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Abstract

The present thesis wishes to offer a possible solution to the
problem of interconnecting two or more energy sources through a
multi-input DC-DC converter. A brief presentation of the main multi-
input DC-DC converters proposed in literature and a comparative
study of them has been presented in the thesis. New dual input DC-DC
converters with classical cell and hybrid inductor/ capacitors
structures have been proposed. Analytical study, operating modes,
simulation and experimental results have been included in the thesis.
After a comparative study of the proposed converters one topology has
been chosen and a complete description with boundary conduction
mode analysis has been given. Finally an application with renewable
energy sources has been proposed for the integration of the chosen
converter. Operation strategy, system description and a adequate
control strategy has been given. Two simulation have been carried out
for the proposed system: a cosimulation between Matlab and Plecs for
the specific study of the converter behavior, and a simulation only in
Matlab for the experimental implementation of the system. A prototype
of the system has been built and preliminary results are given. The
proposed converter can be used in automotive industry for the
interconnection of the multiple energy sources used for the automobils.
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NOMENCLATURE

Abbreviations

AC
ACL
ADC

BCM
CAN
CCM
CMOS
CPU
DBR
DC
DCM
DSP
DR
e.g.
ECC
EG
EMCU
EMI
EV
EPRI
FLC
HBC
HBCL
HBL
HBLC
IGBT
v
MIC
MOSFET
MPP

Alternating Current

AC load

Analog-To-Digital Converter

Battery

Boundary Conduction Mode

Controller Area Network

Continuous Conduction Mode
Complementary Metal-Oxide-Semiconductor
Central Processing Unit

Diode Bridge Rectifier

Direct Current

Discontinuous Conduction Mode

Digital Signal Processing

Dumping Resistor

For example

Energy Control Centre

Electric Generator

Energy Management Control Unit
Electromagnetic Interference

Electric Vehicle

Electric Power Research Institute

Fuzzy Logic Controller

Buck/ Hybrid Buck with switched capacitors C converter
Hybrid Buck C/ Hybrid Buck L converter
Buck/ Hybrid Buck with switched inductors L converter
Hybrid Buck L/ Hybrid Buck C converter
Insulated-Gate Bipolar Transistor

PV panel Current Voltage curve

Multi-Input Converter
Metal-Oxide-Semiconductor Field-Effect Transistor
Maximum Power Point
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MPPT
PCB
PCSC
PFM
PM

PR

PV
PVSC
PWM
RG
SG
SOC
TELECOM
TTL
ucC
USA
WPVS
ZVS
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A

Ac

B

C, Cy, Gy, G
Cs, Cs, Cs

Ce

d, di, d>

D1, Dy, D3, Ds
Ds, D¢, D7, Ds
D9, DlO, Dll, D12
Eo

EBatt

Exp(s)

f

F1

Fr

i

i*

I

io

1, 12

Maximum Power Point Tracking
Printed Circuit Board

Pulsating Current Source Cell
Power Flow Management
Permanent Magnet

Power Regulation

Photovoltaic

Pulsating Voltage Source Cell
Pulse Width Modulation

Switch

Synchronous Generator

State Of Charge
Telecommunications
Transistor-transistor logic
Ultracapacitor

United States of America

Wind and PV energy generation system
Zero Voltage Switching

Exponential voltage from the battery model [V]
Cross-sectional area from the transformer [mm?]
Exponential capacity used from the battery model[(Ah)™]
Converter topologies capacitors [JF]

Converter topologies capacitors [JF]

Wind turbine power coefficient

Converter topologies duty cycles [%]

Converter topologies diodes

Converter topologies diodes

Converter topologies diodes

Constant voltage from the battery model[V]

Nonlinear voltage from the battery model[V]

Exponential zone dynamics from the battery model[V]
Switching frequency [kHz]

Short-circuit fuse protection from the renewable energy system
Magnetomotive force of the coupled transformers [Nm]
Battery current from the battery model[A]

Low frequency current dynamics from the battery model[A]

Demanded current from the AC loads reflected to the DC bus
side [A]
Output current of the battery model[A]

Converters input sources current [A]
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x NOMENCLATURE

Is
Ibat_ch

Ibatfdis

IGin

IGout

IHBLC

Iinl

Iin2

iLl iLll iL2

Tiim, Iitime, Iisime2
Tiiat, Liaey, Iiscr
Tiia2, Iiae2, Itz
Ilim,pu

Ilim,pu,max

Imax_ch

Imax,dis

Imp
Tout

Toy

Ion
Iph0
IREF?PV
I

IrrO

Is

is1, is2

I

L

it

I, Iz
Tuc

k

Kp

Kopt

K

Im

Battery current [A]

Charging battery bank current [A]

Battery discharging current [A]

Capacitor current [A]

PV panel first diode current [A]

PV panel second diode current [A]

Electric generator current [A]

Injected current into the grid [A]

Input current from the grid [A]

Output current of the HBLC [A]

Wind turbine current [A]

PV panel current [A]

Converter topologies inductor currents [A]

Limit values of the inductor L; current [A]
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PV panel current [A]

Solar-induced current to the PV panel [A]

Measured solar-generated current of the PV panel [A]
Reference current for the PV panel [A]

Irradiation [W/m?]

Initial irradiation of the PV panel [W/m?]

Saturation current of the first diode from the PV panel model[A]
Converter topologies power switches current [A]

Saturation current of the second diode from the PV panel model
[A]

Short circuit current of the PV panel[A]

Extracted capacity from the battery model[Ah]

Primary winding currents of the transformer[A]

Ultracapacitor current [A]

Ratio of the two input voltages [V]

Boltzmann constant

Optimum coefficient for MPP determination of the wind turbine

Polarization constant [Ah~!] or Polarization resistance [Q] of the
battery model

Magnetic length path of the transformer [mm]
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L, Ll/ LZ/ L3l L4

Lri, L2

N, Nz

N1, N2, N3

Pi, P2

Plink

Pm

Po

Pw

Q

R

Ro

Rs

Re

S1, S2, S3, Sa
Ss, Se, S7, Ss
Sel(s)

T
t, tOI tll t2
Tll TZI T3

t3, ta, ts, te
tofr

ton

\Y,

Vi, V,

Ve, Vei, Ve
Vb1, Vb2
Vgs1, Vgs2
Vi

Vi, Vi, Vi
Viink

Vo, Vout
VOC

Vsi, Vs2

Ve

Pupp

Pw

I:,wind

Ppy

Converter topologies inductors [pH]

Transformer windings inductance [pH]

Quality factor from the PV panel

Windings turns number of the transformer
Converters input powers [kW]

Load demanded power proportional to the link [W]
Mechanical power of the wind turbine[kW]
Converter output power [kW]

Wind power [kW]

Maximum battery capacity from the battery model[Ah]
Converters resistance [Q]

PV panel parallel resistance [Q]

PV panel series Resistance [Q]

Turbine blade radius [rad]

Converter topologies power switches

Converter topologies power switches

Represents the battery mode: Sel(s) = 0 during battery
discharge, Sel(s) = 1 during battery charging.

Power switches period[ps]

Converter times [us]

Transformer windings

Converter times [us]

Time period when the power switch is off [us]
Conduction time [ps]

PV panel voltage from the model [V]
Converters input sources voltage [V]
Converters capacitors voltage [V]
Converters diodes voltage [V]

Power switches gate signal of the converters[V]
Converter input voltage [V]

Converter inductor voltage [V]
Converter DC link voltage [V]
Converters output voltage [V]

Open circuit voltage

Converters power switches voltage [V]
Thermal voltage [V]

Maximum power point [W]

Wind power [kW]

Wind turbine nominal power [W]

PV panel power [W]

BUPT
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Greek Symbols

u
®y, O,
01, O2

Magnetic permeability [H/m]

Magnetic fluxes [Wb]

Phase shifts [rad]

Wind speed [m/s]

Rotating speed [rpm]

Tip-speed ratio

Air density [kg/m®]

Phase delay between the two duty cycles
pi
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CHAPTER 1
Introduction

1.1. Motivation

Energy technology is a main concern in a present, modern economy.

Energy sources are classified in two groups: nonrenewable and renewable.

Most of our energy comes from nonrenewable sources: oil, petroleum,
natural gas, propane, and uranium. The main functions of them are to produce
electricity or heat, to move our cars, and to manufacture all kinds of products.

Renewable energy sources are geothermal, biomass, hydropower, solar, and
wind potential.

Figure 1.1 presents the global energy generation scenario in nowadays
[1.1].

GLOBAL ENERGY GENERATION

OIL

NATURAL GAS

RENEWABLE

Figure 1.1. Global energy generation scenario.

According to EPRI (Electric Power Research Institute) statistics in 2011, only
in USA 70% of electrical energy flows through power electronics [1.1, 1.2].
Prediction in this field says that soon 100% of the electrical energy transfer will be
made through power electronics.

