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ABSTRACT

The increasing greenhouse effect and relative environmental pollution, along with limited fossil
fuel has made it urgent to a transition towards renewable energy sources. The combined global
capacity of Photovoltaic (PV) energy has increased considerably from 6.01 gigawatts (GW) to 505
GW from 2006 to 2018. A typical power configuration of a PV energy conversion system consists
of a front-end DC/DC micro converter that is used to provide maximum power point tracking
(MPPT), as well as to provide some step-up voltage conversion from the output of the PV solar
panel. Different DC/DC PV power converters have been reported in literature. The existing
DC/DC converters either require a high number of switches and magnetic components, suffer from
high voltage stress over some circuit elements, or have low circuit efficiency and restricted

switching frequency due to hard switching (hence large size passive components are required).

In this thesis, a very high frequency DC/DC micro converter with inherent extended soft-switching
operation is proposed for PV energy conversion systems. In the proposed topology, a boost-based
MPPT circuit is integrated with a CL (capacitor-inductor) parallel resonant converter to form a
single stage DC/DC PV micro converter. While the proposed converter has an auxiliary circuit to
assist extended soft- switching operation, the inductor in the auxiliary circuit is coupled with the
boost inductor so that the size and space of the overall circuit can be further reduced. A modified
enhanced maximum power point tracking algorithm is also developed to work with the proposed
step-up DC/DC micro converter. The theoretical analysis and the operating principles of the
proposed converter will be discussed in this thesis. Simulation and experimental results on a MHz
(Mega-Hertz) proof-of-concept hardware prototype are provided to highlight the performance of

the proposed circuit.
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1. Introduction

1.1 PV Energy Systems

Currently, the total non- renewable energy share of global electricity production is just above
73.8% [1]. The use of fossil fuels has several drawbacks. Due to its massive contribution to the
emission of greenhouse gases such as carbon dioxide CO. and methane, fossil energy sources are
amajor factor to increase global pollution. In 2018, the emissions of global warming CO; increased
by 2.7% to record levels of global carbon budget [2], climbing to a record of 37.1 giga tones [3].
Fig. 1-1 shows the breakdown of total CO2 emission per country [4]. In addition, the residue of

fossil energy resources is critically limited and would be exhausted in near future. It is predicted

TOTAL CO2 EMISSION PER COUNTRY (2019)

Russia i
Japan India

Fig. 1-1: Total CO; emissions per country from 2015 [1, 3]



that supplies will be thoroughly consumed by the year 2088 [5]. Hence, smooth transition towards

the use of renewable energy has become a research of great urgency.

Renewable energy is energy that is obtained at a rate that is equal or faster than the rate at which
it is consumed, including energy generated from a source that is inexhaustible. These include
sources such as solar, wind, geothermal, and hydro-power. These sources are infinite in use,
however, the amount of energy that can be obtained is usually limited per unit of time. For
example, solar energy can only be obtained while sunlight is present and wind energy can only be

obtained when wind is present.

Among all renewable energy sources, PV energy makes one of the largest contributions to global
electricity generation which makes it significant player in the world’s energy portfolio. This is
because of its simplicity, advancement in their field and its high reliability. Fig. 1-2 illustrates the

growth rate of various renewable energy systems in 2018 with a total of 181 Gigawatts (GW).

Annual Additions of Renewable Power Capacity (2018)
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Fig. 1-2: Annual additions of Renewable Power Capacity, by Technology and total, in 2018



With 100 GW added, PV energy was the frontrunner and it is accounted for 55% of total addition
renewable energy capacity. This is followed by wind with 28% and hydropower with 11% [1].
Fig. 1-3 gives the total PV capacity and the annual additions from 2008 to 2018. The combined
global capacity of PV energy has increased considerably from 2008 to 2018, with 6.01 GW to
above 505 GW respectively. It can be seen that the PV energy had the highest growth rate which
increased by over 33%. The total global capacity of PV energy has increased from 6.01GW to

402GW from 2006 to 2017 [5] and is predicted to have increased by an additional 575GW by 2023
[6].

Global PV Capacity and Annual Additions, 2008- 2018
600

500
400
300
200

100

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Previuos Year Capacity Annual's Addition

Fig. 1-3: Growth rate of renewable energy capacity [5]

Canada has a high share of renewable in energy supply at about 17.3%. A large portion of this
energy is provided through hydro- power; however, the solar generation is on the rise. The
cumulative installed capacity of PV energy in Canada has increased from 16.7 MW to above 3040
MW from 2005 to 2018 [7]. It is estimated that 320 tons of CO> can be avoided each hour through

the use of solar PV energy in Ontario and this is projected to increase in future [8].



1.2 Power Conversion in PV Energy System

The captured energy of PV solar panel cannot be used instantly by the load and it needs to be
converted into desired electrical energy. This is achieved by connecting power electronic
converters to the PV panels. These converters transform electrical energy which is then transferred
to the load or directly connected to the grid. The output voltage of a typical PV panel is relatively
low; ranging from 12V to 40V, while the typical grid voltage level is 380 V. [10-12] Power
electronic converter is therefore utilized to step-up the voltage such that it matches the grid
requirements. A power electronic converter consists of active components such as switches and
diodes and passive components such as inductors and capacitors. Different configurations of these
components allow for the assembly of circuits that could carry out the required performance. High
power efficiency, low components count, compact circuit and light-weight system are key criteria

in the design of power electronic converters.

PV panels are arranged in several configurations which affect the topology of their electronic
device. The device usually consists of DC/DC converter and if the system is connected to the grid,
then a DC/AC converter is also required. The most common configurations of PV system are
mainly centralized, string, multistring and AC module. Fig. 1-4 shows the schematic representation

of these configurations [9].

Centralized configuration is illustrated in Fig 1-4 (a). This configuration is suitable for PV systems
with a nominal peak power higher than 10 kW, where PV panels are all connected in series- parallel

configuration. The strings have blocking diodes that prevents the revision of energy.

If each string in centralized configuration owns a separate DC/AC converter, then this is a string

configuration shown in Fig 1-4 (b).
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Fig. 1-4: Common PV system configurations




Multistring configuration is shown in Fig 1-4 (c). This configuration is an evolved version of string
configuration that combines the advantages of both string and centralized configurations. The
maximum power point tracking (which will be discussed thoroughly in section 1.6) is implemented
in each string which makes the system more flexible with higher efficiency. AC module is a
configuration in which each PV module has its own dedicated DC/AC converter that performs
MPPT control at each module level. This configuration operates automatically like a plug-play
system. It is associated with higher costs and it is difficult to implement. This configuration is

given in Fig 4-1 (d)

Modular configuration is illustrated in Fig 1-4 (e) [12]. In this configuration each string is
connected to a DC/DC converter which performs the MPPT control algorithm. A DC bus is shared
between all DC/DC and DC/AC converters. The system enjoys a higher reliability and easier to

maintain as in damage case, only the defected converter needs to be replaced.

1.3 Power Loss in Converters

As briefly discussed in section 1.2, power electronic converters are utilized to step up panel output
voltage such that it matches the grid standards. Converters do not achieve 100% efficiency as there
are two major types of power loss associated to power conversion process. Key power-loss

contributors in a converter includes: Switching loss [14] and conduction loss [15].

Semiconductor field effect transistors (MOSFET) have a finite switching time. Fig. 1-5 depicts an
example of switching power loss. In this figure switch voltage (vs) and switch current (is) are shown
as a function of time. Switching power loss occurs when a MOSFET is alternated from either on-
state to off-state or vice versa. The overlap interval existed in the switch voltage and switch current

results in power dissipation. This scenario is refereed as hard- switching [14] According to Fig. 1-



5, the amount of energy dissipated in the switch during its turn- on and turn- off interval can be

calculated as

(1-1)
Wc(off) = O'Sthc(oﬁ) Io

(1-2)
Wc(on) = 0'5th(:(on) IO

The instantaneous power loss Pt is plotted in Fig. 1-5 (c). From that, it can be clearly seen that a
large power dissipation occurs in the switch operation during turn-on and turn- off intervals.
Average switching power loss Piess in the switch due to the transitions is a function of the switch

voltage, switch current, operating frequency and the overlap time t.,r) or tc(on) and is given by

P

loss

=0.5V,1,f, (t,—t,) (1-3)

I:>Ioss = (Eon o Eoff )fs (1-4)
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Fig. 1-5: Example of switching power loss (hard switching)



To decrease power loss due to hard switching, a technique known as soft- switching is utilized.
Soft switching is a method to minimize the overlap interval in switch current and voltage
waveforms. The two techniques that assist the power circuit to achieve soft-switching are: zero
voltage switching (ZVS) and zero current switching (ZCS). Both techniques can be achieved by
utilizing additional small-size inductors and capacitors in the power circuit. Various resonant

circuits have been reported in literature to help achieving soft-switching operation.

When gate signal is applied, current flows through the switch. As switch is not ideal, a relatively
low resistance appears over drain and source of the switch known as on-resistance Rdsen). This
parameter varies depending on type of the switch (MOSFET, GaN) or ratings of the switch being
used. As given in (1-5), power loss of the switch is also a function of Rasen). This resistance is a
major contributor of the dissipated power of the circuit. In (1-5) Pp represents power loss across
the switch and Is represents the switch current Root Mean Square (RMS) value. This type of loss
is referred as conduction loss. [15]. Conduction loss of the switch is a value proportional to both

ON resistance value and switch current RMS value during its on-state interval.
2
I:)D = Is X Rds(on) (1'5)
1.4 Existing Power Electronic Converters for PV Energy Systems
DC/DC converters are widely used to regulate output voltage of PV panels such that it matches
the grid. Performance improvement, high efficiency and cost minimization are the key concerns
in existing power electronic converters. To date, several standard power electronic converters are

designed that are capable of increasing and/or decreasing the input voltage. Depending on the

application, many alternative converters have been reported in literature as follow:

1. Step- Up (Boost) Converter



2. Step Down (Buck) Converter
3. Step Down/ Step Up (Buck- Boost) Converter
4. Full Bridge Converter

5. Resonant Converter

Of these five converters, boost, buck and buck- boost and resonant converters are the basic
converter topologies. Full bridge converter is derived from step- down converter. In the rest of this
section, first in 1.4.1, conventional converters including buck, boost and boost- buck type are
explained. Then in 1.4.2 an introduction of basic resonant converter is provided. Lastly, in section

1.4.3 some other existing converters reported in literature is discussed.

1.4.1 Standard DC/DC Converter

Buck converter or step- down converter is shown in Fig. 1-6 (a). As the name is explanatory, buck
converter produces a lower average output voltage than the input voltage of the converter. This
converter consists of a capacitor, an inductor, diode and a single switch. When the switch is turned
on, the diode becomes reversed biased. During this time the input provides energy to the load and
the inductor; therefore, the inductor stores energy. When the switch is off, the inductor connects
directly to the ground, energy stored in the inductor flows through the diode and will be transferred
to the load. The gain of the converter is related to the fraction of switching period time at which
the switch is on. This time is referred to as duty ratio D of the converter that has a value between

Oand 1.

Buck converter gain can be calculated in terms of the switch duty cycle given in Eq. 1-6 and it is
equal to duty ratio. Consequently, the higher the duty cycle the higher the gain. Itis also understood

that the gain ranges from 0 to 1 so this converter cannot step up the voltage. Buck converters main



applications are DC power supply regulation, battery chargers and control of motor speed battery

chargers [16].
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Fig. 1-6: Conventional DC/DC converters: (a) buck, (b) boost, (c) buck boost

Boost converter circuit topology is shown in Fig. 6(b). Similar to buck converter, Conventional
boost converter also consists of an inductor, capacitor, diode and a switch but it has different
component arrangement. As the name implies, boost converter is capable of increasing voltage
level such that the output voltage is always greater than the input voltage. When the switch is on,
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the diode is reversed biased so the output stage is isolated. In this period input provides energy to
the inductor. When the switch turns off, output load receives energy both from the inductor and
the input. Therefore, this inductor is charged when the switch is on and it gets discharged when
the switch is off. The capacitor is assumed to be very large such that the output voltage becomes
constant. The gain of boost converter is provided in equation 1-7. And it is once again proportional
to duty cycle. As the duty cycle increases from 0 to 1, The gain increases from 1 to positive infinity.
Therefore, the gain of boost converter ranges from 1 to positive infinity. The main applications of

boost converter are DC power supply regulations and DC motor regenerative braking.

