximum output voltage of the forward converter

is limited by the transformer turns ratio Ny/N,,:

Yo _ p. N 3-3

where D is the duty cycle.

Push-pull is the output circuit of two different polar transistor connections. An example
of a push-pull structure is shown in Fig 3-13. The push-pull circuit adopts two
parameters of the same power, i.e., BJT or MOSFET. The term “push-pull” means that
each transistor is in charge of the waveform amplification of the positive or negative
half cycle. When the system is operating, only one of the two symmetrical power
switches conducts at a time, the conduction losses reduced, resulting in an increase
in efficiency.
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Fig 3-13. Structure of a push-pull DC-DC converter

A push-pull circuit is suitable for a low voltage—high current situation, and it can be
widely applied in the power amplifier circuit and switching power supply. This type of
circuit offers the following advantages: simple structure, high utilization of the magnetic
core, and low conduction loss. However, it also has certain disadvantages, such as
centre tap in the transformer, high voltage stress on the transistor, high voltage spike

on the transistor when switching, and high input current ripple.

S]l
Fig 3-14. Structure of a flyback converter
A flyback converter (Fig 3-14) is commonly known as a single-ended flyback type DC-

DC converter because the output end gains energy from the transformer when the
primary end of the transformer is cut off. The flyback converter stores energy in the air
gap of the transformer when the main switch turns on, and when the main switch turns

off, the energy is delivered to the load.
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3.1.3 Steady state performance

Steady state performance is a series of key indicators that determine the quality of the
system. In this section, 4 criteria are introduced: average current, conversion ratio,

output ripple and efficiency.

1. Average current and voltage

The power circuit of the power supply functions by switching the transistors. When the
state of the inductive and capacitive components is periodically stable with the switch,
the power circuit is considered to be in steady state. The stability of the switching power
system is not a fixed concept, namely, the instantaneous state of the inductors and
capacitors are constantly changing. To analyse the state of the switching power supply,
the average value in periodic time is used to replace the value measured in
instantaneous time. For example, taking the buck converter working in a fixed cycle,
as shown in Fig 3-15, there are two states in the power circuit. The inductor current
fluctuates, but the average cycle remains stable.
When S7turns on and S» turns off, the inductor current follows the equation:

LEE = Vi = Vour 3-4
When S+ turns off and S> turns on, the inductor current follows the equation:

L = 0= Vour 3-5

If in one switching cycle, the turn-on time of S7is DT and that of Sz is (7-D)T, through
the average voltage current method, the inductor current would be:
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LEE = DV, = Vo 3-6

When the system is in steady state, the average value of the inductor current in one
switching cycle would be zero, which leads to:

DVy = Ve 3-7
For the analysis of the capacitor, a similar conclusion can be found in the current
aspect:

I; = Dlpy, 3-8

(1-D)T

T =1 " ’ /\/\/\

T 710 o7
(a) (b)

Fig 3-15. Buck converter switching state and its steady state time series

(a). switching state;
(b). time series.

. |
4L

The steady state voltage current relationship between the input and output of a buck
converter can be analysed by means of the periodic average method. The method can
be used to remove the switch function in the variable, and it is also applicable to other

types of structures, which is the basic method of the switching power supply analysis.

2. Conversion ratio

According to the average analysis of the previous section, the input and output

relationship of the power circuit in the steady state of the switching power supply can
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be obtained. For the buck converter, the input and output relationships are described
by equation 3-8, and the voltage conversion is determined by the control signal. The
example in this section can be found in the topology section and is therefore not

included here.

3. Output ripple

The DC-DC converter outputs DC current. However, in the switching power supply,
DC output is obtained through the filter of the switching signal, and voltage fluctuation,
namely, the output ripple, is inevitable. The output waveform originates from the
charging and discharging of the output capacitor. For an ideal capacitor, the voltage
ripple of the capacitor can be calculated by the changes in the charging and
discharging current. For the actual capacitor parts, the existence of parasitic equivalent
series resistance and equivalent series inductance can also generate voltage
fluctuations during charging and discharging, which needs to be considered. Fig 3-16

shows an example of output ripple generation in a buck converter.

Il=delt(l)+ <l >

P NMT oy
L
S1

V'm C2
ESL 3 J delt
- = -

Fig 3-16. Indication of the output ripple genevration of a buck converter
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4. Efficiency

Energy transfer efficiency is the core factor of power management. High efficiency is
the fundamental purpose of a switching power supply. Energy conversion must be
accompanied by loss, and efficiency and loss are two representations of the same
property. The loss of a switching power system mainly includes conduction losses,
driving losses, switching losses and control losses.

As mentioned in section 3.1.2 of this chapter, an ideal switching power circuit is
composed of inductors, capacitors and switches, which can achieve a lossless
transformation. However, for the actual components, the inductors and capacitors
have parasitic series resistance, and the resistivity component of all the power devices
will cause conduction losses. If the switches are considered to be MOSFETS, when
they turn on, the transistors work in the linear resistance area, and a certain conduction
resistance exists, thus causing losses. When the MOSFETSs are turned off, the reverse
leakage current can also cause loss. The above losses caused by the resistivity
components are collectively referred to as conductance losses.

For the switching operation of MOSFET, the fundamental process is to charge and
discharge the gate capacitance. The capacitor itself is lossless, but it can cause
conduction loss at the driving circuit, which is generally called driving loss. The driving
loss is related to the power transistor effective sectional area, the switching frequency

and the drive voltage.
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According to the analysis in section 3.1.2, the voltage current signal of the ideal switch
is orthogonal. However, for the actual MOSFET devices, there is a voltage current
signal overlap in the switching process, causing loss. In addition, if the switch timing of
two transistors is not properly controlled, there may be two transistors in the same half
bridge conducting at the same time, leading to a large current, which could damage
the device and cause loss. The losses caused during switching are collectively referred
to as switching losses. The switching losses are related to the voltage current phase,
so the parasitic inductance and capacitance of the power transistors greatly influence
the loss. As the converter switch frequency increases, the problem of switching loss
becomes more serious.

The above losses are power circuit losses; the control circuit also requires a certain
power consumption, which is called a control loss. In the power management circuit,
the power consumption of the control circuit is generally in the mW level, which has a
slightly larger impact on efficiency when the system is under light load.

To decrease the conduction losses, low ESR inductive and capacitive components can
be used to optimize the layout and connection of the power transistors in the circuit to
minimize the parasitic conduction impedance. The switch conduction losses are
inversely proportional to the effective sectional area, and the driving losses are
proportional to this area. Thus, for a certain inductor current situation, there is an
optimal transistor width value, making the total loss minimum. To reduce the driving

loss, the switch frequency can be reduced depending on the load rate, the gate drive
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voltage can be adjusted, and a resonant circuit can be used to reuse the gate charge
energy. To decrease the switching loss, the dead zone time of power devices switching
can be optimized, and soft-switching technology can be adopted to eliminate the
overlap of voltage current signals when switching. In addition, the power level work

mode also greatly impacts efficiency.

3.2 System modelling and dynamic features

A switching power supply is a negative feedback control system, and the basic
structure is shown in Fig 3-1. To study the stability of the feedback system, a
systematic mathematical model is needed to analyse the dynamic characteristics of
the system. The following section derives the transfer functions of each type and
analyses its dynamic characteristics.

The transfer function is a commonly used mathematical model of linear time-invariant
systems. According to the analysis in the previous section, the simplified abstraction
of the power level of switching power supply can be considered a linear time-invariant
system. The transfer function applies the Laplace transform, which is the algebraic
equation of the variable used to describe the dynamic characteristics of the system.
The power circuit transfer function can be derived from the equivalent circuit or derived
directly from the expression. According to the equivalent circuit derivation transfer
function, the control transfer function of the booster converter can be conveniently
obtained. The beginning of the expression involves directly writing the related

differential equation, which is also an example of the fixed-duty cycle booster converter.
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Adding interference gives:

a(lp+i
LE =, = (1= D = ) Voue + Voue) 310

C d(Vou;:'"out) — (1 —-D-— d)(IL + lL) _ (Vout;"out)

Removing high order terms gives:

di
Lﬁ = _(1 - D)Uout + dVout

dvout . Vout 3-11
¢ &out = (1 — D)i,—dl, — 22

Using the Laplace transform gives:

SLiL = _(1 - D)vout + dVout 12
SCUO‘UI = (1 - D)lL_dIL - % 3-
Then,
L
Your(s) _ Vg "SGR 3-13
~ (1-— L LC
d(s) (1-D)2 1+S(1—D)2R+SZ—(1—D)2

This method is based on the average value. Using the same principle, other transfer
functions can also be obtained:

Buck:

Vout(S) _ 1 _
d(s) 9 1+s§+$2Lc 3-14

Buck-boost:

1-SK(1+K)Z

Vout(S) — (1 + k)ZVg

d(s) 1+5(1+k)2E+52(1+K)2LC 3-15

K — Vout
Vg

From the above expressions, the power level transfer function contains a pair of

conjugate poles, whose position is mainly determined by the LC and is also related to

the conversion ratio (except for the buck converter). To achieve the same conversion
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ratio, the buck-boost converter needs a higher DC gain, and the conjugate poles are
lower, which is detrimental to the system design.