T. G. Wilson gives in [1.3] the following definition: “Power electronics is the
technology associated with the efficient conversion, control and conditioning of
electric power by static means, from its available input form into the desired
electrical output forms”. A block diagram with the place of power converters, in an
energy flow, is presented in figure 1.2 [1.4]. The controller consists of linear
integrated circuits and/or a digital signal processors. The evolution of power
electronics devices has improved the voltage and current handling capabilities and
the switching speed of power semiconductor devices.
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Power Input Power Power Qutput
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I lo =
Control Measurements
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Figure 1.2. The place of a power converter.

In a DC-DC power converter the input voltage is converted to an output
voltage having a larger or smaller magnitude, possible with opposite polarity or
isolated (decoupled between sources, distribution system and loads) from the input
side.

The DC-DC power converter can have common negative or common positive
input and output terminals. Fixed and adjustable output voltage of the converter
can be achieved with PWM techniques.

Common requirements of most power converters are: high efficiency, power
density, and reliability at lower possible costs.

Renewable energy is based on sources that fluctuate during the course of
any given day or season. Distributed energy resources systems are small-scale
power generation technologies (typically in the range of 3 kW to 10,000 kW) used
to provide an alternative to or an enhancement of the traditional electric power
system. Their input sources can be of different types (e.g. renewables,
conventional, storage) and interconnected to provide the needed flexibility and
reliability [1.5, 1.6].

The next level is a microgrid, a discrete energy system consisting of
distributed energy sources and loads capable of operating in parallel with, or
independently from, the main grid [1.7-1.9]. The input energy and the loads need
to be managed in order to obtain maximum efficiency and reliability. This is possible
by using power converters associated with intelligent control.

1.2. The thesis outline

In this thesis dual input DC-DC converters with different topologies are
proposed, studied analytically, with digital simulations, and validated through
experiments. Then, a mixed photovoltaic and wind power generation system is
analyzed, as application of the proposed converters.

The content of the next chapters is:

Chapter two is a review of the multi-input DC-DC converters and systems
configurations, proposed in literature. A short description is given for each type and
corresponding systems are evaluated.
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Chapter three proposes different hybrid, dual input DC-DC converters
topologies, with switched capacitors or/and switched inductors cell. The main
structures are analytically studied and digital simulations are given. Experimental
results validate the simulation for these types of converters.

One structure has been chosen, due to its advantages, and in chapter four a
complete description with analytical study, operating modes, design parameters and
boundary conduction operating mode analysis is given. The digital simulation results
are validated by experiments obtained from a prototype.

The next step consists in the integration of the dual-input DC-DC converter
into an application. Chapter five presents a mixed wind and photovoltaic energy
conversion system, which includes the proposed converter, with all needed control
strategies regarding the energy management. Operation strategy is given for on-
grid and, especially, for off-grid connection. Extended digital simulations and
preliminary experimental results validate the proposed control strategies, and open
future work directions.

In chapter six the platform used for testing the prototypes, built for this
scope, is briefly described.

The thesis ends with chapter seven, which summarizes the work in terms of
conclusions. Original contributions of the author and future work are presented, too.

1.3. The thesis objectives

» to make a review of the main multi-input DC-DC converters and systems,
developed in the literature;

» to present the main methods to generate multi-input DC-DC converters;

» to propose dual-input DC-DC converter topologies based on hybrid

structures;

» to study analytically, and through digital simulation, the proposed
converters;

> to build and test laboratory prototypes in order to validate the theoretical
results;

» to integrate one of the proposed converter into a wind turbine and PV
mixing energy system, and to propose an adequate control strategy studied
with digital simulations;

> to presents some preliminary experimental results obtained with the
proposed system.
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CHAPTER 2
Multi-Input DC-DC Converters and
Systems - A General Review

2.1. Introduction

Different methods to generate multi input DC-DC converters and their
constraints have been presented in literature [2.1-2.13]. The main methods consist
in synthesizing DC-DC converters in multiple input converters [2.1-2.9], in
interfacing input sources through a forward-conducting-bidirectional-blocking switch
[2.10-2.12], in mixing several input DC sources by means of a DC link [2.30] or
mixing them in “magnetic form” [2.39].

Several solutions and their control have been proposed in the literature if
more than one DC source is used to feed the loads [2.14-2.58]. We make distinction
between multi-input DC-DC converters and multi-input DC-DC systems.

Multi-input DC-DC converters are obtained from DC-DC converters coupled
in @ manner that does not permit the independent control of each one. There is only
one output filter and one control system. The energy flow management unit is
superposed on the control system of the converter.

Multi-input DC-DC systems, on the other hand, contain two or more DC-DC
converters which can operate independently. There is one distinct energy
management system that deals with the control of energy flow from the input
sources to the load or from the load to the input, if at least one converter is
bidirectional.

It is expected that the importance of multi-input converters and systems will
grow in the future especially due to the integration of the renewable energy sources
in many domains.

The multi-input DC-DC converters are used in many applications, like:

> renewable energy generation system (wind-PV-battery, wind-PV-fuel cell,

PV-PV-battery, etc.) [2.16-2.18, 2.22, 2.25, 2.35, 2.46];

» automotive industry: to mix the power flowing from combined on-board

energy sources [2.23, 2.32, 2.32, 2.47];

» systems which combines a fuel cell, a supercapacitor and the load with
galvanic isolation between [2.42];
coupling reactors for EV scooter traction AC drive [2.50];
a fuel cell powered laptop [2.51];
micro-grid based telecom power system [2.52];
energy harvesting of the wireless body area network in heal care or
telemedicine [2.53].

YV V VY
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2.2. Synthesizing of multi-input DC-DC converters 6

This chapter is an overview of the multi-input DC-DC converters and
systems main topologies described in the literature. Synthesizing methods, circuit
configurations, typical waveforms, and brief analytical descriptions are presented.

2.2. Synthesizing of multi-input DC-DC converters

A method to develop multi-input, PWM, DC-DC converters (MIC) is to add an
extra pulsating voltage or current source to a classic DC-DC converter [2.1-2.4].
Two basic circuits, with different types of sources, are defined as the building cells,
and used to generate MICs. One is the pulsating voltage source cell (PVSC) which
consists of pulsating voltage source with a diode in parallel (figure 2.1.a) and the
other one is the pulsating current source cell (PCSC) made from a pulsating current
source in series with a diode (figure 2.2.a).

PVSC’s can be connected only in series with one of the branches of a PWM
converter for developing MIC. In figure 2.1 is presented the topologies of PVSC:
Buck type (figure 2.1.b), Cuk type (figure 2.1.c), and Zeta type (figure 2.1.d).

[ ]
+

Pulsating

@ 3 = O |

al ) b)

L1

Q_—

s1 |__. ) 81 u‘1
© & vy o 3 |

) d)

Figure 2.1. Circuit configurations for PVSC.

To insert a PCSC into a PWM converter to develop a MIC, the cell must be
connected in series. Figure 2.2. presents the topologies for the PCSC: Boost type
(figure 2.2.b), Buck-Boost type (figure 2.2.c) and SEPIC type (figure 2.2.d).

The rules to synthesizing MIC with PVSC are presented below:

» When a PVSC is introduced in the energy buffer zone of a classic PWM
converter, it must be connected in series with a current buffer and have the
current flow of the connected current buffer flowing out its positive end;

» When a PVSC is inserted into the output zone of a classic PWM converter, it
must be connected in series with a current sink and have the current flow of
the connected current sink flowing out its positive end;

» A PVCS must form a mesh with an output sink;
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Figure 2.2. Circuit configurations for a PCSC.

The rules to connect a PCSC to a classic PWM converter to obtain MIC are

described in the following:

>

When PCSC is introduced in the energy buffer zone of a classic PWM
converter, it must be connected in parallel with a voltage buffer and its out-
going current terminal must tie to the positive end of the voltage buffer;
When PCSC is inserted in the output zone of a classic PWM converter, it
must be connected across a voltage sink with its outgoing current terminal
tied to the positive end of the voltage sink;

PCSC must form a mesh with an output sink.

To generate MIC with PVSC the next steps must be chosen:

Step 1: PVSC topology from figure 2.1 must be chose;

Step 2: one of the basic PWM topologies, which contains the current buffers
or the current sink must be selected;

Step 3: the chosen PVSC must be insert in the selected basic PWM converter
according to the presented rules;

Step 4: it must be verified if the inserted PVSC forms a mesh with an output
sink.

Dual input integrated Buck/Buck and Buck/Buck-Boost converters where

obtained with this approach.

Similarly, can be obtained a multi-input converter with PCSC by following

the next steps:

>
>

>

output

Step 1: PCSC topology from the figure 2.2 must be chosen;

Step 2: one of the basic PWM topologies, which contains the voltage buffer
or the voltage sink must be selected;

Step 3: the chosen PCSC must be insert in the selected basic PWM converter
according to the presented rules;

Step 4: ilt must be verified if the inserted PCSC forms a mesh with an
sink.

