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Abstract

Developments in global policies have seen the push for greater use of renewable energy
sources. This has lead to increased usage of medium sized PV arrays in homes and
businesses. The panels are usually joined in series to get higher voltages better matched to
the grid. However, when modules are joined in series they will experience mismatched
power outputs that can lead to significant losses in the array. This mismatch comes from
shading, differing orientation of modules and different panel characteristics in the array.
There are several methods to combat this already being developed or marketed. However,
these are either inefficient or require each system to be matched to the PV array as the

systems are centrally controlled.

This thesis attempts to address these problems by making module converters that can be
placed in each junction box of a PV module. This eliminates mismatch between modules
by Maximum Power Point (MPP) tracking each module. If a module is generating less
current than the rest of the array, the converter balances the output of the module allowing
it to still operate at its MPP. A photovoltaic array of 12 panels, each able to generate 15V
3A is designed for. Cuk converters are used to connect each PV module with the
preceding module. A Flyback converter is used to connect the first panel in the array to
the last panel. This configuration allows for power to be shifted from any PV module to a
module that needs to be balanced. In the current prototype the Cuk has a peak efficiency
of 88% and the Flyback an efficiency of 84%.



John Xue

20 Camira st

St. Lucia
Brisbane QLD 4067
(07) 38709104

19t October 2002

The Dean

Faculty of Engineering

The University of Queensland
QLD 4067

Dear Sir,

In accordance with the requirements of the Degree of Bachelor of Electrical Engineering
(Honours). I present the following thesis entitled “PV Module Series String Balancing

Converters.” This work was performed under the supervision of Dr Geoffrey Walker.

I declare that the work submitted in this thesis is my own work, except as acknowledged
in the text, and has not previously been submitted for a degree at the University of

Queensland or any other institution.

Yours sincerely,

John Xue

il



1.0 Table of Contents

1.0 Table of Contents

2.0 Acknowledgements

3.0 Introduction

4.0 Literature Review

5.0 Scope of the Thesis

5.1 Initial specifications

5.2 Objective -—--
6.0 Design

6.1 Overall Topology ----

7.0 Implementation

7.2 Flyback Converter

7.3 Switching Circuitry

8.0 Results and discussion

8.1.3 Cuk Converter

8.2 Pspice Simulations

8.3 Breadboard Testing --

A\

1

3

4.1 The Problems to be Overcome - 3
4.2 Methods Currently Being Used -4
4.3 Maximum Power Point Tracking 8
10

10

---- --10

11

11

6.2 Converter Characteristics ---- 14
6.3 Flyback Transformer Design -—-- 16
6.4 Synchronous Rectification -—-- - 22
6.5 Pulse Width Modulation o 24
6.6 Driving the MOSFETs - -—-- 26
6.7 Maximum Power Point Tracking 29
6.8 Current and Voltage Sensing - 31
6.9 Finalised Block Diagram ---=--====-mmmmmm oo oo e 33
34

7.1 Cuk CONVerter ===-==m==mmmm e m e e 34
38

42

7.4 Sensing Circuitry -------- -—-- 43
7.5 Microcontroller ---- ---- 44
7.6 Completed Hardware Design -—-- ---45
7.7 Microcontroller Code--- 45
47

8.1 Theoretical Calculations o ---47
8.1.1 Converters in Idle State --------=--=====-—=m oo 47
8.1.2 MOSFET Gate switching Losses 48
49

8.1.4 Flyback Converter ---- 50
e 51

8.2.2 Efficiency Comparison 52
8.2.3 Load Variation 54
8.2.4 Synchronous Rectification --57
8.2.5 Frequency Variation--- - 58
8.2.5 Pulse Transformer 58
59

8.4 First Prototypes---==-==mmmmmm oo oo oo oo e e 60
63

8.5 Second Prototypes --

il



9.0 Closure

9.1 Future Work —_—-

9.2 Evaluation of Performance

9.3 Conclusion ——-

10.0 References

11.0 Bibliography

Appendix A - Panel Specifications

Appendix B - MOSFETSs

Appendix C — Diodes

Appendix D - Hardware Schematics

Appendix E - PCBs

Appendix F - Microcontroller Code

69
69
70
71

72
74
76
77
77
78
82

85
85

C Code for Converter Switching

91

Assembly Code for Converter Switching

Appendix G - PSpice Simulation Circuits
Appendix H - PSpice Simulation Raw Results
Appendix I - Differential Amp Measurements

Appendix J - 2" Prototype Results

93
95
97
98

v



2.0 Acknowledgements

Dr. Geoffrey Walker initiated the founding ideas behind this thesis and provided insight
and valuable information into many of the problems that were encountered. His positive
attitude throughout the duration of this thesis always put things into perspective whenever

difficulties arose. This thesis would not have been possible without him.

There are many other people that have contributed directly or indirectly to this thesis.
Some acting as sounding boards, sources of information, or providing resources that
contributed to the development of my electronics. While their individual contributions

have been small, their efforts have still been greatly appreciated.

Finally, I would like to thank my family and friends for keeping me sane.



3.0 Introduction

Development of balancing MPPT converters linked in parallel to a series string of

photovoltaic modules.

Recent developments in global policies have seen the push for more environmentally
friendly energy sources, with the Kyoto Protocol [1], a prominent example. As a result
there has been renewed interest in developing renewable energy sources such as wind,

hydro, and solar.

Last century, solar panels were mainly being used in small-scale devices independent or
remote from the grid, or for large-scale power generation. In the last few years, with
government subsidies in countries such as Japan, Germany, Switzerland and the USA
(See references [2], [3], [4], [5]), Solar energy has been increasing used in medium sized
grid connected PV (photovoltaic) systems. These are now being purchased by households

or by private companies to supply power to buildings.

Most of these PV systems are arranged in a series string of PV modules to generate a
usable amount of voltage, as otherwise they would generate very low voltages. Generally
PV arrays have a converter that handles the entire string, and do not maximum power

point track (MPPT) for individual modules in the array.

This thesis will attempt to place converters over each module in the array, and so allow
each module to operate at its maximum power point. This should dramatically reduce
problems such as mismatch between panels and different power output due to differences

in panel orientation, shading problems, and modularity problems.

Previously it has been accepted that such a configuration would involve significant losses
in the converters, as all the power would be shifted through each converter on the series
string. However, power loss can be significantly decreased if only the mismatched

amount of power is shifted around each module.



It is hoped that this converter configuration would be both efficient and cost effective
enough to be included by default on each PV module sold. The additional cost should be
offset by the increased power output potential of the modules in a series string. The
design will also take into account installation time, so the set up of the array will be

minimal with no adjustment to the modules to cater for different array sizes.

This thesis will give background information about the maximum power point problem,
and current solutions in development or on the market. Explanations into the design of the
system and details of the implementation were explained as clearly as possible. The thesis

concludes with an analysis of the hardware evaluating what was achieved.

While explanations of much of the theory is covered, good knowledge of power

electronics is recommended, as this thesis does not have time to cover basic issues.



4.0 Literature Review

4.1 The Problems to be Overcome

PV modules are set of photovoltaic cells in series, and have a maximum power point
(MPP). The MPP is the voltage point where a photovoltaic cell, module or array will
generate the maximum electrical energy for a given illumination level. In practice the

MPP is not always obtained.

Most PV arrays are arranged in a series string, the modules connected in series one after
another. This is done to generate higher voltages better matched to grid connection. This
means that according to Kirchhoff’s current law, the modules will all experience the same
current running through them. If the modules are all generating the same amount of power
then this poses no problem. However, when modules are generating different amounts of
power then some modules will be operating away from their MPP. This can be due to
panel mismatch, where panels in an array are generating different amounts of energy due
to manufacturing tolerances or temperate differences. Another cause is due to orientation
mismatch, where panels are placed on a roof at different angles to the sun so they generate
different amounts of power. Finally even shadows reducing the sunlight being received by

a single panel can reduce the power produced by the entire array.

The energy lost when mismatched power output occurs is surprisingly large. When a
module is partially shaded not only does it cause other modules to deviate from their
maximum power point, but it can also become reverse biased. When this happens the
shaded module begins acting as a load, dissipating the energy generated by all the other
modules in the string. Lindgren [6] performed some shading experiments with cells. In the
worst-case scenario, for one cell totally shaded in a 24 series string, the energy reaching
the cells was reduced by 4.16%. However, the power output was reduced by 48.2%. Cell
and module shading exhibit similar behaviour, and it can be expected that an experiment

with module shading would yield similar results.



4.2 Methods Currently Being Used

The main solution for the panel mismatch problem has been grading and grouping of
panels with similar characteristics at the factory and research into better manufacturing

techniques.

Bypass diodes are a low cost method to reduce the effects of local shading. A diode is
placed as an alternative shunt path for current around shaded cells in series strings.

Usually one diode is placed in parallel with every 18 cells (half a 12V PV module).

The shading problem has been approached in a number of ways. The commercially
available options are parallel module inverters. Examples are No Outage’s 120VAC solar
module [7], and the SunSine 300 by Ascension Technology [8]. Plug and Power by
Pacific Solar [9] is an Australia product that uses a module inverter generating directly to
240V. AC solutions give a modular design, if one module fails or experiences shading
none of the other modules are affected. It also allows for extremely easy installation that

any electrician will be able to perform.

There are a few disadvantages of this approach, which stem from complexity of these
converters. Every PV module converter generally requires at least two successive power
conversion stages, one of them usually including isolation. This lowers efficiency and
increases costs. The problem is made more difficult by the high reliability required in the

harsh environment that PV modules operate in.
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Bjorn Lindgren [10] gives the design of a parallel AC bus system shown in Figure 4.2.1.

In addition to being modular, this design contains few components therefore increasing its

reliability. On the down side, due to the low voltage of the bus, high currents have to be

handled by the bus and control circuitry increasing losses. Furthermore, 25V DC is

required from each module and at low irradiation the circuit will be unable to function.

Lastly, the output frequency of S0Hz to match the grid, requires that the circuit have large

input capacitors to prevent a 100Hz ripple from affecting solar modules.

All of the power from the PV modules is
channelled directly through the converter, and
consequently a percentage of all power output
is lost. The AC solution by Lindgren loses 7
to 10% of the power output from the
converters. This is shown in the efficiency

graph of his inverters, Figure 4.2.2.
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Figure 4.2.2 - inverter efficiency, from Bjorn
Lindgren [10]

While significant effort has been invested in AC modules, often the shading losses do not

justify the general loss in efficiency and the cost of the electronics. Quoting from Konrad

Mauch Chief Technology Officer at Xantrex Technology Inc. [11], “AC modules that

integrate a small inverter directly with the PV module have not been commercially

successful, despite considerable development effort”.




There is also research occurring in Switzerland that is developing an inverter that can be
placed over individual PV cells [12]. While this does mean that mismatches will be
eliminated, the inverters have to be specially constructed to minimize all losses. Practical
efficiencies will be extremely hard to achieve, especially since the inverters are being

designed for 1-2V and 100A.

The most promising topologies to address the shading problem has been explained in
Generation Control Circuit for Photovoltaic Modules by Toshihisa Shimizu and his
research group [13]. They have two topologies that they discuss, a DC-DC converter type

and a multi-stage chopper.

out

Figure 4.2.3 - DC-DC type, Shimizu T. [13.5]

The DC-DC converter type is simple topology (Figure 4.2.3) that has converters over each
module and sets the same voltage for every module. Power is transferred from the output
of the array to each module via a transformer. This method allows for different modules
to generate different currents and hence different power outputs, but doesn’t allow for

individual tuning of each module’s voltage.
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Figure 4.2.4 - multistage chopper, from
Shimizu T. [13.5]

The multistage chopper is a series of bi-directional converters over each PV module
(Figure 4.2.4). These are centrally controlled, but unlike the DC-DC converter type the
multistage chopper allows for each converter to be individually controlled. Figure 4.2.5
showed the gate source voltage of the switches. The off time of the switch is when current
flows through the PV module and hence energy is drawn from the module. The
percentage of power drawn from each module is proportional to the switch off duty cycle,

so precise control over each individual module is achieved.

The main problem with the multistage chopper and the DC-DC converter is the lack of
modularity. Both are centrally controlled and modules cannot be removed or added

without adjustments in the designs.

To summarize, previously there have been several approaches to the problems of PV
module mismatch and module shading. Grading and grouping had been the best solution
so far to PV module mismatch. However, testing and grouping PV modules costs money
and cheap hardware that eliminates this, could possibly save money. There has been
extensive research into inverters that eliminate losses due to shading. These DC to AC
inverters often do not have efficiency high enough to justify their cost and their internal

losses. Another solution to the shading problem is the Generation Control Circuit, it



allows for precise control over each module eliminating shading losses, but it is centrally

controlled and cannot be resized easily for varying array sizes.

4.3 Maximum Power Point Tracking

Maximum power point tracking (MPPT) allows the photovoltaic module to operate at its
maximum power point. It is done using a converter that regulates the power that is drawn
from the converter. By varying the duty cycle of the switches, the energy transferred

through the converter can be precisely controlled.

The maximum power point (MPP) is usually monitored through two control variables.
Either voltage or power is measured to determine whether the solar array is at maximum
power point [14]. This is used in a feedback loop back to the converter to determine the

maximum power point.

When the system uses voltage, it regulates the solar array to a specific voltage that should
give the maximum power point. The MPP voltage is usually varied based on a fixed ratio
of the open circuit voltage [15]. This mostly removes the dependence on temperature and

irradiance.

There is a similar method that tracks the MPP by setting the module current to a fixed

ratio of the short circuit current [16].

When power is used as the control variable, the

P
maximum power point is obtained by changing the dPidv= 0
derivative AP/AV to zero. This is the condition for P /

the top of the crest in power output as seen in Rl =0
Figure 4.3.1. This does mean that the

characteristics of the solar array do not have to be ¢
known. This maximizes the power transferred to Figure 4.3.1 - Power Voltage Curve

the load not the power obtained from the solar array.



There are many ways of tracking the maximum power point [14]. Three of the common

tracking algorithms are; curve fitting, Perturb and Observe, and Incremental Inductance.

The curve fitting technique stores the solar panel’s characteristics into a mathematical
function and maps a panel’s power point from the formula. This method avoids heavy
runtime calculations, but fails to consider such things as temperature changes and shading

[17].

In the Perturb and Observe method, the operating voltage is periodically increased or
decreased. Then power output is observed, and the operating point is adjusted
accordingly. This is a method that is often used, as it requires only the voltage and
current, and is simple to implement [14]. This is termed a hill climbing technique, as the

algorithm slowly climbs up the power curve to the maximum power point.

The Incremental Conductance method can also measure where the MPP is relative to the
current operating voltage, and gives better results than the Perturb and Observe method.
Instead of measuring the power output it calculates the conductance and the incremental
conductance. When the conductance is larger than the incremental conductance, the
operating voltage is lower than the MPP. When the conductance is smaller, then the
operating voltage is higher than the MPP. The maximum power point is where the
conductance equals the incremental conductance [18]. This method uses four sensors to

measure MPPT.

Figure 4.3.1 describes a PV array that is acting
normally. When partial shading of an array occurs,
as seen in Figure 4.3.2, the above methods may
obtain the wrong power peak as they incrementally

seek the MPP. This can be avoided by doing

additional things, such as sweeping the full voltage Y

range every minute or so. Figure 4.3.2 - Shaded Module Curve




5.0 Scope of the Thesis

5.1 Initial specifications
The design was specifically targeted for the 12 solar panels on the roof of the Axon
building at the University of Queensland. The five that retained their labels have the
following characteristics.