Based on the above analysis, the power circuit can be abstracted as a linear time-
invariant system, and its dynamic characteristics are described by the transfer function.
The bode diagram gives the system's gain and zero pole distribution intuitively.
Therefore, the power level of the switching power supply as the controlled object is

clearly resolved and can be used to design the control parameters.

3.3 System control

From the analysis in the previous section, the output voltage is affected by the input
voltage, load current and parasitic parameters. To maintain the stability of the output
voltage, appropriate system control is necessary. The control method of the switching
power supply systems can be divided into two categories: large signal control based
on the comparator and small signal control based on modulation. Only small signal
control is discussed here. An example of a buck converter for negative feedback is
shown in Fig 3-1. The controller adjusts the duty ratio signal according to the detected
feedback signal and drives the power transistors. If only the voltage signal is used for
feedback, it is called voltage control mode, and if the feedback loop contains the

current signal, it is called current control mode.
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3.3.1 Voltage control mode

To obtain a stable output voltage, a direct method is used to detect and feedback the
output voltage, which is the voltage control mode. The system diagram using the
voltage control of a small signal converter system block diagram is shown in Fig 3-17.
In this diagram, the feedback coefficient is reduced to 1, and the error between the
output voltage and the reference voltage is amplified by a factor of G.¢(S) and turns
into the duty ratio signal by PWM to control the power circuit. Above all, it consists of
a negative feedback loop. The transfer function of the power circuit Gv4(S) is derived
from the analysis in the last section. From equations 3-9 to 3-15, there are two
conjugate poles that can be deduced. The boost converter and buck-boost converter
both have a right half plane zero. Thus, the system design needs to consider bandwidth

selection and compensation design.

Fig 3-17. System diagram of voltage control
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Fig 3-18. Indication of the PWM signal generation based on the saw-tooth
waveform
(a). PWM time domain waveform
(b). PWM small signal model

The control level is mainly composed of two parts: error amplification compensation
and PWM signal generation. The PWM module converts an analogue signal (such as
an error signal) into a PWM signal where the duty ratio changes. Comparing PWM
signals with saw-tooth signals is a common method for generating an PWM signal, as
shown in Fig 3-18. If the periodic average method is used for analysis, the value of D
can be expressed as:

D= 3-16

Vsaw

The corresponding small signal expression is:

aw _ 1
Vea(s) N Vsaw

3-17

Gpwm(s) =
The value of the duty ratio signal stays the same in one cycle, so it can be seen as a
sampling process, as shown in Fig 3-18 (b), which is a complement to the linear model.
The error amplification compensation module is the key to system stability, and it is
also the key to design. The design of Gi¢(s) should meet the following criteria: a high
DC gain to reduce the output voltage DC error and enough phase margin to make the

system stable and the transient response fast. High DC gain means that Gu(s)
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contains at least one low-frequency pole; however, the transfer function of the
converter contains two LC poles. In this case, compensation design is required. When
the system bandwidth is within the conjugate poles, there is only one low-frequency
pole, and the system does not need the extra zero compensation. When the bandwidth
is low, usually for very high LC poles, the converter bandwidth is outside the conjugate
poles, and the system has three poles. Therefore, two zero points are needed to
compensate, and the zero point should be leading the conjugating pole. Generally,
using a proportion-integral-derivative (PID) controller, its transfer function can be

written as:

a+Ha+d

(1+p—1)(1+p—2)

Gyc (S) = Gyem 3-18

Its electric circuit can be achieved as shown in Fig 3-19.
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Fig 3-19. PID controller

3.3.2 Current control mode

The feedback signal of the converter in steady state is the voltage signal and the
current signal. If only the voltage signal is tested for feedback, it considered to use
voltage control mode. If the current signal is introduced into the control loop, it is called

current control mode. The current signal is detected and amplified along with the
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voltage error amplifier output to generate the PWM signal. The signal block diagram of
the system is shown in Fig 3-20. In Fig 3-20, Gis(s) is the transfer function of the

inductor current, which can be expressed as:

1+sRC

. _u® _Y% _
Gia(s) a(s) R 1+s£+sZCL 3-19
:______ov;r_Sta_ge______i
|
I 1
R I
l N I 3 Vref
| + | S
i Control Stage _ _ _ _ |
Fig 3-20. Signal diagram of the current control
Grce(s) is the output impedance, which can be expressed as:
Ger(s) = —— 3-20

1+sRC

The gain from the feedback control to the output voltage is expressed as Gyq(S), which
can be divided into inductor current gain and output impedance gain:

Gya(s) = Gia(s)Ger(s) 3-21
As with the current feedback module, the current signal can be transformed into a
voltage signal, and the gain of the feedback module can be treated as a resistance:

Gri(s) = Ri 3-22
Thus, all the gains from Fig 3-20 are deduced. This figure also indicates two control
loops: the current control loop and voltage control loop. Their transfer function can be
written as:

{Ti(s) = Giq(s)Gri(S)Gpwin(s) 3-23

T, (8) = Gua(s)Gyc(s) Gpwm (s)
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For a single loop control system, such as the voltage control mode described above,
the system stability is determined by the dynamic characteristics of the loop. For a
multiple loop control system, due to the interactions between the control loops, the
system stability and dynamic characteristics of each loop do not affect one another
directly; instead, all the effects of the control loops should be considered as a whole.
Using the current control of the converter is a typical double loop system. Introducing
the current loop to separate the LC resonant conjugate poles of the converter moves
the secondary pole outside the bandwidth, and the primary pole is determined by the
output capacitance. In this method, the current control loop causes the inductor to
function as a current source, making the level of the transfer function of the converter
by LC second-order downgraded to the RC first order, which in turn makes Gc(s)
compensation easier to implement.

Based on the above analysis, due to the phase difference of the double closed-loop
control objects, the current loop is usually considered to be the inner control loop of
the system, and the voltage loop is considered the outer control loop. This
consideration causes the current control loop to respond faster and be more stable
than the voltage control loop. In reality, the current control loop needs to be 10 times
faster than the voltage control loop [156]. The essence of the current control mode is
to use the current closed-loop feedback to form the compensation phase, which can

be considered a special zero-pole generation method.
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3.3.3 Maximum power point tracking (MPPT)

1. Photovoltaic panel characteristic

Photovoltaic (PV) panels are essential components in a solar power system. The panel
size is usually determined based on the output power of the panel. Taking a 4 W PV
panel as an example, the panel size is 50 cm? [59]. The electric characteristic of PV

panels can be described as in Fig 3-21.

[.=lph-Ip-lsh Rs Ui=Upv-ILRs
— T O0—
Ishl
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e
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(Ru)
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e

Fig 3-21. Equivalent circuit of the PV panel °
In an ideal PV panel, R = 0 (no series connection losses) and Ry, = o (no leakage
current). In a classic lin? silicon PV battery, R, is between 0.005 and 0.1 Q, and Ry,
is between 200 and 300 Q. In this case, a tiny change in R; would compromise the
PV output power. In general, the ambient temperature changes in a short period of
time are very tiny and can be neglected. The temperature has a considerable effect on
the output voltage of the PV panel. Fig 3-22 indicates the |-U characteristic curve of

the PV panel under different sunlight intensities.
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Fig 3-22. I-U characteristic curve of a PV panel under different sunlight intensities

2. Algorithm

A maximum power point tracking (MPPT) system is a system that consists of a DC-DC
power converter and correlated control system. It functions by adjusting the working
state of the electric module of the PV panels to maximize the energy output from the
PV panel for storage in the battery system. It can effectively meet the residential and
industrial electricity demands from remote and tourist areas that the regular power grid
cannot cover while generating no additional environmental pollution. Unlike voltage
control and current control, MPPT faces a current source rather than a voltage source,
and its purpose is to achieve maximum power rather than to control the output

voltage/current. Thus, different strategies are in place.

a. Constant voltage control

The constant voltage control method is used to fix the voltage of a solar panel to a

certain value. According to Fig 3-20, when the effect of temperature is neglected, the
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output voltage is relatively fixed at the maximum power point despite changes in the
light intensity.