Y/ 1

0

v, 1D (1-7)
Basic Buck- boost converter is illustrated in Fig. 6(c). A buck- boost converter is obtained by the
cascade connection of the step-up converter and step-down converter. Based on the switch duty
cycle, this converter is able to either increase or decrease the input voltage. The gain of boost-buck
converter is the product of both boost converter and buck converter gain. This converter is similar
to buck converter in terms of circuit diagram however the place of inductor and diode is swapped.
When the switch is closed, the diode is revers biased and the input charges the inductor. When the
switch is off, the stored energy in inductor is transferred to the output. During the off-time interval,
no energy is supplied by the input. The capacitor is assumed to be very large, resulting in a constant
output voltage. Due to this connection when the diode is conducting, the current flows in opposite
direction to the load. Thus, the output voltage polarity is reversed as can be seen in fig. 6(c).
Equation 1-8 gives the gain of boost- buck converter. When the duty cycle is less than 0.5, the gain

is less than 1 so the converter is operating in buck mode. When the duty cycle is greater than 0.5,

gain becomes greater than 1 and the converter operates as a boost converter.
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Vo __D 1-8
v. 1-D (1-6)

|
Gain of conventional boost, buck and boost-buck converter is plotted in Fig 1-7; by red, blue and
green respectively. From this graph it can be observed that boost- buck converter has a wider range
of gain from 0 to infinity. Boost converter operates with a minimum gain of 1 while buck converter
achieves maximum gain equal to 1. Both boost and buck- boost converter can achieve a large gain
if their switch operate with high duty ratio value. To step up solar PV panel output voltage from
35V to 380V, in a conventional boost converter, switches has to operate at almost 90% duty cycle.
Theoretically, at a duty ratio close to 1, the voltage gain of conventional converters can be infinite.

However, when the duty cycle increases, the switch turn-off period becomes very short. This

results in large current ripples in the circuit and large turn-off current. Therefore, conduction losses
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Fig. 1-7: Converter Gian as a function of Duty Cycle
increase considerably. In addition, in high- gain applications, the voltage stress of the switch and
diode is equal to the output voltage which is large. Switches with high voltage stress has relatively
more cost in compared to switches with lower voltage stress. Furthermore, due to the hard-

switching, significant switching and reverse- recovery losses are also associated. [16]
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1.4.2 Resonant Converters

Fig. 1-8 shows the general diagram of the whole resonant converter system used in PV

applications. As can be observed this diagram consists of an inverter block, Resonant converter

block, the rectifier block as well as the filter block. Resonant converters may vary based on several

types of blocks implemented so far.
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it

peo

Fig. 1-8: Diagram of a Resonant Converter Block

There are mainly three types of single- phase Inverter blocks: Full Bridge (FB), Half Bridge (HB)

and Asymmetrical Pulse Width Modulated (APWM) type. Circuit diagram of HB inverter is given

in Fig. 1-9. In this type of inverter two power electronic switches are employed. Input DC voltage

Vi applies to the HB inverter block then this source is divided into two equal parts. Both switches
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Fig.1-9: Diagram of a Half Bridge Inverter Block
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Fig. 1-10: Output Voltage Waveform of HB Inverter
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receive gate signals with specific ON time and OFF time. When Switch 1 is triggered for the first
half of the cycle, at that time period switch 2 is off. Current flows through switch 1 and the load
voltage equals to half of input voltage Vi/2. Similarly, when switch 1 is off switch 2 carries the
current flow to the load so the load voltage is kept at Vi/2 for the total switching period. Fig. 1-10
provides the output voltage waveform of HB inverter with input voltage Vi in a variable frequency

control system.

Fig. 1-11 shows FB inverter block. In this type of inverter four power electronic switches are
employed. The main difference between FB and HB inverter circuit is that the maximum value of
output voltage equals input voltage in FB, while it equals half of the input supply voltage in HB.
Gate driver triggers switch 1 and 2 simultaneously when switch 3 and 4 operate together. During
ON time for switch 1 and 2, current flows through switches and it gets transferred to the load.
Once switch 3 and 4 are triggered, the current flows through these switch paths. In both condition
output voltage equals to input voltage. Fig. 1-12 shows the FB inverter output voltage with V; and

a variable frequency control system.
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Fig. 1-11: Diagram of a Full Bridge Inverter Block Fig. 1-12: Output Voltage waveform of FB Inverter
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Contrary to the basic FB and HB inverters, asymmetrical pulse width modulated inverter drives
switches with non-equal duty ratio values. In this inverter topology the switches conduct with duty
cycles that are complementary with another. APWM is suitable for near- zero switching losses
operation while driving at a very high frequency. Fig. 1-13 illustrates APWM inverter topology.
Duty ratio of switches is complementary to another; If switch 1 drives with duty cycle D then
switch 2 will receive 1-D. An example of output voltage waveform is given in Fig. 1-14 for an

APWM inverter which is operating at D with a variable frequency control system.
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Fig. 1-13: Diagram of an APWM Inverter Block Fig. 1-14: Output Voltage waveforms of APWM inverter

at input voltage Vi

To achieve small-size, light-weight power electronic converters, operating frequency is required
to be raised such that the size of reactive components decrease. However, according to (1-3), higher
switching frequency is associated with higher switching losses. Resonant power converters are
receiving a renewed large interest as they can achieve zero current switching (ZCS) and zero
voltage switching (ZVS) under a suitable circumstance. In other words, switching losses can be

100% avoided if resonant converters are employed with an appropriate switching frequency. To
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Vi

obtain a ZVS operation and no loss in turn on interval, switches are required to operate upper than
resonant frequency. [17] Lossless turn off switching operation is also obtained by placing lossless

snubber capacitors directly across the switch devices. There are three main resonant converters as:

1- series- resonant
2- Parallel resonant

3- series-parallel resonant converters

Fig. 1-15 shows an APWM series- resonant converter diagram [18]. This circuit contains of
chopper circuit, series- resonant tank, high frequency transformer and an output filter circuit. The
APWM chopper applies a square voltage waveform to the resonant tank. Resonant tank consists
of Cs and Lsthat are connected in series. The function of Csis to block the DC component of the
output voltage Vs from transferring it to the load. In addition, it builds a resonant tank with inductor
Ls. High- frequency transformer is utilized to isolate output stage from the converter. Rectifying
stage with diodes DRy and DR converts the sinusoidal is into a unidirectional output current io.
Capacitor C, helps with filtering out the output current ripple and provides a substantially constant

output voltage Vo across the load.
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Fig. 1-15: Circuit diagram of APWM Series Resonant Converter
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The most important advantage of this circuit is the DC blocking behavior of resonant capacitor.
For this reason, this converter is suitable for very high-power applications where a full bridge
converter is required. One more advantage to series resonant converters is that as the load
decreases, the current in the power devices decreases. This allows to operate with lower conduction
losses and higher efficiency when the load decreases. Main disadvantage of series- resonant
converter is that it cannot be regulated for the no- load condition. This means that this converter
can be used in applications where no- load regulation is not required and the circuit is being used
as it is. Second disadvantage is that the output capacitor does carry high ripple current; Thereby

this converter is only suitable for high-output-voltage and low-output-current. [18]

Fig. 1-16 illustrates a circuit diagram of parallel resonant converter. [19-20] Similar to series
resonant topology, this circuit consists of a chopper circuit, parallel resonant circuit, a high
frequency transformer, rectifying stage and the output filter. Contrary to series resonant converter,
parallel resonant converter is able to control and regulate output voltage at no load. Main
disadvantage of this converter is that the current carried by resonant components is rather
independent of the load value. As a consequence, if the load changes the conduction losses of the

circuit stays fixed. This results in a very poor efficiency at light load. Furthermore, as the input

Lo

Co—l_ VO

< C,

I
117 |
Cz

| 1:N DR,
I
Sz
DR,

Fig. 1-16: Circuit diagram of APWM Parallel Resonant Converter
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voltage to the converter increases, circulating current in the circuit increases. Due to this, this
converter is only suitable for an application which runs at narrow range input voltage. This

converter is only suitable for low output voltage and high output current. [17]

Fig. 1-17 shows a series- parallel resonant converter. [18] This combination attempts to take
benefits of both series and parallel converter. With a proper selection of Cp this converter either
becomes series- resonant converter or parallel- resonant mode. If Cp is not too small, then the
circuit reverts to a parallel- resonant, so the converter is able to control the output voltage. As Cp

gets smaller, converter approaches to series- resonant mode. [17]
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Fig. 1-17: Circuit diagram of APWM Series- Parallel Resonant Converter

1.4.3 Step- Up Converters Reported in Literature

To increase voltage level of PV panels in order to match with the grid, the gain of the power
electronic converter has to be greater than 1. Therefore, buck converters are not suitable, instead,
boost and boost- buck converter can be utilized. To achieve large gain, duty cycle of the converter
has to be sufficiently high, however, higher duty cycle results in an increase of conduction losses.
Consequently, the efficiency of converter drops considerably. How to achieve high step-up, low-

cost, small-size, light- weight and high efficiency topologies are the main consideration in DC/
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DC converter design. To attain this, several topologies with new configurations are presented and

discussed in literature so far [21-41].

Fig. 1-18 shows a conventional interleaved boost converter. The interleaved structure is effective
to increase the power level. This can minimize current ripple, resulting in component size
reduction and enhanced transient response. [21-23] Because of current sharing, conduction losses
in both active and passive components are reduced noticeably. This circuit consists of two
inductors, two diodes, two switches with an output capacitor. Both switches are driven with same

signal and same duty cycle. At the cost of additional components current ripple issue is improved,
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Fig. 1-18: Conventional interleaved boost converter

however, device still operates at hard- switching mode. Besides, in high- output voltage
applications the efficiency is still limited as the diode reverse recovery problem is serious. A
potential approach to reducing number of components, size and weight in this topology is to use
one coupled inductor instead of using multiple inductors. [24-26] This can offer more benefits

such as reduced core and winding loss, as well as improved switch current waveforms as ZCS is
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achievable due to leakage inductance of coupled inductor. Besides electromagnetic emissions are

decreased if properly implemented.

Fig. 1-19 illustrates a three- level boost converter. This topology can halve the voltage stress of
the device and double the converter gain in compared to conventional boost converter. Due to this
low voltage stress, switching losses are reduced and Electromagnetic noise is suppressed. Both
conduction and switching losses are reduced in compared to conventional boost converter. Smaller
inductor can be utilized with lower voltage level which yields higher power density, higher
efficiency and lower cost. However, diode reverse- recovery problem is serious and the device

operates with hard- switching. This topology is suitable for high voltage output applications. [27-

28]
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Fig 1-19: Conventional three level boost converter

Voltage conversion gain can be further increased to higher levels with less current ripple in a
cascaded structure. Fig. 1-20 (a) shows a conventional cascade boost converter. [29] The first stage
experiences lower voltage stress, as a result it can be operated with higher switching frequency to
achieve higher power density. To reduce switching losses, second stage needs to operate with

lower switching frequency. This topology requires two sets of components and control circuit. To
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reduce complexity and the circuit cost, the integrated cascade boost converter is presented in Fig
1-20 (b). As can be observed, the two switches are combined into a single switch so complexity is
reduced and component numbers are also decreased. When switch S is on, inductor L; and L»
operate in charging mode. When switch turns off, the stored energy in L1 is transferred to capacitor
C1. In off-time interval, the energy stored in L2 is delivered to the load through Do. This structure
consists of three diodes, two inductors, two capacitors and one switch which is complex and

expensive. [30-32]
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Fig. 1-20. (a) Cascade boost converter (b) Integrated cascade boost converter

In non-isolated DC/DC converters when an enlarged gain is required, coupled inductor can be
employed which serves as a transformer. Fig 1-21 shows a very high step- up flyback- boost

converter with a coupled inductor. This circuit is obtained by combining the conventional boost
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converter with the flyback converter. The transformer of the flyback converter is integrated with
the filter inductor of the boost converter. As the output of the flyback converter and boost converter
are in series, a high voltage conversion is obtained from the circuit. A single switch is shared

between both converters with a reduced switch voltage stress. [33-34]
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Fig. 1-21. Hybrid boost-flyback converter with a coupled inductor boost converter

Fig. 1-22 shows another single switch high step- up converter introduced in [35-36] The four-
terminal switch cell shown in dashed block, consists of two diodes, two capacitors and a single
switch. When switch is off, current flows through diodes D1 and D> to charge Cxand Cy. When
switch turns on, Capacitors discharge to the connected load and transfer power to it. In this
topology the switch voltage stress is decreased by switch cell and the voltage gain is further
extended. This topology is presented by integrating switch capacitors and boost converter together
to obtain a high voltage gain. Major disadvantage of this topology are the large switching losses

as the circuit operates with hard switching. Additionally, power level improvements are limited as
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a large number of magnetic components are utilized. Consequently, they are better used in lower

power applications.
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Fig. 1-22. High step up single switch converter

Fig. 1-23 shows a high- step- up interleaved boost converter with an auxiliary transformer. [37]
This circuit is derived from deletion of the transformer existed in the isolated two- inductor boost
converter. To couple the paths of inductor currents and to implement a current auto- sharing
operation, an auxiliary transformer is implemented with a unity turn ratio. The current range is
enlarged such that this circuit can be regulated form full load to no load. Disadvantage remaining

in this circuit is the hard- switching conversion that deteriorates its efficiency.

Fig. 1-23. Interleaved boost converter with an auxiliary transformer
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Recently, there has been an increasing trend towards micro converters as it can be integrated into
PV panel modules. This implies that converters should be compact and has light weight [38-39].
The aforementioned topologies [21]-[37] suffer from hard-switching operation which restricts the
switching frequency and significantly deteriorate their efficiency; resulting in large size of the
system. To minimize power loss in hard- switching boost converter, and to also make the converters
more compact in size, two micro converters with soft-switching operation have been proposed in

[40] and [41].