Table 5.1.1 — Solar Panel Characteristics

STC STC STC STC STC atT atT calc'ed
mod|Pmax Voc Isc  Vpmax Ipmax|T |Pmax Ipmax Vpmax [Serial no

59.3 20.6 391 164 3.61|49| 426 29 14.69|A99C 2347791
61.6 20.8 4.01 164 3.75|49( 444 3 14.8|A99C 1347718
604 20.7 396 16.3 3.7|49| 434 3 14.47|A99C 1347680
60.1 20.8 3.92 16.3 3.68|49| 43.3 29 14.93|A99C 1347686
60.9 21.5 3.99 16.8 3.62|47| 44.4 2.89 15.36/A0004 27404815

OB wWN -~

Under normal environmental conditions, each photovoltaic module generated about 3
Amps at 15 Volts. However, the circuitry must be able to withstand fault conditions of
20V, 4 Amps. The assumption was made in many of the calculations that the input and
output would be 15V, as the maximum power point will generally be found near that

voltage.

The junction box of the PV modules allowed for PCB mounting of size 67mm by 107mm

with a clearance of 22mm above the PCB.

Starting with these specifications and the new concept of only shifting the minimal

amount of power to Maximum Power Point Track, a design must be created.

5.2 Objective

The final objective of this thesis was to create maximum power point trackers that shift
power between modules to equalize the PV modules in a solar array. This required
construction of converters and writing the software to perform the maximum power point

tracking.

10



6.0 Design

6.1 Overall Topology

As explained earlier, series string PV arrays suffer from power loss, because the same

current must flow through every one of the PV modules. Modules differ in their

characteristics and also in the amount of illumination they receive. This mismatch

prevents PV modules from operating at their maximum power point. To allow each panel

to operate at their maximum power point, converters could be placed to reroute current so

that all the modules can operate at peak efficiency. Two different implementations are

discussed.

The first topology, seen in figure 6.1.1, involves uses a bi-directional converter that

IOUT

reroutes current through a DC bus. This
must be an isolated topology as there is
no common ground between the modules.
While the overall design is simpler, the
complexity and cost of the converters is
greater as all the converters need to be

1solated.

The other topology is a cascading
converter topology and can be seen in
figure 6.1.2. It draws power from
previous PV modules through the string
of converters that run in parallel to the
PV modules. Excess current is routed
through the converters eliminating panel
mismatch. For this topology to work an
isolated converter is required to close the
power loop, and supply the first module

of the series string.

DIFF

PV Module

5

Bi-Direction
Converter

—

Figure 6.1.1 - DC Bus Topology

15V
DC BUS

Figure 6.1.2 - Cascading Converter Topology
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For the cascading converter topology, a non-isolated converter is also suitable to close the
power loop. It drains power from the combined output of the solar array and steps the
voltage down before feeding it back into the first PV module. However, losses are usually
experienced with a large step down in voltage, while unity gain in a converter generally
gives the best efficiency. Furthermore, this kind of converter works best for fixed array

sizes.

The Cascading Converter Topology is used in this thesis. The converters are simpler and
require fewer components than the DC Bus solution. This means that the converters
would be cheaper to construct and hence this topology gives better value for money.
However, this topology might be unstable requiring highly intelligent software to run it
efficiently. An efficiency and cost comparison of both solutions should be completed in

future work.

There are two main sections of the hardware, the isolated converter and the cascade
converter. While the requirements of these two sections are different, the differences are
purposefully limited to the converter design. This saves considerable redesign work of the
non-converter electronics. With the first leap from theory to design, a block diagram of

the actual hardware is generated.

Figure 6.1.3 is derived from the way a MPPT
DC-DC Converter

device  works  (Section 4.3). Various

characteristics are sensed, these characteristics L
are fed into the maximum power point tracker, Sensing
and the converter is switched adjusted so that the v
converter places the PV module closer to the switghing <« | MPPT
maximum power point.

Figure 6.1.3 - Block Diagram Hardware

Next decisions are made on what kind of algorithm should be used to perform the MPPT.
This determines what kind of sensing circuitry is required. The Perturb and Observe

method, mentioned in section 4.3, is the simplest method of maximum power point

12



tracking. Research indicates that it requires a current sensor and a voltage sensor on the
module that needs to be tracked. The theory for this algorithm is used as the basis for a

new algorithm that will be explained in section 6.7.

The MPPT is performed by a microcontroller. This is the easiest method to develop a
suitable tracking algorithm, and made changes to the tracking much easier to implement.
The sensors generate analogue values, so an analogue to digital converter is required.

Many microcontrollers have these internally, so this does not generate extra hardware.

The microcontroller and the sensing require a regulated source. Since microcontrollers

mostly operate at 5V, a 5V regulator is required to supply this circuitry.
The remaining design of the switching cannot easily be designed using a top down
approach. How the converters are switching is heavily reliant on the topology of the

converter and the requirements of the converters.

Figure 6.1.4 shows what had been designed using the top down approach.

| 5V regulator T

DC-DC Converter 5V Regulated Supply

Voltage Sensing

L Current Sensing

Switching Circuitry Unknown
Microcontroller -
<

Figure 6.1.4 - Stage 2, Block Diagram of Hardware

Substantial theory is required to complete the design. The following sections briefly cover
the various design issues and generate a bottom up approach to complete the switching
circuitry. Various other design issues integral to the design are also addressed with

minimal detail.

13



6.2 Converter Characteristics

The requirements of the converter are extrapolated from section 5.1 — “Initial Design

Specifications”, and the theory of the topology in section 6.1.

For power characteristics, the converters are designed to take maximum load of 3A, with
reasonable efficiency at very much lower currents. The circuitry should be able to tolerate
a maximum of 4A in fault conditions. The voltage is centred at 15V for both input and

output of the converters with voltage swings expected up to 20V and down to 7V.

Careful analysis of the Cascading Converter Topology discussed in section 6.1 reveals

that there are two main topology attributes that are required of the DC-DC converters.

Firstly, the converter needs to shift power to an output voltage that can be either higher or
lower than the input voltage. This is required because the maximum power point of a PV
module may be either lower or higher than the voltage of the previous module that powers
the converter. Secondly, the converter must be inverting. This allows for the input and
output of the converter to share a common reference point, and hence it will not require

1solation.

+16V

Inverting

Converter f
|

Converter

Figure 6.2.1 - Isolated Converter Figure 6.2.2 - Inverting Converter

In Figure 6.2.1 the converter does not invert and without isolation the OV of the first PV

module connects directly to the +15V of the 2" PV module. This results in a short circuit.
In Figure 6.2.2 the converter inverts and the point between the two PV modules can be
treated as the reference point that the converter switches around. Isolation of the converter

is not required in this case.

14



There are two common converters that fulfil these requirements, the Buck-Boost and the

Cuk converter. These are shown in Figures 6.2.3 and 6.2.4.

+ Sy
{«;I D1 L1 C3 L2
1] ' I R o
1 4 - T I .
Yin o /=
2 C1 01 2
L1 -— %o Vin o= SWHE 57 - o
Figure 6.2.3 - Buck-boost Converter Figure 6.2.4 - Cuk Converter

While these two converters are able to perform the same function, DC-DC inverting step
up or step down conversion, they operate in different ways. The buck-boost converter
stores energy into its inductor over the switch on cycle and releases that energy in the off
cycle. The Cuk converter stores all of its energy in the capacitor. The important points to
consider with choosing between the two topologies are cost, efficiency and how the

converter may affect other circuitry.

The Cuk converter requires more components than the buck-boost and consequently costs
more to construct. Its redeeming feature is that unlike the buck-boost there is very little
ripple observed on both input and output, so the impact on the rest of the circuitry is
small. The efficiency of the Cuk and the buck-boost are comparable and would require

significant testing to determine, which would be most efficient for the application.

The main priority of this thesis will be exploring the concept of MPPT converters linked
in parallel to a series string of PV modules. Consequently, the main considerations in
choosing the converter topology will be creating a working prototype. This means that
how the converter affects the rest of the design is the most important issue as this impacts
on the success of the prototype. Hence, the Cuk converter was chosen for the DC-DC

converters.

The Cascading Converter topology requires an isolated converter to close the power loop.

This allows the first few converters to MPPT effectively as those later in the series string.

15



Two kinds of converters are considered, the flyback converter [19], which is an isolated

variant of the buck-boost, and an isolated Cuk converter [20]. These are shown below.
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Figure 6.2.5 - Flyback Converter Figure 6.2.6 - Isolated Cuk Converter

These isolated converters works in a similar way to their non-isolated counterparts. In the
Flyback (Figure 6.2.5) the transformer replaces the inductor of the Buck-Boost and
energy was stored in the transformer. In the Isolated Cuk the centre capacitor still stores
the energy, only with the capacitor split in half by a transformer. With the isolated Cuk
the centre capacitors need to larger than its non-isolated counterpart, as C3 and C4 in
Figure 6.2.6 shows that the two capacitors are in series thus have a reduced combined

capacitance.

Both the Cuk and the buck-boost were simulated in Pspice. However, it was decided that
an isolated Cuk converter would be more difficult to implement from both simulation
results and research. Hence, the flyback was chosen as the converter to be used to close

the power loop.

6.3 Flyback Transformer Design

Designing a transformer can an extremely confusing process, especially since all the
books that detail transformer design require a table of Maximum V-I ratings of cores to be
available and these were not available. So this section on transformer design gives a step-
by-step guide on transformer sizing, air gapping, turns and flux density from first

principles.

16



There are several kinds of transformer topology available. E-Planar are PCB transformers,
the windings are manufactured on PCB and the cores are placed directly over the PCB
windings. This resulted in an extremely low profile and strong magnetic coupling. The
disadvantages are the limitation in number of turns, small core sizes, and difficulty in
changing the number of windings in prototyping stages. Another transformer topology is
the ETD, Easy Transformer Design, the main disadvantage is the height of the
transformer. The EFD, Easy Flat Design, transformers have a relatively low profile while
keeping reasonable core sizes, and possible number of windings. These topologies are just

some of topologies listed at Ferrxocube [21].

Transformer cores are made from several different kinds of materials, but magnetically
soft materials are preferred as they had a low magnetic hysteresis. This refers to their
ability to magnetize and demagnetise (Tipler p911-912 [22]). The area enclosed by the
magnetic hysteresis curve (Figure 29-36 Tipler p112 [22]) indicates how much energy is
converted to heat when a material magnetizes and demagnetises. Hence, a magnetically
soft material works more efficiently as a transformer. Soft ferrites are most commonly

used for converter transformers.

As explained in section 6.2, the Flyback converter requires a transformer to store its
energy. Unlike a normal transformer that stores no energy in its windings, the Flyback

stores its energy in a large and purposeful air gap. Figure 6.3.1 shows how this works.

Mo current in Mo current in
3 secondary primary

nding winding

N
S
r

Energy builds up Enetgy i released

Figure 6.3.1 - Operation of the Flyback transformer
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First energy is stored in the air gap by the primary winding, with no current in the
secondary winding. When the Flyback completes the storage of this energy, the primary

current is turned off and the energy is released through the secondary winding [23].

For a Flyback to work the air gap must be sufficiently large to hold the energy for one
cycle. To calculate this, the energy that is stored in 1m’ of air is found from the

permeability of air and the magnetic flux through the air gap [24].

Figure 6.3.2 - Energy storage of air

Figure 6.3.2 shows the formula B = poH [25]. The shaded area of the graph is the energy
stored per cubic meter of air, B the magnetic flux, u the permeability of the air, and H the

Magnetic Field Intensity (Amps/meter).

Formula for energy per cubic meter of air is derived, giving up.
This can found in Tipler page 943 [22].

Eq-6.3.1 5
B

u =
m- 2u,

The energy that the air gap is required to store (Erq) is found from the power that is
transferred through the transformer in one cycle. Power rating divided by the switching

frequency.

Eq-6.3.2
E_ =L
req f
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From this the volume of the air required, V., is calculated.

Eq-6.3.3
req

req

m

Then from the cross-sectional area of the transformer, A., and the required volume the air

gap length, 1,, is calculated.

Eq-6.3.4
l _ Vreq

a A

e

This is the minimum air gap required to store the maximum amount of energy that the

converter needs to handle.

Next the maximum turns, N, is calculated such that maximum current doesn’t saturate the

transformer. Saturation is avoided, as when a transformer saturated it no longer transfers

current to the secondary winding and the primary winding acts like a short circuit causing

extremely high primary currents to be observed. This N is for the primary as the L, 1s for

the primary.

N
1

peak

ECI-6-3=-5 ERBsat Ae

The reluctance of the core, R, is calculated using the reluctance of the material, plus the

reluctance of the air gap.

Ea-636]

R=—"—"+

Z(l

uuyA,

u,A

e
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Figure 6.3.3 - DCM Flyback converter current

Ipeak 18 calculated using the average current and the assumption that the duty cycle is 50%.
This assumption is generally true, as MPP between PV modules are always close. The
current waveform of a Flyback in DCM is shown in Figure 6.3.3. Using simple geometry

the I,cak 1s 4 times the average current through the converter.

The converter is operated in DCM, as CCM in a Flyback can be unstable in its operation.
CCM is avoided for the Flyback in many low power applications as the converter transfer
function has a right half plane zero. The speed of feedback loop is then reduced to
stabilize the control loop [26]. Section 7.1.1 gives a detailed explanation of CCM and
DCM.

Figure 6.3.4 shows the transformer model. The transformer primary Lg 1n
can be modelled as two inductances. The magnetizing inductance
. . L
(L) transfers the energy to the other side and the leakage inductance m
(L,), which is the inductance that doesn’t magnetize the secondary. Figure 6.3.4 -

Transformer Model

The side effect of the leakage inductance is voltage spikes over the MOSFETs when the
MOSFETs are switched off. The leakage inductance of the transformer causes current to
continue flowing after the MOSFET stopped conducting, resulting in the build-up of
charge between the transformer and the MOSFET and generating the large voltage spike.
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This is shown in Figure 6.3.5.

'!frm'.s;'b{Dr’ \IoH‘D%( mqve.";rm \
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t Eon | }
! bTs Ts
Figure 6.3.5 - transformer voltage spike, from [23]

d_d

A voltage clamp snubber, seen in Figure 6.3.6, can be inserted to give a path for the

current to flow after the MOSFET turns off. It consists of a diode a capacitor and a

resistor. The full explanation on choosing C, and R; values is found in reference [23].

I—f 11 Ea - 6.3.7 from [23]
TR ’ 2
il V 1 )
vi Cs 2Rs I—m ‘ R - Psnubber - ELEI fs
D
Eq - 6.3.8 from [23]
. T
‘|t| C, > —
R
Figure 6.3.6 — Voltage Snubber S

First, the acceptable amount of voltage spike, Vs, is determined. L, the leakage inductance

is either measured or estimated. The current at the time of turn off was the Ica (calculated

earlier). Using Equation 6.3.7 the power dissipated over the snubber is found and the

necessary resistance to dissipate that power is found. Equation 6.3.8 shows the minimum

C,, chosen so the snubber does not experience significant ripple (T = 1/1;).
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6.4 Synchronous Rectification

Swiitch 1 MOSFET 1
on time

Switch 2

MOSFET 2
on time

T\Deadﬁrﬂ

Figure 6.4.1 - Switching for Synchronous Rectification

Synchronous rectification involves using a MOSFET in the place of a diode and switching
this MOSFET on in the off cycle of the other MOSFET. The gate-source voltage

waveforms are shown in Figure 6.4.1.

The main advantage of synchronous rectification is the efficiency gain that results from
removal of the forward drop of a rectifying schottky diode. The diode forward drop losses
are magnitudes higher than the very low on resistance of a MOSFET. The diode is often
one of the major sources of loss in many converters, so this results in a significant
increase in efficiency. As efficiency is a major concern for the converter, synchronous

rectification is included in the design.