The constant voltage method to achieve MPPT is simple, and it functions without
tracking the working voltage of the maximum power output of the solar panel. This
method reduces the need for a current sensor and thus makes the system less
expensive. The constant voltage method offers high control stability, is easy to achieve,
and has good reliability. However, due to the unique temperature output characteristics
of PV panels, as mentioned before, the temperature affects the PV panel performance.
Taking monocrystalline battery cells as an example, when the environment
temperature increases by 1 °C, the solar panels open circuit voltage of Uoc declines by
0.25%~0.45%. This result indicates that when the temperature changes, the maximum
power point corresponding to the output voltage of the solar panel changes.

For regions where the temperature varies dramatically throughout the year or during a
day, temperature changes would greatly impact the PV system. In these areas, using
the constant voltage method to regulate the PV system is not efficient or stable for the
system. With the development of digital signal processing technology, the method of

using a constant voltage control for MPPT has gradually been eliminated.

b. Perturbation and observation (P&0) method

The perturbation and observation (P&O) method is one of the most commonly used

MPPT methods in the industry, as shown in Fig 3-23. From the PV panel P-U curve,
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when the output voltage of solar panels is lower than the maximum output power point
voltage, the power output will increase with increasing output voltage. When the output
voltage of the solar panel is higher than the maximum output power point, the output
power decreases with increasing output voltage.

The principle of P&O control is that the PV control system disturbs the output voltage
of PV panels with a certain step change output voltage in each control cycle. Each step
of the voltage disturbance is described as AU. The P&O algorithm compares the
output power of the PV panel before and after the disturbance. If the PV panel output
power increases after the disturbance, which means that the working point moves from
a to b in Fig 3-23, then the P&O algorithm continues the disturbance in the same
direction of the last control cycle. Then, the working point of the solar panel is moved
from b to c. If the PV panel output power decreases after the disturbance, which means
that the working point moves from f to g in Fig 3-23(a), then the P&O algorithm reverses
the disturbance direction of the last control cycle. Then, the working point of the PV
panel moves back from g to f. The P&O method controls the PV panel working point

to move towards the direction of the maximum power point.
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P dl/du=-l/U

dl/du>-1/U dl/du<-I/U

v

(c)
Fig 3-23. MPPT algorithm
(a). P&O method;
(b). oscillation near the maximum power point for the P&O method;
(c). INC method.

The disadvantage of P&O is that the output of the solar panels is continuously
disturbed. When the PV panel reaches its maximum power point, the working point of
the PV panel will move around the maximum power point due to the P&O method. As
shown in Fig 3-23(b), when the working point of the PV panel moves from point e to
point f, the output power of the PV panel is close to the maximum output power.
Because the current output power P; is higher than the output power from the last
control cycle P,, according to the P&O judgement criterion, the disturbance will be kept
in the same direction as the last disturbance. Therefore, in the next control, the output
voltage of the PV panel continues to rise, and the working point of the PV panel moves
from f to g. At this time, the output power of the PV panels P, is lower than P, which
moves away from the maximum output power working point. The working point of the
PV panel will move back to f after the control cycle when it moves to g. After arriving
at point f, the working point of the PV panel at the next control cycle moves to e.
Assuming that the environment does not change, the working point of the solar panels

will constantly move from e to f to g and then from g to f to e, causing the output of the

81



PV panel to oscillate. The greater the disturbance step AU is in the P&O method, the
greater the oscillation that occurs near the maximum power point, and the greater the

output losses are.

c. Incremental conductance (INC) control

Incremental conductance (INC) control is another algorithm used in the MPPT control
method. Fig 3-23(c) shows the INC control method based on the P-U characteristic
curve. This diagram shows that the slope at the maximum power point is zero, such

as in formula 2-24.

dp

ar
S =l+US=0 3-24

Then, the following relationship can be deduced:
Z_l’l = _% 3-25

Fig 3-23(c) shows that when the working point of the PV panel is to the right of the
maximum power point, dI/dU < —1/U, and when the working point of the PV panel
is to the left of the maximum power point, dI/dU > —1/U. When the negative value of
the solar panel’s electrical conductance is equal to its gradient, i.e., dI/dU = —1/U,
the working point of the solar panel is at the maximum power point. By judging the
relationship between di/dU and —1/U, the INC method can be used to determine

the working point of the solar panel, and then the working voltage of the solar panel

can be adjusted accordingly.
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In practice, to apply the INC method, the PV panel output current variation Al and PV
panel output voltage variation AU are measured and divided to gain solar panels in
the conductance gradient.

_— N — 3'26

3.4 Switching technique

The DC-DC PWM power conversion technology, which has been developed and
applied since the 1960s, is a hard switch technique. To enable the switching power to
operate efficiently at high frequency, both industry professionals and academia have
been studying and developing high frequency soft switching technology since the
1970s.

The characteristic of the soft switch is that the power device switches under a zero
voltage condition or a zero current condition. Compared with a hard switch, the power
device of the soft switch works under the zero voltage and zero current conditions, and
the switching loss of the power device is small. In addition, the voltage and current
gradient (dU/dt and dI/dt) are greatly reduced, which can eliminate the
corresponding electromagnetic interference (EMI) and the radio frequency interference
(RFI), thus improving the reliability of the converter. Furthermore, for the same
switching losses, applying the soft-switching technique allows the system to operate
at a higher frequency, thus reducing the weight and volume of the system. The
switching losses are reduced to reduce the loss of the entire system. The way to reduce

the switching loss is to realize soft switching, so soft switching has become an
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important research direction for switching technology. In this paper, the working
characteristics of the soft switch and hard switch are compared, and the soft switching

technology is described in detail.

3.4.1 Hard switching

Fig 3-24 is the voltage and current waveform of the transistor for hard switching. In this
discussion, the transistor is no longer an ideal device. During switching, the transistor
generates turn-on losses and turn-off losses as the voltage current waveform overlaps
in these durations; these losses are called the switching loss. The higher the switching
frequency is, the higher the total switching loss is, and the lower the efficiency of the
converter is. The switching losses limit the converter switching frequency, which limits

the development of smaller and lighter converters.
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Fig 3-24. Voltage and current waveform of hard switching of the transistor and its
switching power loss
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The switching device in a traditional PWM converter works in hard switching. The four
defects of hard switching hinder improvements of the working frequency of the switch

device, which suffers from the following problems:

e Switching losses are large: When turning on, the current of the transistor rises,
and the voltage drops simultaneously. When turning off, the voltage rises, and the
current decreases simultaneously. The overlap of the voltage and current
waveform leads to switching losses that are proportional to the switching

frequency of the device.

e Back EMF is unavoidable: The back EMF occurs in the circuit due to the exitance
of the inductive element (lead inductance, the leakage inductance of the
transformer and other parasitic inductance). When the transistor is turning off, the
current gradient in the transistor diI/dt is very large, resulting in large EMI.
Moreover, based on the formula U = L - dI/dt, the resulting peak voltage across

the transistor is high, causing voltage breakdown.

e Capacitive turn-on issue: When turning on under high voltage, the electric charges
stored in the junction capacitance of the switching device all dissipate in the
switching devices, and overheating damage is caused by the switching devices.

The formula is:

[=C-dU/dt 3-27
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Large capacitive current and the conducting resistance of the transistor generate

massive heat.

e Diode reverse recovery energy issue: When the diode state is converting from
conduction into reverse cut-off, there is a reverse recovery period. During this
period, the diode is still in the conducting state. If the series-connected transistor
is immediately turned on, it easily causes the DC circuit to instantaneously short
circuit. The DC power supply generates a large impact current for a short period
of time, causing the transistor and diode device power consumption to increase

dramatically or even cause damage.

3.4.2 Soft switching

From the previous analysis, the switching losses include the turn-on losses and the
turn-off losses. Using soft switching technology can reduce the turn-on losses and turn-
off losses of the converter. The turn-on and turn-off procedures of the soft switch are

shown in Fig 3-25. There are several methods for opening a soft switch:

e Zero current turn-on: When the transistor is turning on, the current is kept at zero,
or the current rate is limited, thus reducing the overlap region between the current

and the voltage. As shown in Fig 3-25(a), the turn-on losses are greatly reduced.

e Zero voltage turn-on: Before the switch is opened, the voltage across the switch
drops to zero. As shown in Fig 3-25(b), the opening loss is basically reduced to

Zero.
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e Achieving A and B simultaneously, the turn-on losses are zero, which is the ideal
situation.
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Fig 3-25. Indication of soft switching
(a) Zero current switching;
(b) Zero voltage switching

Similarly, there are several ways to turn off the soft switch:

e Zero current turn-off: Before the transistor turns off, the current is reduced to zero.