Three types of multi-input DC-DC converters are more often presented in

the literature [2.13-2.27]:
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2.3. The integrated Buck/Buck converter 8

» Dual-input integrated Buck/Buck-Boost converter;
» Dual-input integrated Buck/Buck converter;
» Dual-input integrated Buck-Boost/Buck-Boost Converter.

Each of these topologies is obtained integrating two DC-DC converters in
one unit that has a single output filter and a single control system.

The number of power switching devices is equal to the sum of the integrated
converter devices: two power transistors and two diodes. If each power switch and
diode is replaced with an anti-parallel switch-diode pair, the multi-input converter
will be bidirectional, allowing power transfer in both directions.

The MICs presented in this section are limited at two input sources, in order
to simplify the steady-state analysis. More input sources can be added to the
integrated converters, conforming to the rules mentioned above.

2.3. The integrated Buck/Buck converter

The integrated Buck/Buck converter is presented in figure 2.3. The input
sources can provide power to the load simultaneously or individually [2.14-2.19].

The DC-DC converter has four operating modes, which are described below:

> Mode I: The switch S; is on and the switch S, is off. The energy demanded
by the load is provided by the voltage source V,; through the inductor L;

» Mode II: The switch S1 is off and the switch S, is on. The voltage source S,
provides the power to the load through the inductor L;

> Mode III: Both power switches, S; and S,, ore off. The magnetic energy
stored in inductor L from the time when the energy was provided by the
voltage sources is now released to the load

» Mode IV: Both switches, S; and S,, are on. The voltage sources, V; and V5,
supply the demanded power to the load. They are connected in series.

L

. 51 Yy
U.T _—
vL
Vi T
= I Vo

O /N o2

V2

Figure 2.3. The topology of the integrated Buck/Buck converter.
The switches, S; and S,, are operated with different on and off times, at the
same switching frequency. Figure 2.4. presents the typical waveforms of the
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9 Multi-Input DC-DC Converters and Systems — A General Review - 2

converter: the S; and S, gate signals, the voltage across the inductor L, the inductor
current, the S; and S, currents, and the unfiltered output current.

Y

Figure 2.4. Typical waveforms of the integrated Buck/Buck converter.

Table.2.1. presents the voltage across the inductor L; for all four-operation

modes.
Table.2.1. Voltage across the inductor in one period (for the integrated
Buck/Buck converter)
Mode 1 Mode 11 Mode III Mode IV
S: 1 0 1 0
S, 0 1 1 0
\"1 Vi-Vo V>-Vq Vi+V>2-Vy -Vo
The output voltage is given by equation (2.1)
V, =dV, +d,V, (2.1)

where d; is the duty cycle of switch S; and d, is the duty cycle of switch S,.
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2.4. The integrated Buck/Buck-Boost converter

The circuit diagram of the double input integrated Buck/Buck-Boost
converter is shown in figure 2.5. The voltage sources V; and V, can draw power to
the load individually or simultaneously depending on the gate signals of the two
power switches [2.14-2.16, 2.20-2.24].

By applying the PWM control to the switches S; and S,, the converter has
four different modes of operation:

» Mode I: The power switch S; is on and S, is off. The energy is provided to

the load by the voltage source V; through the inductor L;

» Mode II: The power switch S; is off and S, is on. The voltage source V,
charges the inductor L, while output capacitor C supplies the load;
> Mode III: Both power switches, S; and S,, are off. The load is supplied

from the energy stored in the inductor L and the capacitor C;

» Mode IV: Both power switches, S; and S,, are on. The voltage sources V;
and V, are working simultaneously and charging the inductor. The power for

the load is provided by the capacitor C.

L
51 'ABAS

UJ[ _—
vl

+ Z'Sm

Vi

w
[N
" ||

O #

V2

Figure 2.5. The topology of the Integrated Buck/Buck-Boost converter.

The switches S; and S, are driven at the same frequency. The signals can
be synchronized at turn-on, or turn-off time. Figure 2.6. presents the gate signals
(synchronized at turn-off time) and the main voltage and current waveforms of the
converter: the inductor voltage and current, the input, output, and the capacitor
currents.
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11 Multi-Input DC-DC Converters and Systems - A General Review - 2

. i — —
] ]

Figure 2.6. Waveforms of the main voltages and currents of the Buck/Buck-Boost
converter.

Table.2.2. presents the voltage across the inductor L; for all four operation
modes of the integrated Buck/Buck-Boost converter.

Table.2.2. Voltage across the inductor in one period (for the integrated
Buck/Buck-Boost converter)

Mode I Mode II Mode III Mode IV
S 1 0 1 0
S; 0 1 1 0
V. Vi-Vo Vs, Vi+V, -V

The output voltage was obtained by applying the volt-second balance
theorem and is given by equation (2.2), where d, is the duty cycle of the switch Sy,
and d, is the duty cycle of the switch S;:

d,

V, = V1+1

1-d,

(2.2)

The power transfer from each input voltage source to the load can be
controlled or undetermined. Taking into account this, the converter can work in
three different cases:

» Case I: the load consumes the needed power, the voltage source V; supplies
a limited power, and it is the main power source, the voltage source V,

provides the rest of the demanded power;
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» Case II: the voltage source V, supplies limited power and the voltage source
V; provides the remained power demanded by the load;

» Case III: The load absorbs the power supplied by both voltage sources, both
input currents are controlled, both voltage sources can always deliver their
maximum power to the load.

By adding a passive soft switching cell, the switching loss of the power
switches S; and S, will be reduced, and the converter efficiency will be improved.
Figure 2.7. shows a double-input DC-DC converter with soft-switching cell [2.21].

The converter is proposed as a DC-DC unit for a grid-connected hybrid
photovoltaic/wind power system followed by a full bridge DC-AC inverter.

L1l

Vi

KD1 7KD3 _

—C2

| |

L1 D4
e ——

uT 2 Kpe=—ct &5

() \

Figure 2.7. Double Input DC-DC converter with soft-switching cell.

||
I
)
b

2.5. The integrated Buck-Boost/Buck-Boost converter

Figure 2.8. presents the topology of the integrated Buck-Boost/Buck-Boost
converter. In this case the voltage sources V; and V, cannot work simultaneously.
When one voltage source transfers power to the load, the other will use the energy
stored in the inductor [2.14-2.16, 2.25-2.27].
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V1

V2

117 —e
vL
") ZS D1
s | I
Jijl- C R v
<+> ZS D2 v

Figure 2.8. The topology of the integrated Buck-Boost/Buck-Boost converter.

When both S; and S, are off, the freewheeling diodes D; and D, provide the

path for the inductor current. In this case the converter is working in three modes:

>

Mode I: The switch S; is on and the switch S, is off. The voltage source V;
provides power to the load through the inductor;

Vo, +Vp, = V1=V, (2.3)

Mode II: The switch S; is off and the switch S, is on. The voltage source V,
supplies all the demanded power;

Vp, =V, -V, (2.4)

Mode III: The switches S; and S, are off. The power demanded by the load
is provided by the inductor L.
Typical waveforms of the switches gate signal, the inductor voltage and

current, the input voltage sources currents, and the output current are presented in
figure 2.9. The gate signals are synchronized so that the two power switches could
not conduct in the same time.
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Figure 2.9. Typical vaweforms for the integrated Buck-Boost/Buck-Boost converter.
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Table.2.3. presents the voltage across the inductor L; for all four-operation
modes of the integrated Buck-Boost/Buck-Boost converter.

Table.2.3. Voltage across the inductor in one period (for the integrated Buck-
Boost/Buck-Boost converter)

Mode I Mode II Mode III Mode IV
S 1 0 1 0
S: 0 1 1 0
V. V4 V> restricted -V
The output voltage can be obtained using the equation (2.5).
d d
V, = LV + 2V, (2.5)
1-d,—-d, ' 1-d,—d,

The bidirectional integrated Buck-Boost/ Buck-Boost converter is obtained
by replacing each switch and diode with an anti-parallel pair of a switch and a diode.
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This configuration can be used in automotive applications, for example in the drive
train. In this case one input source is the battery, the second is an ultracapacitor
and the converter output supplies a three phase inverter which feeds an induction
motor.

2.6. The multi-input Cuk converter

Figure 2.10 shows the integrated dual input Cuk/Cuk converter topology
which has the advantages of continuous input current and high flexibility, allowing
the integration of input sources that require a relatively constant current (fuel cell
for example) [2.28].

L1 1
' |
c1
vi C) ilE_
p, —
L2 I I L3
— % ¥ ¥ T Jlk il

cz

v2(®) EE— 4 o __c: § Vo

Figure 2.10. The topology of the Cuk/Cuk converter.