The main danger from synchronous rectification is shoot-through, when both MOSFETs
were conducting, and high currents and voltages result. This causes massive losses in the
converter. Shoot-through can be avoided by inserting dead-time into the switching
waveform. Dead-time allows the previous MOSFET to turn off before switching the

second MOSFET on thereby avoiding shoot-through. This is shown in Figure 6.4.1.
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Figure 6.4.2 - The Cuk and Flyback converters with diodes replaced by MOSFETSs
In addition to efficiency gains from removal of the schottky diode losses, synchronous

rectification is the easiest method to implement the bi-directional current flow. Bi-
directional converters have the ability to channel energy in both directions. Figure 6.4.2
shows the chosen converters with the diodes replaced by MOSFETs. The output sides of
the converters are mirror images of the inputs, with no difference between the input and

output circuitry as current could flow in both directions.

Lastly, the addition of bi-directional switching allows the converter to stay in CCM
(continuous conduction mode) at light load. The converters have been designed to handle
anything from the full 60Watts load of each PV module to loads approaching zero. In
light load conditions, synchronous rectification allows the inductor current to reverse and
avoids problems with the gain variation of the converter when it switches between
discontinuous and continuous conduction modes. This gain change can significantly

complicate the control loop and insert voltage swings during the transitions.

A schottky diode with a fast reverse recovery time can be added across the MOSFETs to
improve the reverse recovery. The dead-time from the switching results in the MOSFETs
sometimes becoming reversed biased and conducting. When the current changes direction
the MOSFET continues to conduct for a short period called its reverse recovery. Losses
are experienced in the converter during this period. If a schottky diode is placed in
parallel to the MOSFET the schottky diode conducts the majority of the current when the
MOSFET becomes reversed biased. This means a faster reverse recovery for the

MOSFET, as the recovery time is proportional to the current it conducts.
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Figure 6.4.3 - Synchronous switching, from Maxim [27]

DCM (discontinuous conduction mode) operation can reduce efficiency of converters at
medium load due to ringing caused by the sudden clamping of the inductor current. Figure
6.4.3 (b) shows the ringing generated by DCM, whereas Figure 6.4.3 (a) shows the
relatively clean waveform of CCM. DCM also generates higher currents increasing the
effects of parasitic losses. However, at loads significantly smaller than the inductor ripple
for CCM, DCM operation is more efficient. At very light load, CCM operation with
inductor current reversal has higher currents than DCM and causes energy to shuttle
backwards and forwards through the converter losing some of this energy to parasitic

losses [27].

6.5 Pulse Width Modulation

There are a number of ways to generate the pulse width modulation, PWM, shown in
Figure 6.4.1, analogue circuitry, PWM chips, digital counters, and the timers on
microcontrollers. As a microcontroller is already required in the design to perform the
maximum power point tracking, using a microcontroller to generate the PWM represents

a cheap solution that requires no additional hardware.
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Many of the microcontrollers allowed for their timers to be used for PWM. For the
switching required for synchronous rectification, two PWM channels that are in
synchronization must be generated, with variable duty cycle. Furthermore, a switching
frequency of 100kHz is desired for both converters. For the Cuk converter the fast
switching frequency reduces the period of the inductor ripple and hence reduces the
minimum inductor size. For the Flyback converter the fast switching reduces the
minimum air gap of the transformer, as less energy must be stored in the air gap per

switch cycle.

Normal PWM uses a counter that counts up and down between the maximum counter and
zero [28]. This repeats itself continuously with each increment or decrement occurring at
the clock frequency or a prescaled division of the clock frequency. A compare register is
used to generate the PWM output from the counter. When the compare value matches the
counter value a pin was set high if the counter is counting down, or low if the counter is
counting up. This generated the PWM output as seen in Figure 6.5.1 and once started the

PWM required no intervention from the microcontroller.

counter value

compare value — N - ——— -\ ————-—

FyWh output I I I_I I_I

Figure 6.5.1 - Normal PWM operation

Eq-6.5.1 flk
Ci

S = 2 x CounterRan ge

The compare value sets the duty cycle of the PWM and the maximum frequency of the
PWM can be derived as f.x. A reasonable frequency is 8Mhz and the counter range for

most microcontrollers is 8bits, 256. This creates a maximum frequency of 15.625kHz.

In the past only specialty chips such as the DSP were designed to generate phase and
frequency correct PWM at frequencies as high as 100kHz. However, many of the newer

chips have now addressed the problem of the PWM frequency.
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Recently Phase and Frequency Correct PWM Mode was made available on many of the
Atmel mega microcontrollers. This mode was similar to the normal PWM mode, however
it allowed for variation in the range of the counter and hence allowed for precise

frequency generation.

Phase and Frequency Correct PWM Mode, Timing Diagram
OCnA Interrupt Flag Set

or ICFn Interrupt Flag Set
1 {Interrupt on TOP)

OCRnx/TOP Update and
¥ TOVn Interrupt Flag Set
{Interrupt on Bottom)

TCNTn

OCnx u (COMnx1:0 = 2)

OCnix [ 1] | (comnxo=3)
Period |-71 —+72 —+—3 -Iqia 4-‘

Figure 6.5.2 - Phase and Frequency Correct PWM Mode, from ATmega8535 datasheet p103 [22]
The Phase and Frequency Correct PWM Mode, shown in Figure 6.5.2, allows for a TOP

value to be defined. The counter only counts up to the TOP value, instead of to its full
range, before turning around and counting down again. This allows for the counter range
to be changed and the PWM {4« 1s able to reach frequencies up to 100kHz while still able
to perform variable duty cycle and remain in synchronization with a second PWM

channel.

6.6 Driving the MOSFETSs

Generating the PWM was only one step to switching the MOSFETs. A microcontroller is
only able to supply currents of 20mA and this is insufficient to do hard switching of the
MOSFETs. Hard switching refers to turning a MOSFET on and off as fast as possible.
This reduces losses in the converter as less time is spent in the triode region (or linear

region), where high currents and voltages are experienced by the MOSFET.
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Figure 6.6.1 - MOSFET Switching Losses (generated by Pspice)
Figure 6.6.1 shows a Pspice demonstration of hard switching. Voltage, Current and power

dissipation over the MOSFET are graphed. The large power dissipation spike shown
when the MOSFET is switched on demonstrates the large losses experienced when the
MOSFET is in the triode region. Hard switching significantly reduced this loss, as the

period the large loss is experienced over is greatly reduced.

To perform hard switching of a MOSFET, current peaks of a few amps are required to
charge and discharge the MOSFET. The charging and discharging only lasts a small
fraction of the time so the average current is very small. MOSFETs that are in the power
range of the converter have a maximum gate voltage of 16V. If this maximum gate
voltage is exceeded, the metal oxide layer of the gate breaks down and the MOSFET
acquires the attributes of a resistor. To switch the gate on, voltages above 6Volts are
required for normal MOSFETs. Furthermore, the microcontroller outputs two 5V to 0V

PWMs, so two channels are required.

Ideally a driver chips would be used that is TTL compatible (inputs of the driver can read
5V to 0V irrespective of the Vcc of the driver), and has internal regulation of the output

between 7-12V.
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However, no driver chips were found that met these specifications. The second best
solution to driving the MOSFETs is using logic level MOSFETs that have a gate source
turn on of about 3V and driving the MOSFETs with a driver drawing from the 5V
regulator. With the Vcc of the driver chip at 5V, the inputs of the driver automatically
becomes compatible with the microcontroller PWM and the problem of exceeding the

maximum gate source voltage is avoided as the driver is running off the 5V regulator.

The Cuk converter is manipulated further to suit the

L2
Cascading Converter Topology shown in Figure A T
6.1.2. Figure 6.6.2 shows the new Cuk topology, SY2 o= C2] Vo
where the positive terminal of the input is connected |3 _
to the ground of the output. T +
o %Kn: 1

= - “in
Figure 6.6.2 and Figure 6.4.2 (the Flyback m-".k-jﬂ-'\ﬂ._ .
converter), demonstrates that both converters have | Figure 6.6.2 - Bent Cuk Converter

MOSFETs that are driven at different ground points. With separate ground points needed,
isolation of one side must be implemented. There are two ways the isolated gate driving

can be implemented, through either an optical or magnetic coupler, or a transformer.

The problem with the optical or magnetic coupler is driving circuitry is required at the
other side of the coupler, as the large currents required to switch on the MOSFET can not

be passed through the coupler. Additional driving circuitry at the other switch also

requires a stable regulated power supply. .

a4
A transformer is able to directly transfer the high
currents to the other side. However, the transformer Input into the Transformer
removed the DC offset of the signal. This can be ey [

seen in Figure 6.6.3.
2.8

"~ Qutput of the Transformer
Figure 6.6.3 - DC offset was lost

28



The cheapest solution for isolated gate drive is implementation of a pulse transformer. A
pulse transformer used a charge pump, diode and capacitor, to reconstitute the DC bias of

a signal.

o c2 Gate
T1 E
. 1TuF TuF
Gate Drive In. y| 11 Pulse Trans. | D2
Ko P

1N4148 R1

A L2

DS V! 1N4148 2T -
= Source

= @ & S

Figure 6.6.4 - Pulse Transformer, from Fritz Schlunder [30]
Figure 6.6.4 shows a Pulse Transformer. C2 and D1 form a charge pump that re-biased

the output of the transformer. Testing and Pspice simulations show that the low of the
output waveform is re-biased at 1V with the 1N4148 diode. This can pose a serious
problem as logic level MOSFETs are being used and the fast turn off for hard switching
can not be obtained with 1V. After analysis of the circuit, the 1V offset is attributed to the
forward voltage drop of the diode. Therefore using schottky diodes, that have a very low

forward voltage drop, the DC offset can be reduced to a tolerable level.

Another problem that the pulse transformer addressed is the effect of the inductance in the
transformer. It can cause high voltage spikes on the output and if these are greater than
16V the metal oxide layer of the MOSFET gate can be punctured. To protect the gate a
RCD snubber (resistor-capacitor-diode snubber) is added. R1, C3 and D2 in Figure 6.6.4,
forming a snubber that reduces voltage spikes that can destroy the MOSFET.

6.7 Maximum Power Point Tracking

Maximum power point tracking is briefly explained in section 4.3 and the Perturb and
Observe algorithm is mentioned as a simple tracking algorithm. It takes the voltage and
the current from the PV module and finds the power output of the module. The duty cycle

of the converter is then modified to get a slightly greater power output from the module.
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o li
The Perturb and Observe algorithm is a good arw MPPT
starting point for the design for a maximum power ﬂu,u /

point tracking algorithm. This algorithm uses the
hill climbing technique demonstrated in Figure

6.7.1. o
Figure 6.7.1 - Hill Climbing

This algorithm can be greatly improved if the rate of climb is increased when the
maximum power point is far away, and slowed when the MPPT reaches values near the

maximum power point. In short a Slope Detection MPPT algorithm.

The gradient of the power voltage curve 1
E Concave up ————

1 Concave down

can be obtained from its derivative. Figure

6.7.2 shows an example power versus |

voltage function graphed in Excel. P’(V) R ;5555555
is the derivative of the function and from
the graph it becomes obvious that P’(V) is y
the gradient of the function. The further -
P’(V) is from zero, the faster the ]
Py |

algorithm climbs to get to the MPP.

However, this fails when the power
voltage function is near a local minima, a
concave down [31]. The first derivative is

close to zero in the concave down so rate | ppy

of climb is very small. Calculating the

second derivative, P’’(V), can solve this

problem, as the second derivative is

Figure 6.7.2 - First and second derivatives of P(V)

always positive in a concave down, and
negative in a concave up. The second derivative is the rate of change of the gradient, and

the gradient change is always down for any hilltop.
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The main problem with this solution is that a basic Perturb and Observe algorithm is able
to perform two or three adjustments of the duty in the time it took for this algorithm to

make one adjustment.

However, this is offset a increased maximum power point seeking speed when the
operating point of a PV module is far away from the maximum power point. The MPPT is
able to reach a point near MPP faster even though it may reach the exact MPP slower.
Furthermore, the nature of the algorithm allows for the MPPT to switch to a fine
adjustment mode when the PV module is very close to its MPP. This allows for higher
accuracy than the Perturb and Observe at the MPP. Finally the increased delay between

samples of the voltage and current reduces the possible instability in the feedback loop.

6.8 Current and Voltage Sensing
The ADC of microcontrollers vary between their GND and Vcc. As microcontrollers
generally operate with a Vec of 5V, the analogue input voltages to the microcontroller

vary between OV to 5V for the current and voltage sensors.

For the voltage sensor the expected range of its operation is

5V to 20V. If the voltage falls below 5V the microcontroller ' i i
does not work reliably, and 20V is the maximum open loop Vi Reg Vo
voltage for the PV modules (see section 5.1). This is as simple . — % +

as a voltage divider, shown in Figure 6.8.1. Figure 6.8.1 - Voltage divider

The input resistance of the microcontroller is in the 2x10°Q range, and this resistance is
placed in parallel to R2. To prevent this extra resistance from causing significant error the
resistor R2 is smaller than 20k for a possible 1% error when 2MQ is placed in parallel.
Having R2 and R1 too small means the voltage sensor can cause too much of a power

drain.
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The current sensor is not as simple. The ADC of the microcontroller only measures
voltages so the current must be converted into a voltage reading. This is done using an
extremely small resistance in series with the PV module. Using Ohms law, voltage equals
resistance multiplied by current, the current is found from the small resistor and the

voltage measured over the resistor.

The resistance used is small enough that the power loss over the resistor is small.
However, this means the voltage to be read is extremely small too. An amplifier is
required to amplify the voltage over the resistor so a reasonable number range can be read
from the ADC. The main problem with amplifying very small voltage signals are slight
differences between the ground of what is being measured and the ground of the sensor.

This causes large DC offsets in the output of the amplifier.

RZ
A ——
v, R3 —
A + *
+
vin R1< Rd Vout
o 1
Yo 1
Figure 6.8.2 - Non-inverting Differential Amplifier

A non-inverting differential amplifier is used (Figure 6.8.2), as it had a high common-
mode rejection ratio (CMRR). CMRR is defined as the ratio of the differential gain of an
amplifier to the common-mode gain. To explain simply, the amplifier specifically
increases the voltage difference between the two input voltages, and reduces the DC bias

of the two input voltages.
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This is especially useful when the ground of the Vi, has a slight offset and the amplifier

could amplify this offset. A small resistance in the PCB tracks, creates slight voltage

differences in the ground, and often causes this slight offset. A good ground plane can

reduce this effect, but the addition of the differential amplifier further improves the

current sensing.

Steven R. Shaw shows the derivation of
Equation 6.8.1 for the output of a differential
amp [32]. If R4 is made equal to R, and Rj is
made equal to R;, the equation from Shaw can
be simplified to give an amplified output
completely dependent on the voltage difference
between V, and V,;, Equation 6.8.2. The

amplification can then be set by the ratio of R,

and R;.

6.9 Finalised Block Diagram

Eq - 6.8.1 obtained from Shaw [32]

Vv, = (1+R_2)R—4V2 _R_ZV1
R,"R,+R, R,
SubinR4=RoandRz=R|
R R R
V,= (42—, =2V,
R," R, +R, R,
R R R
V0=—2((—1+1)—2 V,=V))
R, R, R, +R,
R R R
VO:—2(( 1 + 2 W, =V,
R, R +R, R +R,
R
V, === [Fao6s2

1

With most of the interdependencies of the design resolved, the block diagram of the

hardware is completed (Figure 6.9.1).