Fig 3-25(a) shows that the turn-off losses are basically reduced to zero.

e Zero voltage turn-off: When the switch turns off, the voltage is kept at zero, or the

upper rate of the voltage is limited, thus reducing the overlap region between the
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current and the voltage. As shown in Fig 3-25(b), the turn-off is greatly reduced.

e Achieving A and B simultaneously, the turn-off losses are zero.
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Chapter 4 Proposed Asymmetrical DC-DC converter
for PV system
This chapter proposes an asymmetrical DC-DC converter for photovoltaic (PV) power
systems. For modularized PV panels, a combination of the active clamping soft-
switching technique is presented to achieve zero voltage switching ZVS and high-step-
up features. The voltage boosting techniques, including turns-ratio boosting and
voltage doubler, are carefully designed to be compatible with each other. The topology
is not only capable of low voltage source boosting but can also be controlled by the
MPPT algorithm to connect PV panels to high DC voltage bus and can achieve a high
voltage gain with an efficiency of over 90% over a wide range of inputs by phase shift
control. The entire system is simulated using the PSIM software and is tested
experimentally. The key feature is its fault tolerance operation capability without the
use of extra fault diagnosis circuitry. The innovation of the proposed converter is to
combine the Flyback-forward operation, active clamping and voltage doubler in one

topology as well as the capability of fault tolerance operation.

4.1 Circuit configuration and description

In Fig 4-1, the two main switching legs are composed of Sy, Sz, L1 and L2. Sy and Sz
are the main switches connected in parallel to achieve an interleaved structure for

coupled inductors L1 and L2, which can reduce the volume of the inductance for certain
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input current ripple requirements. These coupled inductors have primary turns of Nj.
The auxiliary reverse-connected switches are Sc7 and Sco. The clamping capacitors
Cc1and Cc2 are composed of the active-clamping circuit for the two main switching legs
to recycle the leakage energy caused by leakage inductance and to realize ZVS for
the primary power devices. The stray capacitors Css and Cs2 of the main switches are
also used to implement ZVS. The secondary windings L1 and L2y, which are in series
with a leakage inductance L.x7 and L2, with turns of N>, are connected to the voltage
double capacitor C,. The marked end of L2 is connected in the middle of the freewheel
diodes Doz and Do4. The marked end of L1, is connected to the voltage doubler Cy. Doy
and D,z are the output diodes, and Co7 and Co,2 are the output capacitors, which sustain
one-third and two-thirds of the output voltage, respectively. Vin and Vout are the input

and output voltages, respectively, and R is the load.

Ry,

Fig 4-1. The proposed asymmetrical flyback-forward DC-DC converter
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Fig 4-2. The waveform of the proposed converter

4.2 Operational analysis

Two signals with the same frequency and duty cycle are applied to the main switches
S1and S2. Due to the asymmetrical connection, the signal of St leads the other by 160°
(Fig 4-2). In contrast, the auxiliary switches are complementary with their
corresponding main switches. Using steady state analysis, 15 stages can be classified
as follows (Fig 4-3):

Stage 1 [to~t1]: During this stage, both main switches S7and Sz are in the turn-on state.
The clamp switches S¢1 and Sc2 are in the turn-off state. In addition, the output diodes
D1 and Do2 are both reverse-biased. The two coupled inductors operate in the flyback

mode to store energy. The primary winding currents /.12 and /.2a are stable, which
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generates no current at the secondary side of the coupled inductor. The energy to the
load is provided by the output capacitors Co1 and Coz.

Stage 2 [t1~t2]: One of the main switches St turns off at the beginning of this stage,
resulting in nearly linear increasing voltage across the main switches and combining
the existence of the parallel capacitor Css. This interval is very short because the
primary winding current is large, and the stray capacitor is small.

Stage 3 [t2~t3]: The drain-source voltage of St continues to increase until ts. The drain-
source voltage is larger than the voltage of clamp capacitor Cc7, which makes the
parallel-reversed diode of the clamp switch conduct. The voltage of the clamp
capacitor begins to increase for charging the primary winding current /1. From this
stage, Cc7 and L1a begin to resonate.

Stage 4 [t3~t4]: Due to the positive direction of the diode, the voltage across the clamp
switch S¢7 falls to zero at t3. The turn-on signal is applied to the switch at the same
time, which achieves ZVS turn-on operation. The current then quickly transfers from
the diode to the switch. Increasing the voltage of Cy leads to a decrease in the primary
winding current /1a, which increases the voltage on the secondary winding and
generates the current /1. However, due to diodes Do3 and Do4, the secondary winding
current /14 can flow only within the following path: L1p-C1-Do4-L2s-L1b, namely, Path 1.
In this stage, L7 operates at the forward mode, and L2 remains at the backward mode

for the reverse direction increase of /2, leading to the increase in /za.
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Stage 5 [t4~ts]: The primary winding current /4, falls to zero at ts. Because of the
resonance, /12 continues decreasing, which means that the capacitor also begins to
discharge at the beginning of this stage.

Stage 6 [t5~ts]: At t5, the turn-off signal is applied to the clamp switch S¢y. This is a ZVS
turn-off operation condition because of Csy. It restricts the increasing rate of the drain-
source voltage of the main switch S7, making the growth nearly linear. The primary
winding current /152 begins to increase, which decreases the secondary winding current
I1v. However, due to the existence of Lz, the current through L2, cannot decrease as
fast as /1», sO two new current paths appear in addition to Path 1. The other two paths
are Path 2 (L2p-C2-Do1-Co1-L2v) and Path 3 (L2p-C2-Do1-R-Co2-L2b). In addition, it is
obvious that Path 2 is charging Co1, while Path 3 is discharging Co2. L2y begins to
operate at the forward mode, and the primary side winding current of Lo, starts to
decrease. One part of the leakage energy is delivered to the secondary winding L2,

Co7 and R, while another part is recycled to the input source.
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Fig 4-3. Circuit diagrams

(a) Stage 1 [to~t1]; (b) Stage 2 [t1~to]; (c) Stage 3 [t>~t3]; (d) Stage 4 [ts~t4] and
Stage 5 [t4~ts]; (e) Stage 6 [ts~ts]; (f) Stage 7 [te~t7]; (g) Stage 8 [t:~ts]; (h) Stage 9
[ts~to]; (i) Stage 10 [to~t10]; (j) Stage 11 [tio~t11] and Stage 12 [t11~t12]; (k) Stage 13
[ti>~t13]; (I) Stage 14 [t13~t14]; and (m) Stage 15 [t14~t15].
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Stage 7 [te~t7]: At ts, the primary winding current /415 returns to the stable state, and the
inductor L1, operates at flyback-mode to store energy again. For the steady state of /1,
the secondary winding current /1 falls to zero. Then, the current paths have only Path
2 and Path 3 left. Without the source, the current of both paths continues to drop.
Stage 8 [t~ts]: At the beginning of this stage, the currents in Path 2 and Path 3 fall to
zero. The remaining part of this stage is the same as Stage 1.

Stage 9 [ts~to]: The turn-off signal is applied to the main switch So. This stage is the
same as Stage 2.
Stage 10 [to~t10]: This stage is similar to Stage 3.
Stage 11 [tio~t11]: The primary end has a similar operation as Stage 4. Additionally,
due to the reverse direction increasing of 1, the corresponding primary winding current
l1a begins to increase, similar to the behaviour of /1, in Stage 3. However, for the
secondary end, unlike in Stage 3, the secondary winding current splits into three
different paths: Path 4 (Lap - C2- Lob), Path 5 (L2p - Co1 - R - Do3z - C1 — L1b) and Path 6
(L2b - Co2 - Doz - C1— L1p). Moreover, the power for the load in this stage is provided by
Co1 and the energy from the source, while the other output capacitor Co2 is charging.
Stage 12 [t11~t12]: This stage is similar to Stage 5.
Stage 13 [t12~t13]: The primary end of this stage is similar to that of Stage 7. The
increase in /25 leads to a decrease in /2». Because the current flow through C: is affected
by only L2, the decrease rate of /.2 is fast, while the currents flowing through Path 5

and Path 6 decrease much slower than that in Path 4 due to the existence of L1s.
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Stage 14 [t13~t14]: At the beginning of this stage, the current of Path 4 falls to zero. The
amplitudes of /2, and /2, are identical, and both continue to decrease, which leads to a

change in the primary winding current value.

Stage 15 [t14~t15): At t15, the residual current of the secondary winding falls to zero. The

rest of this stage is similar to Stage 1.

4.3 Steady-state circuit performance analysis

In this section, the following assumptions are made to simplify the analytical process:

e The two coupled inductors L7 and L are identical;

e The two clamping capacitors Css and Cs2 are identical;

e The equivalent series resistance (ESR) is neglected;

e The two voltage doubler capacitors Cs and C: are identical;

e The voltages of all capacitors are constant;

e The dead time effect is neglected;

e The voltage drop and the internal resistance of all devices are neglected.