The output voltage of the converter is given by the next equation:

v, =Gy, 4 8=
1-d, * 1-d,

LV, (2.6)

A three input Cuk DC-DC converter is proposed in [2.29]. The topology of
the converter is presented in figure 2.11. In this case the converters are connected
in series and they don’t have common elements. With the same principle the
converter can have more than three inputs.

BUPT



2.6. The multi-input Cuk converter 16

L1 T L4
= ¥ ¥ F 1 N T
C1l
O s
D1
L2 I I
—t WY
]
c2

Vo

‘HO EE— E|:|rz ca = :

"
A A A
LA A

L3
—™ Y Y T
c3
V3 C) s3 v

D3

Figure 2.11. Topology of the three input Cuk converter.

Figure 2.12 presents a three PV panel system which charges a 12V battery.
A perturb and observe control algorithm of the system is implemented with a fuzzy
logic controller [2.29].

PV1 . . ,
Cuk/ Cuk/ Cuk
Converter
PV2
T
PV3 __|

T "

Fuzzy Logic Controller

Figure 2.12. The diagram for the PV panel system.
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2.7. Multi-input systems with a DC link

A multi input power electronic system configuration, which can be connected
to a DC Link, is shown in figure 2.13. This topology is used for hybrid electric
vehicles to combine different energy storage units with the electric generator [2.31,
2.32, 2.42].

S_E-ﬁ AD1
L1
Yy — 2
ll{'% _J|:EI §< 25“‘2
ﬁ &3
L2
Yy — 4
LN
R
Eﬁ R D5
L3 i
J_ Yy —
) T §< S

Figure 2.13. Multi-input system topology with a DC link.

The main energy source is the electric generator which is directly driven by
the internal combustion engine and connected through an AC-DC converter to the
multi-input system. The battery storage unit is sized in order to supply the traction
power at light load, when the efficiency of the internal combustion engine combined
with the electric generator is very poor; the ultracapacitor provides the
requirements for acceleration and regenerative braking.

Each energy source is connected to the DC link through a bidirectional step-
up/step-down converter; to transfer energy from one source to the DC link, its
associated converter is used in the step-up mode, whereas to charge the battery
unit or the ultracapacitor the converter is operated in the step-down mode.

In the case presented in figure 2.13, the third converter could be
unidirectional because the energy flows only from the electric generator to the DC
link but, for symmetry, a bidirectional converter was presented.

The system can be extended with other input sources and their associated
converters. The implementation can be made using a commercial integrated three
phase inverter bridge, already available on the market. This can be done even if one
of the three converters operates only in the step-down mode.
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2.8. Multi-input systems based on magnetic flux additivity 18

The control of each converter can be made regarding the output voltage or
current. For ultracapacitors, for example, the control depends on the input voltage
and on the type of the voltage source.

The contribution of each source to the total power is made through its
current. The power changed with the DC link is calculated with the equation 2.7.

dRine _ dleg +d|B+dIUC)

V.
dt e dt  dt dt

(2.7)

The power flow control is made through a Power Flow Management Unit
(PFM) which acquires the system states and analyze them, in order to determinate
the operating mode of each branch. The concept of the DC link management unit is
presented in figure 2.14. The energy transfer between any voltage source and the
DC-link can be unidirectional or bidirectional. If at least one voltage source can
store energy, the transfer between the DC link and the load must be bidirectional.

I =
Voltage Source 1 |
| ——=

Voltage Source 2

1

|

l LOAD

: | ||-|“|‘ —

I | E—
l
|
|
]

Voltage Source 3

DC Link
Management Unit

Figure 2.14. Power flow of the multi-input systemwith DC link.

2.8. Multi-input systems based on magnetic flux
additivity

The DC-DC systems can combine two input sources not only in electric form,
as seen in the previous section, but into magnetic form too, by adding the produced
magnetic flux together in a magnetic core of a coupled transformer [2.32-2.43]. The
leakage inductance of the transformer is used as energy storage and transfer
element between the two sides (input and output) of the system.

The energy sources with different voltage levels connected through a multi-
winding transformer can supply power to the load individually and simultaneously.

The sources connected through a multi-winding transformer and the loads
are galvanic isolated, which can be an important requirement in some applications.
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2.8.1 Two input current-fed Full-Bridge DC-DC system

The circuit diagram of a dual-input system is shown in figure 2.15. [2.33,
2.34]. It consists of two input current sources made with a DC voltage source in
series with an inductor, a three-winding coupled transformer, and a common output
circuit. The voltages of the DC sources can be different. The number of input
sources is not limited. Other input sources can be added and coupled to the same
transformer with a higher number of primary windings.

L1

T1

ADo EDID

AED11ZEDI?

=0

D7 D8y

57 bt

_f

Figure 2.15. The topology of the two-input current-fed full-bridge system.

The power is transferred from the input sources to the load when two
switches, located in diagonal position of the full bridge converters are turned on.
When two switches of the right-leg or left-leg of the full bridge converter, in each
input circuit, are turned on, no power is transferred to the load.

The presented two-input current-fed full-bridge DC-DC system has twelve
different operating modes depending on the gate signals of power switches which
are presented in figure 2.16. First six are explained below. It is taken into account
that at least two switches must be in conduction at one time and no more than
three switches of one converter can be turned on.

> Mode I, t € [tg, tig): when t=t, the switch S; turns off. The demanded
power is supply by the first source V, through the transformer. The current from the
inductor L, and source V, is passing through the switches Ss and S;, and their body
diodes. Because of the induced voltage in the transformer, winding T3, the diodes Dg
and Dy, will be turned on. The body diode of the switch Sg will conduct;

> Mode II, t € [t;, t;): The switch Sg is turned on but is not conducting
current. The source V; is still suppling power to the load through the switches S; and
S4, and their body diodes;
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2.8. Multi-input systems based on magnetic flux additivity 20

Mode III, t € [t,, t3): The switch S5 is turned off. The source V, starts to
provide power to the load via the switches Ss; and Sg. At this time both
sources are delivering power. The total magnetic flux in the coupled
transformer increases;

Mode 1V, t € [t3, t4): The switches S, an S¢ are turned on. The current from
the input sources is passing through the switches S,, S4, S¢ and Sg, and
their body diodes forming two low impedance circuit branches. No power is
transferred from the input sources to the load, which will be supplied in this
case by the capacitor C;

Mode V, t € [t;, t5): The switches S; and Ss are turned off. The input
sources cannot provide power and the load continues to be supplied by the
capacitor C;

Mode VI, t € [ts5, ts): The switch S5 is turned on due to the clamped zero
voltage across the first transformer winding T;. The load power is still
supplied by the capacitor C.

L —

82 |

86 | I >
|
s? } } ; - >
N ot H A E—
2780 H

|
N A
0 HRt3wtsE Ts

Figure 2.16. The gate signals of the power switches.

e

The rest of the operating modes are similar. Different is the polarity of the

transformer voltages and currents.

The upper switches of each voltage source are operated with zero-current-

switching and the lower switches are operated with zero-voltage-switching.

as:

The net magnetomotive force of the coupled transformer can be expressed

|
Fr=(4-4,)—, :
(¢ ¢)#'°b (2.8)
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where @; and @, are the magnetic fluxes produced by the input currents, |, is the
magnetic length path of the transformer, p is the magnetic permeability, and A. is
the cross-sectional area of the transformer.

The control of the output voltage can be made through phase shifting of the
gate signals, 6; and 6,. The output current is given by the equation (2.9).

n n
l,=20,L,+-26,l, (2.9)
n3 3

In the above equation, ny, n, and ns are the number of turns of the windings
Ty, T, and T3, It; and Iy, are the primary winding currents.

A two-input current-fed full-bridge DC-DC system in which one input source
is a PV array and the other is the rectified voltage of the utility grid is presented in
literature. The system is implemented using the full-bridge converter connected to
with the utility grid and a maximum power point tracking (MPPT) algorithm is
implemented for the PV array.

2.8.2 Multi-input DC-DC system with zero voltage switching

The converter presented in figure 2.17 is bidirectional and consists of three half-
bridges and a high-frequency multi-winding transformer. Adjusting the phase-shift
angles of the voltages across the two sides of the transformer the power can flow in
both directions from the input to the output. The soft switching can be achieved
naturally using snubber capacitors and the transformer leakage inductances [2.36,
2.37].
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Figure 2.17. The topology of a multi input ZVS DC-DC converter.
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At reverse power flow, the circuit will not achieve ZVS completely but realizes

reducing switching losses by the decrease of the switch voltage at turn on.
The transformer functions are:

» To combine input DC sources in magnetic form;

» To step-up voltage from the low voltage side to the high voltage side;

» To step-up voltage in the power transfer from output to input.

The sources for the multi-input ZVS DC-DC converter in a hybrid electric vehicle
can be the battery and the ultracapacitor and the output is the traction motor drive.