A half- bridge high- voltage- gain LLC micro converter has been discussed in [40]. This isolated
topology is illustrated in Figl-24 with two separate inductors and one transformer as magnetic
components. Depending on the application, input voltage can also be applied to a full bridge
chopper circuit. The power switches can operate with ZVS and the output diodes can achieve ZCS.
Although high efficiency is achieved, the switching frequency has only hit maximum value of 100
kHz. Besides, the voltage step-up is realized through the use of high frequency transformer with

large turns-ratio values; which altogether results in higher cost and big volume of the circuit.

peo

Fig. 1-24. Half-bridge soft- switching LLC micro converter introduced in [40]
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To decrease system size, megahertz operation and optimized design of resonant converters has
become a trend. Fig 1-25 illustrates a 1MHz series resonant DC/DC converter for PV applications
which was introduced in [41]. The power losses are minimized as the zero- voltage switching turn-
on and zero- current switching turn off is realized for the switches and diodes. Therefore, power
efficiency is enhanced and small rated components are implemented in compared to [40]. However,
the presented topology utilizes a high number of circuit elements which includes six switches;
resulting in a high cost system. In addition, circuit components such as diodes experience high

voltage stress.
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Fig. 1-25. Schematic of 1- MHz LLC series resonant converter introduced in [41]
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1.5 Review on Maximum Power Point Tracking Techniques for PV Applications

PV energy systems have a varying output power affected by factors such as the position of the sun,
the clarity of atmosphere and the cloud cover. Output power of PV panel is not a constant value
and it varies with the irradiation and temperature. Fig. 1-26 gives the power- voltage curve of a
PV for different light intensities. As can be observed, for each light intensity, there is only one
operating point, known as maximum power point or MPP, at which output power is maximized.
This issue brings us to the topic of Maximum Power Point Tracking or MPPT. Naturally, PV
energy systems do not operate at this ideal condition as the location of this point is unknown.
Hence, a controller is required inside of the converter to locate the optimal operating point such

that the maximum power of panel is achieved. Fig. 1-27 shows an example of the overall systems.
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Fig. 1-26. Power- Voltage curve of a solar panel at Fig. 1-27. A PV Panel connected to power electronic
various light intensities: D> C> B>A converter with integrated MPPT controller

There are numerous MPPT algorithms implemented in controllers so far, among which perturb

and observe (P&O), incremental Conductance (IC) and Fuzzy Logic Control (FLC) received more
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attention as they are more fitting to most PV applications. In this section, these three main

techniques will be briefly discussed. [42-72].

1.5.1 Perturb and Observe

Due to its simplicity and generic nature, the perturb and observe (P&O) method is probably one
of the most commonly used MPPT algorithm to date. [42-52] This method is based on the fact that
at MPP the derivative of power as a function of voltage becomes zero (dp= 0). By perturbing a
control parameter of the converter (such as duty cycle), the operating point will change so that it
gets closer to the point at which dp= 0. When voltage of the converter is perturbed by applying
control signal to the converter, the power change as well. If in next perturbation step dp>0, it means
the operating point has moved towards maximum power and the applied change was correct.
Therefore, the change in same direction will be applied to the control parameter until dp becomes
zero. If dp<0, it means the applied change in the control parameter has moved it away from the
MPP. In this scenario, the controller reverses the direction of next perturbation in compared to the

previous step.

To comprehend the control strategy, Fig. 1-28 shows an example of a duty cycle-based P&O
technique. As can be observed, if light intensity changes from A to B, the optimal operating point
changes from 27 V to 32 V. To acquire new optimal point, a small change will be applied to the
duty cycle parameter. If this change results in a boost in power, the MPPT algorithm will continue
to move duty cycle in the same direction until MPP is achieved. If this results in power decrease,

the direction of change will be reversed in next step [53].
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Fig. 1-28: Maximum power point tracking using conventional perturb and observe: (a) Light intensity increased,
(b) moving towards high light intensity MPP operation

Purterb and Observe is an easy to be implemented as its structure is simple. It also has high
efficiency at constant and high solar irradiation. The main disadvantage to this technique is that it
can never operate at the MPP. Instead, it only oscillates around it due to the fact that controller
will endlessly vary the control parameter. As well as that, rapid changes to the atmosphere
deteriorates the algorithm functionality as it cannot adapt to sudden changes and may fail to track

MPP practically.

1.5.2 Incremental Conductance

Incremental Conductance (IC) method is more advanced technique in MPPT. It also overcomes
the issues found in P & O method. The IC method derives from the fact that at MPP the derivative
of power with respect to voltage becomes zero. This derivative is zero at MPP, negative on the
right side of MPP and positive on the left side of MPP curve. By settling the result of (1-9) equals

to zero, (1-10)- (1-12) are derived as below. Incremental Conductance tracks optimal operating

d_P:M:H_Vd_I:H_V(A_I) (1-9)
dv dv dv AV
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point by comparing the instantaneous conductance (I/V) to the incremental conductance (AI/AV)

and applying a suitable change to the control parameter such as duty ratio. [54-60]

Al _ -1 ap _ 0

AV V v At MPP (1-10)
Al -l dP .

_— —>0 Left Side of MPP

AV OV av (1-11)
Al _-1 P 5 Right Side of MPP (1-12)
AV V dv

The goal of IC is to search for an optimal value of the control parameter at which the incremental
inductance (1/V) becomes equal to the instantaneous conductance so that the system maintains its
operation at MPP. Similar to P&O, by utilizing greater incremental size, faster tracking process
can be developed. The main advantage of this technique is that it can achieve good results under
very fast changing environment condition. Second advantage of IC over P&O is that this technique
determines the moment it reaches MPP while P&O constantly oscillates around the optimal point.
However, it requires both voltage and current sensor to measure the instantaneous voltage and
current, resulting in higher costs. It also runs more complex mathematical set of equations which

may result in a time-consuming and complicated process to achieve MPP. [61, 63].

1.5.3 Fuzzy Logic

One of the most powerful MPPT control techniques over last decade is fuzzy logic control [64-
72]. This method deals with several truths. In other words, it functions based on several degrees
of truth such as partially truth or partially false. FLC consists of three stages as Fuzzification,
Interference and Defuzzification. There are two inputs in Fuzzy Logic technique: The error E and

the Error Change (CE).

29



Fuzzification is the conversion process of input values into five linguistic variables: ZE (Zero), PB
(Positive Big), PS (Positive Small), NB (Negative Big) and NS (Negative Small). Table 1-1 is a
look up table at which FLC rules is provided. [67] Inference refers to the process at which the
output is determined based on Table 1.1. This linguistic variable output is typically an appropriate
perturbation in control parameter such as duty ratio. Once the output is selected, the type of output
is changed from linguistic variable into a numerical variable through Defuzzification stage. At

this stage, an analog signal is generated to control the power converter to move towards MPP.

To achieve more enhanced performance, a higher number of levels have to be used in FLC.
However, the more levels used, the more complexity is associated to the control implementation.
FLC has a great advantage of working with imprecise input values. It is easy to be implemented
and very efficient. In addition, there is no need of certain mathematical equations and FLC can
handle the non-linearity. However, this method consists of a relatively complex control method

which requires multiple trial and error processes. [ 62]

Table 1-1. Fuzzy Logic Control rules base [67]
0 NB NS ZE PS PB

NB PB PB PS PB PB

NS PB PS PS PS PB

ZE NS NS ZE PS PS

PS NB NS NS NS NB

PB NB NB NS NB NB
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1.6 Electrolytic and Film Capacitors

For those PV converters discussed in section 1.4, capacitors with very large values are usually

required for input filtering purpose (i.e. to ensure the input current has very low ripple current).

For this reason, electrolytic capacitors are typically used due to their high energy density, meaning

that they require very small physical size to store a significant amount of energy. Electrolytic

capacitors are also more cost-effective and require much smaller system space than their film

capacitors counterpart. However, the lifetime expectancy of electrolytic capacitors is relatively

low, which can reduce the converter system life span. For instance, the lifespan of a 10uF

electrolytic capacitor ranges from 1,000 hours (h) to 10,000h, while the PV panel life span is much

higher that of the electrolytic capacitor. Table 1-2 shows the characteristics of several different

electrolytic capacitors available on the market.

Table 1-2. Examples of electrolytic capacitors and their characteristics

Electrolytic Capacitor

Capacitance

Rated voltage

Life expectancy

EEE-TG2A100P [73] 10F 100 V 2000 h
UVZ2A0R1IMDD [74] 0.1 uF 100 V 1000 h
EEV-EB2E100Q [75] 10 uF 250 V 4000 h
UVY2DORIMED [73] 0.1 uF 200 V 1000 h
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Table 1-3. Examples of film capacitors and their characteristics

Film Capacitor Capacitance | Rated voltage | Life expectancy
B32523Q1106K189 [76] 10pF 100 V 200,000 h
B32529C1104J189[76] 0.1 uF 100V 200,000 h

R60IR51005040K [77] 10 uF 250 V 200,000 h
ECQ-E2104KF [78] 0.1 uF 250 V 300,000 h

Film capacitors, on the other hand, have much higher life span than electrolytic capacitors. They
are also less sensitive to the operating temperature, which makes them a better candidate for use
in PV micro converters. To extend the life expectancy of the overall PV converter system, film
capacitors can be utilized. Table 1-3 shows the characteristics of several film capacitors. It can be
observed that the average life span of a film capacitor is at least 100 time that of the electrolytic

capacitor.

To allow film capacitors to be used as the input filter capacitor, one approach is to utilize PV
converter that is capable of drawing a continuous input current, thereby, the required input filter
capacitance can be reduced. For this reason, the boost DC/DC converter that operates in continuous

conduction mode (CCM) is a popular choice for PV converters.
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1.7 Research Motivation

To ensure optimal energy system operation, it is required to integrate PV panels with power
electronic converters. Existing DC/DC converters reported in literature suffer from several
drawbacks such as a noticeable low efficiency due to hard- switching, costly and large-size
components due to the use of higher rated components, high number of magnetic components,
high voltage stress over diodes and switches and lower operation frequency to maintain continuous
conduction mode. These drawbacks hinder the total system from achieving a desirable
performance. The goal of this thesis is to address the downsides of the existing converters first,
followed by proposing an improved topology for power electronic DC/DC converter. The

proposed topology can be used in PV applications with integrated MPPT control scheme.

1.8 Thesis Contributions

In this thesis, a very high frequency micro-converter with extended soft switching operation using
coupled magnetics for PV application is proposed. The contributions of this thesis research are

summarized below:

1. Unlike the conventional DC/DC boost converter which has hard-switching, soft-switching
is achieved for all switches in the proposed topology over an extended operating range (i.e.
with ZVS turn-on and ZCS turn-off). By providing soft-switching operation, much high
switching frequency (at least MHz) will be utilized in the proposed topology to reduce the

physical size of all the passive components.

2. The input boost inductor and the auxiliary inductor in the passive auxiliary circuit in the

proposed topology are integrated together using coupled magnetics, so that the number of
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5.

total magnetic components is reduced. The coupled inductor not only reduce the number
of magnetic components required, but also helps to provide almost continuous input current

and to provide extended soft- switching operations for both switches in the circuit.

The voltage stress across each switch in the proposed topology is much lower than those
in the conventional boost converter. Hence, low-cost switches with lower voltage rating

can be utilized.

Since the input current of the proposed circuit will operate in continuous conduction mode,
this allows for the use of a small-sized film capacitor at the input side instead of an
electrolytic capacitor, which typically has very short life-span. By eliminating the use of
electrolytic capacitor in the proposed topology, the lifespan of the overall power conversion
unit can be extended.

A custom-designed MPPT controller is also developed to work with the proposed micro
converter topology to extract maximal amount of PV energy from the PV panel at various

light intensities.

1.9 Thesis Outline

This thesis consists of 5 chapters. The organization of this thesis is as follows:

In Chapter 1, the background information of various power architectures for PV power conversion
systems was provided. Then the review of different types of existing DC/DC converters for PV
energy applications was presented. Their advantages and disadvantages of each converter was
discussed. A brief summary of the MPPT control schemes was also presented at the end of this

chapter.
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In Chapter 2, a new micro converter utilizing coupled inductor with the ability to achieve soft
switching in an extended range is presented. The detailed discussions on the circuit’s operating
principles, circuit’s steady-state operating waveforms, circuit characteristics, design equations are
provided in this chapter. In particular, the soft switching operating regions of the proposed

converter are also explained in this chapter.

In Chapter 3, the modified MPPT control scheme that was implemented to support the proposed
micro converter is discussed in detail. The presented MPPT control method is a tailored P&O
methodology which is capable of achieving the optimal power point in a fast and accurate process

for the presented converter.

In Chapter 4, the design and performance of the presented micro converter are provided. An
example of the design procedure of the proposed converter is presented. Simulation and hardware
experimental waveforms obtained from a proof of concept prototype are presented to highlight the

merits of the proposed micro converter.

In Chapter 5, all thesis contributions are summarized. The future works related to this thesis are

also highlighted.
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2. Proposed Soft Switched DC/DC PV Micro

Converter

As summarized in Ch. 1, the objective of this thesis research is to investigate and develop a PV
micro converter topology with an extended soft switching operating range for all semiconductor
switches, while at the same time, a continuous input current is achieved at the input without using
large input filter capacitor. Based on the aforementioned objectives, a new micro converter is
derived and presented in this Chapter. The derivation of the proposed converter circuit, converter’s
diagrams, converter’s operating principles and operating stages, as well as the detailed theoretical
analysis including the theoretical voltage gain calculations, soft- switching operation range will be
discussed. Other alternative circuit configurations of the presented micro converter will also be

described and explained at the end of this chapter.