These assumptions can be expressed as:

Lipg =Lz =Ly 4-1
Ligr = Likz = Lik 4-2
Ce1 = Cep = C; 4-3

99



C:l:CZ:C 4'4

4.3.1 Voltage-gain derivation

The charging process of the first leg switching period can be calculated by /c during s
and t;. For the second leg, the process can be obtained by /.1 during tio and t14. The
charge of the load within a given period can be derived as:

Qroad = Qco1 t Qcoz = Qc1 + Qc2 4-5
where Qcor and Qco2 are the charges going through Co1 and Coz, respectively, and Qc1
and Qg2 are for C7 and C, respectively. Qc7 equals the integration of the current flows
out of capacitor Cs, which means that the area of /. is within [ts~t7]. By the same
principle, Q.2 equals the area of I 1 within [tio~t14]. However, due to the charging
balance of the voltage doubling capacitors and the fact that C. is charged and
discharged by only /¢, C is affected by only I 1. These two currents can be transferred
to Ic during [t10~t13] and to IL1b during [t3~fs]. Then, 4-5 can be expressed as:

Qioad = Anibz~6 t Arc10~13 4-6
Then, the voltage gain of the output can be expressed as follows:
The time gap of [ts~te] is known as:
ts —t; = (1 — D)Ts 4-7
where Ts is the switching period. The time gap of [fs~t7] can be calculated as:

— Ip1p(ts)—IL1p(ts) — ki(1-D)Ts 4-8

te —t
6 5 PR PR

where k; and k;” represent the current slope rate of /.1, which is:
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— NVec—Ver

I L+l 4-9
Lk1TLLEk2
Substituting 4-2 into 4-9, k; can be simplified as:
k; = NVec=Ver 4-10
2Lpk
Following a similar process for k;:
k= e 4-11
2Ly g
From 4-7 and 4-8, the time interval [t3~fs] can be obtained as:
t6 _ t3 — (NVCC_Vcl)(l_D)TS 4_12
Ver
Inturn, Aj;1p3~6 Can be calculated as:
— (NVec1=Ve1\ NVee1—Vea _ 2m 2 _
Anap g = (Feg—er) et (1 — D)2, 4-13
Similarly, the area of Ic within [t1o~t13] Ajc10~13 Can be expressed as:
_ NVecoa=Vea N\ NVeca—Veo _ 2m 2 _
Asgaomrs = (FrEEe2) Teeler (1 — 2T, 4-14
Then, the total amounts of charges to the load are:
Q — A NVccl_Vcl B NVCCZ_VCZ F
Lika+Likz Lik2
F = (1 - D)%T,?
{ 4= NVCIC;—Vcl 1 4-15
c1l
| B = MWeeztWeer Vez | 4
k Vez

For this asymmetrical connection of secondary side inductors, the voltage ratio of Co1

and Co2 is:

NVee =Ve1, \NVec =Vei, 272
+1 1-D)“T.
Veo _ ( Vel jLLk +LLk2\ ) s 4-16
Veo (NVCC +NVee Ve ' 1\NVcc =Ve2 (1-D)2T. 2

Ve2 Y Lik2 s S

Based on the voltage-second balance principle, the voltage stress across the clamping

capacitors Ve is:
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In addition,

Q =T, 4-18
Veoz = 2Veq 4-19
Veo =2V 4-20
Vout = Veo1 + Veoz 4-21

Due to the complexity of the equation, from the simulation result, the voltage ratio of
the two output capacitors is approximately 0.5. Therefore, the result of 4-16 is
approximately 0.5.

Then, the voltage gain of the converter can be expressed as follows:

Vin * 4-22

__ N-R-(1-D)Ty
Lig

{M _ Vour __ —3K+V9KZ+96NK
Lk = =

K

If L is assumed to be very small for the proposed converter, then the gain expression

can be simplified as:

(N(l—D)RTS)2|32 2RTs N(1-D)RTs
Lik Lik Lik

Msimyp = - 4-23

From the above equations, it can be concluded that the voltage gain of the proposed
converter is determined by the turn ratio of the coupled inductors, the duty ratio of the

main switches, the leakage inductance, the switching frequency and the output load.

4.3.2 MPPT

Basic MPPT methods are applied in this paper, including constant voltage control

(CVT), the perturb and observe (P&0O) method and the incremental conductance
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method. CVT has the advantages of simplicity and stability. However, the perfect
voltage reference could be affected by temperature, sand on the panel and other
environmental conditions. The P&O method can adjust the panel voltage to meet the
maximum output power in any condition. The drawback is constant oscillation when
reaching the maximum output, which causes energy losses. The incremental
conductance method is better than the CVT method and P&0O method in terms of
accuracy, stability, efficiency and overall performance. Because of the requirements of
the sensors and the complicated algorithm, the P&O method is not eco-friendly for
residential or commercial PV panel groups, especially for modularized PV farms. In
this paper, the P&O method is chosen to verify the converter for its simulation simplicity.

Fig 4-4(a) is the flow chart of the P&0O method.
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Fig 4-4. P&O flow chart and simulation
(a) P&O flow chart;
(b) P&O method realization in PSIM

4.3.3 Voltage stress analysis

The voltage stress for the main switches is the voltage of the clamping capacitors:

_ _ Vin ~ Vout
Vds_stress - Vcc ~ 1-D ~ N 4-24

The maximum voltage stresses of Do1, Do2, Do3 and Dos are:

Vbo1 = 2/ 3 Vout 4-25
Vpoz = 1/6 Vout 4-26
Vbos = 5/6 Vout 4-27
Vpoa = 5/ 6 Vout 4-28

Clearly, to achieve a certain amount of voltage gain, the switching devices should be

selected by considering the turns ratio of the coupled inductors and the resulting

voltage stress.
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4.4 Simulation results and analysis

A specific case study of the proposed DC-DC converter was performed. Using the

PSIM software program, the converter was designed using certain parameters.

4.4.1 Simulation setup

An asymmetric isolated DC-DC converter was built using PSIM software. Fig
4-5indicates the configuration of the proposed converter.

In this case, a single PV panel is connected as an input source for the proposed
converter, where there is a current or power limitation. For the purpose of topology
testing, all the components are ideal except for the transformers, whose magnetizing
inductance and leakage inductance are still taken into consideration. To simplify the
circuit, the auxiliary capacitors parallel to the auxiliary switches are eliminated. The
system is operated at a very high carrier frequency, and the two switches do not affect
each other.

The system parameters are shown in Table 4-1, and the maximum power output of the
PV panel is 156.1 W at 17.1 V. To present a clear waveform to analyse each switching

period, the switching angle between the two main control legs is 165 degrees.
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Table 4-1. Specifications of the simulated proposed converter

Parameter Value
Clamping capacitor (uF) 100
Transformer turns ratio 1:2
Transformer magnetizing inductance (uH) 50
Transformer leakage inductance (pri)(uH) 0.8
Transformer leakage inductance (sec)(uH) 0.2
Voltage doubler capacitance (uF) 4.2
Output capacitance (each)(uF) 100
Load battery voltage (V) 380

4.4.2 MPPT simulation step-up

The proposed DC-DC converter was tested under a basic MPPT module based on
PSIM software. The following table shows the parameters of the MPPT converter. The
light intensity input is given by a square waveform from 70%-100% of its standard value,
and the switching frequency was set to 10 kHz. Fig 4-4 shows the general P&O method
flow chart and its simulation in PSIM. Due to the special operational routine, the output
current is discontinuous, as shown in Fig 4-5(b). To optimize the output feature, a
three-interleaved structure is also investigated (Fig 4-5(b)). The principle of the
structure is to utilize the modularized topology, overlapping the output current
waveform to minimize the current ripple at the output end. This structure requires an
even distribution of the phase-shift angle. For residential and commercial PV systems,
there are usually 20-30 PV panels with a rated power of 150 W for each PV panel. The
performance of the actual system with an even distribution structure can be better than

the simulated PV system.
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Fig 4-5. Simulation diagram
(a) Simulation diagram of the proposed converter;
(b) Three-interleaved topology structure.

4.4.3 Fault tolerance and operation simulation

In this paper, only main switch open circuit faults are simulated and analysed. The
primary side is an interleaved structure, and this topology allows the entire system to
operate into two individual stages. The converter itself would still operate with one open

circuit fault. However, the secondary side of the transformers are asymmetrically
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connected. For this case, Fig 4-11 and Fig 4-12 reveal the simulation results of the

fault operation.