2.8.3. Multi-input bidirectional DC-DC systems with DC-Link and
magnetic coupling

In the multi-input system topology, presented in figure 2.18., the input
sources are interconnected through a DC Link bus and must have nearly equal
operating voltages. The connection between the input sources and the load is made
through a transformer. The leakage inductances of the transformer, Lt; and Ly,, are
used as energy transfer elements [2.24].

Law Voltage Side High Yaliage Sida
¢3 _|_
Sih 1 S3R + L L s5
o LT LT2
olfCe
v — 113t 12 R
V2 52 F 54F =7 1:n 1 E
T C4

Figure 2.18. The circuit diagram for the multi-input converter with DC Link and magnetic
coupling.

The converter has three ports, uses six power switches, and consists of a
Boost-dual-half-bridge (S3-S; and Ss-Sg), and a bidirectional direct-connected
switching cell (S;-S,).

The switching cell S;-S, operates in two modes:

» Mode I: The source V; sinks the surplus power;
» Mode II: The power flows from the source V; to the load.

Figure 2.19. presents the power switches gate signals. Each half-bridge are
controlled with a pair of complementary gate signals. The switches S3-S; and Ss-Sg
have a 50% fixed duty cycle. The gate signals of the pairs S;-S, and Ss-S¢ are
phase shifted to control the power flow between the DC Link capacitors C;-C, and
the load.

This converter is suitable for systems where the low operating voltage of the
sources needs to be boosted to match the high voltage side of the load. A fuel cell
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system for domestic applications build with a same DC-DC converter is presented in

[2.42].
-~ - T b'-
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Figure 2.19. The power switches gate signals.

2.9. Multi-input systems with complex control

A typical example of a multiple input system with complex control is given in
[2.53] and it is presented as a DC grid in a future home. Its block diagram is shown
in figure 2.20. The term “grid” does mean here AC distribution. It is considered to
be a small power system that uses a combination of different voltage level sources
to supply small local loads [2.54, 2.55].

SOLAR WIND

——F==r1 ARRAY TURBINE
| | ECC- Energy Control
| Center
|
DC bus 1 l l .
} - _

LOADS

Figure 2.20. A intermediary DC grid in a future home.

The system inputs are considered to be the grid and renewable energy
sources (PV and wind turbine). The power through the battery flows in both
directions. Every energy source has its own AC-DC or DC-DC converter which
connect it to the DC bus.

The control of the power flow is made with an energy control centre (ECC)
which consists of a microcontroller and a full power bidirectional AC-DC converter.
The DC bus of the system has a constant voltage. The voltage control uses the drop
control based on the DC bus signaling technique. The power converter is used for
power flow control, monitoring, diagnostic, and fault protection, as well as for
voltage and frequency conversion.
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Several grids can be connected in a hierarchically, organized system. If the
intermediary grid has sufficient capacity for energy generation and storage, it can
operate independent from the superior grid.

Figure 2.21. presents an example of an off-grid multi-input hybrid energy
system. It has at least one renewable source, one additional source and one storage
element. The ultracapacitor is directly connected to the DC bus to control its voltage
level, which is not constant. The DC-DC converters can be controlled by a multi-
agent fuzzy-logic based energy management unit [2.55]. In this case the system is
a collection of autonomous and intelligent elements that collaborate to reach a
global coordination. The advantage of such configuration is that when one element
is changed, the others adapt its behavior, and the system continues to work without
perturbation; the load is always supplied with high efficiency.

PHOTOVOLTAIC BATTERYS UEL CELLS

|;CELLS

DC bus l l l

LOADS

Figure 2.21. The general block diagram of a hybrid energy system.

2.10. Conclusions

Multi-input DC-DC converters and systems can be used when two or more
energy sources have to be combined in one energy supply system. Several
topologies were presented in the literature and a general overview of them was
given in this chapter.

The advantages of combining two or more energy sources in one system
are:

> less power electronic components are used in some cases;
» more power is available;
» continuous power flow in the system even if one input source is damaged.

A large scale of utilization of this type of multi-input DC-DC topologies is
expected in the future due to the continuous growth of renewable energy
importance and more requirements in energy flow management.

Table 2.5 shows the comparison of the integrated dual input converters. It
can observe that they have the same number of elements but different
performances.
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Table 2.4. Comparison of the main integrated converters.

The integrated

The integrated

The integrated Buck-

simultaneously

Buck/Buck Buck/Buck-Boost
converter converter Boost/Buck converter
No. of 5 5 5
elements
0 [ V,=dV,+dV, |V, dlV+ dzV V, g, V, + d, V.
utput voltage = =0 i =
P 9 | Tom TR | ToTy g T 1d, ) ° 1-d,-d, ' 1-d,—d, °
Grid connected hybrid
Tested PV/Wind PV/Wind power _
applications system system, Hybrid electric
vehicles
Input sources
work yes yes no

The multi-input converters connected in magnetic form have the following

advantages:

» different magnitudes of the input sources;
» accessible soft-switching technology;
» electrical isolation naturally achieved.
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Chapter 3
Dual Input DC-DC Converters Using
Classical and/or Hybrid Buck Structures

3.1. Introduction

The dual-input converters generated with the above presented methods
have into their topologies classical Buck, Boost and Buck-Boost structures. The
concept of synthesizing multi-input DC-DC [3.1-3.7] converters will be extended,
from classical to hybrid structures [3.8-3.15], as a major contribution of this thesis.
Analytical description, digital simulations and experimental results complete the
content of this chapter.

Only four new topologies are proposed in this thesis but many more dual
input DC-DC converters can be generated starting from the theoretical concepts
presented in this chapter.

A table with the possible combination of the hybrid cells into a dual input
DC-DC converter is presented too. The MIC can be generated with classical and
hybrid cell or only with hybrid cells, depending on the proposed scope.

It is analytically demonstrated that a hybrid structure is characterized by a
higher (or lower) input to output voltage conversion ratio compared to a classical
Buck converter, in step-down (or Boost) mode. For this type of applications hybrid
Buck DC-DC converters are needed.

The hybrid DC-DC converters are made from classical structures (Buck,
Boost, Buck-Boost, Cuk, SEPIC, and ZETA topologies) by inserting switching cells as
table 3.1 shows [3.8-3.14]. A switching cell can be an inductor, or a capacitor
switch cell “assisted” by diodes. The relations between the input and output
voltages, as a function of the duty cycle d, are also presented. The equations show
that the output voltage of the presented converters is reduced/increased more
times than in the classical structures.

From table 3.1 the first two topologies (hybrid Buck L cell and hybrid Buck C
cell) constitute the basic converters for the proposed dual input DC-DC structures.
These circuits are analytically studied and simulation results are presented for them.

For all hybrid converters, when the power switch is on, the inductors and the
capacitors in the switching cells are charged in series and discharged in parallel.

When the active power switch is off, these elements work in a reversed
mode.
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Table.3.1. Hybrid DC-DC converters.

Converter Converter topology Output voltage
type
L1 L2
AYYY
g1
Hybrid - u1 y d v
cc?:\f:rger Vi ng S §J:mm out 2-d !
c2
Y Y YL
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BZd:IL WC_) zgl:n ZSDE ——ci R§ V. - d v,
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L2
L1 L2
N | YY"
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Bo»;stc Wi 5_15 Cl == ngnut —1+dV
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L2

, |

Hybrid Ci D1 dl+d

SEPIC L 3 | R Vo = gV
L3

i 1
converter | Vi S E = 1-d

Vout

The hybrid Buck L converter is made from a classical Buck converter by
inserting an inductors switched cell into its topology. Figure 3.1 presents the
converter diagram with the corresponding t,, and t.s equivalent circuits (modes).
While the power switch S; is on, the inductors are charged in series and the current
slope is positive (figure 3.1.b). When the switch S; is off, the inductors current are
discharged in parallel through the diodes D; and D, (figure 3.1.c).

The output voltage of the converter results from the voltage-second
balanced theorem applied to the inductor L;:

1
>0 -Vo)d Vo (-d) =0 (3.1)

Vou==—-V, (3.2)

It can be seen from equation (3.2) that a lower conversion ration can be
achieved, compared to classical Buck converter.

Digital simulations were made in PSim, simulation software embedded
designed for power electronics and dynamic systems.

Figure 3.2 presents the simulated waveforms for the power switch S; gate
signal (vgs1), the current through the inductor L; (i), the voltage across the
inductor L; (vi1), and the output voltage (vo.). The converter has been simulated
for a duty cycle of 58% with an input voltage of 40V.