DC-DC Converter

- ¥

5V regulator

5V Regulated Supply
Input Side Output Side
A A > Voltage Sensing
Current Sensing
——P
Isolated Gate

Driver ¢ Gate Driver

Microcontroller —

Figure 6.9.1 — Hardware Block Diagram
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7.0 Implementation

7.1 Cuk Converter

Analysis of the Cuk converter, Figure 7.1.1, was
covered first, as it was the main converter in the
design. There were three component values that
needed to be calculated, the input capacitor, the input
inductor and the centre capacitor. As the output of
the converter had the same specifications as the
input, the output capacitor and output inductor

mirrored the inputs.

There were two modes a switch mode converter
operated in, CCM and DCM. Figure 7.1.2 showed
continuous conduction mode (CCM), where the
current in the inductor increased and decreased, but
not entirely stop. With discontinuous conduction
mode (DCM), Figure 7.1.3, the current in the
inductor always returned to zero each switching

cycle.

The inductor was chosen as the starting point. It was decided that the converter would
operate in continuous conduction mode. Continuous conduction mode lowered the peak

currents flowing through the inductor, and consequently reduced the losses in the

converter.

L

I7T

7T

L1

AR R R

Figure 7.1.1 - Bent Cuk Converter

Figure 7.1.2 — inductor in CCM

Figure 7.1.3 — inductor in DCM

With a maximum current of 4Amps expected a suitable maximum current

ripple, Ai, of 1A was chosen. The equation 7.1.1 was for the voltage over

an inductor. The MOSFET on cycle was chosen for analysis. MOSFET

on and MOSFET off cycles were complementary, so analysing either

gave the same answer for the inductor size.
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Figure 7.1.4 - MOSFET on L=V, A
I
-6
L=15 % =75 uH

Figure 7.1.4 shows the characteristics of the converter during the input MOSFETs on

cycle. It was assumed that the input was 15V and there was duty cycle of 50%.

When the MOSFET was on, Vi was equal to the input voltage, as there was negligible
voltage over the MOSFET. The on cycle, Ty, is shown in Figure 7.14 was found from the

duty cycle and the inverse of the frequency.

This gave an inductor size of 75uH, which was rounded up to 100uH. A maximum rating
of 4A DC was required. So 100uH 1400 Series Bobbin inductors from Newport
Components were chosen from Farnell [33]. The ones chosen had 5.4A max DC rating

and a maximum resistance of 0.042Q.
Knowing there was a maximum current ripple of 1A at the input, the input capacitor was

calculated. There were two considerations, firstly the capacitor was used to limit the input

voltage ripple, and secondly the input capacitor took a 1A current ripple.
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Figure 7.1.5 shows the capacitor charging. The input voltage ripple was calculated from
the charge that was stored in the capacitor. The charge stored was derived from the

maximum current ripple, I, of 1A.

T lpeak—ms————¢ 1
d — —
I q I = 5[’”_” =0.54
: . [IPR . :
J.-E-.-:-. :::.L Af _ _ _ 5 % 10_6,3‘
i (N 2f  2-100kHz
Figure 7.1.5 - Capacitor current ripple
dq =Ii°dt Eq-7.12
1
dq = 5 peak - At
dg =1.25uC

The standard current equations 7.1.3 and 7.1.4 were combined to give equation 7.1.5,
which showed the relationship between the charge on a capacitor and the voltage.

dv . dq
| =C— _ I =— .
i 7 Eq-7.13 AL

dg=C-dv [kq-715

A maximum voltage ripple of 1% was specified for the input capacitor. With an input
voltage of 15V this was 0.15V for the input ripple. The charge that was stored in the
capacitor was dq 1.25uC. Using equation 7.1.5 a minimum capacitor size of 8.3uF was

needed to regulate the input ripple to 1%.

Eq - 7.1.6 from Erickson A1.9 [19]

Y

J =
rms \/g

The input capacitor was also designed to handle a peak to peak current ripple of 1A (Ai =

ipp/2 = 0.5A). This required a significantly larger capacitor. Figure 7.1.2 shows the
inductor current waveform in CCM. The RMS current equation from Erickson for the
CCM waveform was equation 7.1.6. This gave a RMS ripple of 0.289A. A 220uF 50V
1.37A ZL High Current Ultra Low Impedance capacitor was chosen from Farnell [33].
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The centre capacitor of the Cuk converter had a number of specifications that were met.
The capacitor was large enough that when the inductor current charged the capacitor, the
capacitor did not cause a significant voltage decrease over the inductor. The capacitor
could also withstand the maximum converter current passing through it and the sum of the

input and output voltages.

1
Yin ——T = %0

SWY

- +
Figure 7.1.6 — Cuk converter, SW1 on and SW2 off
L1 L2
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Figure 7.1.7 — Cuk converter, SW1 off and SW2 on

Figure 7.1.6 and 7.1.7 shows how the charging and discharging of C3 caused a voltage
Vs, which affected the inductor voltages and hence inductor currents. The change in V3

was small otherwise the charging of C3 significantly reduced the inductor currents.

Eq-7.1.7

1 ¢(-D)Ts
AVC3 = EJ.O llet

The equation and derivation for the change in Vs, equation 7.1.7, was obtained from

M.U.R. [34].
It was assumed that the i;; had minimal ripple and there was a maximum current of 4A.

Ts = 1/100kHz, and the duty cycle was 50%. These values were used with equation 7.1.6

to obtain the minimum capacitor for a 10% error caused by AVs.
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AV, =V, 10%=15x0.10=1.5V  Av_ .C= IO“D)TS i, dt
1
T.o=—— —10uS 1 ,
S 100 kHz H C = (_lLl (I_D)TS)
| AV,
i, =44 1
D=50%=0.5 C=E(4><5ﬂS)
C =13.33uF

A 10% error in AV¢s required a capacitor of size 13.33uF. However, Pspice simulations
revealed that at 4Amps load, 4A RMS current rating was required of the capacitor. Three
of the 220uF 50V 1.37A capacitors that were mentioned earlier were put in parallel. This

gave a maximum of 4.11A RMS combined.

The highest voltage these capacitors were subjected to was Vi, + V,. Vi, and V, have
maximums of 20V each so a maximum of 40V was seen over C3. This was below the

50V rating of the capacitors.

7.2 Flyback Converter
The Flyback converter is shown in Figure 7.2.1. The b : "
most important part of the Flyback converter was the H
. . . . 1
transformer. The transformer design detailed in section |vj, == - 2L Yo
R a2
6.3 was used to choose a transformer and calculate the - -
turns. - K:‘ F .
Figure 7.2.1 — Flyback Converter

An EFD25 transformer was chosen by elimination. The smallest ETD (ETD29) was 25.4
mm high [35], while maximum clearance above the PCB was 22mm (from section 5.1). A
planar core looked impressive, but was difficult for prototype construction, and from
calculations it was too small to handle the power requirements without significant losses.
Several different transformer cores were tested for suitability with the transformer design
procedure in section 6.3. The EFD25 came out as the best compromise between core size

and power handling.

38



effective volume (Vo) = 3300mm?

effective length (l¢) =57.0mm
effective area (Ae) = 58.0mm?
minimum area (Amin) = 55.0mm?

permeability of N87 (ue Or 1) =1440 N/A?

The EFD25 had the specifications, shown above, that were obtained from the Ferroxcube

website [36].

Ea-721] po
I — . /uO
a " B4.f

Combining equations 6.3.1, 6.3.2, 6.3.3, and 6.3.4, resulted in equation 7.2.1 for the

minimum air gap.

The only core material available for the EFD25 at Farnell was the N87 material type. This
had a maximum flux saturation (Bg,) of 480mT [37]. At the maximum power, B =480mT
was designed for. The flux is always less than 480mT due to losses in the converter and
the core. The power (P) the transformer was designed to handle was 60Watts specified in
section 5.1. The permeability of free space (o) was found from Tipler [22] to be 47-107
N/A?. The frequency (f) chosen in section 6.5 was 100kHz.

o 60 -2 4710
a  (0.48)%-58-10 ~° -100000

[ =0.1128 mm
a

The above values were substituted into equation 7.2.1, to give a minimum air gap of
0.1128mm. The air gap was inserted between two half cores of the transformer, so the air

gap cut the transformer twice. Hence, a 0.0564mm gap between the two half cores was
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effectively a 0.1128mm gap. An effective air gap of 0.2mm was chosen as 0.113mm

generated too few turns on the transformer in subsequent steps.

To find the maximum turns of the transformer the reluctance of the core, R, and the Ipeax
current was calculated. From section 6.3 it was known that the Flyback generated Ipeax

currents four times the average current through the converter.

R = 2 + Ly
uu, A, u,A,

Sub in the values already defined previously in this section

RN = ! [Ze+laj
u, A, \u,

R = 1 (0'057 + 0.0002 j

477 -10 77 .58 -10 ~° \ 1440
R = 3.287 -10 ® per Henry

The maximum current the PV module was able to produce was 4A. However, 4Amps was
in short circuit conditions where the converter was unable to operate in due to lack of
voltage. The transformer generally operated in much lighter load, and biasing the
transformer to a heavier load than what it would ever encounter generates significant
losses from leakage inductance. So the maximum operation current of the transformer was

set at 3A with Iy =12A.

The reluctance of the core, R, was calculated with equation 6.3.6, giving 3.287 x 10° per

Henry.

After the I,k and R were calculated the maximum turns for the primary was obtained

using equation 6.3.5.
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v - BB, A
]peak
y _ 3:287 -10°-0.48 -58 -10
12
N =17.63

This gave a maximum of 7 primary turns, as the value must be rounded down. The
maximum number of turns was used as a greater number of turns improved efficiency.
The secondary had the same number of turns as no voltage step up or step down was
required. Section 6.1 explained how the input and output voltages of the converters were

always closely matched.

Capacitors were required in the Flyback to prevent the high ripple currents and voltages

from adversely affecting the input and output.

Section 7.1 calculated the required input and output capacitor sizes for the Cuk. The
procedure for the Flyback did not differ greatly. The Flyback had a peak output and input
current of 12A compared to the 0.5A of the Cuk converter. Equations 7.1.2 and 7.1.5 were
analysed and if the I,.x was increased by 24 then the required capacitor size was
increased the same amount. So for the Flyback to achieve a maximum of 1% ripple in its
inputs and outputs, a capacitor 24 times the 8.3uF required by the Cuk converter was
needed. A minimum capacitor size of 199uF for the capacitors of the Flyback was

required to achieve a maximum of 1% voltage ripple.
The Flyback converter was simulated with a load of 3A and the RMS current ripple was

found to be 4A. Three of the 220uF 50V 1.37A capacitors that were mentioned earlier

were put in parallel. This gave a maximum of 4.11A RMS combined.
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7.3 Switching Circuitry

Section 6.6 explained the basics of the switching circuitry. The MOSFETs was hard
switched to reduce MOSFET losses. A driver chip was used with a Vce of 5V to allow for
microcontroller inputs and to prevent exceeding the gate source voltage limit of the
MOSFET. Logic level MOSFETs were used to allow for the low output voltage of the

driver chip. Finally isolation was implemented on one side with a pulse transformer.

The characteristics of several MOSFETs were tabulated (see Appendix B). From the
MOSFET table, the IRLZ series of MOSFETs was shown to be most suitable. They met
the required current and voltage ratings required (section 5.1). Furthermore, they had
better efficiency, with low forward resistance, and low gate charge, which meant faster

switching with fewer losses.

The IRLZ24N was initially chosen for its low cost. While the IRLZ44N and IRLZ34N
had lower on resistances, which resulted in lower on losses, the IRLZ24N had a smaller
gate charge and switched faster reducing the switching losses. The ratio of the forward
conduction losses and the switching losses, determined the best MOSFET for the
application. Deciding which was best required some initial calculations backed with

hardware test results.

The driver chip chosen was the TPS2812 [38]. It had two non-inverting channels with 2A
peak output current. The inputs were CMOS, but the chip was using the 5V regulated
supply so the inputs were compatible with the microcontroller. As the driver chip may
drain significant pluses of power from the 5V regulator, a 47uF capacitor was placed at
the Vcc of the driver chip to keep the 5V regulated supply stable and ensure the

microcontroller was not affected by possible voltage ripple generated by the driver.
The design of the pulse transformer was as described in section 6.6. The schottky diode

used in the pulse transformer was the 1N5817, which had the lowest forward drop of the
diodes researched in Appendix C.
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Finally, schottky diodes were placed in parallel to the MOSFETs, which gave improved
reverse recovery and allowed for higher efficiency in single side switching if bi-
directional switching was not required. The 1N5822 was chosen as it had a relatively low

forward drop, while being able to handle same currents and voltages as the MOSFETs

Figure 7.3.1 shows the implementation of the switching circuitry.

________________________________________________

v Reg Converter MOSFETs

T RLF24N IRLZ24M .
. 15622 1M5E22,
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Figure 7.3.1 - Switching Circuitry

7.4 Sensing Circuitry
Section 6.8 explained the calculations and hardware required to perform the current and

voltage sensing. All that remained was to choose suitable components.

The voltage divider was described in Figure 6.8.1. By setting v v R,
R; to 33k and R, to 11k, the voltage was reduced by 4 from | * "R  + R,
0V-20V, to 0V-5V. When R, was placed in parallel with the 11k
2MQ of the microcontroller input, the effective resistance was Vo=V 33k +11k
10.94kQ. This was only a 0.55% variation from 11k and was |}y — lV

o Ty i

negligible.
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A 0.02Q current sensing resistor was placed in series with the PV module to measure the
current. For the maximum current 4A, it generated 0.08V. A non-inverting differential
amp was used to increase this voltage to a level where the microcontroller’s analogue to
digital converter was easily able to read the value. The differential amp can be seen in

Figure 6.8.2. The easily obtainable LM358 was chosen for the op amp.

Equation 6.8.2 shows that the amplification of the differential amp was directly
proportional to Ro/R;. R, was set to 120k and R; to 3k and gave an amplification of 40.
This amplified the 0.08V at 4A over the current sensing resistor to 3.2V.

' |Microcontroller
o

YYoltage Sense

| < 33K :
\ ! i Acurrert Sense °°
% VAR i1 | Current Sense
LA ¥ Lhizsa
L1k ¥ -,
"

[}

[}

[}

i

R2 veoeH |

! iy Rl | x120k Sy i
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[}

Figure 7.4.1 - Sensing Circuitry

Figure 7.4.1 shows the implemented hardware for the voltage and current sensing.

7.5 Microcontroller

The microcontroller chosen was the ATmega8535. This microcontroller had the Phase
and Frequency Correct PWM mode, and eight channels multiplexed to an 8-bit analogue
to digital converter. Timerl of the microcontroller allowed for direct PWM control of two
output pins, ideal for generating synchronous rectification. Atmels also have a reputation

for being a particularly study microcontroller.

The ATmega8535 was unobtainable, so the AT90S8535 was to be used until the
ATmega8535 becomes available. The AT90S8535 had similar pin configuration to the
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ATmega8535, but was unable to generate the 100kHz PWM easily with the SMHz crystal

that was chosen.

7.6 Completed Hardware Design

The Protel schematic and PCBs can be found in Appendix D and E respectively. For the
final design eleven Cuk converters and one Flyback will be required to MPPT the 12 solar
panels. In the early stage of this project, two Cuk converters and one Flyback was

sufficient for development.

7.7 Microcontroller Code

The ATmega8535 was not available as it is a relatively new chip. Without the
ATmega8535, a different method to generate the PWM was engineered. This was a
temporary solution as the ATmega8535 should be obtainable in the near future, so the

explanation on how the switching was achieved will be brief.

The synchronous PWM was done using the interrupts of Timerl, and directly driving pins
from the interrupt routine. The AVR GCC C compiler [39] was used to compile ¢ code
into assembly. Adjustments were then made to the generated assembly code to increase
the speed. This gave a reasonably efficient PWM with a variable duty cycle, 21% to 84%
(from tests), and 30% of the microcontroller clock cycles were spent generating the
PWM. The duty cycle was adjustable using the interrupt pins. This complicated compile
process was necessary as the ¢ compiler inserted a high overhead with its inefficient code.
If the generated assembly code was used, the duty was limited between 40% to 60% due
to interrupt routine delays and 80% of the clock cycles were spent switching. The
majority of these delays were from pushing and popping registers in the interrupt routine.