4.4.4 Simulation results

The configured converter was simulated based on the 100 kHz and 50 kHz carriers
shown in Fig 4-6 and Fig 4-7, respectively, and with the sampling time step of 0.2 ps.
Fig 4-8 indicates the phase-shift and non-phase-shift control reflection on the output

current and diode current.
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Fig 4-6. Simulation results from the PSIM software with the 100 kHz carrier
waveform
(a) Carrier waveform;
(b) Current waveforms I, and Iy of the primary side;
(c) Current waveforms I,, Iv, and I of the secondary side;
(d) Current waveform of the four output diodes;
(e) Output current.
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Fig 4-7. Simulation results from the PSIM software with the 50 kHz carrier

waveform

(a) Carrier waveform;

(b) Current waveform la, I» of the primary side;

(c) Current waveform Iy, Iy, Ic of the secondary side;
(d) Current waveform of four output diodes;

(e) Output current.
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Fig 4-8. Fault model simulation results on output diodes
(a) Output current waveform compared with current waveform through output
diodes D1 and D3 in three-interleaved topology (non-phase-shift);
(b) Output current waveform compared with current waveform through output
diodes D1 and D3 in three-interleaved topology (phase-shift).

The results clearly indicate that the proposed converter is working properly, and the
result waveform is very close to the theoretically deduced waveform presented in Fig
4-2. Fig 4-6(a) and Fig 4-7(a) present the switching signals of the main switches under
100 and 50 kHz, which are merely indications to show that the operations matched the
theoretical analysis. Fig 4-6(b) and Fig 4-7(b) reveal the currents in the primary end of
the proposed converters. As shown in Fig 4-6, the 100 kHz example has linear gradient
currents, and under 50 kHz, the gradients have more curvy disturbances than the
theoretical waveform. The same reactions also appear in Fig 4-6(c) and Fig 4-7(c) and
in Fig 4-6(d) and Fig 4-7(e). This result is caused by the oscillation from the clamping
capacitor and the inductance from the transformer. Fig 4-6(e) and Fig 4-7(e) suggest
that the outputs of the converter would be close to each other. However, with the
oscillation, the higher switching frequency would have a lower voltage and current

ripple, leading to higher efficiency, as verified in a later subsection.
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Fig 4-9. Simulation results for the PV output
(a) PV output voltage;
(b) Maximum power output and actual power output vs. light intensity input.
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Fig 4-10. Fault model simulation results of PV output
(a) Output current waveform compared with the current waveform through output
diodes D1 and D3, (b) Actual output power matching maximum power duration
under different reference voltage steps: Po represents 0.1 V, and Po_1 represents
0.05 V.
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Fig 4-9 shows the simulation results of the MPPT. The unmatched parts of the
maximum PV output and the actual output are caused by the unbalanced input power
and output power of the entire system.

Under the assumption of ideal circumstances, no energy consuming elements were
included in this simulated system. However, with the existence of leakage inductance
in the transformer, the power dissipates into the air. From equation 4-22, the leakage
inductance, load resistance and carrier frequency affect the voltage gain, which in turn
affects the efficiency. Fig 4-10(a) indicates that the efficiency decreases with
decreasing carrier frequency. In addition, the high frequency brings more stability to

the system, which is indicated by the input and output current ripple.
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Fig 4-11. Main switch open circuit fault transit
(a) Ga open circuit fault;
(b) Gb open circuit fault.
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The phase-shift technique is an important control scheme for interleaved structures
such as those proposed in this paper. With properly tuned Pl control, the converter
could achieve better output flexibility when small variations occur without undertaking
major tuning of the duty ratio of the switches. In Fig 4-11 and Fig 4-12, the simulation
results indicate the transit output power/voltage of the PV panel and the current
waveforms of the load/output diodes. These figures show that under a S+ and S2 open
circuit fault, the PV panel would suffer from different variations regarding the output
voltage and power. The system can be tuned to its original outputs. The open circuit
faults in S1 and S2 have different impacts because the system is asymmetrical; the
transformer corresponding to Sz has a larger current than S1. This asymmetry explains

why S2 would have a larger impact on the system than Sa.

4.5 Experiment

The proposed topology is tested with a DC power supply as the input source. An ezdsp
28335 is used to generate the PWM waveform, and an 800 Q resistive load is used for
energy consumption. The IGBT is driven by an MCP1406E MOSFET/IGBT driver fed
by an A3120 opto-coupler and, the entire drive system is powered by a TJ-IB2415LS
DC-DC converter. The experimental platform is shown in Fig 4-13. The circuit is tested
under an open circuit PWM control with a fixed duty cycle varying from 0.2 to 0.55. The
switching frequency changes from 10 kHz to 30 kHz, and the input voltage is tuned
from 5 V to 35 V. Fig 4-14 to Fig 4-20 show the experiment results regarding the

relationship between the gain ratio and input voltage (and the switching frequency and
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duty ratio) and between the efficiency and input voltage (and the switching frequency
and duty ratio). Due to the fixed duty ratio and load resistance, increasing the input
voltage means increasing the power flow through the converter. Because there are
fixed power losses in a practical system and because of the oscillation effect
mentioned in subsection 4.4.4, the system efficiency and voltage gain increase when
the input power increases. As shown in Fig 4-14, the voltage gain ratio increases from
14 to 17.5 as the input voltage increases from 5 to 35 volts because the percentage of
the inherent system power loess decreases while the total power of the system
increases. Fig 4-15 tells the same story as Fig 4-14 from the efficiency point of view.
However, there is a small distortion in Fig 4-14 and Fig 4-15, which could be caused
by system error and sensor error. The voltage gain decreases from 17.89 to 17.20
when the switching frequency increases from 1 kHz to 4 kHz with the soft-switching
technique (Fig 4-16(a)). However, without the soft-switching technique, the voltage
gain increases from 17.81 to 16.76 with respect to the same switching frequency range
(Fig 4-16(b)). These two figures demonstrate that the soft-switching technique
increases the efficiency and voltage gain ratio by 2.63% at a switching frequency of 4
kHz, and the increased ratio increases at a higher frequency. Moreover, the voltage
gains still decreased with the soft-switching technique, and the power loss could be
caused by the reverse recovery energy loss of the diodes. Fig 4-19 and Fig 4-20

indicate that soft-switching is achieved for overlap turn-on and non-overlap turn-on in
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two major switches. The highlighted circles in these two pictures are the interval of

soft-switching, which occurs when the current is in the free-wheeling state.
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Fig 4-13. Experimental platform
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4.6 Conclusion

A high-step-up flyback-forward asymmetrical DC-DC converter with an active clamping
circuit is introduced in this paper. This convertor pushes the current limits of voltage
gain by employing a voltage multiplier and transformer. The flyback-forward structure
avoids the drawback of the standalone flyback and forward topology. An interleaved
connection at the primary end of the transformer reduces the voltage stress, and an
active-clamp circuit achieves ZCS turn-off, increasing the circuit efficiency. The
simulation results indicate that the system is controlled by the carrier frequency, output
power demand and shift angle, thus proving that this topology could be applied to a
PV-to-grid system. The practical experiment indicates that the topology can be properly
operated. Compared to the symmetrical output system, the proposed topology can
achieve a higher voltage gain. Future work could include phase shift control, hysteresis

current control and practical experimentation.
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Chapter 5 Switched-capacitor DC-DC converters
In the last chapter, an isolated asymmetric DC-DC converter was proposed, while in
this section, a detailed description of a non-isolated high-step-up modular switched-
capacitor DC-DC converter is presented along with an analysis of system performance.
A modular switched-capacitor DC-DC converter (MSCC) is designed to boost the input
voltage to a high voltage level and can be applied for photovoltaics and electric
vehicles. This topology has high extensibility for high voltage gain output. The merits
of the converters include fault tolerance operation and voltage regulation with a
minimum change in the duty ratio. These features are built in when designing the
modules and then integrated into the DC-DC converter. The converter performance,
including voltage gain, voltage and current stresses, is determined and tested. The
converter is modelled analytically, and its control algorithm is analysed in detail. Both
a simulation and experiment are performed to verify the topology under normal
operation and fault mode operation. The innovation of the proposed converter is
modularization with fault tolerance capability. This convertor can overcome open circuit

faults of both the transistors and capacitors.

5.1 Circuit architecture

Fig 5-1(a) illustrates the topology of the proposed MSCC. The convertor contains 3

identical modules, as shown in Fig 5-1(b). The insulated gate bipolar transistors
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(IGBTs) Sy and Sz as well as S3 and S4 control the current flow to and from the
capacitors; capacitor C7 is connected between the collector end of S7 and the middle
point of the half bridge formed by Sz and S4, while capacitor C: is connected to the
collector end of Sz and shares the other end with C+. The collector end of Sz is
connected only to V.. (representing the output end of the previous module). The
emitters of Sy and S» are connected to the input source, and the emitters of Sy are
connected to the ground. As previously mentioned, the collector ends of S7and S2 are

connected to V., (representing the output of this module).
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Fig 5-1. Proposed MSCC DC-DC converter
(a) Overall structure;
(b) Module structure.
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The module of the proposed converter is similar to that of a traditional MSCC. A
traditional MSCC requires an output capacitor that has a larger capacitance as the
number of modules increases. In the proposed converter, all the component
parameters are identical, so it can be very easy to maintain and replace the faulted
module. In addition, with the voltage regulation capability, even with the faulted module

remaining in the system, the entire voltage could be tuned to the rated level.