2.1 Description of the Proposed PV Micro Converter

Fig. 2.1 shows the derivation of the proposed converter circuit. It is derived from the two-stage
converter configuration that consists of a DC/DC boost converter followed by an asymmetrical-
pulse-width-modulated (APWM) parallel resonant converter with a passive auxiliary circuit. The
proposed circuit, shown by the bottom figure in Fig. 2.1, consists of an integrated boost converter
circuit for performing MPPT and an APWM controlled parallel resonant converter with an
auxiliary circuit for extending the ZVS operation for all switches. The boost circuit operates in
continuous conduction mode (CCM) so that the input inductor current with reduced ripple current

can be resulted. In addition, the boost inductor and the auxiliary inductor are coupled to each other
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to minimize the number of magnetic components used in the final circuit. Table 2-1 gives the

component list of the micro converter.

As shown in Fig. 2.1, the integrated boost circuit consists of input inductor Lin, the body diode D1

of MOSFET S, output capacitors Cy and Czand switch Sz which turns on with duty ratio D. When

Solar
Panel

APWM parallel CL
resonant Converter

Lo Load

1

Solar
Panel

T DR,

D,

Cs2

Lo Load

CSZ
I
Dy
—e— is
L —

Proposed Micro Converter

A ires

Sl iinBoosI
| —_—
Li

Cl :|=Vinres

Yy y,m

* . —

I

S| D, <:§J_\/S
i

T

+

Cs

1:N

T bR,

DR,

1

Load

T bR,

Fig. 2-1: Derivation of the proposed DC/DC converter
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Sz is on, body diode of MOSFET S; is reversed biased. S; is shared between both boost converter

and APWM parallel resonant converter. The two switches conduct with complementary duty

cycles with one another. Hence, Sz turns on with duty ratio D, with a duty ratio of 1-D is applied

to S1. The integrated auxiliary circuit consists of the auxiliary inductor La and capacitors C; and

C2. La provides the additional compensating current in the resonant circuit as the duty ratio

changes; hence, ZVS turn-on for both switches can be achieved at wide operation range [62]. To

reduce the number of circuit elements, input inductor Lin and auxiliary circuit inductor L, are

combined into one coupled inductor. By doing so, CCM input current can be achieved while at

the same time, soft-switching condition is also provided for both switches for much wider

operating range.

In general, the proposed converter works as
follows: the variable voltage vs turns into AC
voltage through the resonant tank. The resonant
capacitor Cs has two functions: 1) it blocks the DC
component of the voltage vs and 2) it forms a
parallel resonant circuit with the magnetizing
inductance of the transformer Ln to generate a
sinusoidal resonant current for allowing the
switches to achieve ZVS turn-on. A high frequency
transformer with a turns ratio of 1:N is then used to

provide electrical isolation, as well as stepping up

the input voltage. Sinusoidal output voltage of

Table 2-1: Components used in the proposed micro converter

Component Description
Cin Input Capacitor
Cy, G2 Boost circuit Capacitors
L Boost circuit input inductor, Primary
inductor of coupled inductor
L. Auxiliary circuit inductor, coupled
with Lin
S, S Switch
Cs Resonant Capacitor
Lm Parallel Resonant Inductor
High frequency transformer with
T turns- ratio 1: N
DRy, DR, Rectifying Diode
Lo Filter inductor
Co Filter Capacitor
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transformer is then rectified through DR; and DR2. Following that, Co and Lo filters out the

rectified voltage for high frequency ripples to provide a constant load voltage waveform.

2.2 Operating Principles of The Proposed Micro Converter

There are nine main operating intervals

within a switching cycle of the proposed < _ Ts "
(1:d)T; dT,
converter. The theoretical waveforms of Vgs1
the converter are shown in Fig. 2-2, with Vgs2
. . Vg g
the corresponding operating stages shown .
p gop g stag iVS T i
. . . r
in Fig. 2-3. For each interval, the converter ° / v
¢ N—
operation is described as below. /\
[to<t<t1]: At the beginning of the period, Iso \ \\/ /\ >
gate signal Vgs2 is removed from switch So. /
Vdsl ds2 Vst
Therefore, Sy turns off and capacitor Cs
Vis2
starts to charge. Due to negative resonant -
. . . Vv
current ires, and the positive current in \ / Vs La \ /
VLa Y ! >
auxiliary circuit iLa, capacitor Cs; is forced \ y / \ ,
Vi
\ i
to discharge until the voltage across it
reaches zero. At this time, switch diode D: i :
La /\\ ILa /\ ¢
starts to conduct to prepare switch S; for >
N \

lossless turn-on in the next interval. The

tolib taty tstgt t t
voltage across S, now equals Va +V1 and oMtz i34 Blelr 8 19

the voltage across secondary coil of coupled Fig. 2-2: Theoretical operating waveforms of the proposed
converter
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inductor Via changes from +V> to -V1; where V; and V1 represents the voltage across capacitors C:
and C, respectively. During this interval, current in auxiliary circuit iLa reaches its positive peak
and it starts to decrease in the next interval. Through boost converter circuit, energy stored in Lin

is now transferred to parallel C; and C». Fig 2-3 illustrates the operating stage of this interval.

[ti<t<to]: At the beginning of this interval, Vgs1 is applied to Si. Although Si is on, the voltage
across it is negative so the current keeps flowing through the diode D1. During this interval, voltage
VLa remains constant at -Vi. At the end of this interval, current ires becomes zero and it increases

to positive value in the next interval.

[t<t<ts]: In this interval, ires Changes its direction and starts to increase to positive values form

zero. Diode D1 is now reversed biased in boost circuit.

[ts<t<ts]: In this interval Switch current is1 changes its direction and it obtains positive value. The
current flowing through D1 in the prior stage now flows through Si and it turns on with zero power

loss.

[ta<t<ts]: Positive current in boost inductor and the positive current in switch S1 makes the direction

of auxiliary circuit i, to drop into negative values.

[ts<t<te]: At this interval, Vgs1 is removed, so S: turns off. Following that, positive current ires and
negative current iLa in auxiliary circuit forces Cs: to charge and Cs; to discharge. Once Cs: is fully
discharged, D> starts to conduct to set voltage across switch Sy to 0 volts. Therefore, S triggers on
with ZVS in next interval. During this period voltage V.. changes from -V to+V,. This stage ends

when iLa reaches its negative peak and switch S, turns on.
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[te<t<tz]: At the beginning of this interval, S, triggers on with applying the gate signal Vgs2 The
output voltage of APWM chopper now clamps to zero. Voltage Via remains constant at +V and
iLa increases relatively to its positive peak point. Although Sz triggers on, the voltage across it is
still negative so the current keeps flowing through the D>, At the end of this interval ires reaches

zero value.

[tz<t<ts]: Resonant current ires Starts obtaining negative values and the current flowing thorough
D2 now flows through S so it turns on with ZVS. This stage ends when iLa becomes zero again.

The stored energy in the resonant tank flows through S, to supply power to the load.
[ts<t<to]: iLa Starts from zero and continues to rise linearly until it reaches the peak.

2.3 Theoretical Analysis of the Proposed Micro Converter

Kirchhoff’s current law (KCL) states that for a parallel path, the total current entering a circuit
junction is completely equal to the total current leaving the junction. Kirchhoff’s voltage law
(KVL) states that in a series closed loop path, the total sum of the voltage across each circuit
component equals to zero. The inductor volt- second balance principal states that the average

inductor voltage equals to zero.

By applying KCL and KVL principles, the characteristics of the proposed converter can be
discussed. Fig. 2-1 shows the default direction of circuit component current and voltage. Equation
(2- 1) can be obtained by applying KCL to the junction noted as A.

IinBoost + ILa + ISl = ISZ + Ires (2'1)

By applying the inductor volt-second principals over one switching period ((1-D)TsV1=DTsV>),

and the fact that C1 and C; split the half of input voltage of APWM chopper circuit (V1+V2=Vinres),
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the steady state voltage of the auxiliary capacitors can be calculated as (2-2) and (2-3),

respectively.
Vl = DVinres (2'2)

VZ = (1_ D)Vinres (2_3)

During intervals 2 to 5 [ti<t<ts], by applying KVL, (2-4) is obtained. As switch Sz is conducting,

the voltage across it equals zero. Therefore, for voltage across auxiliary inductor, equation (2-5) is

obtained.
VLa + Vdsl + Vl = 0 (2'4)
Vi, =V, (2-5)

From interval 6 to 9 [te<t<to], by applying KVL, equation (2-6) is derived. As switch S is
conducting during these intervals, the voltage across it equals zero. Therefore, for voltage across

auxiliary inductor, (2-7) is obtained.

VLa _VdSZ +V2 — O (2-6)

Vi, =V, (2-7)
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2.3.1 Proposed Micro Converter Voltage Gain

Regarding the overall voltage gain of the proposed circuit, first the input voltage of converter Vis
steps up to the input voltage of the chopper circuit Vines. This increase is realized through
conduction of switch Sy in integrated boost converter. The theoretical voltage gain of the integrated
boost stage is given by (2-8); where D represents the duty ratio of switch Sz in the proposed

converter.

Vinres _

1
1-D (2-8)

After conversion of Vin into DC voltage Vinres, NOW Vinres Sees APWM chopper circuit and is
transformed into variable DC voltage vs. This voltage is the output voltage of APWM chopper
circuit which was discussed in section 1.4.2. Equation (2-9) gives the input voltage to the resonant

tank vs.
V, = \/inres (1_ D) +Vq (2-9)

Input voltage of parallel resonant network vs possesses both DC and AC components as is
expressed in (2-9). As was explained in section 2-1, the resonant capacitor Cs has the functionality

of blocking the DC part of unidirectional voltage vs.

+

[EES
| +

Vs jn W/ Q Rac Vo

Fig, 2-4: Equivalent Circuit of the resonant tank in the proposed micro converter
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To further investigate the proposed micro converter performance, Fig. 2-4 is given which
illustrates the equivalent nth harmonic of the parallel integrated resonant tank connected to the

high- frequency transformer and the output load of the micro converter.

The AC voltage component vsn is represented by the Fourier series in (2-10); where 6,, is the phase
angle, n represents the nth order odd harmonic, Q represents quality factor of the circuit in Fig 2-
3 which is given by (2.11), Rac is the equivalent load resistance at the output of resonant tank

given by (2-12), w is relative operating frequency which is the ratio between operating frequency

,
. . .. 0 . .
of the micro converter w, and its resonant frequency w,; defining as @ = — where w,. is given
,

r

by (2-13).

\/_Vl nres
"-3" (

J1-cos(2nz(1- D)) sin(na,t + 6, )] (2-10)

Where 6 :tan‘l( sin2nz(1-D))
" 1-cos(2nz(1- D))

R R..
Q= @ IL_m - oL (2-11)
7’ 1
R, = (?) xR, x NZ (2-12)
1
- 2-13
@, CC. (2-13)
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Harmonic components in the resonant circuit are assumed to be negligible, thereby fundamental
approximation is used. The total voltage gain of the proposed topology is given by (2-14) which
is calculated by multiplication of the following stages: 1) Integrated conventional boost converter

gain 2) chopper circuit 3) Half bridge parallel loaded CL resonant converter 4) High frequency

transformer turns- ratio as below.

o= Nx - - (V2 g — 2-14
\Z_(N 1—D) 2( : Jznl[nﬁ\/l cos(2nz (1 D))j (2-14)
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2.3.1.1 Voltage Gain vs Frequency

As is implied by (2-14), the voltage gain of the proposed micro converter is a function of duty ratio

of the switches, quality factor and relative operating frequency. The turns ratio of the high-

frequency transformer of the proposed micro converter is selected as 1:2 as the simulation in

Chapter 4 is also carried out based on this parameter. Fig. 2-5(a) shows total gain of the micro

converter given in (2-14) with respect to operating frequency at various quality factor values.

These graphs are obtained at a fixed duty ratio value of 0.7. The relative frequency ranges from

0.2 to 2. From here it can be seen that higher gain is achieved when the micro converter is operating

very close to resonant frequency. It is also comprehended that as quality factor increases,

maximum obtainable gain also extends. This micro converter is the integration of boost converter,

APWM parallel resonant converter and a high frequency transformer. To design the circuit

components in Chapter 4, it is required to plot the gain graphs of the integrated parallel resonant.

Fig. 2-5 (b) gives the gain of the CL resonant converter.
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Fig. 2-5: (a) Proposed Micro converter voltage gain with D= 0.7 (b) The resonant circuit gain at
various quality factor values

2.3.2 Extended Soft- Switching Operation

In proposed micro converter which consists of boost and APWM resonant circuit, one switch may
lose lossless turn- on when duty ratio is reduced or when the output load condition changes. The
auxiliary circuit which is added to micro converter configuration in Fig 2-1 consists of a network
of two capacitors (C1 and Cz) and the secondary coil (La) of coupled inductor component. The
coupled inductor provides compensating current such that switches S; and S; maintain ZVS over a
wide range of duty ratio or loading conditions. The time variation of via and ia can be calculated

by (2-15) and (2-16), respectively [80].