These delays were removed with smart assembly code.

Once the PWM was completed, simple MPPT code was generated. The algorithm used
was Perturb and Observe. The duty of the PWM is adjusted and depending on whether
this generated an increase in the output power or a decrease in the output power the duty

cycle will adjust. This performed 25 current analogue to digital conversions and 25
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voltage analogue to digital conversions between each duty cycle adjustment. The ADC
clock frequency was set at 62.5kHz and each conversion takes 25 ADC clock cycles. This
gives 2500 ADC conversions per second, or 50 adjustments of the PWM every each

second.

Appendix F shows the ¢ code and how to adjusted the generated assembly code.
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8.0 Results and discussion

8.1 Theoretical Calculations

8.1.1 Converters in Idle State

The power consumption of the converter when idle should not drain a significant portion
of the energy from the PV module. To ensure that the converter does adversely affect the
power output of the module, the power consumption of the microcontroller, sensing
circuitry and the driver chip in idle state were calculated with the assumption that the PV

module was generating 15V and 3A.

According to the AT90S8535 datasheet [28], the microcontroller drained 6.4mA at 4MHz
and 3V. The microcontroller in the design was running at 8Mhz and 5V. The power
consumption was doubled as microcontrollers use CMOS technology and power was only
lost with CMOS when switching. So doubling the clock frequency doubled the power
consumption. The difference in current consumption due to the voltage was negligible.

Hence, the microcontroller used 12.8mA at 5V, 64mW of power.

The driver chip in idle state used SpA of current. At 5V this resulted in 25uW of power

consumption.

The voltage sensor was a series combination of resistors 11k and 33k, and the voltage of
the panel (15V) was placed over these resistors. Power is V¥R, so the voltage sensor

used 5.11mW of power.

The 0.02Q current sense resistor had 3A passing through it. Power is I°R, so the current

sensor dissipated 180mW.

The differential amp had losses in the resistors and the op amp. The op amp had a 500pA
static drain at 5V. So 2.5mW was dissipated in the op amp. Analysis of the resistors used
in the differential amp Figure 6.8.2, revealed R3 and R4 experienced the voltage over the

0.02 current sensor, 0.06V. This was negligible since R3 and R4 in series was 123kQ. R1
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and R2 experienced 40*0.06V, or 2.4V, over them. R1 and R2 was 123kQ) so 46.8uW
was dissipated. In total 2.55mW dissipated in the differential amp.

Finally the 5V regulator had an input of 15V and an output of 5V while supplying the
same current it drained. Consequently, anything that the 5V regulator supplies, incurred
double its power consumption as losses in the regulator. The regulator supplied the
amplifier, microcontroller and driver chip. Their combined power consumption was
2.55mW + 25uW + 64mW = 66.6mW, and the corresponding loss in the regulator was
133.2mW

Table 8.1.1.1 - Idle State Losses

Component Loss (mW)

Micrcontroller 64
Driver Chip 0.025
Voltage Sensor 5.11
Current Sensor 180
Differential Amp 2.55
5V Regulator 133.2
Total 385

At 15V 3A the solar panel was generating 45W. Table 8.1.1.1 shows the power consumed
when the converter was not switching. The percentage of power the circuitry used when
idle was 0.385/45, 0.86% of the generated power. Less than 1% power was deemed
acceptable for the design.

8.1.2 MOSFET Gate switching Losses

The energy required for charging and discharging the gates of the MOSFETs was most
easily determined by considering the gate as a capacitor. The gate capacitance for the
IRLZ24N was 15nC (Appendix B), and the formula for the power dissipation was given
by W = c&® (p814 Tipler [22]). This was simplified to E = CV* for each charge and
discharge. The assumption was made that the gate fully charges before discharging. With
C = 15nC and voltage over the gate at 5V the energy dissipated was 375nJoules. This was
multiplied by the switching frequency of 100kHz and gave 37.5mW per switch. For
synchronous switching this was 75SmW. As the 5V Regulator supplied the driver there
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was a 150mW increase in regulator power dissipation. So a total of 225mW was

consumed in switching the MOSFETs.

8.1.3 Cuk Converter
The power loss for the Cuk Converter was found for 3A with a 0.5A Ai inductor ripple

and a 50% duty cycle, section 7.1 explains these assumptions.

The inductor chosen had a 0.042Q resistance. Using the DC plus linear ripple, equation
8.1.3.1 the RMS current through the inductor was calculated. The inductor current

waveform can be seen in Figure 7.1.2.

Eq-8.1.3.1 from Erickson A1.2 [19]

.\ 2
I =1 1+l(£
‘ 31

This gave 3.014A RMS through the inductor, and this created a power loss of 0.382W per

inductor, or a combined 763mW loss for the inductors.

The MOSFETs also had a loss when conducting. The current through the MOSFET when
it was conducting was the combined inductor current and the capacitor discharge current.
This was shown in Figure 8.1.3.1. Assuming 50% duty cycle the MOSFET current
waveform had an on current double the average converter current ( I = 6A ) and Ai double

the ripple seen in the inductor ( Ai = 1A).

2 I
// Eq - 8.1.3.2 from Erickson A1.6 [19]

1(AiY
I =I1JdD 1+ 2
30 7

rms

Figure 8.1.3.1 - MOSFET current

Equation 8.1.3.2 gave 3.014A RMS through the MOSFET, which had a Ry, of 0.06
(Appendix B). This gave 545mW dissipated per MOSFET, or 1090mW for both
MOSFETs.
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There were two other major losses that were too complex to justify theoretical calculation,
the switching losses and the ESR (equivalent series resistance) losses of the capacitors.

Table 8.1.3.2 — Cuk Converter Losses

Component Loss (mW)

Idle State Losses 385
MOSFET Gate Charge Losses 225
Inductor Losses 763
MOSFET On Resistance Losses 1090
MOSFET Switching Losses ?
Capacitor ESR Losses ?
Total 2463

The expected power dissipation of the Cuk converter was expected to be 2.5W at 15V, 3A
load and 50% duty cycle (see Table 8.1.3.2). There was 45W passing through the
converter with 2.5W loss. This gave 94.5% efficiency if MOSFET switching losses and

capacitor ESR losses were negligible.

8.1.4 Flyback Converter

The losses for the Flyback converter were also calculated for 3A and 15V.

Figure 6.3.3 shows the current waveform of a Flyback Converter. It was known that for a
3A load the Flyback experienced 12A current peaks (section 6.3). Equation 8.1.4.1 was
used to find the RMS current at 50% duty cycle with 12A current peaks and gave 4.90A
RMS.

Eq - 8.1.4.1 from Erickson A1.8 [19]

D

rms pk 3

The MOSFET had a R, of 0.06Q2 and conducts 4.9A RMS during its on cycle. This gave
1440.6mW of power dissipated over each MOSFET, or 2881mW in total.

In addition to the MOSFET on losses there were; switching losses, core material flux

losses, leakage inductance losses, and ESR losses. These were difficult to calculate.
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Table 8.1.4.2 — Flyback Converter Losses

Component Loss (mW)

Idle State Losses 385
MOSFET Gate Charge Losses 225
MOSFET On Resistance Losses 2881
MOSFET Switching Losses ?
Transformer Core Losses ?
Leakage Inductance Losses ?
Capacitor ESR Losses ?
Total 3491

The input into the Flyback was 15V and 3A, or 45W. Table 8.1.4.2 shows there was a loss
of 3.5W, and hence the efficiency was 92%. However, the highest losses in the converter
were expected to be the transformer core and leakage inductance losses. Consequently,

the expected efficiency will be much lower than 92%.

8.2 Pspice Simulations

Appendix G contains the Pspice Circuits for an Isolated Cuk, a normal Cuk, and a
Flyback converter. The extra resistances that were inserted in the circuits were to assist
Pspice simulations from encountering infinite currents and voltages. These resistances

also occurred in real hardware due to resistance in connectors and PCB tracks.

8.2.1 MOSFET Gate charge

A simple circuit was used to measure the power required to switch an IRFZ24N
MOSFET. The IRFZ24N MOSFET had a gate charge of 20nC (Appendix B). Using the
theoretical calculation method in section 8.1.2, the gate charge power dissipation should
be 50mW at 5V. Pspice simulations gave 45mW for these conditions. For 15V the

calculations gave 450mW to switch the gate. Pspice simulations gave 328mW.
This was a good correlation in theoretical calculations and simulation, and indicated that

the calculations for the gate charge power dissipation were not significantly affected by

the assumption that the gate fully charges.
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8.2.2 Efficiency Comparison
The Cuk, Flyback, and Isolated Cuk were all simulated at 3A, 15V in and 15V out, to

locate the losses they experienced.

Table 8.2.2.1 — Breakdown of Converter Losses

Cuk Isolated Cuk Flyback

Name Power (W) Name Power (W) Name Power (W)
In 46.893 In 47.550 In 51.100
Out 41.501 Out 41.265 Out 28.713
L3 0.357 L3 0.338 M4 1.201
L4 0.414 L4 0.501 M8 2.902
M6 1.284 M6 1.432

M8 2.568 M7 1.092 Resistors 18.284
Resistors 0.768 Resistors 2.922

Table 8.2.2.1 shows the various losses in the three converters. The component names
match those found in the Pspice schematics found in Appendix G. From the power in and
power out the efficiencies were determined to be 88.50%, 86.78%, and 56.19% for the
Cuk, Isolated Cuk, and Flyback respectively. These efficiencies do not take into account
ESR of capacitors, driving circuitry, sensing circuitry, transformer leakage inductance, or
transformer core losses. Furthermore, in these simulations synchronous rectification was

not used so the 2" MOSFET losses are higher than what would be expected.

As stated earlier the power losses in the resistors were necessary to prevent simulation
errors. These losses contributed significantly to the losses of the converters. The
simulation was still valid as long as the resistor losses did not constitute the majority of

the overall loss in the simulation.

For the Cuk converter the inductor losses L3 and L4 give a combined amount of 0.771W.
This correlates to the theoretical calculated value of 0.763W. The MOSFETs had a greater
loss than the 1.1W, which was calculated. The component M6 dissipates power through
on resistance losses and switching losses. From calculations the on resistance losses for

the Cuk was 0.545W. Subtracting this from the 1.284W dissipated through the MOSFET
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M6, the expected switching losses were 0.739W. The MOSFET M8 was not being
synchronously switched, instead functioning as a diode rectifier. Consequently, the power

dissipation on M8 was significantly higher than M6.

The Isolated Cuk converter had similar properties as the Cuk converter. To prevent
simulation errors larger resistors were used in this Pspice design. These resistors work as
snubbers and reduced switching losses. This can be seen in the reduced power
consumption of the MOSFETs. However, the resistors inserted their own losses, reducing

the efficiency overall.

The Flyback converter does not reflect the actual characteristics of the real converter. The
main problem encountered was the inability to simulate an air gap in the transformer.

Without the air gap the transformer does not work as an energy storage device.

While efficiency results were not valid, the Pspice model was helpful in determining that
the basic layout of the Flyback worked, as there was still partial functionality of the
Flyback without the air gap. The main problem with the model was extremely high
voltages and currents from direct transfer of energy to the secondary, whereas an air gap
stored this energy before transferring. These required large resistances to allow simulation
to occur and the effects of these resistances could be seen in the large resistive losses for

the simulation results in Figure 8.2.2.1.
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8.2.3 Load Variation

All three converters were simulated under various loads to measure their performance.

The raw data obtained from these simulations can be found in Appendix H. The Flyback

was not discussed, as it did not reflect the characteristics of the actual converter.

Figure 8.2.3.1 - Cuk Converter

Variation in Load

—e— Input Power
—a— Output Power

Power (W)

Load (ohms)

100

1000

Figure 8.2.3.1 shows the various loads and their respective power consumption for the

Cuk Converter.

1.2000 -
1.0000 -
0.8000 -
0.6000 -
0.4000 -
0.2000 -
0.0000

Figure 8.2.3.2 - Cuk Converter

Load Efficiency
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Figure 8.2.3.2 shows the efficiency of the converter under different loads. Around 30Q to

45Q for the load there was a sudden increase in the efficiency. The graph in Figure 8.2.3.2

showed efficiency above 100%. The cause of efficiency rise was from instability in the

input and output currents. This caused measurement errors that required lengthy

simulation periods to average the current over and remove.
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While the three data points between loads 30 and 100 were inconsistent and were ignored,

the cause of the instability was still a matter of concern.

From section 7.1, it was known that the Cuk converter operates in CCM in high loads and
DCM in lower loads. Calculations for the 100uH inductor using equation 7.1.1 (with Vi =
15 and a frequency of 100kHz) revealed there was a minimum Ai of 0.75A for the
converter to remain in CCM. This translated into a minimum load of 0.35A average since
the inductor waveform was a triangle wave. A 0.35A current load was equivalent to a

42.9Q load at 15V out (using Ohms law).

At output loads around 42.9Q) the converter started switching between CCM and DCM.
This was what generated the instability as CCM and DCM had different gains. Appendix
H, Table H.1 shows that after 45.7Q) the output voltage of the converter started increasing

as a duty cycle of 50% in the simulation no longer gave a unity gain.

Figure 8.2.3.3 shows how the Cuk converter will switch between CCM and DCM causing
instability when the Cuk was operating at the borderline of CCM and DCM.

E{} Converter runs in DCM Iﬂ

Less power means less Gain increases Iﬂ
|}> inductor current
ey s . Output voltage increases
Output load draws Instability in Borderline
|f> less power Operation of CCM and Output load draws <}£|
more power
Output voltage decreases DCM
E More power means <:£|
Gain decreases more inductor current

E Converter runs in CCM <£|

Figure 8.2.3.3 - Instability in Border Operation of CCM and DCM
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Figure 8.2.3.4 - Isolated Cuk Converter | —*Input Power
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Figure 8.2.3.4 shows the various loads and their respective power consumption for the

Isolated Cuk Converter.

Figure 8.2.3.5 - Isolated Cuk Converter

Load Efficiency
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As the Isolated Cuk converter uses the same inductor size as the Cuk, it began operating
in DCM around the same load of 42.9Q. It can be seen that for the Isolated Cuk topology
there was significant decrease in efficiency when the converter switches to DCM. This
has been made very obvious in the Isolated Cuk converter, as there were significantly
more parasitic resistances placed in the circuit to allow for simulations. DCM operation
generates higher currents and increases the affects of parasitic. This was described in

section 6.4.
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8.2.4 Synchronous Rectification

Figure 8.2.4.1 - Cuk Converter +§ﬁ2§2§;’:ﬁf
Efficiency Comparison —a— Diode Rectified
of Synchronous Rectification
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Figure 8.2.4.1 shows the efficiency comparison between a Cuk converter that was
synchronously switched and one that was not. Synchronous Rectification, section 6.3,
explained the advantages and disadvantages of synchronous rectification. These affects

can now be seen in Figure 8.2.4.1.

As explained in section 8.2.3 a Cuk converter that was not synchronously switched enters
into DCM, which caused instability in the gain of the converter. The synchronous Cuk did
not experience DCM, and made a smooth transition through the loads that caused

instability in the other Cuk.

When the lighter loads were reached the synchronous Cuk had a lower efficiency than the
diode rectified Cuk. This was because the synchronous Cuk still had a 0.35A ripple
current (calculated in section 8.2.3) to remain in CCM, while the diode rectified Cuk had

a much smaller current running internally.
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8.2.5 Frequency Variation

The design section made an educated guess at a suitable operational frequency for the
converters. A full analysis of the frequency range in Pspice would be an extremely time
consuming as each data point must be simulated. The chosen frequency was 100kHz. So
the circuits were simulated at 50kHz and 200kHz to simply see if 100kHz was a

reasonable choice.