From the simulation results can be observed that the inductor current has
two slopes corresponding to the conduction modes of the transistor. The output
voltage, which is presented in figure 3.2 is 16V, which is reduced with (2-d) more
times than in a classical Buck converter.
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31
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Figure 3.1. Hybrid Buck L converter: a) converter diagram; b) mode I (ton); c) mode
IT (torr)-

The hybrid Buck C converter has a switched capacitor cell added in the
topology. The diagram of the converter is presented in figure 3.3.a. Figure 3.3.b
presents the operating modes: when the power switch S; is on, the capacitors are
connected in parallel, and the voltage source V; will supply the load; when the
power switch is off, the capacitors are charged in series.
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The gate signal
T
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Figure 3.2. Simulation results for the hybrid Buck L converter.
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Figure 3.3. Hybrid Buck C converter: a) the converter topology; b) mode I (ton); ) mode II
(toff)-

The output voltage of the converter results from the voltage-second
balanced theorem applied to the inductors L; and L;:

v, -V )d +(V, —2V.)@-d) =0 (3.3)
(VC _Vout)d _Vout (1_d) = O (34)

Where V. is the voltage across the capacitors C; and C,.
From equations (3.5) a relation between V¢ and V; can be obtained:

1
V, =——V, (3.5)

C
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The output converter voltage is given by:

d
Vout = 2—d 1 (3.6)

Simulation results have been carried out using PSim. The simulation results
are presented in figure 3.4 for an input voltage of 40V and a duty cycle of 50%.

The gate signal of the switch S1
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Figure 3.4. Simulation results for the hybrid Buck C converter.
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For the hybrid Buck converter topologies study, some assumptions need to
be made:

» The circuit operates in the continuous-conduction mode (CCM), the
inductors current flows continuously;

» The capacitors from the switching capacitors cell are equals and relatively
large, so that the voltage across them contains negligible ripple;

» The inductors from the switching inductors cell are equals so that the
voltage across them is equal, too;

» The power switches are working at the same frequency, with different
duty cycles.

Four configurations of multi-input hybrid Buck DC-DC converter topologies
are proposed for application with two input voltage sources. Two of them are
combinations between classical Buck and hybrid Buck converters and the others are
mixing topologies of hybrid Buck structures:

» Dual input Buck/hybrid Buck L converter made from a classical Buck cell
and a hybrid Buck inductor cell (figure 3.5.c);

» Dual input Buck/ hybrid Buck C converter consisting of a classical Buck
cell and a hybrid Buck capacitor cell (figure 3.5.b);

» Dual input hybrid Buck C/ hybrid Buck L converter made from a hybrid
Buck inductor and a hybrid Buck capacitor cell;

» Dual input hybrid Buck L/ hybrid Buck C converter, the previous reverse
topology.

The principle of inductor volt-second balance (in steady-state, the net volt-
seconds applied to an inductor must be zero knowing that the initial and final value
of the inductor current are equal), is used later in this chapter for the proposed
dual-input hybrid Buck DC-DC converters. The volt-second balanced principle is
general and was applied to all proposed converters [3.15-3.20].

. ) 17
LM-i© =+ fv, ()t (37)

This chapter presents first an analytical study, validate through digital
simulations, for three configurations made from a classical Buck and/or a hybrid
Buck structure (dual input Buck/ hybrid Buck L converter, dual input Buck/ hybrid
Buck C converter, and dual input hybrid Buck C/hybrid Buck L converter).

The dual input hybrid Buck L/hybrid Buck C converter will be studied in
detail, with theoretical results validated through experiments.

The dual input hybrid Buck L/hybrid Buck C converter uses the switched
inductor cell has an output filter, too. The advantage of having hybrid Buck C
structure connected to a common ground (one input voltage source and the output
have a common potential) makes the converter suitable to be integrated in many
applications.
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3.2. Synthesizing dual-input DC-DC converters using
hybrid Buck structures

The hybrid DC-DC converters presented in the previous section will be
classified as PVSC (hybrid Buck C converter) and a PCSC (hybrid Buck L converter).

Figure 3.5 presents the PVSC’s made from hybrid DC-DC converters
excluding the output part.

i
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! Ao A n
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g L2 d)
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=
g
N

D1

g) f]

Figure 3.5. Circuit configurations of the PVSC: a) conceptual diagram of the PVSC ; b) Buck C
type PVSC; c) Buck L type PVSC; d) Cuk C type PVSC; e) Cuk L type PVSC; f) ZETA L type
PVSC.

Figure 3.6 presents the PCSC made from hybrid DC-DC converters,
excluding the output part.

The rules to generate multi-input DC-DC converters are the same as
presented in the previous chapter. When a PVSC is inserted into a basic converter, it
must be connected in series with a current sink, as shown in figure 3.7.a. When a

PCSC is inserted into a basic converter, it must be connected across a voltage sink,
as shown in figure 3.7.b.
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Figure 3.6. Circuit configurations of the PCSC: a) conceptual diagram of the PCSC ; b) Boost C
type PCSC; c) Boost L type PCSC; d) Buck-Boost C type PCSC; e) Buck-Boost L type PCSC; f)
SEPIC L type PCSC.
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Figure 3.7. Circuit configuration of a PVSC/ PCSC connected to a basic converter.

Based on these rules, and using the hybrid DC-DC converters mentioned
above, ten categories of dual input hybrid DC-DC converters have been presented
(Table 3.2.). Some of the converter combinations are not possible and they are

marked with "NO”.
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3.3. Dual input Buck/hybrid Buck L converter

The dual input Buck/ hybrid Buck L converter (HBL) is essentially a series

combination of a classical Buck and a hybrid Buck L converters, as it is shown in
figure 3.8.

15 41
o |
Vi D1
| L1 JE— R
11T Y Y Y\
o) 7 I U
Y Y YN |

L2
Figure 3.8. The Buck/hybrid Buck L converter topology.

HBL has four possible operating modes depending on the power switches

status, as shown in figure 3.9. Depending on the relation between the duty cycle d;
of the switch Sy, and the duty cycle d, of the switch S, the converter has only three
operating modes during one period.

>

mode I: The power switch S; is on and the power switch S, is off. The
voltage source V; will supply all demanded power by the load and will
charge the inductors L; and L, which are connected in parallel. From figure
3.9.a it can be seen that the diode D, is reverse biased and treated as an
open circuit while the diodes D, and Ds; are connected in series with the
inductors L, respectively L, to provide a current path.

mode II: The power switch S; is off and the power switch S, is on. Figure
3.9.b presents the equivalent circuit. The voltage source V, will charge the
inductors L; and L,, which are connected in series and provide electrical
energy to the load. The diode D; is forward biased and provides a by-pass
for the inductors current while the diodes D, and D; are treated as an open
circuit.

mode III: The power switches S; and S, are on. The two input voltage
sources V; and V, will work simultaneously to charge the inductors and
supply the load, as shown in figure 3.9.d. The input sources are connected
in series. The diodes from the circuit are reverse biased and treated as an
open circuit.

mode IV: The power switches S; and S, are off. Both input sources V; and
V, are disconnected. The equivalent circuit for this operating mode is shown
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in figure 3.9.c. The magnetic energy stored by the inductors L; and L, will

supply the load. The diodes are forward biased providing a current path.

It is assumed that the gate signals of the power switches S; and S, are
synchronized at turn on and have different conduction time (d;>d, or d;<d,).
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s
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r
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iLz d}

Figure 3.9. HBL operating modes: a) mode I; b) mode II; c) mode III; d) mode IV.

If the duty cycle d;>d, the operating mode sequence is: mode IV, mode I
and mode III, else the sequence is: mode IV, mode II and mode III.

Table 3.3 presents the voltage across one inductor (L; or L,) during one
period. The voltages are presented for all operating modes.

Table.3.3. Voltage across the inductor in one period (for the HBL)

Mode I Mode II Mode III Mode IV
S: 1 0 0 1
S, 0 1 0 1
V1=V Vi-Vo Y2(V2-Vo) -Vo Y2(V1+V3-Vo)
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In the first case, when the d;>d,, by applying the volt - second balance
theorem on the inductors L; or L,, the following equation can be obtained:

1
E(\/l +V2 _Vo)dz +(\/1 _VO)(dl_d2)_V0(1_dl) =0 (3.9)
When d1 < d2 the equation is:
1 1
E(Vl +V, =Vo)d, +§(V2 -Vo)(d, —d,) -V, (1-d,) =0 (3.10)

From equations (3.9) and (3.10) the output voltage expressions for d;>d,,
and d; <d, respectively, can be obtained:

2d, —d d
Vo=—" 2\ 4+ "2V 3.11
° 2-d, ' 2-d,°’ (10
V, = d V, + d, vV, (3.12)
2-d, ' 2-d,

Under normal operation, HBL can simultaneously provide electric energy
from both input sources. If one of the voltage sources is disconnected, the other
one can continue to deliver power to the load normally.