50



v, = Wi i [lsin [nzD]cos| na,t —nr(2—- D)}] (2-15)
7T na3s,.\ N
: 2V. < 1 . :
_ inres el D t— 2-D 2-16
i, o n_ém(nz sin[nzD]sin(nw,t —nz ( ))) (2-16)

As can be observed from theoretical operating waveforms at Fig. 2-2, The peak value of iLa occurs

at t= (DTs)/2 which is given by

La—Peak —

(DT)/2 B
I Vzdt = M (2-17)
0 2 fO La

|-

In order to achieve ZVS for Sy, turn- off current Iy has to be positive. By applying KCL at the

junction illustrated by red in Fig. 2-3 in interval [ts<t<te], |1 is obtained:

Il = Ires - IinBoost,M in ILa,M in
] ] ) (2-18)
I1 - Ires - IinBoost,Min + ILa,Max

Similarity, in order to achieve ZVS for Sy, turn- off current I has to be positive. By applying KCL

at the red junction illustrated in Fig. 2-3 during interval [to<t<ti], 2 is calculated as

I2 - Ires + IinBoost,Max + ILa,Max (2'19)

According to (2-18) and (2-19), to calculate turn- off current of switches in proposed micro
converter, it is first required to obtain positive and negative peak current value of boost inductor.

Boost inductor maximal and minimal are given by
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1
inBoost,average T (E)AI (2-20)

1

inBoost,Min = IinBoost,average - (E)AI

inBoost, Max

Where, Al represents the ripple current value of boost inductor given by (2-21) and linsoost, average

shows the average input current of the inductor as given by (2-22).

_ Vin (1_ D) _ 27Z-Vinres (l_ D)2

Lin fO Lina)O

Al (2-21)

V.
Iinres (2_22)

I — __ inres
inBoost,average |Zin| (1_ D)

By applying (2-21) and (2-22) into (2-20), maximum and minimum current of the boost inductor

is finalized as given by (2-23).

Vinres 7Z-Vinres (1_ D)2
IinBoost Max — +
ve Tz la-d) L
| — Vinres _ 7Z-Vinres (1_ D)2 (2-23)
inBoost,Min |Zin | (l— D) Lina)o

It is also required to determine peak value of auxiliary inductor which was previously represented
by (2-17). With the auxiliary circuit and integrated boost converter, the turn- off current I, of switch
Sz and the turn- off current 11 of switch Sy are given by (2-24) and (2-25) respectively, where input
impedance to resonant tank Zin of the per unit equivalent circuit of Fig. 2-4 is represented by (2-

26), and ¢n represents the phase angle of Zin.
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3 _ Vinres |nres (l D) mres D(l_ D)
Zl[ = |J1 cos(2nz(1- D) sin(2nz(1- D) +6, — ¢, j 7105 + BT
(2-24)
V. (1- D) D(1-D)
I _V 1 2 1 D inres InreS |nres
mresZ( |\/ COS( nﬂ-( )Sm(e — @, ] |Z |(1 D) + |_in ) 2f0|_a
(2-25)
. Q 1
Zi, =( )+ i( -—)
(LY@ Cne MR (2-26)

Introducing a variable M and Q which relates Lato Lm as M= (La/ Lm) and Lin to Lm and Q= (Lin/

Lm), current 1 can be normalized to its per unit value as

— Vinres c \/_ 1 72'(1— D)ZQ d (1_ D)ﬂ'Q
Il_(vinres,minj(nzl:n z In|\/l cos(2nz(1- D) sin(2nz(1-D)+6, —¢,) - . D)|Zm|+ e ]
(2-27)

Similarly, I> can be normalized to its per unit value as

1, #(1-DyQ d(- D)ﬂQ]

Iz:[hj[i V2 |\/1 cos(2nz(1—-D)sin(2nz(1-D)+86, ¢")+(1—D)|Zin| 20 pry

V. = nr|Z,

inres,min

(2-28)

From (2-25) it can be comprehended that turn- off current I, is always positive for various values
of duty ratio. Therefore, switch S; always achieve ZVS in all duty ratio conditions. Fig. 2-6
represents MATLAB graph of I, with respect to D at various values of quality factor Q and relative
operating frequencies w. This graph confirms the mathematical proof indicating that for all D

values, I is always positive so ZVS is easily achieved for switch 1.
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Turn- off Current I2 of switch 82 (A)

—Q=4, w=1.1
7 Q=4, w=1.2 .
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\ | \ | | |
0.3 0.4 0.5 0.6 0.7 0.8

Duty ratio D

Fig. 2-6: Current through S; at turn off, I, as a function of D in the proposed micro converter

To achieve ZVS for Sy, turn- off current Iy given by (2-24) must be positive such that switch S,
turns on with zero power loss. Fig. 2-7 is plotted to show I in the proposed micro converter. This
graph is obtained at a wide range of duty ratio D with various quality factor Q and relative
operating frequencies w. This figure illustrates that with the selection of Q between 3 and 4, and
with w selected between 1 and 1.2, ZVS operation can be achieved in a duty cycle ranging from 0

to 0.76.
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Fig. 2-7: Current through switch S; at turn- off, |1 as a function of D in the proposed micro converter

To understand the extended soft- switching operation range in the proposed topology, Fig. 2-8
shows I in the same micro converter topology without the aid of auxiliary circuit. This figure
illustrates that with the selection of Q between 3 and 4, and w between 1 to 1.2, ZVS can only be
achieved in a duty cycle value ranging from 0 to just above 0.57. In compared with the original
topology of micro converter, this range is clearly limited. Therefore, the advantage of auxiliary

circuit has also significantly contributed in achieving ZVS over a wider range of duty ratio value.
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Fig. 2-8: Current through switch S; at turn- off, I, as a function of d in a same topology without auxiliary circuit

2.4 Derivation of Other Types of the Proposed DC/DC Micro Converter Topologies

Fig. (2-9)- (2-11) show several alternative topologies of the proposed micro converter. The
configuration of all three topologies are similar to circuit diagram depicted in Fig. 2-1. They all
include an APWM parallel converter consisting of a parallel inductor and series capacitor, an
auxiliary circuit and the integrated boost converter, however, they are different in the load side
stage configuration. The circuit diagram shown in Fig. 2-9 represents a non- isolated topology of

Fig. 2-1. In this topology, there is no electrical isolation as the high frequency transformer is
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replaced with a resonant inductor. Instead, the micro converter is directly connected to a full

bridge rectifier.

1 Cs2

DII

| — ICIS DR, DR,| Lo

L
s, !

l. I—in |

Vi - S ‘D CO—— [:I Load
4 G T oy _ZE— 2L Cs2 §Lm =
Cin C, J_ La
DRy DR;

Fig. 2-9: Circuit diagram of the proposed micro converter: non- isolated topology

Voltage multipliers are a well- known rectifier that can be integrated with the proposed micro
converter with or without transformer. Fig. 2-10 illustrates the use of a voltage doubler as the
rectifying stage in a non- isolated topology of the proposed micro converter. In this topology,

voltage stress of the capacitors is reduced in half (half of the output voltage). Accordingly, the

C. DRixz Cor—

Vin o L.*I’_“IDJ fé_ ‘D c §I—m ' [] Load
O o5

T ' DR, & Cor 7=

3

Fig. 2-10: Circuit diagram of the proposed micro converter: non-isolated topology with voltage- doubler
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output voltage can be doubled compared to the circuit configuration shown in Fig. 2-10. This

topology is suitable for high-output-voltage applications.

Voltage doubler can be integrated with isolated topology of the proposed DC/DC micro converter

as is illustrated in Fig. 2-11. Likewise, voltage stress over output capacitors and diodes are

decreased in half so the output stage can handle two times the output voltage in Fig. 2-1. This

topology has the advantages of both Fig. 2-9 and 2-10; it is much more suitable for high voltage

applications which requires load isolation.

Vin

D;
L ||
S1 4 " :
. C. 1:N
| in | . o °
C, T % P4 Cq §Lm %”g
O Tt
- Cin CZ a
T T

Lo

DRig Co—

Fig. 2-11: Circuit diagram of the proposed micro converter: isolated topology with voltage- doubler

2.5 Summary

DR, & Coz =

:I Load

Chapter 2 introduced the proposed coupled- inductor based, photovoltaic micro converter with

extended soft switching operation. The operating stages and operating waveforms of the micro

converter have been discussed in detail with all the theoretical equations provided. Theoretical

analysis based on the circuit parameters have also discussed and some MATLAB graphs are

obtained to explain the characteristics of the proposed DC/DC micro converter.
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3. MPPT Control Scheme for Proposed

Micro Converter

To improve the performance of the conventional P&O algorithm used in PV energy systems, a
modified P&O methodology is implemented as the control scheme for the proposed micro
converter. This modified algorithm is able to converge to MPP fast and accurate at various light
intensities. In this MPPT algorithm, the first drawback of constant oscillation in P&O is mitigated
by applying an extra boundary check to the control loop. A second modification is also considered
which is based on variable-size perturbation which helps the controller to find MPP faster when
the converter is operating far from the optimal point. The theory is introduced in section 3.1,
followed by the logic and related formulas that are provided in section 3.2. At the end of this
section, a comprehensive flowchart of the modified MPPT is also provided that explains the

algorithm in details. This chapter will be summarized in section 3.3.

3.1 Theory of the Modified P&O MPPT Algorithm

Based on the various maximum power tracking techniques described in section 1.5, the P&O
algorithm is selected to be implemented with the proposed micro converter. As mentioned in
section 1-5, the IC method requires more complex mathematical equations to achieve MPP. Italso
requires additional number of current and voltage sensors which results in higher system cost.

Fuzzy logic method is not also selected in this micro converter as it requires several linguistic
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variables that results in complexity of the controller. Hence, due to its simplicity, P&O based

control method has been selected for this work.

Although the conventional P&O algorithm is simple, one main drawback with the P&O
methodology is that the circuit will never operate at the optimal power point once it gets fairly
close to the MPP. Instead, it will oscillate around this point due to the fact that the controller will
endlessly vary the control parameter. With a bigger step size of control variable, the process of
reaching MPP becomes faster especially when large change is applied to light intensities condition.
However, with a big scale step size, the algorithm never converges the MPP and will oscillate
around the optimal power point continuously. Oppositely, if the control step size is selected as a
fixed small value, the controller takes significantly long to reach the maximal operating point when
the light intensity changes. To overcome this drawback, a tailored P&O controller is applied to the
proposed micro converter with variable-size based perturbation. This modified methodology
would check and see if in two consecutive steps, the change in power is less than a specific positive
value . If this is the case, then no new change will be applied to the control parameter in the next
step and the circuit keeps operating very close to MPP. Otherwise, if the change in power is greater
than f, a variable- size perturbation will be applied to the control parameter. Control parameter in

this methodology is the duty ratio of the switches in the proposed micro converter.

Considering the PV energy system characteristics depicted in Fig. 1-26, it is obvious that at the

maximal operating point, (3-1) must be true.

aP

— =0 3-1
" (3-1)

By applying chain rule to (3-1), (3-1) can be re-written as
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dP _dP dD (3.2)
dv, dD'dv,

in

Where Vin is the input voltage to the micro converter circuit diagram in Fig. 2-1 and D is the duty

ratio applied to Sz

In case of a DC/DC boost converter, the input voltage is related to the output voltage and the duty

ratio by (3-3), where Vo is the output voltage of the converter.

D:l-%g

dD I (39
— =V, %0

dVin Vin2 °

Considering (3-1)- (3-3), it holds that

P 9P (3-4)
dv,, dD

The above property has been discussed thoroughly in [79]. Based on [79], the function P(D), for
various light intensities, has only one extreme point, coinciding with the MPP of PV system.
Accordingly, adjustment of duty-cycle in DC/DC converters based on (3-4) ensures convergence

to the MPP under any light intensity condition.