Table 8.2.5.1 — Frequency Choice Confirmation

Frequency Cuk (M) Synchronous Isolated Cuk (n) Flyback (1)
(kHz) Switched Cuk (1)

50 0.8862 0.9328 0.8550 0.5602

100 0.8924 0.9371 0.8553 0.5636

200 0.8877 0.9056 0.8449 0.5812

The results shown in Table 8.2.5.1 shows there were no significant efficiency gains that
could be obtained by changing the frequency. All tests, excluding the Flyback, showed
100kHz to have a higher efficiency. As the Pspice Flyback model did not take into
account many of the transformer affects, its results were unreliable. For the Cuk
converters the Pspice suggested that 100kHz was a suitable frequency to run the

converters at.

8.2.5 Pulse Transformer

The pulse transformer shown in Figure 6.6.4 was constructed in Pspice and tested. It was
able to successfully reinsert the DC bias back into the gate drive signal with 1V offset.
Analysis of the circuit revealed the IN4001 diodes set the level of the DC bias. Appendix
C shows that the 1N4001 has a forward voltage of 1V. The solution to this problem was
to insert a schottky diode, the 1N5817, into the circuit. When the pulse transformer was
re-simulated the offset of the signal through the circuit was 0.4V.
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8.3 Breadboard Testing

The pulse transformer, which was described in section 6.6, was tested on the breadboard.
24 windings were made on both primary and secondary side of a toroid transformer. A
15V square wave signal was placed at the input and the output waveform was viewed on

the oscilloscope. The input and output waveforms matched almost perfectly.

The pulse transformer was then tested with one of the converters. Only the Cuk converter
was built on breadboard, as calculations for the Flyback transformer delayed its
development for several weeks. The Cuk converter was switched on a single side using

the pulse transformer and a function generator.

Table 8.3.1 — Cuk Isolated gate driver switching

Test Performed Vin (V) | Lin(A) | Vou (V) | Load (Q) | Efficiency (1)
no driver chip, isolated side 12.2 0.48 15 47 84%
driver chip, isolated side 15.5 0.45 16.8 47 89%

The tests performed in Table 8.3.1 were to confirm two important aspects of the Cuk
converter design. First and foremost, the tests confirmed that the design for the Cuk
converter would work. Secondly it confirmed that the pulse transformer was able to drive

the Cuk converter with and without a driver chip.

Table 8.3.1 shows that the driver chip was able to switch the MOSFET faster reducing
switching losses. The oscilloscope had a 50Q output impedance, whereas the driver chip
the UC3709 (Texas Instruments [38]) supplied 2A current peaks, making it equivalent to

having 7.5Q output impedance.

Further testing was delayed for correct components and the PCB, as these played a

significant part in the efficiency and power rating of the converter.

59



8.4 First Prototypes

The microcontroller, 5V regulator, voltage sensor were all tested and worked.

The differential amplifier was tested for linearity.
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Figure 8.4.1 shows the linearity of the amplifier (raw data from Appendix I). The

amplifier had a gain of 40 with a high linearity of voltage sensing between 25mV to

90mV. This corresponds to 1A to 4.5A of current detected by the current sensor. A glitch

was seen at 60mV, this was caused by adjustment of the oscilloscope scaling and had

nothing to do with the amplifier.

The Cuk converter was switched on both sides to check for bi-directionality. One side was

switched at 15V and the other MOSFET operated as a diode.

Table 8.4.2 — Cuk Converter efficiency results

Test Performed

Vin (V) | in(A) | Vou (V) | Load (Q2) | Efficiency (1)
Cuk, isolated side 154 0.47 17.8 45.7 95.8%
Cuk, non-isolated side 15.5 0.45 17.5 45.7 96.1%
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Table 8.4.2 shows the test results, with a 96% efficiency for both sides. However, due to
limitations in the equipment accuracy the efficiency may vary. Assuming a 1% worst-case

equipment error, the efficiency variation was 4%.

The next test to be performed was synchronous switching. The Atmel with the
synchronous switching code, detailed in section 7.7, was inserted into the converter and

both MOSFETs were destroyed. This test was repeated with similar results.

Analysis of the 4 destroyed MOSFETs revealed they functioned as resistors. The
MOSFETs were not warm so overheating did not destroy them. The calculations for
converter expected 30V drain source voltage and the IRFZ24N MOSFETs that were used

had 55V drain source rating.

The MOSFET gate source rating was 16V and this was close to the 15V switching
voltage. Measurement of the gate source resistance revealed the MOSFETs gate and
source were now permanently connected. It was concluded that the MOSFET gates must
have suffered voltage spikes when the power was turned on. This problem was not
encountered in earlier testing as the gate switching waveform was always connected after

the power supply had stabilized.

This problem prompted the redesign of the MOSFET driving to 5V, as explained in

section 6.6.

The Flyback was tested with 7 turns and a 650um effective air gap. This was calculated to
give 200mT of flux at maximum load, and 200mT was the recommended operating flux
for the core. This gave an efficiency of around 20%. The exact efficiency was not
measured due to the characteristic burning smell of too much power being dissipated in

the converter.

The air gap was removed and the transformer was rewound to 10 turns. This configuration

was what was being used in Pspice simulations. Without an air gap the converter was still
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able to work at light loads. However, theory suggested that the transformer saturated
easily without an air gap. The Flyback converter was tested without an air gap to ensure

the circuitry was correct even though the transformer was incorrect.

Table 8.4.2 — Flyback with un-gapped transformer
Vin (V) | In(A) | Vour (V) | Load (QQ) | Efficiency ()
15.0 0.42 15.3 45.7 81.3%

The success of this test, shown in Table 8.4.2, confirmed that the transformer was causing
the problems with the Flyback, and the solution to the problem could be found by

reanalysing the formulas.
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8.5 Second Prototypes
The second prototypes of the Cuk and Flyback are detailed in implementation (section 7).

These prototypes were confirmed to fit in the junction boxes of the PV modules.

The raw data from graphed efficiency testing can be found in Appendix J.

The Cuk converter was tested first and found to have no input and output ripple. The Cuk
converter efficiency was characterized for both diode rectification and synchronous
rectification starting from about 0.1A to 1.5A. Due to equipment failure of the ammeters,

loads greater than 1.5A were not measured. This can be seen in Figure 8.5.1.

Figure 8.5.1 - Cuk Converter —e— Synchronous Rectification
Hardware Efficiency —— Diode Rectification
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The Cuk converter was tested at 3A. The load on the output of the converter was reduced
until 3.1A was being draw from the power supply at 14.7V. The output was measured to
be 11.26V, and the load was then found to be 3.6Q. This gave 3.1A at the output and
hence the converter operated at 77% efficiency. The equipment that measured the load
resistance was inaccurate at low resistances so the efficiency of 77% is not a real
efficiency. It only showed that the Cuk converter still had reasonable efficiency at a 3A
load.
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Figure 8.5.2 - Pspice Cuk Converter —e— Synchronous
Rectification
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Figure 8.5.2 shows the expected efficiency characteristics from the Pspice simulations.
The Pspice and hardware results were compared for discrepancies. Ignoring the glitch
with the efficiencies above 100%, the only discrepancy was that the diode rectification for
the Pspice had better efficiency at extremely low loads. This was due to unrealistically

low resistances in the Pspice simulations.

Analysis of the raw data (Appendix J Table J.1) revealed that the diode rectification
always drew 0.3A at all loads lighter than 0.3A. From the earlier analysis that determined
the border load of DCM and CCM, it was known that 0.3A was the borderline between
the two modes. Furthermore, the synchronous rectification did not experience this
problem. Analysis revealed that when the converter entered DCM operation, the output
voltage of the converter increased. The 1N5822 schottky diode in parallel to the MOSFET
drain source had a RMS voltage rating of 28V. It was previously assumed with an output

of 15V this voltage rating was not exceeded. However, test results indicated otherwise.

Pspice analysis of the Cuk converter at light loads revealed the schottky diode voltage
rating was exceeded when the converter entered DCM and the output voltage increased
due to the increased gain of the converter. This caused the high losses for the Cuk
converter when it operated in DCM, as the schottky was experiencing reverse breakdown

due to the higher voltages.
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The schottky diode was removed from the converter and a comparison was done for both

diode rectification and synchronous.

Figure 8.5.3 - Cuk Converter
Diode Rectification
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Figure 8.5.3 shows that the diode rectified Cuk Converter was slightly more efficient at

very light load when the schottky was removed. However, without the schottky diode

there were increased MOSFET losses as the MOSFET was being used as a diode, and

forward voltage drop of the MOSFET was higher than the forward voltage drop for the

schottky.
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Figure 8.5.4 - Cuk Converter —e— With Schottky
Synchronous Rectification —=— Without Schottky
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Figure 8.5.4 shows the synchronous rectified Cuk converter. There was very little
difference in the converter operation when the schottky diode parallel to the MOSFET

was removed.

From the data, the second Cuk prototype had an efficiency of 82% at 6.6W load compared
to 96% for the first prototype at the same load. This was because the MOSFETs were
originally switched at 15V. In the second prototype the MOSFETs were switched at 5V

and there were increased switching losses as 5V switched the MOSFETSs slower.
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The Flyback converter was tested next. A 0.2mm effective air gap was inserted into the
Flyback and 7 turns were wound for the primary and secondary. Minimal input and output

ripple was observed, well within the designed for tolerance.
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Figure 8.5.5 - Flyback Drain Source Voltage Waveform

The drain source voltage of both MOSFETs were measured to determine the over voltage
caused by the transformer leakage inductance. This is shown in Figure 8.5.5. The leakage
inductance appeared to be minimal for the transformer so the snubber described in Figure

6.3.6 was not implemented.
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Figure 8.5.6 - Flyback Converter —s—efficiency

0.900 -
0.800 - e ¢
0.700 -
0.600

0.500 !
0.400
0.300
0.200 -

0.100 -

0.000 I I I I 1

0.000 10.000 20.000 30.000 40.000 50.000
Load (W)

The Flyback converter was tested under various loads. Figure 8.5.6 showed the results of
these tests. Overall the Flyback Converter performs slightly worse than the Cuk converter.

This is mainly due to losses in the transformer, such as the skin effect.
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9.0 Closure

9.1 Future Work

The software for the MPPT tracking needs to be adjusted so it no longer requires

interrupts. This can be started as soon as the ATmega8535 chips are available.

The software tracking algorithm can be improved from the Perturb and Observe algorithm

to the Slope Tracking algorithm detailed in the Design section of this thesis.

Hardware testing has also revealed that a low voltage protector will improve the initial
start up of the converter and protect the converter when the solar panels are not generating

enough voltage to run the converters.

Finally the system needs to be installed on a set of solar cells and the effectiveness of the

system should be evaluated.

Additional tasks that may be considered are; implementation of a network to allow for
panel monitoring during tests, microcontroller code to turn off the converters when the
panel does not require maximum power point tracking, and Pspice or hardware testing to

determine the optimal frequency to switch the converters at.
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9.2 Evaluation of Performance

This thesis was mainly chosen as a means to balance technical knowledge of digital
systems and software with some applied knowledge of analogue electronics.
Consequently, the main weakness during the course of this thesis was the lack of

understanding and experience in the field of power electronics.

One of the most important lessons learnt was obtaining feedback from the supervisor and
discussion of problems with other students working on similar design problems. This
dramatically increases the progress of the work. In the first few months of the thesis large
amounts of time were spent working alone with minimal dialogue with the supervisor and
other students. Consequently, the work in the early stages progressed very slowly,
especially as much of the theory was learnt directly from textbooks and papers, which are
often difficult to understand. Progress was increased several fold when problems were

discussed with the supervisor and other students.

The original objective of the thesis was to complete all the basic hardware with simple
MPPT tracking of the PV modules. The difficulties of doing this were severely

underestimated and consequently the thesis was completed two weeks later than expected.

This thesis has made significant progress the research and design of PV module series
string balancing converters. In addition to the actual progress of the design, a vast number
of the problems, ideas and theory that were encountered have been recorded in this thesis
document. Learning and understanding all the theory has slowed the progress of the actual
thesis. However, understanding theory allows for many problems to be avoided. This
paves the way for future students, and will significantly improve the quality, and
development time of future work. The theory and problems explored in this thesis are
relevant to any thesis involving power electronics and this thesis can be a useful guide to

various power electronics issues.
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9.3 Conclusion

The final goal of evaluating the theory of PV module series string balancing converters is
well on the path to completion. Significant progress has been made in the realisation of
module balancing converters with hardware finalised. While the original goals of the
project were not met, it was decided these are unrealistic due to the large quantity of work

required.

The hardware is almost complete with minor adjustments required for the Flyback
transformer to accommodate higher loads. The circuitry for the MPPT and switching have
been tested and work. The Cuk Converter works with efficiencies greater than 80% for
the majority of its load range, and efficiencies greater than 85% for all measured loads
above 0.7A. The Flyback converter has been proven to work for the required power range
with efficiency greater than 80% for all loads above 0.6A. The hardware fits in the
junction boxes of the PV modules. A simple MPPT algorithm has implemented and a

more complex algorithm for tracking has been designed though not implemented.

Furthermore, extensive documentation and explanations into the theory related to the
thesis have been compiled in this document. This thesis provides a firm foundation for
future work, and provides a reference on many power electronics issues for future

students.
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Appendix A - Panel Specifications

Data obtained from sunlight solar [40] on 7/4/02.