-

0 -1;1 -Ti'

Fig 5-2. The waveform of the proposed converter

5.2 Principles of operation

The normal operation of this converter requires transistor Gou turning off and G; turning
on during the entire procedure. In the reverse directional operation, turning on Gout is
necessary, while when the first module needs to be bypassed for fault isolation, turning
off Gjis required. The normal function of the entire system is based on proper control
of the transistors in all modules. The control for each module is identical. There are
only two stages in the system, as presented in Fig 5-2. In the first stage, S« is switched

on, and Sz is switched off. The input voltage is charging the module capacitors along
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with the input inductor, and the module detail is shown in Fig 5-3. The second stage
(shown in Fig 5-4) is the input voltage charging the input inductor and all the output
capacitors starting to transfer energy to the load. In this case, S3is switched on, and
S4 is switched off. The energy is transferred from all the submodule capacitors to the
load. In the normal operation mode, S7and Sz can be turned off for the entire procedure
by using the freewheeling diode to charge the module capacitors. The signals for these
transistors are required only when fault isolation or bidirectional operation is used. In

this paper, only fault isolation is discussed.
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Fig 5-3. Charging mode of the proposed converter
(a) Route of the overall circuit;
(b) Route of the modules.
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Fig 5-4. Discharging mode of the proposed converter
(a) Route of the overall circuit;
(b) Route of the modules.

5.3 Circuit analysis

To analyse the proposed DC-DC converter circuit, this section uses S-domain system
modelling to determine the system stability and studies the voltage ratio range,
voltage/current stress and ripple to test the normal operation performance in the steady

state. Similar to the previous section, some assumptions are made to simplify the

mathematical model and analysis:
e The capacitors in all modules are identical;
e All transistors are ideal; and
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e The dead time effect is neglected.

5.3.1 System modelling

In the charging stage, the system differential equations can be obtained by using the

volt-time balance principle:

(1=D) " (vin —v) =(1~D) LT y
(1=D)iy = (1=D) Gy Gf
In the discharging stage:
dip,
D-v,, =D =L
DI-TIIV-VC @ dv, 5-2
D lg = R =D- Cn ' E
Combining the two stages:
diy 0 —% . 1
[ff_t] =lio wo L]+ [8] vin 53
at c RC
0 1P
(A: 1-D N-IB
{ T e 5-4
| o~
Using the Laplace transform:
iL(s) 1 T (-2
9] = -5 —4)- -B=det(l-s—A)-[L C_L};C] 5-5

The output voltage small-signal transfer function of the proposed modularized switched

capacitor converter can be expressed as:

Gpa(s) = —2— 5-6

s2+aqs+a,

where:
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_ (1-D)? 5-7

The bode diagrams of the proposed converter are presented in Fig 5-5. The system
slop inclination is approximately -20 dB/dec. The magnitude analysis of the converter
indicates an unstable state of the converter when encountering a low frequency input
noise. In contrast, the system has high stability against high frequency input noise. The
phase angle is -180 degrees, indicating the stability of the converter. Based on the
above analysis, a closed loop is necessary to address any low frequency input
disturbance. The control loop for this topology can be easily implemented, as shown

in Fig 5-6.

Bade Dizgra™

tAxzntze 190)

Praesan [hogzl

Fraqumncy (rad)

Fig 5-5. Bode analysis of the open-loop of the proposed converter

Vref +

Vo

Fig 5-6. PI controller of the proposed converter
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5.3.2 Voltage ratio range

The capacitor voltage for each module can be express as:

y, = Lin 5-8
Because the load is connected in series with all the output capacitors in the submodule

at the second stage, the entire output voltage is:

_ N-Vin
Vout —_— _1—D 5'9

The relationship between the output voltage gains of the proposed converter and the

module number is presented in Fig 5-7.

30

0 0.1 02 03 04 05 ).6 0.7 08
Duty Ratio

Fig 5-7. Voltage gains of the proposed converter

5.3.3 Current stress

The inductor is in series with the input voltage source, which means that the inductor’'s
current stress is larger than the maximum current output of the DC voltage source. As

with the switches, N modules would divide the input current into 7/N. Moreover, S2 and
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S3 are switched on at the same time. Thus, for L, S1, S2 and S4, the current stresses

are:

(Istress,L =lp =1
_bn

[stress,Sl - ﬁ

[ — DI, 5-10

stress,S2 2N

i _ b
stress,S4 — N

For S3, the switch carries the current to charge the output capacitor for the entire
system. The maximum current flow through Sz is:

Istress,S3 = (1-D) I 5-11

5.3.4 Voltage stress

For each module, the voltage stress for Sz is identical to the module capacitors:
Vstress,ss = Ve 5-12
The rated voltages for S7 and Sz are the same for its symmetrical connection. They
block the positive end of the current module capacitors; thus, the voltage stresses for
S7and S are:
Vstress,s1 = Vstresss2 = N Ve 513

The voltage stress for S4 can be deduced from the following analysis: due to the series
connection of the output module capacitors, in the N module, S4 needs to block the
voltage from all the output former module capacitors in the series connection, so the

voltage stress for Sy is:

Vstress,54 = (N - 1) Ve 5-14
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The common maximum stress voltages for commercial IGBTs are 600 V, 1200 V and

6.5 kV. In this project, a 600 V stress voltage level is sufficient.

5.3.5 Current ripple

All the submodule structures are identical, and so are all the capacitor parameters.
One module is analysed to represent the entire system. As the input voltage regulator,
the current ripple should be written as:

Vin = L5 5-15
where V;, is the input source voltage and I; is the input current. To maintain the

continuous operation mode and decrease the current ripple, the input current ripple

should be limited to a certain level. To fulfil all the criteria, the inductance should obey:
Lz s 5-16
when the system switching frequency is limited to less than 20 kHz and the output
voltage is set to 20 V. If the rated system power is set to 160 W, the inductance for
continuous operation can be calculated as:
L > 15.625uH 5-17
For this project, a 47 uH inductor is selected to minimize the oscillation in the circuit.
Small inductance would cause the module capacitor voltage to oscillate for a half cycle
in the discharging mode. When the duty ratio is set to 0.5, the current ripple can be

derived as:

Al = 1.5625 A 5-18
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5.3.6 Voltage ripple

In each module, the voltage ripple is determined by the capacitance of the module
capacitor, input current and switching frequency:
AV, = f, €dt 5-19

The capacitance is then calculated as:

c=2k 5-20
where K is the error ratio of the output voltage, f; is the switching frequency and D is
the duty ratio of S1, Sz and S4.
If there are 4 modules in the system, a 5% voltage ripple is allowed, and the rest of the
system setup is the same as mentioned before, then the minimum capacitance is:

C = 25uF 5-21

For this project, a 47 uF capacitor is selected, and the current ripple can be derived as:

AV, =1.064V 5-22

5.4 Fault tolerance operation

Fault tolerance operation has become a crucial aspect for PWM DC-DC power
converter, especially for modern industrial applications, such as electric vehicles,
HVDC power transmission, island DC power networks and even military applications.
Ensuring normal function is important to the aforementioned system in terms of
economic damage and safety issues. Two categories of components have higher risk

of damage due to electrical and thermal stress than other components:
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semiconductors and capacitors. In this module, three fault scenarios are discussed:

open circuit faults (OCFs) of the IGBTs and capacitors.

5.4.1 Capacitor open circuit fault

The capacitor in each module is used to deliver energy from the source to the load in
a series connection. When one module has a capacitor OCF without fault isolation, the
entire system would shut down gradually. The M module is taken as an example to
demonstrate the fault isolation principle.

When C,,, is detected as a fault element (n represents the capacitor), the Sn switch
from the current module continues to turn off for the entire fault operation stage, thus
isolating the faulted capacitor from the capacitor charging stage. In contrast, in the
capacitor discharging stage, the Sn switch from the next module is switched off to
eliminate any disturbances from the faulted capacitor to the converter. The current path
is indicated as shown in Fig 5-8. However, this would increase the current stress of the

other capacitor’s corresponding transistor.
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In this situation, the output voltage for the system would be the same as that in the

normal operation mode.