The process of power maximization is shown in Fig. 3-1. As can be observed, the duty ratio
adjustment follows the direction of dP/dD. Therefore, the value of duty cycle is increased in the
right side of the MPP of the PV power curve; resulting in voltage deduction of the panel and an

increase of output power. Similarly, when the starting point is on the left side of the MPP,
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following the direction of dP/dD, duty ratio will continue to decrease such that the voltage and

power will progressively increase until MPP is achieved.

dP/dV=0
dP/dV>0 dP/dD =0 dP/dV>0
dD/dVin <0 dD/dVin <0

dP/dD<0 dP/dD>0

Power (W)

Possible Starting Point

Maximum Power Curve

Voltage (V)

Fig. 3-1: Maximum Power Point Tracking Process of the presented micro converter

Table 3-1 shows the different scenarios of achieving maximum operating power point from

different directions with different duty ratio.
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Table 3-1: MPP tracking scenarios for the modified P&O method

+

- B<or <p Tor] No change

3.2 Control Logic of the Modified MPPT Scheme

The implemented P&O in the proposed micro converter consists of five dependent scenarios which
differs from each other based on the change of power with respect to the previous iteration and the
location of operating point on the power- voltage curve. These scenarios are shown in both Fig. 3-
1 and Table 3-1. In the proposed micro converter, the operating point is varied by a perturbation
to the duty ratio of the switches. This is due to the fact that the operating input voltage and duty
cycle of the converter are mathematically related according to (3-3). This implies that when the
operating duty cycle increases, the operating voltage decreases. This relationship can be utilized
to estimate both the operating point of the panel and the direction in which MPP can be achieved.
If both operating power and voltage has increased in compared to the previous step, it implies that
the panel is operating at the left side of the MPP and its perturbation is on correct direction. Case

1 in Table 1-3 shows this case. Contrary to case 1, if both power level and voltage level decrease,
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it implies that the operating point is on the right side of the power curve and the direction of
perturbation is incorrect. Case 4 shows this condition in which the direction of perturbation needs
to be reversed such that MPP can be reached. That is to say, a raise in duty ratio of the next step
must be applied. In case 2 the change in power is positive while the change in duty ratio has been
negative. This shows the operating point on the right side of the MPP of power- voltage curve of
the panel in a movement towards MPP. This expresses that the direction of perturbation is precise
and the duty ratio has to keep decreasing in the next step. Case 3 is the opposite of this condition
in which the change in power is negative and the change in duty ratio is positive. In this case, the
operating point is on the left side of the power- voltage curve and it is moving further from the
MPP which is the wrong direction. Therefore, the change in duty ratio has to get inversed and
becomes negative in the next step to put the tracking system on the right path. As was mentioned
previously, to minimize the oscillation around MPP, the tracking controller algorithm checks to
see if the absolute value of change in power is less than a specific positive amount B. If this is true,
it signifies that the operating point is in in near region of MPP. Therefore, the controller won’t

apply new perturbation and it halts the duty ratio variation as is shown in Case 5.

To overcome the disadvantages of the conventional P&O, in addition to the boundary limit of 5, a
variable-size perturbation is selected in this MPPT algorithm. This changeable perturbation size is
relative to the absolute value of change in power. If in two consecutive steps, the difference in
power is a small value, then next step perturbation will be proportionally small. In this condition
operating point is almost close to the MPP. Contrary to this scenario, if a big change happens to
input power in two consecutive sampling steps, then a bigger magnitude of perturbation will be

applied to the control parameter so that MPP convergence process becomes faster.
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Fig. 3-2 shows the flowchart that demonstrates how this P&O MPPT controller performs. Initially,
the controller obtains the panel output voltage and current value. Following that, the controller
calculates the associated instantaneous power using (3-5); where k denotes the current operating

state.
P(k) =V (k) x 1(k) (3-5)

The controller also calculates next step input power using (3-5). From here, the controller

calculates the difference occurred in power in the two successive steps as given by (3-6).
AP =P(k)-P(k-1) (3-6)

Once the gap in power has been determined, MPPT controller will check to see if the absolute
value of power is less than positive value £ as shown in (3-7). This will verify whether the micro
converter is operating in close region to MPP. If (3-7) is confirmed, the oscillation will be avoided

and the duty cycle will not be changed any more.
|AP|< B (3-7)

If (3-7) is not the case, then the controller proceeds to determine how the control parameter must
be perturbed to reach the optimal point rapidly. In order to achieve MPP, the control law of (3-8)

has been implemented based on incremental PV power measurements, as follow

D(k) = D(k —1) + AD(k) 3-8)

AD(k) = S.|AP|.sign(AD(k —1)).sign(AP(k —1))
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Where AD(k—1) is the duty-cycle variation at step k—1; AP(k—1) is the change in power at step (k-

1); S is a constant value, |AP| is the absolute value of power change at step k-1 which contributes

in adjusting the speed of the convergence to the MPP; and lastly the function sign(n) is defined as
sign(n)=1, if n>0 (3-9)
sign(n)=-1, if n<0

In the beginning of the control algorithm, an initial duty ratio value of D) as well as a small
perturbation AD-1) is given to the control unit as the input of the algorithm. As the controller may
operate at very much higher speed in compared to the micro converter, a sampling time is also
considered in this methodology. This sampling time adds some delay in such a way that voltage
and current will be measured once a specific number of cycles is passed. To implement this, a
parameter referred to as counter max is implemented into MPPT algorithm. The MPPT algorithm
counts each time that the code is processed and once it reaches the counter max specific number,

it changes to sampling mode and measures the corresponding parameters.
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Initialization

Initialize D(g), AD.1), Conter Max, K
Set Counter to 1

1<Counter <Counter Max

Counter++

Counter ==Counter Max

Measure Vy and Iy,
Calculate P(k-l) = V(k-l) *I(k-l)

Measure V(k-l)) I(k-l) —

Calculate Pgo = Vg Counter++
AP=Pyy-P.1)
Reset Counter
A |
-B<AP <P
oo >
P <
2 2
A 4 ¢ v i l
ADgq = -Kx|AP| ADg = Kx |AP| ADy, = ADgy = -Kx |AP| ADyy = Kx|AP|
A 4 v v

Dy = DgerytADgg

!

Update parameters
D(k-1)=D(k)
AD(k-1)=AD(k)

Fig. 3-2: Modified P&O maximum power point tracking controller implemented with the proposed converter
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3.3 Summary

This chapter presented the tailored MPPT scheme that is implemented with the proposed DC/DC
micro converter. The control principles of the MPPT algorithm are based on the P&O control
methodology discussed in section 1.5. The algorithm is adjusted such that the oscillation near the
optimal power point is alleviated and the speed of convergence process is accelerated. A flowchart

of the modified MPPT algorithm and its operating states have been explained in this chapter.
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4. Design and Performance of the Proposed

Micro Converter

4.1 Introduction

In this chapter, a design example of the proposed micro converter is given. Then the proposed
circuit and the designed MPPT controller are implemented in PSIM with the required system
design specifications. The proposed circuit is simulated to confirm that it is capable to operate
under continuous conduction mode and is able to achieve ZVS under an extended range of duty
ratio. The printed circuit board (PCB) of the hardware prototype is then designed using ALTIUM
DESIGNER. The hardware experimental works, together with the simulation results obtained
from PSIM will be provided in this chapter to highlight the functionality and advantages of the

proposed circuit.

4.2 Design Specifications in Powerism

To validate the functionality of the proposed DC/DC micro converter, a single 210W solar panel
connected to the proposed isolated micro converter shown in Fig. 2-1 is simulated in PSIM.
According to (2-14), the gain of the whole proposed micro converter with isolation equals to
multiplication of the individual voltage gain in the following stages: boost converter gain, APWM
parallel resonant converter gain and the gain of high frequency transformer. In this simulation,
high frequency transformer turns ratio N is selected as 2. As was illustrated in Fig 2-5 (b), in order
to attain a resonant circuit gain of Vo/ Vin =2, quality factor Q can be considered as 3. Therefore,

Q=3 is selected to further design the rest of circuit components. One of the highlighted purposes
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of this thesis is to achieve soft switching at very high frequncy range. Thus, an initial operating
switching as fo = 1.2 MHz is assumed. Output resistance is selected as Ri= 600Q; hence the
equivalent load at the output of resonant tank is calculated using (2-12). By rearranging (2-11),

resonant inductor value is calculated as

600

L =R 4 = 6.63uH
Qu, 3*2*7*1.2M

By a selection of L, = 7pH, by considerign the fact that for ZVS operation switches must conduct

at a switchign frequency higher than resonant frequency and by using (2-13)

W, <y = <2*7*1.2MHz

L C,

m

C, > 2.5nF

Cs is selected equal to 3nF, resoanant frequency of th eproposed micro converter is accordingly

calculated as

1 1

f: pr—
" 2%x* L Cy  2%x*J7*2.5*107%

=1.203MHz

One of the highlights of this thesis is to ensure that input current operates at CCM while keeping
soft- switching at the extended duty ratio range. By definition, at the boundary of continuous
conduction mode, the input inductor current iinboost goes to zero at the end of the off interval.

Therefore, to ensure CCM operation, equation (4-1) is being used [16].
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I zli —MDG— D) (4-1)

inboost,B inboost, peak
2 peak |

To design the boost circuit stage, a gain of Vinres/ Vin =2.5 is considered. For an input power of 210
W, an input voltage of 35V, a duty ratio of 0.7 and an operating frequency of 1.2 MHz, minimum
value of Lin is required such that the converter always operates at CCM mode. By rearrenging (4-
1), the average value of the inductor at the boundary between continuous and disontinous

conduction is calculated as

TV, 1 25*35
=__stimes (]-D)= 0.7)*(0.3) =1.1uH
21, A= D) = oMz, ey 0709 =11u

inboost,B

L,

Therefore, if Lin=1.1 puH is used, the converter will operate at the boundary between continuous
and discontinuous mode. To further ensure a CCM operation, an inductor larger than 1.1 pgH must
be used. To estimate the right inductor for the proposed micro converter, the following egaution
can be used [81]

L- — Vin (Vout _Vin) (4'2)
" AI L * fS *Vout

Where Al is the estimated inductor current ripple that can be calculated using

Al = (0.2~ 0.8)* 11 (g *\\//Om (4-3)

in

Where lout(max) iS the maximum output current required in the application. By considering a
current ripple of 0.5, a gain of 2.5 and the switching frequency as 1.2 MHz, input inductor is

calculated using (4-2) as below
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_ 85(87.5-35) __ 59
0.6*1.2MHz *87.5

Coupled inductor implemented in this topology is selected with unit turn- ratio, so auxiliary

inductance La has the same value as Lin.

To adjust the output capacitor values C1, C. equation (4-4) is given [16].

1,DT, (4-4)
AVour

COUT =

The peak- to- peak voltage ripple of the output AVour is desired to be around 2 %. Therefore,

output capacitor of boost converter which is the sum of parallel C1, C> is calculated as below.

@*O 7

115
C..=—212  _540nF
OUT  1.2MHz*2

Table 4-1 shows all the component parameters which are selected for the isolated DC/DC micro
converter. Component values given in table 4-1 are considered as ideal. However, to study a real-
life scenario all non- ideal component parameters should be inserted into PSIM software as well.
These non- ideal parameters include the inductor resistance, switch on- resistance and diode
forward voltage. These parameters are derived from the component datasheets and they are

reported in Table 4-2.
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Table 4-1: Component values

Parameter Component Value
Input Voltage 35V
Rated Power 210W
Input Capacitor Ci, 10 uF
Output Capacitor Co 10 uF
Output Inductor Lo 330 uH
Resonant Capacitor Cs 3nF
Resonanl\t/I Inductor L,/ Primary Winding 7 uH
agnetizing Inductance
Boost Inductor Li, 22 uH
Boost parallel capacitors Ci, C. 290 nF
Auxiliar;ginduc_:tor La (Coupled with 22 uH
oost inductor Lin)
Primary Turns 1
Secondary Turns 2
Tertiary Turns 2
Operating Frequency >1 MHz
Control Variable for achieving MPPT Duty ratio
Load 600Q2
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Table 4-2: Non-ideal parameters

Parameter Component Value

Input Inductor resistance 65 mQ
Auxiliary Inductor resistance 65 mQ
Resonant Inductor resistance 20 mQ

Output Inductor resistance 325 mQ
Diode Forward Voltage 3.2V
Diode Resistance 35 mQ

Switch on Resistance 540 mQ
Switch outpél:Jt capacitance 80 pF

0ss

Switch output capacitance Ciss 250 pF

Body Diode Forward Voltage 2.5V

The circuit is implemented in PSIM to obtain simulation result waveforms and to further verify
the highlighted merits of the proposed micro converter. This circuit consists of an input DC voltage
source which accounts as the light intensity, connected to a single 210W solar panel that is attached

to the proposed micro converter as shown in the appendix.

The output voltage of the solar panel can provide a DC voltage ranging from 0 to 40V to the micro
converter. Solar panel was designed through the use of the “solar panel physical model” in PSIM.
Various parameters were obtained from a particular solar panel’s datasheet in order to re-create
the panel’s power-voltage and current-voltage curves such that the panel can be precisely

simulated in PSIM.
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The frequency of the micro converter is fixed and is selected very close and slightly above the
resonant frequency. To test the functionality of this circuit first its performance is evaluated
without including MPPT loop in section 4.2.1. At this point, two separate light intensities are
applied as the input of the solar panel. During this simulation the duty cycle is kept constant at the
corresponding optimal value of each light intensity to study the efficiency of the circuit. The

frequency and duty cycle are implemented with a square wave voltage source.

In section 4.2.2, the performance of MPPT algorithm is evaluated. The controller which was
previously discussed in section 3.3 is integrated with the proposed micro converter. Once the
MPPT control loop is implemented in PSIM, varying light intensity will be applied to the proposed
micro converter to verify the MPPT performance. This is performed by feeding in the converters
input voltage (Vin) and current (iin) into the controller. The duty ratio, D is varied to allow the
proposed converter to achieve MPP and maintain operating at this point. Subsequently, the square
wave voltage source which was utilized to generate gate signal in section 4.3.2 has been removed;
it is replaced with a C block which allows users to enter the C programming code and to define
and custom code. The Modified MPPT algorithm described in Chapter 3 is entered into this C
block and the code is also provided in Appendix. Output of C block is a raw value of optimal duty
ratio which is further compared with a sawtooth waveform to provide the ideal gate control signal

to switches.
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The solar panel that is designed in PSIM is a physical mode solar module. To perform an accurate
simulation, various technical parameters such as number of cells, voltage and current at maximum
power, and the maximum power are required to be applied. These parameters are derived from a
210W Evergreen solar panel ES-A-210 -fa3* datasheet. These parameters are located in table 4-
3. Once all technical parameters are inserted, the simulation software would design the voltage-
power curve for the panel at several light intensities. Fig. 4-1 shows the solar module (Physical

module) implemented in PSIM.