Panel| Power RRPex| Nominal Peak Self Peak LxWxH Weight $s per| Warranty
Model| Watts $| Voltage| Voltage| Regulating| Current mm Kg Watt Years
Manufacturer
BP1202 2 $96.00 12 17 NO 0.12 275 x 145 x 17 0.4 $48.00 20
BP1205 5 $126.00 12 17 NO 0.29 275x 231 x 17 0.8 $25.20 20
BP212SR 12 $262.00 12 15.2 YES 0.72]  561x231x38.5 1.6 $21.80 20
BP216SR 16 $307.00 12 15.2 YES 1.07| 558 x277 x43.5 2.8 $19.10 20
BP222SR 22 $360.00 12 15.2 YES 145 443 x530x435 2.8 $16.30 20
BP232SR 32 $450.00 12 15.2 YES 2.13] 627 x530x43.5 5 $14.00 20
BP246SR 46 $555.00 12 15.2 YES 3|  825x530x435 5.5 $12.10 20
BP240 40 $481.00 12 17 NO 2.34] 627 x530 x43.5 5 $12.00 20
BP250 50 $598.00 12 17 NO 2.94] 825x530x435 5.5 $11.90 20
BP275 75 $747.00 12 17 NO 4.45] 1188 x 530 x 43.5 7.2 $10.00 20
Kyocera KC 35 35 $354.00 12 15 NO 2.33 471 x 652 x 52 4.8 $10.10 25
KC 40 40 $402.00 12 16.9 NO 2.34 526 x 652 x 52 6 $10.10 25
KC 60 60 $528.00 12 16.9 NO 3.55 751 x 652 x 52 7.8 $8.80 25
KC 80 80 $702.00 12 16.9 NO 4.73 976 x 652 x 52 9.6 $8.80 25
KC 120 120]  $1,056.00 12 16.9 NO 71 1425x652x 52 119 $8.80 25
UniSolar US 64 64 $600.00 12 16.5 NO 3.88 1366 x 741 x 32|  9.17 $9.40 20
Semi rigid panels UsS 42 42 $447.60 12 16.5 NO 2.54 928 x 741 x 32|  6.27 $10.70 20
ideal for use in Us 32 32 $372.00 12 16.5 NO 1.94 1366 x 383 x 32 4.8 $11.60 20
transport applications us 21 21 $254.40 12 16.5 NO 1.27 928 x 383 x 32| 299 $12.10 20
or where rough us 11 11 $186.00 12 16.5 NO 0.62 491x383x22| 1.63 $16.90 20
handiing is expected US5 5[ $114.00 12 165 NO 03 491x205x22| 113 $22.80 20
Solarex Multimount SX5M 45 $140.00 12 16.5 NO 0.27 250 x 269 x 23 0.8 $30.90 10
SX10M 10 $180.00 12 16.8 NO 0.59 421 x 269 x 23 1.5 $18.00 10
SX20M 20 $285.00 12 16.8 NO 1.19 421 x 501 x 23 2.5 $14.20 10
SX30M 30 $339.00 12 16.8 NO 1.78 593 x 501 x 23 3.5 $11.30 10
SX40M 40 $414.00 12 16.8 NO 2.37 764 x 501 x 23 4.9 $10.30 20
SX50M 50 $489.00 12 16.8 NO 2.97 938 x 501 x 23 5.7 $9.80 20
Solarex Standard MSX5L 45 $185.00 12 16.8 NO 0.27 273 x 267 x 9 0.7 $41.00 5
MSX10L 10 $246.00 12 171 NO 0.58 444 x 267 x 9 1.1 $24.60 5
MSX20L 20 $383.00 12 17.1 NO 117 444 x 495 x 9 2.1 $19.10 5
MSX30L 30 $484.00 12 171 NO 1.75 616 x 495 x 9 3 $16.10 5
MSX60 60 $612.00 12 171 NO 3.5 1113 x 502 x 50 7.2 $10.20 20
MSX64 64 $653.00 12 17.5 NO 3.66 1113 x 502 x 50 7.2 $10.20 20
MSX77 77 $777.00 12 16.9 NO 4.56 1113 x 660 x 50 9.5 $10.10 20
MSX83 83 $888.00 12 171 NO 4.85 1113 x 660 x 50 9.5 $10.70 20
MSX120 120]  $1,285.00 12 171 NO 7 1113 x 996 x 50|  14.4 $10.70 20
Solarex Universal SX20U 20 $289.00 12 16.8 NO 1.19 424 x 502 x 50 3 $14.40 10
SX30U 30 $350.00 12 16.8 NO 178 594 x 502 x 50 3.9 $11.60 10
SX40U 40 $419.00 12 16.8 NO 2.37 767 x 502 x 50 5.4 $10.50 20
SX50U 50 $504.00 12 16.8 NO 2.97 939 x 502 x 50 6.3 $10.10 20
SX55U 55 $534.00 12 16.5 NO 3.33 1110 x 502 x 50 7.2 $9.70 20
SX60U 60 $594.00 12 16.8 NO 3.56 1110 x 502 x 50 7.2 $9.90 20
SX65U 65 $639.00 12 17.2 NO 3.77 1110 x 502 x 50 7.2 $9.80 20
SX75U 75 $745.00 12 16.5 NO 4.54 1461 x 502 x 50 9.5 $9.90 20
SX80U 80 $772.00 12 16.8 NO 4.75 1461 x 502 x 50 9.5 $9.60 20
SX85U 85 $825.00 12 17.1 NO 4.97 1461 x 502 x 50 9.5 $9.70 20
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Appendix B—- MOSFETSs

TYPE Vbss(V) | Rpson(Q2) | In(A) Vasm(V) | Qg(nC) | Qgs(nC)
BUZ11 50 0.040 33 2.1-4 ? ?
IRF520 100 0.270 9.2 2-4 16 4.4
IRFZ24N 55 0.070 17 2-4 20 5.3
IRFZ34N 55 0.040 29 2-4 34 6.8
IRFZ44N 55 0.022 49 2-4 65 12
IRLZ24N 55 0.060 18 1-2 15 3.7
IRLZ34N 55 0.035 30 1-2 25 5.2
IRLZ44N 55 0.022 47 1-2 48 8.6
MTP3055E 55 0.150 14 2-4 15 7
RFD14NO05 50 0.150 14 2-4 40 ?
RFD15P05 50 0.100 15 2-4 150 ?
RFD3055 60 0.150 12 2-4 23 ?
RFD3055LE 60 0.150 12 1-2 35 ?
Information from [41]
Appendix C — Diodes

Diode Peak V | Once peak | RMS (V) | Surge I Averagel | Forward

V) V) (A) (A) drop (V)

IN5817 20 24 14 25 1 0.32
IN4001 50 60 35 30 1 0.93
1N4002 100 120 70 30 1 0.93
IN5820 20 24 14 80 3 0.37
IN5821 30 36 21 80 3 0.38
IN5822 40 48 28 80 3 0.39
IN5400 50 100 354 200 3 1.2
MBR2035CT 35 ? ? 150 20 0.57-0.84
MBR2045CT 45 ? ? 150 20 0.57-0.84

Information from [41]
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Appendix D - Hardware Schematics
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Figure D.1 - AT90S8535 and sensing circuitry
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Appendix E - PCBs
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Appendix F - Microcontroller Code

C Code for Perturb and Observe

START MPPT.c
[* Author: John Xue

* Description: AT90S8535 converter switching code
* Ouputs PWM to pins 18 and 19, at 100kHz.

*

Maximum power point tracking using Perturb and Observe method
* References: Inline assembly coding structure obtained from

* GCC AVR Inline Assembler Codebook Version 1.6 [42]

* Date: 18/9/02

¥

[* Values in kHz */
#include <io.h>
#include <interrupt.h>

#include <sig-avr.h>

#define CLOCK 8000
#define FREQ 100
/*

* To achieve fast switching this code must be compiled into assmebly

* then the extra pushing and poping of registers should be deleted.

* At 100kHz there are 80 clock cycles available for a 8Mhz crystal.

* The below code uses,

* 4 clock cycles to jump to the ISR,

* 4 clock cycles for the cbi and sbi combined,

*and 4 clock cycles for the reti (return from subroutine).

* These ISRs fire once each so there is a total of 12*2 = 24 clock cycles

* used to generate the modulation. That is 30% of the CPU used on switching.
i

SIGNAL (SIG_OUTPUT_COMPARE1A)// Compare interrupt routine
{

cbi (PORTD 4);

shi (PORTD,5);

SIGNAL (SIG_OUTPUT_COMPARE1B)// Compare interrupt routine

{
cbi (PORTD5);
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sbi (PORTD 4);

I3
* delay negative to transfer more power to isolated side
* delay positive to transfer more power to non-isolated side
i
int main( void )
{
unsigned char vshsb,vslsb;
unsigned char delay;
unsigned int ADCVsense, ADCCsense;
unsigned int LastP, LastP2;
unsigned char ADCSR_data,ADCH_data,ADCL_data,i; // ADC Register Variables
unsigned char AVG_Number;

unsigned delay_change;

outp(0xF2, DDRD); /* define PORTD as Inputs and outputs */

Il turn switches off

cbi (PORTD,4);

cbi (PORTD 5);

outp(OxFF, DDRB); /* define PORTB as Output (Leds)*/

outp(0x00, DDRA); /* define PORTA as Inputs*/

delay = (CLOCK/FREQ)/2-1; /* default of timer1 high byte 50% */

[* Switches PB3,PB4 for Interrupt 0 and 1 */

lloutp((1 << INTO) | (1 << INT1), GIMSK);

outp((1 << 1SC01) | (1 << ISC10) | (1 << ISC11), MCUCRY);

[* Timer Interrupts */
outp( (1 << OCIE1A) | (1 << OCIE1B), TIMSK);

outp(0, TCNTAH); /* Init T1 %/
outp(0, TCNT1L);

outp(0x00, OCR1BH); /* Compare value of T1*/
outp(delay, OCR1BL);

outp(0x00, OCR1AH); /* Compare value of T1*/
outp((CLOCK/FREQ), OCR1AL);
outp(0, TCCR1A); /* Timer mode with no output */
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outp( 1| 0x08 , TCCR1BY); /* counting with ck and reset timer on compareA */

/I Analog Comparator initialization

/I Analog Comparator: Off

/I Analog Comparator Input Capture by Timer/Counter 1: Off
ACSR=0x80;

/I ADC initialization
1 ADC Clock frequency: 62.500 kHz
ADCSR=0x87;

LastP = 0;

LastP2 = 0;
delay_change = 1;
AVG_Number = 25;

sei();

for (;;

ADCVsense = 0; Il nitialise this variable to zero.
ADCCsense = 0; I/ Initialise this variable to zero.
for(i=0;i<AVG_Number;i++) Il Were taking the average AVG_Number samples.
{

Ilget from pin AO

outp(0,ADMUX);

/I Start a conversion

outp((BV(ADEN)|BV(ADSC)|0x07),ADCSR);

Il Get the ADC Value

do ADCSR_data = inp(ADCSR); while( (BV(ADIF) & ADCSR_data) = 0x10);
I/ Clear the ADC conv interupt bit
outp(BV(ADIF)|ADCSR_data,ADCSR);

I Read the Low Byte

ADCL_data= inp(ADCL);

/I Read the High Byte

ADCH_data= inp(ADCH);

Il Convert the two 8-bit bytes into a 16 bit word

ADCVsense = ((ADCH_data * 0x100) + ADCL_data) + ADCVsense;

IIget from pin A1

outp(1,ADMUX);

outp((BV(ADEN)|BV(ADSC)|0x07),ADCSR);

do ADCSR_data = inp(ADCSR); while( (BV(ADIF) & ADCSR_data) != 0x10);
outp(BV(ADIF)|ADCSR _data,ADCSR);

ADCL_data= inp(ADCL);

ADCH_data= inp(ADCH);
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ADCCsense = ((ADCH_data * 0x100) + ADCL_data) + ADCCsense;

Il We are taking the average of AVG_Number samples.
ADCCsense = ADCCsense / AVG_Number;
ADCVsense = ADCVsense / AVG_Number;

/Iround by four
ADCCsense = ADCCsense / 4;
ADCVsense = ADCVsense / 4;

LastP2 = LastP;
LastP = ADCCsense * ADCVsense;

/*
* If going in correct direction, keep going
¥
if (LastP > LastP2)
{
sbi (PORTB, 1);
if (delay_change == 1)
{
delay = delay + 1;
sbi (PORTB,2);
}
else
{
delay = delay - 1;
cbi (PORTB,2);
}
}
/*
* If going in wrong direction, change direction
¥
if (LastP < LastP2)
{

cbi (PORTB,1);
if (delay_change == 1)

{
delay_change = 0;
delay = delay - 1;
chi (PORTB,2);

}

else

{

delay_change = 1;
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delay = delay + 1;
sbi (PORTB,2);

}
if (delay < 30)

delay = 30;

if (delay > 50)
delay = 50;

outp(delay, OCR1BL);

ENDS MPPT.c

C Code Voltage Regulation

START MPPT.c

[* Author: John Xue

* Description: AT90S8535 converter switching code
* Ouputs PWM to pins 18 and 19, at 100kHz
* Regulates the output to a specific voltage (12V)

*

*

* Date: 18/9/02
¥

[* Values in kHz */
#include <io.h>
#include <interrupt.h>
#include <sig-avr.h>

#define CLOCK 8000
#define FREQ 100
/*

* To achieve fast switching this code must be compiled into assmebly
* then the extra pushing and poping of registers should be deleted.

* At 100kHz there are 80 clock cycles available for a 8Mhz crystal.

* The below code uses,

* 4 clock cycles to jump to the ISR,

* 4 clock cycles for the cbi and sbi combined,

*and 4 clock cycles for the reti (return from subroutine).

* These ISRs fire once each so there is a total of 12*2 = 24 clock cycles
* used to generate the modulation. That is 30% of the CPU used on switching.
¥

SIGNAL (SIG_OUTPUT_COMPARE1A)// Compare interrupt routine
{

cbi (PORTD,4);

sbi (PORTD,5);
}

SIGNAL (SIG_OUTPUT_COMPARE1B)// Compare interrupt routine
{

cbi (PORTD,5);

sbi (PORTD,4);
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}
unsigned int GetADCConversionAVG (unsigned char AVG_Number)

{
unsigned char ADCSR_data,ADCH_data,ADCL_data,i; // ADC Register Variables
unsigned int ADC_16; /I Variable that holds 16 bit ADC Value
ADC_16=0; /I nitialise this variable to zero.
for(i=0;i<AVG_Number;i++) I Were taking the average AVG_Number samples.

/I Start a conversion
outp((BV(ADEN)|BV(ADSC)|0x07),ADCSR);

Il Get the ADC Value

do ADCSR_data = inp(ADCSR); while( (BV(ADIF) & ADCSR_data) != 0x10);
I/ Clear the ADC conv interupt bit
outp(BV(ADIF)|ADCSR_data,ADCSR);

I/ Read the Low Byte

ADCL_data= inp(ADCL);

I/ Read the High Byte

ADCH_data= inp(ADCH);

I/ Convert the two 8-bit bytes into a 16 bit word

ADC_16 = ((ADCH_data * 0x100) + ADCL_data) + ADC_16;

Il We are taking the average of AVG_Number samples.
ADC_16 = ADC_16 / AVG_Number;

I/ Return the 16-Bit Word

return(ADC_16);

/*
* delay negative to transfer more power to isolated side
* delay positive to transfer more power to non-isolated side
*/
int main( void )
{
unsigned char vshsb,vslsb;
unsigned char delay;
unsigned int ADCreturn;
outp(0xF2, DDRD); /* define PORTD as Inputs and outputs */

I turn switches off

cbi (PORTD,4);

cbi (PORTD,5);

outp(OxFF, DDRB); /* define PORTB as Output (Leds)*/
outp(0x00, DDRA); /* define PORTA as Inputs*/

delay = (CLOCK/FREQ)/2-1; /* default of timer1 high byte 50% */
[* Switches PB3,PB4 for Interrupt 0 and 1 */

floutp((1 << INTO) | (1 << INT1), GIMSK);

outp((1 <<1SCO01) | (1 << ISC10) | (1 << ISC11), MCUCR);

[* Timer Interrupts */
outp( (1 << OCIE1A) | (1 << OCIE1B), TIMSK);

outp(0, TCNT1HY); /* Init T1 */
outp(0, TCNT1L);

outp(0x00, OCR1BH); /* Compare value of T1*/
outp(delay, OCR1BL);

outp(0x00, OCR1AH); /* Compare value of T1 */

outp((CLOCK/FREQ), OCR1AL);

outp(0, TCCR1A); /* Timer mode with no output */

outp( 1] 0x08 , TCCR1B); /* counting with ck and reset timer on compareA */
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/I Analog Comparator initialization

Il Analog Comparator: Off

/I Analog Comparator Input Capture by Timer/Counter 1: Off
ACSR=0x80;

/I ADC initialization
1 ADC Clock frequency: 62.500 kHz
ADCSR=0x87;

sei();

for (;;{
Il every 50 of ADCreturn is 1V.

outp(0,ADMUX); IIget from pin AO
ADCreturn = GetADCConversionAVG(50);
outp((ADCreturn & 0xFF), PORTB);

if (ADCreturn > 600 && delay > 30)
delay = delay - 1;

if (ADCreturn < 600 && delay < 50)
delay = delay + 1;

outp(delay, OCR1BL);
Iloutp(PORTB, vslsb);

ENDS MPPT.c

Assembly Code for Converter Switching

Look for the following lines of code in the original assembly file.