For the HBL extended study, digital simulations have been carried out in
Psim with real elements with power losses consideration. The following parameters
have been taken into account for the simulation:

Table.3.4. Simulation Parameters

Parameter Value
Inductors L; and L, 28uH
Output capacitor C 3960uF
Switching frequency 100kHz

3.3.1. Simulation results for d;>d,

Figures 3.10-3.13 present the case when d;=50%, d,=30%, V;=45V,
V,=65V, and the load R=3.52Q. The gate signals, vgs; and vgs;, are synchronized at
turn on with d;>d, (figure 3.10). The inductors current have three slopes, as can be
seen in figure 3.11., corresponding to the operating modes 1V, I and III. The output
voltage obtained from simulation is 31V, similar to the value obtained from
analytical calculation.
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Figure 3.10. The control signals of the HBL when d;>d..
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Figure 3.13. Output current and voltage when d;=50% and d>=30%.

3.3.2. Simulation results for d;=d,

Figures 3.14.-3.17. present the simulation results when the
parameters are: d;=45%, d,=70%, V;=60V, V,=40V. It can be seen from figure
3.14. that the gate signals of the power switches are synchronized at turn on. The

input
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output voltage is 48.3V which is close to the value obtained analytically, figure 3.17.

The output resistance is R=3.2Q.
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Figure 3.14. The control signals of the HBL converter when d;>d,.
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Figure 3.15. Inductor current and voltage when d;<d,.

BUPT



3.3. Dual input Buck/hybrid Buck L converter

48

Voltage across the switch S1

60—

50—

40—

vS1

30—

20

0 I
1.545 1.545

1.545

i
1.545

I
1.545 1545

1545

I
1.545 1545

v82

i
1,645

1,645

i
1.645

1
1.645 1.645
time[ps]

1,645

i
1.645 1845

Figure 3.16. The voltages across the switches when d;<d..
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Figure 3.17. Output current and voltage when d;=45% and d,=70%.

Figure 3.18. presents the output voltage, as a function of the two duty
cycles, in a three-dimensional representation. The input voltages are V;=50V and
V,=30V. The output voltage has the maximum value Vy=V;+V, (80V), when the
input sources are connected in series and the duty cycle for each of them is 100%.
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The output voltage variation with the duty cycles

Figure 3.18. The output voltage as a function of the duty cycles.

HBL converter is suitable for application in which the voltage of source V, is
much higher than the voltage of source V;. Using the hybrid Buck L converter the
input voltage is reduced (2-d,) times more than in the classical Buck, used in the
upper part of the HBL structure.

3.4. Buck/hybrid Buck C converter

The Buck/hybrid Buck C converter (HBC) is made adding a hybrid Buck C
structure to a classical Buck converter, as shown in figure 3.19.

s

Vi’ ED'I

L1 | ::Ca§ R
-Eijna sﬁ

V2 | KD+

Dza
Dz ==

Figure 3.19. The Buck/hybrid Buck C converter topology.

BUPT



3.4. Buck/hybrid Buck C converter 50

The operating modes of HBC are:

mode I: the power switch S; is on and the power switch S, is off. The input
voltage V; will supply the demanded power by the load, as shown in figure
3.20.a. The capacitors C; and C, are connected in series trough the diode
D,3. The diodes D,, D; and D; are reverse biased and treated as an open
circuit. The diode D, is forward biased and provides a current path for the
source Vi.

mode II: the power switch S; is off and the power switch S, is on, figure
3.20.b. All demanded power will be supplied by the input source V,. The
capacitors C; and C, are connected in parallel. The diodes D,, D; and D; are
forward biased. The diode D, provides the current path for the inductor
current to flow continuously. The diodes D,3; and D4 are reverse biased and
considered to be an open circuit.

mode III: the power switches S; and S, are on, figure 3.20.c. The input
sources V; and V, are supplying the load simultaneously. The source V,
charges the inductor L; and capacitor C;. The source V; charges the inductor
L,. The diodes D, and D3 are forward biased and connected in series with a
capacitor. The diodes D,3, D; and D4 are reverse biased.

mode IV: the power switches S; and S, are off, figure 3.20.d. The input
source V, charges the inductor L; and the capacitors C; and C, while the
magnetic energy stored in the inductor L, supplies the load. The diodes D,
and D4 provide the path for the inductor L, current to flow continuously.

The gate signals of the switches S; and S, are synchronized at turn on.

HBC is able to draw power from both input sources simultaneously or

individually. If the switch S, is off for the entire switching period, HBC acts as a
classical Buck converter.

Depending on the relation between d; and d, three operating modes are

active during one period (for d;>d, the operating modes are III, I, IV; for d;<d, the
operating modes are III, II, IV).

Table 3.5 presents the voltage across the inductors L; and L, during one

period, for all operating modes.

Table.3.5. Voltage across the inductors L; and L, in one period (for HBC

converter)
Mode 1 Mode I1 Mode III Mode IV
S, 1 0 1 0
S, 0 1 1 0
Vi1 V,-2V¢ V5-Vc V,-Vc V,-2Vc
Vo Vi-Vo V-V Vi+Vc-Vo -Vy
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Figure 3.20. HBC operating modes: a) mode I; b) mode II; c) mode III; d) mode IV.

In the first case, when the d,>d, the operating modes sequence during one
period is III, I, IV. By applying the volt - second balance theorem on the inductors
L, and L,, the following equations can be written:

v (VU HVL V)T +(V,-V)(d -d )T -V,(1-d)T=0  (3.13)

Viz: (Vz _Vc)dzT + (Vz _ZV(:)(dl _dz)T +(V2 _zvc)(l_d1)T =0 (3.14)

The voltage across the capacitors can be obtained from equation (3.14):
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V. = V
o 2—d2 2 (3.15)

For d;<d,, by applying the volt-second balance theorem on the inductors,
the following equations can be obtained:

v (VL =V)d T + (V. -V )(d, —d)T -V, (1-d,)T =0 (3.16)

v (L, =Vo)d T +(V, -V.)d, —d)T +(V, -2V, )1-d,)T =0 (3.17)

From equation (3.17) results the same relation between V¢ and V,. The
output voltage has the same expression for d;>d, and for d;<d,:

d2
2-d,

V,=dV, + Vv, (3.18)

For HBC simulation, the system has been developed in Psim. The converter
parameters are presented in table 3.6.

Table.3.6. Simulation Parameters

Parameter Value
Inductor L, 28uH
Inductor L, 28 uH
Capacitors C; and C, 2640 pF
Output capacitor C 3960uF
Switching frequency 100kHz

3.4.1. Simulation results for d;>d,

Figure 3.21-3.25 presents the simulation results when the input parameters
are: d;=60%, d,=25%, V=40V, V,=20V and R=3.4Q. It can be seen that the gate
signals of the power switches are synchronized at turn on (figure 3.21). The output
voltage is 27V which is similar to the value obtained from analytical calculation
(figure 3.24).
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Figure 3.21. The control signals of HBC when d;>d,.
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Figure 3.22.The voltage across the switches when d;>d..
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Figure 3.23. Inductor L; current and voltage when d;>d>.
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Figure 3.24. Inductor L, current and voltage when d;>d,.
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Figure 3.25. Output current and voltage when d;=60% and d,=25%.

3.4.2. Simulation results for d;<d,

1845

Figures 3.26-3.30 present the case with d;=30%, d,=70%, V;=40V,
V,=60V and R=3.31Q. The gate signals vgs; and vgs, are synchronized at turn on.
The current through the inductors has three slopes as can be seen from fig 3.16,

corresponding to three time operating modes III, II and IV.
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Figure 3.26. The control signals of the HBL when d;<d,.
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Figure 3.27. The voltage across the switches d;<d..
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Figure 3.28. Inductor L; current and voltage when d;<d..
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Figure 3.29. Inductor L, current and voltage when d;<d>.
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Figure 3.30. Output current and voltage when d;=30% and d>=70%.

Figure 3.31. presents the output voltage, as a function of the two duty
cycles, in a three-dimensional representation. The input voltages are V;=20V and
V,=40V. The output voltage has the maximum value Vy=V;+V,_60V, when the input
sources are connected in series and the duty cycle for each of them is 100%.

BUPT



3.5. Hybrid Buck C/hybrid Buck L converter 58

Variation of of the output voltage with the duty cycles

Figure 3.31. The output voltage as a function of the duty cycles.

3.5. Hybrid Buck C/hybrid Buck L converter

The proposed converter topology (figure 3.32) consists of two hybrids Buck
structures (hybrid Buck L and hybrid Buck C).

By applying the PWM gate signals to the power switches S; and S, the
hybrid Buck C/hybrid Buck L converter (HBCL) can draw power from the two voltage
sources individually, or simultaneously.

L

=]
o
|1
I

l—‘e—‘ L2 c3 R
() Kot Aos

L3
Figure 3.32. The topology of the HBCL.