Table 4-3 Solar panel parameters

Parameter Component Value
Model ES-A-210 -fa3*
Number of cells 100
Cell type Polycrystalline Silicon
Maximum power rating (Pmax) 210W
Standard light intensity 1000
Reference temperature 25
Open Circuit Voltage (Voc) 442V
Short Circuit Current (lsc) 6A
Voltagepa;imaz(\llr:n];;n power 371V
Current ;to mioz::::)m power EEA
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@ Solar Module (physical model)

—Manufacturer Datasheet

Mumber of Cells Ns: 100
Maximum Power Pmax: 210 (W)

Voltage at Pmax: 3.1 ()

Current at Pmax: 5.5 (A)
Open-Circuit Voltage Voc: 4.2 ()
Short-Circuit Current Isc: 6 (A)

Temperature Coeff. of Voc: 0.3 (%%/oC or oK)
Temperature Coeff. of Isc: 0.065 (%%6foC or okl
Standard Test Conditions:
Light Intensity 50 1000 W/{m*m)
Temperature Tref; 25 (oC)
dv/di (slope) at Voc: 0,68  (vfa)
(if available)
—Model Parameters (defined)
Band Energy Eg: .12 (V)
Ideality Factor A: 1.2
Shunt Resistance Rsh: 1000 (Qhm)
Coeffident Ks: i

—Model Parameters (calculated)

Calculate Parameters

Series Resistance Rs: M (Qhm)
Short Circuit Current IscO: —6 ()
Saturation Current Is0: m ()
Temperature Coeffident Ct: W (AK)
—Operating Conditions
Light Intensity S: 1000 W/ {m*m)
Ambient Temperature Ta: 25 (oC)

- x
I{a)
B
5
4
3
2
1
0
-1
0 10 30 40 50
Vi)
P (W)
200
150
100
50
0
-50
0 10 30 40 50
Vi)
Maximum Power Point (calculated) Save | T e |
Pmax: 195.92 (W)
Vma: 35,56 (V) Load... | | Copy PSIM Parameters I
Imax: 551 (& Help | Close |

Fig. 4-1: PSIM Solar Module (physical model)
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4.2.1 Results: Micro Converter, MPPT Controller Excluded

To test the functionality of the proposed micro converter at fixed light intensities, an input light
intensity of 600 W/m? is applied for the first test. Switching frequency of the proposed DC/DC
micro converter is fixed at 1.1MHz and duty ratio D is set to 75%. The frequency is determined
very close but slightly above resonant frequency so that switches can operate under zero voltage
switching. Fig. 4-2 (a) illustrates the input voltage Vi and output voltage Vou: 0f the micro converter
along with the output voltage waveform Vinres Of the integrated boost converter. Input voltage of
the micro converter is shown in pink, whereas Vout is indicated in green and Vinres IS illustrated in
blue. As can be observed, the input voltage of 25 V is stepped up through the integrated boost
converter to an average value of 102V before it sees the APWM resonant tank. From here it can
be seen that the whole circuit is able to step up the input voltage from 25 to 261 V at the output

stage in the given condition.

Output power of the micro converter Pout in red is compared with the input power Pin in blue in
Fig. 4-2 (b). As can be seen, input power to the micro converter in this condition is almost 121 W.
This power is transferred to the load where power value is at 115 W. By dividing output power

over the input power, efficiency of circuit is calculated, which is greater than 96%.

The auxiliary inductor voltage Via (green) and auxiliary inductor magnified current I a (orange)
are given in Fig. 4-2 (c). As can be seen, the inductor current is continuous, which verifies the
CCM operation. Fig. 4-2 (d) illustrates the boost inductor voltage Viin (blue) and current lingoost
(red). Similar to auxiliary inductor, the boost inductor also proves the continuous conduction mode

operation in this condition.
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Fig. 4-2 (e) demonstrates voltage and current waveforms of switch 1; where Switch 1 voltage Vst
is illustrated in blue and switch 1 current Is; (multiplied by 10) is illustrated in green. As can be
observed, this switch is achieving ZVS in the given condition. Switch 2 voltage and current are
also given in Fig. 4-2 (f). Switch 2 voltage Vas2 is shown in blue where switch 2 current Isz is
illustrated in red color. Similar to Sy, it is also obtained that S, is able to achieve ZVS in given

condition.
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Fig. 4-2: PSIM waveforms of the proposed micro converter at light intensity of 600 W/m? with a
switching frequency of 1.35 MHz and a duty ratio of 0.75(a) input and output voltage of the micro
converter along with output voltage of the integrated boost converter (b) Input and output power of
the proposed micro converter (¢) Auxiliary inductor voltage and current (d) Boost inductor voltage

and current (e) Switch 1 voltage and current (f) Switch 2 voltage and current waveforms

Thereafter, PSIM simulation is carried out one more time with a different light intensity equal to
800 W/m?. This new condition is applied as the input of the solar panel. Switching frequency is
kept fixed and the same as previous test stage at 1.1 MHz. This frequency is set such that switches
can operate under zero voltage switching. The corresponding optimal duty ratio at the new light
intensity is set as 83%. Fig. 4-3 (a) gives input voltage Vin and output voltage Vout waveforms of
the proposed DC/DC micro converter. In addition, Fig. 4-3 (a) illustrates the output voltage Vinres
of the integrated boost converter at the given condition. Input voltage is shown in green and output
voltage is indicated in pink; where the output voltage of the boost converter is depicted in blue. As

can be observed, the Vin equal to 28 V is initially stepped up through the integrated boost converter
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to an average value of 159 V before it applies to the APWM parallel resonant tank. In addition, it
is observed that the circuit is able to step up input voltage from 28 to just above 299 V at the given

condition.

Fig 4-3 (b) shows the output power Poyt of the micro converter in blue and the instantaneous input
power Pin in red. As can be observed, the input power to the circuit at this condition hits 158 W.
This power is transferred to the resistive load where almost 150.5 W is delivered. The efficiency

of the proposed micro converter is calculated and it hits greater than 95% in this scenario.

Auxiliary inductor voltage Via in blue and auxiliary inductor magnified current I a in green are
depicted in Fig. 4-3 (c). As auxiliary inductor current is flowing continuously without reaching
zero values, operation in CCM is confirmed. Fig. 4-3 (d) illustrates the boost inductor voltage VLiin
and linoost, With blue and red color respectively. Both current waveforms display continuous

conduction mode operation at this light intensity.

In Fig. 4-3 (e) switch 1 voltage Vgs1 is illustrated in red where a magnified value of switch 1 current
10* Iszis illustrated in blue color. As can be observed, this switch is achieving ZVS in the given
condition. Switch 2 voltage and current are given in Fig 4-3 (). Voltage Vas2 is shown in red where
a waveform of switch 2 current Iszis illustrated in green. It is verified that Sy is also able to achieve

ZVS in the given condition.
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Fig. 4-3: PSIM waveforms of the proposed micro converter at light intensity of 800 W/m? with a switching
frequency of 1.35 MHz and a duty ratio of 0.83 (a) input and output voltage of the micro converter along
with output voltage of the integrated boost converter (b) Input and output power of the proposed micro
converter (c) Auxiliary inductor voltage and current waveforms (d) Boost inductor voltage and current
waveforms (e) Switch 1 voltage and current (f) Switch 2 voltage and current waveforms
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4.2.2 Results: Micro Converter, MPPT Operation

The previous simulation was carried out based on a constant optimal duty cycle value and a fixed
near- to- resonant switching frequency. In the previous simulation, the circuit was not controlled
to achieve the maximum power operating point. In this section, PSIM simulation results are
provided on the same DC/DC micro converter which is controlled by an MPPT controller. Input
current (iin) and voltage (vin) of the micro converter along with an initial value for duty cycle and
its perturbation are fed to the MPPT controller as the input. The output of MPPT controller is a
constant duty ratio value which will be further compared with a sawtooth waveform to generate
an optimal switch control parameter with a desired duty cycle value. From this point, the duty
ratio of the converter is no longer constant and it follows the direction of dP/dD to reach the ideal
power value. Therefore, the square wave voltage that generated the switch signal is removed from
PSIM. Instead, a C code block is implemented that contains the control algorithm of the modified

MPPT discussed in Chapter 3.

A piecewise linear voltage source is selected to further alternate the light intensity of the solar
panel in multiple time frames. To achieve optimal power point, the MPPT controller previously
discussed in Chapter 3 is now integrated with the proposed micro converter. In order to test various
atmospheric conditions, the light intensity of the solar panel which is generated by the piecewise
linear voltage source is varied. As was discussed in section 1-5, when the light intensity changes,

the optimal value for duty ratio also change.

Fig. 4-4 displays the simulation results of various parameters in the proposed micro converter at a
varying light intensity condition. The light intensity input is represented in Fig. 4-4 (a) in red. Fig
4-4 (b) shows the actual output power of the solar panel in green in compared with its reference
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value in red. From here, it can be observed that the MPPT controller is successfully tracking the

optimal power point and it maintains performing at it when the light intensity changes. It also

shows that it approximately 20 milli seconds (ms) for the controller to achieve optimal duty ratio

value and obtain maximum power operating point. It is verified that MPPT controller can rapidly

track desirable operating point while a circuit efficiency above 95% is maintained for various light

intensities.
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Fig. 4-4: (a) Light intensity of the solar panel in PSIM (b) Actual input power of
the solar panel in compared to the reference maximum power
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Fig. 4-5 (a) provides the drain- source voltage of switch 1 Vgs1 in blue where Fig 4-5 (b) gives
switch 1 current Isy in red. Zoomed-in waveforms of both graphs are provided in Fig 4-5 (c-d). As
can be seen, the overlap interval in both selected areas is almost zero, hence soft- switching

operation of Switch Sy is verified.
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Fig. 4-5: (a) Switch 1 voltage waveform at various light intensities (b) Switch 1 current waveform (c),
(d) Enlarged voltage and current waveform at the selected time intervals
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Fig. 4-6 (a) provides the drain- source voltage of switch 2 Vgs2 in blue and Fig. 4-6 (b) gives switch
2 current waveform Is2 in orange. Zoomed-in waveforms of both graphs are illustrated in Fig. 4-6
(c)- (d). As can be realized, the overlap interval in all selected areas is zero. Therefore, Switch S

turns on with ZVS.
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Fig. 4-6: (a) Switch 2 voltage waveform at various light intensities (b) Switch 2 current waveform (c),
(d) Enlarged voltage and current waveform at the selected time intervals
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4.3 Hardware Experiment Testing

In this section, experimental test is carried out to verify the performance of the proposed DC/DC
micro converter. The circuit parameters and components are selected based on the proposed micro
converter without the high- frequency transformer (see Fig. 2-10). To briefly summarize, in
resonant circuit Cs= 1.7 nF, Ln=16 pH and coupled inductor L=22 pH is a shielded inductor
(MSD1583). Boost parallel capacitors Ci, Co= 3.3 pF are KEMET surface mount multilayer
ceramic chip capacitor. To operate at high frequency range, IRL510PBF MOSFET switch
manufactured by Vishay Siliconix is used. All didoes are hyper-fast recovery diodes
(RHRP15120). These components are given in Table 4-4. A printed circuit board (PCB) of the
proposed MHz micro converter is designed using electrical design software Altium- Designer.
When schematics of the micro converter is sketched, the footprint of each component is also added
to the library of the PCB project based on each component’s footprint provided in their datasheets.
Width of the traces was adjusted based on the rated current flowing through each component. The

layout of the PCB is given in appendix.
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Table 4-4 Experimental Circuit Component Parameters

Parameter Component Value
Input Capacitor Ci, 10 uF
Output Capacitor Co 10 uF
Output Inductor Lo 330 puH
Resonant Capacitor Cs 1.7nF
Resonant Inductor Ly, 16 pH
Boost Inductor Lin (Pr_imary winding of 22 uH
the coupled inductor)
Agxi!iary inductor La (S«_acondary 22 uH
winding of the coupled inductor)
Boost parallel capacitors Ci, C. 3.3 uF
Near o resonance operating frequency 1.03 MHz
Duty cycle 0.6
Load 600Q

Half-bridge gate driver employed in the topology is LM5113-Q1 that can operate up to several
MHz frequency. This gate driver is designed to drive low and high side mode silicon MOSFET or
Gallium Nitride FET in a boost, buck or half- bridge configuration. A simplified diagram of the

application is given in Fig. 4-7.
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Fig 4-7: Micro converter gate driver application diagram obtained
from LM5113-Q1 datasheet

To begin the experimental test, first control circuit components including the gate driver and
switches are soldered on the PCB logic unit. The Digital Signal Processing (DSP) device that is
used in the experimental procedure is Texas Instrument Evaluation Board with part number
TMS320F28335 that operate up to 150 MHz frequency. This evaluation board can generate a gate
signal with an average value of 3V supply voltage. The output of DSP is connected to the input of
gate driver and is further increased to a higher voltage around 4.5 V to match the gate signal of
circuit switches. Once the logic unit is powered, the frequency of micro converter switches is

gradually increased to make sure that the system can operate within MHz switching frequency.
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Fig. 4-8 gives the first Oscilloscope graphs illustrating the gate signal waveforms of switch 1 and

2 at 1.01 MHz which verifies the control unit ideal performance.
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Fig. 4-8: Micro converter switch gate signal when the logic unit is
powered at 1.01 MHz frequency

To verify the desirable functionality of the proposed micro converter, all components including
coupled inductor are soldered on the PCB board and a resistive load of 600 Q is connected directly
to the output of the converter prototype. Once ZVS is observed, the frequency is kept constant
which is about 1.04 MHz. At this stage, duty cycle can be varied to capture several voltage gain
values if required. Fig. 4-9 shows certain values of the proposed micro converter at Vin=30 V and

D=0.6 which verifies the ZVS and near ZCS operation. This figure shows switch 2 voltage (vs2)
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and current (is2) waveforms along with boost inductor current (iinboost) at this operating condition.