START Original File
LM1:
[* prologue: frame size=0 */
push __zero_reg__
push __tmp_reg__
in__tmp_reg__,_ SREG__
push __tmp_reg__
clr __zero_reg__
I* prologue end (size=5) */
.stabn 68,0,36,.LM2-__vector_6
LM2:
cbi 50-0x20,4
.stabn 68,0,37,.LM3-__vector_6
LM3:
sbi 50-0x20,5
.stabn 68,0,38,.LM4-__vector_6
LM4:
[* epilogue: frame size=0 */
pop __tmp_reg__
out__SREG__,__tmp_reg__
pop __tmp_reg__
pop __zero_reg__
reti
[* epilogue end (size=5) */
[* function __vector_6 size 12 (2) */
Lfet:
.size _ vector_6,.Lfe1-__vector_6
.Lscope0:
.stabs ",36,0,0,.Lscope0-__vector_6
.stabs "__vector_7:F(0,20)",36,0,41,__vector_7



.global __vector_7
type __vector_7,@function
__vector_7:
.stabn 68,0,41,.LM5-__vector_7
.LM5:
I* prologue: frame size=0 */
push __zero_reg__
push __tmp_reg__
in__tmp_reg_, SREG__
push __tmp_reg__
clr __zero_reg__
[* prologue end (size=5) */
.stabn 68,0,42,.LM6-__vector_7
.LM8:
cbi 50-0x20,5
.stabn 68,0,43,.LM7-__vector_7
LM7:
sbi 50-0x20,4
.stabn 68,0,44,.LM8-__vector_7
LM8:
I* epilogue: frame size=0 */
pop __tmp_reg__
out__SREG__,__tmp_reg__
pop __tmp_reg__
pop __zero_reg__
reti
I* epilogue end (size=5) */
[* function __vector_7 size 12 (2) */
Lfe2:

END Original File

Remove the poping and pushing of registers as shown below.

START Adjusted File
LM1:
cbi 50-0x20,4
sbi 50-0x20,5
reti
[* epilogue end (size=5) */
[* function __vector_6 size 12 (2) */

Lfe1:

.size __vector_6,.Lfe1-__vector_6
.Lscope0:

.stabs "36,0,0,.Lscope0-__vector_6

.stabs "__vector_7:F(0,20)",36,0,41,__vector_7
.global __vector_7

type __vector_7,@function
__vector_7:

.stabn 68,0,41,.LM5-__vector_7
LM5:

cbi 50-0x20,5

sbi 50-0x20,4

reti

I* epilogue end (size=5) */
[* function __vector_7 size 12 (2) */
Lfe2:

END Adjusted File
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Appendix G - PSpice Simulation Circuits
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Figure G.1 - Pspice Flyback Converter 1
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Appendix H - PSpice Simulation Raw Results

Table H.1 - Cuk Converter

Cuk Converter

Variation of loads testing Loss Anayisis

Load Vin(V)  Vout + Vin Vout (V) lin (A lout (A)  Efficency Name  Power (W)
5 1500 2835 13.35 2664 2671 084 (In 46.893
6 1500 2848 1348 2261 2246 08923 |Out 41.501
75 1500 2860 13.60 1.828 1814  0.8997|

10 1500 2868 13.68 1.341 1368 0929 (L3 0.357
15 1500 2864 13.64 0949 0909 08708 (L4 0414
2 1500 2871 13.71 0708 068 08339 |M6 1.284
30 1500 2059 14.59 0669 0486 07071 (M8 2568
457 15.00 33.08 18.08 0433 03% 1.1025

50 15.00 33.84 18.84 0439 0377 1.0800[ [Resistors 0.768,
75 15.00 36.78 21.78 0467 0290 09031

150 1500 4019 2519 0.551 0.168 05118

200 1500 41.23 26.23 0587 0131  0.3907]

Frequency Variation

Frequency (Hz) Vin(V)  Vout + Vin Vout (V) lin (A lout (A)  Efficency

50k 1500 27.9% 1296 2527 252 08862

100k 1500 2835 13.35 2664 2671 0.894

200k 1500 2918 14.18 3018 2835 0.8877

Table H.2 - Synchronously Switched Cuk Converter

Cuk Converter With Synchronous Rectification

Variation of loads testing

Load Vin (V) Vout + Vin Vout (V) lin (A) lout (A)  Efficiency

5 15.00 28.89 13.89 2.746 2.779 0.9371

6 15.00 29.01 14.01 2.313 2.336 0.9434

7.5 15.00 29.11 14.11 1.875 1.887 0.9468

10 15.00 29.30 14.30 1.430 1.430 0.9533

15 15.00 29.46 14.46 0.984 0.964 0.9442

20 15.00 29.54 14.54 0.771 0.727 0.9145

30 15.00 29.67 14.67 0.532 0.489 0.8991

45.7 15.00 29.76 14.76 0.384 0.323 0.8275

50 15.00 29.79 14.79 0.364 0.296 0.8018

75 15.00 29.95 14.95 0.305 0.199 0.6509

150 15.00 30.05 15.05 0.249 0.100 0.4038

200 15.00 30.07 15.07 0.239 0.075 0.3167
Frequency Variation

Frequency (Hz) Vin (V) Vout + Vin Vout (V) lin (A) lout (A)  Efficiency

50k 15.00 28.52 13.52 2.614 2.704 0.9328

100k 15.00 28.89 13.89 2.746 2.779 0.9371

200k 15.00 29.02 14.02 2.890 2.800 0.9056
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Table H.3 - Isolated Cuk Converter

Isolated Cuk Converter

Variation of loads testing Loss Anaylsis

Load (ohms) Vin (V) Vout (V) lin(A) lout(A) Efficiency Name Power (W)
5 15.00 13.77  2.954 2.753 0.8553( [In 47.550
7.5 15.00 1415  2.330 1.887 0.7640( [Out 41.265
10 15.00 14.46  1.551 1.446 0.8985

15 15.00 14.81 1.114 0.987 0.8747( |L3 0.338
20 15.00 15.00 0.997 0.750 0.7524( |[L4 0.501
30 15.00 16.21 0.686 0.550 0.8665| |M6 1.432
50 15.00 18.12  0.570 0.368 0.7792| |M7 1.092
75 15.00 19.43 0.689 0.259 0.4873

150 15.00 20.30 0.704 0.138 0.2644| |Resistors 2.922
200 15.00 20.55 0.705 0.105 0.2030

Frequency Variation

Frequency (Hz) Vin (V) Vout (V) lin (A) lout (A) Efficiency
50k 15.00 13.35 2778 2.669 0.8550
100k 15.00 13.77  2.954 2.753 0.8553
200k 15.00 14.51 3.323 2.902 0.8449

Table H.4 - Flyback Converter

Flyback Converter

Variation of loads testing Loss Anaylsis

Load (ohms) Vin (V) Vout (V) lin (A) lout (A)  Efficiency Name Power (W)
5 15.00 11.96 3.384 2.392 0.5636 In 51.100
7.5 15.00 12.63 2.388 1.684 0.5938 Out 28.713
10 15.00 13.00 1.850 1.300 0.6090

15 15.00 13.39 1.280 0.893 0.6224 M4 1.201
20 15.00 13.60 0.983 0.680 0.6271 M8 2.902
30 15.00 13.81 0.677 0.460 0.6265

45.7 15.00 13.97 0.462 0.306 0.6166 Resistors 18.284
50 15.00 13.99 0.425 0.280 0.6145

75 15.00 14.09 0.297 0.188 0.5944

150 15.00 14.20 0.167 0.095 0.5353

200 15.00 14.23 0.135 0.071 0.4998

Frequency Variation

Frequency (Hz) Vin (V) Vout (V) lin (A) lout (A)  Efficiency

50k 15.00 11.99 3.419 2.397 0.5602

100k 15.00 11.96 3.384 2.392 0.5636

200k 15.00 12.04 3.327 2.409 0.5812
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Appendix I - Differential Amp Measurements

Vsense (MV)  Vamp (MV)  lcai (MA) Amp Gain
4.8 310 240 64.58
10 540 500 54.00
15 680 750 45.33
20 850 1000 42.50
25 1050 1250 42.00
30 1250 1500 41.67
35 1460 1750 41.71
40 1660 2000 41.50
45 1900 2250 42.22
50 2120 2500 42.40
55 2320 2750 42.18
60 2360 3000 39.33
65 2560 3250 39.38
70 2760 3500 39.43
75 2960 3750 39.47
80 3120 4000 39.00
85 3350 4250 39.41
90 3540 4500 39.33
95 3710 4750 39.05
100 3710 5000 37.10
105 3710 5250 35.33




Appendix J - 2" Prototype Results

Table J.1 - Diode Rectified Cuk Results

Vin Vout lout Pout Efficiency
15.00 0.321 18.42 0.109 4.82 2.01 0.417
15.00 0.312 1713 0.130 4.68 2.23 0.476
15.00 0.309 16.37 0.150 4.64 2.46 0.530
15.00 0.308 1568 0.170 4.62 2.67 0.577
15.00 0.306 15.04 0.190 4.59 2.86 0.623
15.00 0.310 15.02 0.204 4.65 3.06 0.659
15.00 0.310 1463 0.220 4.65 3.22 0.692
15.00 0.338 1498 0.242 5.07 3.63 0.715
15.00 0.348 14.77 0.260 5.22 3.84 0.736
15.00 0.360 1459 0.270 5.40 3.94 0.730
15.00 0427 1534 0.323 6.41 4.95 0.774
15.00 0444 1522 0.341 6.66 5.19 0.779
15.00 0466 15.07 0.360 6.99 5.43 0.776
15.00 0499 1490 0.399 7.49 5.95 0.794
15.00 0.540 1476 0.437 8.10 6.45 0.796
15.00 0579 1468 0.474 8.69 6.96 0.801
15.00 0.638 1459 0.530 9.57 7.73 0.808
15.00 0.736 1521  0.591 11.04 8.99 0.814
15.00 0.793 1511 0.645 11.90 9.75 0.819
15.00 0.868 1499 0.711 13.02 10.66 0.819
15.00 0.981 1465 0813 1472 11.91 0.809
15.00 1.163 1497 0.940 17.45 14.07 0.807
15.00 1478 1536 1100 2217 16.90 0.762
1485 1563 1522 1.086 23.21 16.53 0.712
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Table J.2 - Synchronous Rectified Cuk Results

Vin lin Vout lout Pin Pout Efficiency
15.01 013 1435 0.061 1.98 0.88 0.442
15.13 0.15 1453 0.080 2.27 1.16 0.512
15.13 0.17 1452 0.100 2.57 1.45 0.565
15.13 019 1450 0.120 2.87 1.74 0.605
15.13 0.21 1448 0.140 3.18 2.03 0.638
15.12 023 1446 0.160 3.48 2.31 0.665
15.12 025 1444 0.180 3.78 2.60 0.688
15.12 0.28 1440 0.220 4.23 3.17 0.748
15.11 0.31 1440 0.250 4.68 3.60 0.769
15.11 039 1422 0.333 5.89 4.74 0.804
15.10 040 1418 0.345 6.04 4.89 0.810
15.10 044 1392 0.393 6.64 5.47 0.823
15.10 046 13.30 0437 6.95 5.81 0.837
15.10 048 13.14 0.456 7.25 5.99 0.827
15.10 0.51 13.11 0477 7.70 6.25 0.812
15.09 0.57 13.07 0.543 8.60 7.10 0.825
15.08 0.60 13.03 0.585 9.05 7.62 0.842
15.07 0.72 1298 0.714 10.85 9.27 0.854
15.07 0.81 1292 0828 12.21 10.70 0.876
15.06 0.87 1289 0888 1310 11.45 0.874
15.05 094 1284 0968 1415 1243 0.879
15.05 1.01 1280 1.040 1520 13.31 0.876
15.04 1.07 1280 1.120 16.09 14.34 0.891
15.03 1.18 1270 1.238 17.74 15.72 0.887
15.02 1.33 12.61 1.398 1998 17.63 0.882
15.01 1.35 1259 1412 2026 17.78 0.877
15.01 1.39 1256 1.468 20.86 18.44 0.884
14.99 1.57 1245 1.665 2353 20.73 0.881
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Table J.3 - Cuk Diode Rectified With Schottky diodes Removed

\in lin Vout lout Pin Pout Efficiency
14.7 0.27 14.81 0.060 3.969 0.889 0.224
14.7 0.29 14.66 0.101 4.263 1.481 0.347
14.7 0.32 14.52 0.161 4.704 2.338 0.497
14.7 0.34 14.46 0.200 4.998 2.892 0.579
14.7 0.35 14.43 0.223 5.145 3.218 0.625
14.7 0.37 14.34 0.271 5.439 3.886 0.714
14.7 0.38 14.31 0.291 5.586 4.164 0.745
14.7 0.40 14.25 0.322 5.880 4.589 0.780
14.7 0.44 14.14 0.369 6.468 5.218 0.807
14.7 0.47 14.06 0.405 6.909 5.694 0.824
14.7 0.58 13.95 0.512 8.526 7.142 0.838
14.7 0.68 13.90 0.608 9.996 8.451 0.845
14.7 0.93 13.83 0.694 13.671 9.598 0.702
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Table J.4 - Cuk Synchronous Rectified With Schottky Diodes Removed

\in lin Vout lout Pin Pout Efficiency
14.7 0.12 14.15 0.053 1.764 0.750 0.425
14.7 0.13 14.14 0.066 1.911 0.933 0.488
14.7 0.16 14.12 0.100 2.352 1.412 0.600
14.7 0.20 14.10 0.140 2.940 1.974 0.671
14.7 0.22 14.09 0.154 3.234 2.170 0.671
14.7 0.27 14.09 0.208 3.969 2.931 0.738
14.7 0.33 14.06 0.277 4.851 3.895 0.803
14.7 0.38 14.00 0.320 5.586 4.480 0.802
14.7 0.44 13.93 0.402 6.468 5.600 0.866
14.7 0.53 13.48 0.500 7.791 6.740 0.865
14.7 0.55 12.74 0.530 8.085 6.752 0.835
14.7 0.62 12.74 0.599 9.114 7.631 0.837
14.7 0.71 12.69 0.704  10.437 8.934 0.856
14.7 0.80 12.65 0.805 11.760 10.183 0.866
14.7 0.89 12.63 0.901 13.083  11.380 0.870
14.7 1.05 12.49 1.070 15435 13.364 0.866
14.7 1.12 12.45 1150 16.464 14.318 0.870
14.7 1.25 12.38 1.300 18.375 16.094 0.876
14.7 1.34 12.33 1.368 19.698  16.867 0.856
14.7 1.41 12.33 1460 20.727  18.002 0.869
14.7 1.61 12.19 1.660 23.667 20.235 0.855
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Table J.5 - Flyback synchronous rectification

\in lin Vout lout Pin Pout Efficiency
15.00 14.25 0.146 0.28 4.125 2.081 0.504
15.00 14.25 0.181 0.31 4.65 2.579 0.555
15.00 14.20 0.300 0.42 6.3 4.260 0.676
15.00 14.15 0.438 0.54 8.1 6.198 0.765
15.00 14.15 0.452 0.54 8.1 6.396 0.790
15.00 14.15 0.490 0.59 8.85 6.934 0.783
15.00 14.00 0.609 0.70 10.5 8.526 0.812
14.95 13.48 0.706 0.77 11.5115 9.517 0.827
14.95 12.83 0.802 0.86 12.78225 10.290 0.805
14.95 12.75 0.936 0.98  14.651 11.934 0.815
14.95 12.75 1.010 1.04 15548 12.878 0.828
14.95 12.68 1.110 1.14  17.043 14.075 0.826
14.95 12.60 1.260 1.27 18.9865 15.876 0.836
14.95 12.58 1.310 1.33 19.8835 16.480 0.829
14.95 12.50 1.411 1.42  21.229 17.638 0.831
14.95 12.44 1.590 1.58  23.621 19.780 0.837
14.98 11.53 3.371 3.10 46.438 38.868 0.837
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