5.4.2 S1and S:2 open circuit fault (OCF)

The S7 and Sz OCF is very convenient to address. For each individual with an OCF,
the consequences would be the same as that of the corresponding capacitor OCF. If
S1 and S2 have an OCF at the same time, the entire faulty module needs to be
bypassed. The circuit would react in the following state (Fig 5-9). In these two diagrams,
the faulted transistors S1_sand S7 2 are marked as S r. To maintain the output capacitor
chain, the capacitor in the next module is charged alone with the ones in the faulted

module in series. To differentiate between the switches in different modules, sub-labels
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are introduced in the following. As presented in Fig 5-9(a), S2 1, S2 2, S2 3and S1 4turn
on, and the rest are off. In addition, as shown in Fig 5-9(b), S2 3 and S 3 are turned
on, and the rest are off. However, the connection would decrease the output voltage
level, and compensation would occur by tuning the duty ratio. These steps would
increase the voltage stress on the capacitors in the remaining modules. When this type
of fault occurs in the last module, there is no next module to help bypass the fault. As
shown in Fig 5-1, a bypass diode (d ¢) is introduced between the ground and the output

end of the last module to bypass the fault, which would not influence normal operation.
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Fig 5-9. S1 and S: Fault isolation mode
(a)Charging mode;
(b) Discharging mode.

5.4.3 Sz and S4 OCF

Addressing Sz and S4 OCF individually or together is identical. Both faulty switches
would be treated as open circuited in both scenarios. S and S2 switch from the
previous module to charge the corresponding capacitors; therefore, these switches
would also be used to discharge the capacitors. In this way, the entire faulty module is

bypassed, as shown in Fig 5-10. The duty ratio is modified to minimize the effect.
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Fig 5-10. S3 and S4 Fault isolation mode
(a) Charging mode;
(b) Discharging mode.

5.5 Simulation and experimental results

The proposed converter was simulated with a large input voltage for a high power

system. However, due to lab limitations, the practical experiment was carried out for a

low power system. The detailed expression is presented in the following section.

5.5.1 Simulation results

A detailed simulation was performed for the proposed DC-DC converter. The
simulation was conducted using PSIM software, and the system parameters are

presented in Table 5-1. Only the closed loop is carried out in the simulations in this

paper.
Table 5-1. Specifications of the simulated proposed converter
Parameter Value
Module capacitor (uF) 47
Switching Frequency (kHz) 20
Input inductor (uH) 50
Input voltage (V) 200
Output capacitance (each) (uF) 470
Load resistance (Q) 200
Gate Signal
1
0 |

0.40002 0.40004 0.40006 0.40008 0.4001 0.4012 0.4014
Time (s)

(@)
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Fig 5-11. Simulation results of the proposed converter

(a) S1 switching signal;

(b) Input current waveform;
(c) Output voltage waveform;
(d) Capacitor voltage waveform.

Fig 5-12 and Fig 5-13 demonstrate the S; and Sz module capacitor OCF and Sz and
S4 OCF, respectively, in open circuit tests. The former situations require the entire
module to be bypassed. Therefore, one of the module capacitor voltages drops to zero,
and the others are intact. Thus, the output result is composed of two-thirds of the

original output. In the scenario shown in Fig 5-13, the voltages of the capacitors

137




participating in fault isolation drop to half of those in the normal function mode because

of the series connection in the fault isolation procedure. The closed-loop results are

identical to the open circuit operation in the steady state.

Vout ( V)

797.2
7971
797
798.9
796.8

0.40002  0.40004  0.40006  0.40008 0.4001 0.4012 0.4014

Time (s)

(@)

Ver Vez Vies (V)

0.40002  0.40004  0.40006  0.40008  0.4001 0.4012 0.4014

Time (s)
(b)
Fig 5-12. Simulation results of the proposed converter (S1 and S2 OCF)

(a) Output voltage;
(b) Module capacitor voltages.
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Fig 5-13. Simulation results of the proposed converter (Sz and S4+ OCF)
(a) Output voltage;
(b) Module capacitor voltages.
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5.5.2 Experimental results

An experimental platform was established for normal and fault operations. Due to lab
limitations, a low voltage and power system was tested. Table 5-2 includes the
specifications of the experimental parameters. The following diagrams indicate the
normal and fault operations. The faulty scenarios were implemented by manual toggle

switches, which simulate the OCF of the transistors and capacitors. All the experiments

utilized open circuit tests to prove the concept.
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Fig 5-14. Experimental results
(a). Normal operation output voltage;
(b) Output voltage for S1 and S: fault operation;
(c) Output voltage for Ss, S4, and capacitor fault operation;
(d) Fault module and normal capacitor voltages for S1 and S> OCF;
(e) Fault module capacitor voltages for S3, S4, and capacitor OCF.
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Fig 5-15. Efficiency of the proposed converter

Fig 5-14 presents the experimental results. Fig 5-14(a) shows the normal operation
output voltage. According to (8), the output voltage should be 75 V, and the
experimental result shows that the actual output voltage is 72.12 V. The difference is
caused by the diode voltage drop and losses. The output voltages for the fault
operations are presented in Fig 5-14(b) and (c). From the fault analysis and simulation,
one N of the output voltage would be compromised due to a fault bypass. The

practical results show close output voltages: 46.46 and 47.17 V. These values are
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consistent with the analytical and simulation results. Fig 5-14(d) and (e) show the faulty
module capacitor voltages from two faulty scenarios, which also support the analytical

and simulation results. Fig 5-15 shows the efficiency of the system.

Table 5-2. Specifications of the experiment of the proposed converter

Parameters Value
Module capacitor (uF) 47
Switching frequency (kHz) 20
Input inductor (uH) 200
Input voltage (V) 15
Output capacitance (each) (uF) 47
Load resistance (Q) 100
Duty ratio 0.4

5.6 Conclusion

This paper presented and analysed a modularized switch capacitor DC-DC converter
that has high extensibility for high voltage gain output and fault tolerance under OCFs
in capacitors and transistors. Due to the ability to bypass modules, the voltage can be
regulated with a minimum duty ratio change. The circuit architecture, operation
principle, voltage/current stress and fault tolerance operation are explained in detailed.
The voltage regulation method is also presented. Finally, the simulations and
experimental results verified the effectiveness of the proposed converter and output

with satisfactory fault tolerant operation and energy efficiency.
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Chapter 6 Conclusion and future work
In this chapter, the conclusions of the entire PhD project are given, and areas of future

study are proposed.

6.1 Conclusion

This thesis studies high-step-up DC-DC converter topology, which is built on the
application background of a renewable energy system, especially PV systems, fuel cell
systems and electric vehicles. Based on isolated and non-isolated categories, an
asymmetric flyback-forward DC-DC converter and a switched-capacitor DC-DC
converter with voltage regulation and fault tolerance capability are proposed to satisfy
the requirements of recent developments of renewable energy systems.

The first chapter of the thesis introduces the importance of high-step-up DC-DC
converters and their fault tolerance capability in industrial applications. The second
chapter reviews DC-DC topologies for high-step-up boosting, including several
boosting techniques. The third chapter explains the DC-DC converter system in detail,
introduces the system architecture along with the common control strategies, and
presents the steady state performance to measure system performance. Additionally,
small signal mathematic modelling is used to determine the system performance.
Furthermore, an MPPT algorithm is mentioned for the PV application for the topology

introduced in the following chapter. Finally, the soft-switching technique is explained in
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advance for the proposed DC-DC converter. The fourth chapter introduces a new
flyback-forward DC-DC converter. Its new topology overcomes the limitation of the
flyback converter, i.e., the energy storage limitation in the air gap of the transformer.
With this new topology, the transformer can alternatively work in the flyback mode and
forward mode, so that the transformer becomes magnetic-flux-saturated less easily.
With this feature, the heat dissipated from the transformer dramatically decreases
when the DC-DC converter is working under a heavy load. The fourth chapter
discusses an isolated topology, and the fifth chapter discusses a new non-isolated DC-
DC converter. The switched-capacitor DC-DC converter overcomes the limitation of
the traditional switched capacitor, which is the lack of ability to regulate the output
voltage, by introducing an inductor into the switched-capacitor system and a bypassing
mechanism to minimize the alteration of the duty cycle. The proposed converter is also
packed with transistors and a capacitor open circuit fault (OCF). With certain transistor
and capacitor OCFs, this new topology can minimize the system performance

compensation.

6.2 Future work

Due to the limitations of research skill and time, this topic still has numerous problems
worth exploring. The assessment for the cost of the proposed DC-DC converter has
yet to be performed. The soft-switching technique used in the switched-capacitor

converter can be covered in the future. In addition, more combinations for the high-
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step-up technique and utilization of the topology to increase the system power density

will be discovered continuously.

1. In a PV system, the MPPT algorithm can be improved to achieve better
performance. The practical experiment can be conducted with a PV panel in the

future.

2. More isolated high-step-up DC-DC converters for PV systems can be developed

in the future.

3. Future research can study the impact of different drive circuits in the electric

vehicle system on the proposed converter.
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