Switch 2 voltage waveform vs; is illustrated in blue, is2 is in green and iinboost iS given in gold.

From Fig 4-9 it can be seen that switch 2 current has a value at 1.67A, where its drain- source
voltage has an average value of 100 V. It is observed that soft- switching is achieved and boost

inductor current also confirms CCM operation with a maximum value at 0.54 A.
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Fig. 4-9: Switch S; waveforms and boost inductor current
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In next experimental stage, an input voltage of Vin=25V is applied to the PCB and a duty ratio
equal to 0.6 is set in DSP as the duty cycle of the switches. Frequency is kept fixed at 1.04 MHz.
Fig. 4-10 is obtained at the given condition which illustrates both switch current waveforms, along

with load voltage Vo, and the resonant inductor voltage Vim waveforms. From Fig 4-10, it can be
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Fig. 4-10: Resonant Inductor and load voltage waveform and circuit

seen that is2 has a maximum value of 1.57A where is; maximum current shows 0.9A; is2 is
demonstrated in green and isz is in gold. The input voltage is stepped up to an average output
voltage Vo equals to 62 V at the given condition; where V, is illustrated in blue. To verify the

functionality of the diodes on PCB, resonant inductor voltage Vim is also measured and is shown
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in blue. As expected, Vim is a sinusoidal waveform in blue with a maximum peak value at 140 V.

Lossless operation of switches is once again verified additionally.

Lastly, to capture DC-link voltage waveform, an input voltage of Vin=31V is applied to the micro
converter with a duty ratio set at 0.6. Fig. 4-11 is obtained at given condition which provides C;
voltage waveform, along with switch current waveforms. It can be seen that is> has a maximum
value of 3.55 A and is; maximum current shows 1.97A; which are illustrated in gold and green
respectively. As C; and C> have equal voltage values, DC-link voltage equals two times the Vc1
which is around 85V. Hence, the input voltage is increased approximately 2.5 times though the

integrated boost converter before it sees APWM resonant circuit.
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Fig. 4-11: Voltage waveform of boost converter capacitor C1 and switch current waveforms
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4.4 Analysis

Table 4-5 shows the summary of performance comparison among several different PV converters
including the proposed circuit. The required number of components of each converter, values of
inductors and capacitors, peak voltage stress over switches, voltage stress over diode, switching
type, operating switching frequency, use of coupled inductor and total converter efficiency are
compared in this table. It can be seen that [21] and [29] have almost the same range of component
value, similar voltage stress over switch and diodes; however, [29] can achieve higher voltage
gain. In [33] a coupled inductor is implemented in a hybrid boost-flyback converter which can
avoid extreme duty cycle and also eliminates the number of passive elements. Compared to [21]
and [29], the switch and diode voltage stress is reduced to almost half of the output voltage,
depending on the turns- ratio of the coupled inductor. The converter in [35] consists of a single
switch topology which utilizes the least number of switch elements and it is only suitable for low
output power levels. Despite the low number of components, all aforementioned topologies suffer
from hard- switching operation and they are only suitable for operation up to 100 kHz. Even
though ZVS performance has also achieved in basic circuits of [21], [27], [29] and [33] through
the use of additional auxiliary circuit, yet higher number of components and poor efficiency could
not be mitigated in those realizations. To achieve soft-switching operations, [40] and [41] have
been presented. The converter in [40] has achieved high efficiency through the use of small value
components. However, the input current is discontinuous which requires a larger input capacitor.
Although a lower voltage stress is applied to the circuit components, the converter has higher costs
as voltage step-up is mostly realized through the use of high turns- ratio transformer. To increase
frequency, [41] is presented which is a 1MHz soft- switching topology with a fairly high

efficiency. This circuit utilizes a high number of semiconductor elements; resulting is high cost
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system. In addition, input current is also in DCM which requires a large input capacitor. This thesis
has presented a DC/DC micro converter which has significantly lower- rated and lower- cost
components. Besides, this circuit can realize soft- switching operation for all switches in a large
duty cycle range. It also owns a varying voltage gain depending on the application. A coupled
inductor is employed which has reduced the number of magnetics of the circuit. The size of micro
converter is relatively smaller than the reviewed topologies which makes it an attractive interface
in industry with maximized harnessed efficiency. MPPT control system is also integrated with the
proposed configuration when efficiency was found to be higher than 95% at various light

intensities. This was determined by dividing the micro converter output power by its input power.
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Table 4-5: Comparison of various step-up DC/DC Converters for PV energy applications

Converter [21] [29] [33] [35] [40] [41] Proposed
Micro
Converter
Switch 2 2 1 1 2 6 2
Components Diode 2 2 2 2 2 4 2
Capacitor 2 3 3 4 4 4 5
Inductor 2 2 1 2 2 2 3
Operating Frequency 50kHz | 50kHz | 100kHz | 100kHz | 100kHz | 1MHz 1MHz
Switching Type Hard Hard Hard Hard Soft Soft Soft
Coupled Inductor Optional No Yes No No No Yes
Peak Switch Voltage stress Vo Vo V, A V, V, V,
l1+a.D | 1+D NM 2 NM
Peak Output Diode Voltage Vo Vo V, V, V, Vo Vo
1+a.D 2 2
CCM operation of Input Yes Yes Yes Yes No No Yes
current without input
capacitance
Efficiency 88% 85% 90% 86% 95.4% | 95.5% 95%

N is the high- frequency transformer turns- ratio

a is turns- ratio of the coupled inductor

M is the gain of resonant tank
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4.5 Summary

This chapter presented the simulation and experimental results of the proposed DC/DC micro
converter. Simulation was carried out using PSIM software and the results is provided at different
light intensities to confirm soft-switching and input CCM operations of the proposed circuit. The
simulation was also done at varying light intensities with MPPT control loop included to verify
the operation of MPPT system. A proof of concept prototype was designed, built and tested with
several input voltages to show the merits of the proposed system. Both simulation and
experimental results have confirmed that the circuit is able to achieve soft-switching operation and

that it can also operate in CCM condition.
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5. Summary and Conclusion

5.1 Summary

The combined global capacity of renewable energy sources has considerably increased over the
past decade. Among all, PV energy has experienced a rapid growth in installed capacity which is
expected to continue to increase in the near future. Since the typical PV panel output is relatively
low, in order to convert panel voltage level into grid- matching voltage level and in order to extract
the maximal amount of solar energy, DC/DC power electronic converters are required. These
DC/DC converters can be implemented together with an MPPT control system to achieve optimal

power at various sunlight intensity conditions.
Existing PV DC/DC converters, however, suffer from one or more of the following drawbacks:

1. Hard- switching operation which results in lower efficiency and higher power loss

2. Operation in discontinuous conduction mode which results in higher ripple in the input
current and hence, large input filtering capacitance is required

3. Soft- switching is restricted to a limited operation range as the converter fails to achieve
soft-switching at certain operating conditions

4. Utilizing a high number of magnetic components which deteriorates the circuit efficiency
and increases the overall cost of the system

5. Experiencing high voltage stress over circuit elements; which results in high- cost and high-

voltage- rating components
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This thesis has presented a DC/DC micro- converter, which operates within Mega-Hertz
frequency, and is able to step- up PV panel output voltage while maintaining CCM and soft-
switching operation in an extended range of duty ratio and loading conditions. A modified MPPT
control algorithm has also been designed to allow the devised PV micro converter to rapidly track

the maximum power point when the sunlight intensity varies.

5.2 Contributions

The summarized contributions of this thesis have been presented below

1. Unlike the conventional boost converter, the proposed topology is able to achieve soft
switching for all switches over an extended range of duty cycle and loading condition

2. Instead of using two separate inductors as the input inductor and the auxiliary inductor, a
coupled inductor is employed. Accordingly, the magnetic components are reduced which
may enhance the efficiency and reliability of the whole system. In addition, the primary
winding of coupled inductor helps with filtering the input current waveform for high ripples
in compared to soft- switching converters.

3. The proposed DC/DC converter is able to operate within MHz frequency while maintaining
soft- switching operation. Hence, the overall converter size can be significantly reduced.

4. In compared to conventional boost converter, the voltage stress over switches is noticeably
decreased. Thus, switches with low voltage rating and low cost can be utilized.

5. A modified variable-step MPPT algorithm has been designed to work with the proposed
micro converter. The MPPT controller has shown to extract maximal amount of solar

energy from the PV panel accurately with a fast response time at varying light intensities.
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6. Both input boost inductor and the auxiliary inductor operate in continuous conduction
mode. This alleviated the ripples and extends lifespan of the overall system.

7. Theoretical analysis of the proposed micro converter and the circuit main operating stages
have been explained and provided in details.

8. The functionality of the proposed micro converter has been verified through simulation
results obtained from PSIM software, as well as hardware experimental results obtained

from a proof-of-concept hardware prototype.

5.3 Future work

Some of the future works associated to this thesis research are described below.

1. Replacement of Through Hole components with Surface Mount Device (SMD).

Since the proposed circuit is targeted at very high frequency operation, unwanted voltage
or current oscillations were observed from the hardware results. To reduce the oscillation
observed in some of the switching waveforms provided in section 4.4, most of the through
hole components can be replaced with SMD counterparts. In particular, switches can be
replaced with the recent technology advancement in semiconductor devices, such as
Gallium Nitride (GaN) surface mount switch. The GaN switch available on the market
also has very low turn-on resistance, which will be very beneficial to help reducing the
conduction power loss in the switches.

2. Implementation of MPPT control unit in experimental work

In Chapter 3, the modified MPPT algorithm was introduced and the control loop was

implemented and tested in simulation software PSIM. To highlight the merits of the
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proposed micro converter, the developed control algorithm can be tested experimentally
where the micro converter will be connected to a solar emulator which provides varying

atmospheric conditions.

5.4 Conclusions

In conclusion, a MHz, step-up micro converter with extended soft- switching operation and CCM
input using coupled magnetics has been presented for PV energy systems. Through the use of
coupled inductor, the proposed micro converter is able to achieve soft- switching over an extended
range of duty ratio or loading condition while at the same time, provide continuous input current
with minimal number of magnetic components needed. As a result, very high frequency operation
in the range of MHz is utilized in the proposed topology so that the physical sizes of the required
passive components are reduced. Finally, PSIM simulation and experimental results have been

presented to verify the performance of the proposed topology.
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MPPT Controller
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Fig. A-5: Proof of concept hardware prototype
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MPPT Code
{

/I PLACE GLOBAL VARIABLES OR USER FUNCTIONS HERE...

double DE; // Initial duty cycle value

double dp; // change in power

double p;

double counter;

double dD1; // previous step duty cycle change
double oldp; // previous step power point
double dD2; // next step duty cycle change

{
if (counter >= 600000)

{
p = in[0]; // Read in the input power of the converter
dp= p- oldp;// Calculate the change in input power

if (dp>0.5 && dD1>0)

{

dD2= (0.027)*dp;// Keep increasing duty cycle to achieve optimal power point
out[0]= DE+ dD2; // Next step duty cycle value
dD1= dD2;// Update previous step duty cycle
out[4]=1;// Loop indicator

}

else if (dp>0.5 && dD1<0)

{

dD2 = (-0.04) * dp;// Decrease duty cycle value
out[0]= DE+ dD2;

dD1=dDz2;

out [4]=2;

}

else if (dp<-0.5 && dD1>0)

{

dD2= (0.04) * dp;

out[0]= DE+ dD2;

dD1=dD2;

out[4]=3,;

}

else if (dp<-0.5 && dD1<0)

{

dD2= (-0.027) * dp;

out[0]= DE+ dD2;
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dD1=dD2;

out[4]=4;

}

else if(-0.5<=dp && dp<=0.5)
{

out[0]= DE;

out[4]=5;

}

DE=out [0];

counter=1,

ky

else if (counter==1)
{

oldp=in[0];
out[0]=DE;
DE=out[0];
counter=counter+1;

}

else if (counter>=1 || counter <600000)
{

out[0]=DE;

DE=out[0];

counter=counter+1;

}

out[1]=counter;

out[2]= dD1;

out[3]= dp;

}

{
//INITIALIZATION CODE

DE =5;
dD1=0.2;
counter=1;// Reset counter

¥

122