The operating modes of HBCL are:
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>

Vi

mode I: the switch S; is on and the switch S, is off. The equivalent circuit is
presented in figure 3.33.a. The capacitors C; and C, are connected in
parallel. The diode D; and Ds are reverse biased and treated as an open
circuit, while Dy, D,, D; and Dg provide a bypass path for the inductors
currents. In this mode, the voltage source V; will charge the inductors L,
and provides the electrical energy to the load;

mode II: the switch S; is off and the switch S, is on. Figure 3.33.b shows
the equivalent circuit. The diodes D, D,, D; and Dg are reverse biased while
D; and Ds are forward biased. The voltage source V, will charge the
inductors L, and L; and supply the load. The voltage source V; will charge
the capacitors C; and C, (connected in series).

mode III: the switches S; and S, are on. Figure 3.33.c presents the
equivalent circuit. The diodes D; and D, together with C; and C, will provide
the current path for the inductors L, and Ls. The voltage sources V; and V,
will supply the load with the electric energy.

mode 1IV: both switches, S; and S,, are off. The equivalent circuit is shown
in figure 3.33.d. The load will be supplied with the energy stored in the
capacitor C3 and inductors L, and Ls.
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Figure 3.33. HBCL operating modes: a) mode I; b) mode II; c) mode III; d) mode IV.

The gate signals of the switches S; and S, are synchronized at turn on.

BUPT



3.5. Hybrid Buck C/hybrid Buck L converter 60

Depending on the relation between d; and d, three operating modes are
active during one period (III, I, IV for d;>d, and III, II, IV for d;<d,).

Table 3.7 presents the voltage across the inductors L; and L, during one
period. The voltages are presented for all four operating modes.

Table.3.7. Voltage across the inductors L; and L; in one period (for HBCL)

Mode I Mode II Mode III Mode IV
S: 1 0 1 0
S, 0 1 1 0
Vi1 Vi-Vc V1-2Vc Vi-Vc V1-2Vc
Vi Ve-Vo Y2(V2-Vy) Y2(Vo+Vce-Vy) -Vo

When the d;>d, by applying the volt - second balance theorem on the
inductors L; and L,, the following equations can be obtained:

vigp V-V dT+V,-2v, d,-d, T+V,-2V., 1-d, T=0 (3.19)

Vit %(\/2 +Ve -V)d, T+ V.-V, d-d, T+ -V, 1-d, =0  (3.20)

From the equation (3.19) the capacitor voltage can be written as:

V, = V, (3.21)

If d;<d,, by applying the volt-second balance theorem on the inductors, the
following equations can be obtained:

vie: V-V dT+ V-2V, d,-d, T+V, -2V, 1-d, T=0 (3.22)

1 1
\{FH E Vo +Ve =Vo d1T+E V, =V, dz_dl T+ -V, 1_d2 =0 (3.23)

From equations (3.20) and (3.23) the output voltage expressions for d;>d,,
and d; <d, respectively, can be obtained:

- 2d, —d, Vs d,
(Z_dl)(z_dz) 2_d2

Vv, (3.24)
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d ., 4

V, = + V.
’ (2—d1)(2—d2) ' 2_dz i

(3.25)

For HBCL digital simulations have been developed in Psim. The parameters
used for simulations are presented in table 3.8.

Table.3.8. Simulation parameters for HBCL.

Parameter Value
Inductors L, 28pH
Inductors L, and Ls 28 pH
Capacitors C; and C, 2640 pF
Output capacitor C 3960uF
Switching frequency 100kHz

3.5.1. Simulation results for d;>d-

Figures 3.34-3.38. present the simulation results when d;=70%, d,=35%,
V=60V, V,=30V. It can be seen that the gate signals of the power switches are
synchronized at turn on. The output voltage is 40V, similar to the value obtained

n
=
&

analytically.
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The control signals of the HBCL with d;>d,.
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Figure 3.35. The voltage across the switches with d;>d,.
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Figure 3.36

. Inductor L; current and voltage with d;>d,.
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Figure 3.38. Output current and voltage with d;>d,.

3.5.2. Simulation results for d;<d,

Figures 3.39.-3.43. present the case when d,;=25%, d,=65%, V;=45V and
V,=60V. It can be seen that the gate signals vg4s; and vgs, are synchronized at turn

on. The output voltage is 34.5V and the output current is 14.5A.
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Figure 3.39. The control signals of the HBCL when d;<d,.
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Figure 3.41. Inductor L; current and voltage when d;<d,.
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Figure 3.42. Inductor L, current and voltage when d;<d,.
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Figure 3.43. Output results when d;=25% and d,=65%.

1545

Figure 3.44. presents the output voltage, as a function of the duty cycle in a
three-dimensional representation. The input voltages are V;=18V and V,=60V. The
output voltage has the maximum value Vy=V;+V,=78V, when the input sources are
connected in series and the duty cycle for each of them is 100%.
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Duty cycle D2 Duty cycle D1

Figure 3.44. The output voltage as a function of the duty cycles.
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From HBCL simulation with real components was obtained an average
efficiency of 94%. The digital simulation was made in LTSpice, which has a very
good database with real components models.

3.5.3. Experimental resuilts

HBCL was implemented in laboratory in order to verify the analytical
considerations and the simulation results. The prototype was build for a switching
frequency of 7.8kHz.

The gate signals of the power switches S; and S, are synchronized at turn
on with the duty cycles d;>d, (di= 55% and d,= 25%).

The input voltages are V;=30V and V,=60V.

A detailed presentation of the prototype is given in chapter 6 “Experimental
Platform”.

The experimental results are presented in figure 3.45. It can be seen the
good correspondence with the simulations. The current through the inductor L; has
two slopes corresponding to the conduction time of the power switches S;. The
current through the inductor L, has three slopes: one during the time when the
power switches S; and S, are on, one for the time when only the power switch S; is
on, and one for the time when the both power switches are off.

3.6. Conclusions

In this chapter dual input DC-DC converters, with hybrid structures, have
been proposed and analyzed.

From the possible combinations of the classical with hybrid converters and
hybrid with hybrid converters, only four dual input structures have been chosen:

» dual input Buck/ hybrid Buck L;
» dual input Buck/ hybrid Buck C;
» dual input hybrid Buck C/ hybrid Buck L;
» dual input hybrid Buck L/ hybrid Buck C.

An analytical study was presented for the first three configurations.
Operating modes, the output voltage as function of the input voltages and duty
cycles were expressed.

Digital simulations were carried out in Psim and a corresponding analysis
was made for the obtained results.

HBCL was implemented in a laboratory prototype, at 7.8kHz. The good
correspondence of the experimental and simulation results validates the theoretical
considerations.

For efficiency estimation, the real circuit configuration, with components
models, was simulated using LTSpice. An average efficiency of 94%, obtained at
different duty cycles, proves thet HBCL is, from this point of view to, a viable
solution in power electronics.
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CHAPTER 4
Dual Input, Hybrid Buck LC (HBLC), DC-DC
Converters

4.1. Introduction

In the previous chapters, a systematic approach to synthesizing dual input
DC-DC converters with hybrid and/or classical structures was presented.

In this chapter the dual input hybrid Buck LC converter (HBLC), generated
with the synthesizing method [1-3], is proposed.

Compared with HBCL, HBLC has a major advantage: one converter input
source and the output can have a common ground. This is the main reason in
choosing this structure for a detailed study and, in the next chapter, for an
application in the renewable energy conversion field.

A complete analysis of HBLC is made, including analytical description, and
operating modes topology, at CCM and BCM.

Simulation results will come to validate the theoretical concepts.

Different simulations software were chosen (LTSpice and PLECS), depending
on the intended scope (LTSpice for efficiency and PLECS for main waveform
determination).

The theoretical results are validated through experiments, performed on a
laboratory prototype.

As illustrated in figure 4.1 HBLC contains two hybrids Buck cells: a hybrid
Buck L cell in the upper part, and a hybrid Buck C cell in the lower part [4-6].

Depending on the PWM gate signals applied to the power switches S; and
S,, HBLC can draw power from both input sources without any restriction.

For the same switching frequency, the power switches S; and S, can be
synchronized at turn-on or turn-off time.

Figure 4.2 presents the typical voltage and current waveforms for the key
components of the HBLC in CCM, under the turn on synchronization. From the top to
the bottom, they are: the gate signal of the switch Sy (vgs1), the gate signal of the
switch S, (vgs2), the inductor L; current (i;), the voltage across the inductor L,
(vp1), the inductor L, current (i ,), the voltage across the inductor L, (v»), the input
current of the hybrid L converter (i;), the input current of the hybrid C converter
(i), the current through the switch S; (is;), and the current through the switch S,
(is2)-

It can be seen from figure 4.2 that the power switches S; and S, have
different conduction times. In this case, the duty cycle for S; is smaller than the
duty cycle of the switch S..

The voltage waveform across the inductor L, has three different levels,
which are determined by the on-off status of the main power switches S; and S..
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Figure 4.2. Typical waveforms of HBLC.
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Considering that the inductors L; and Ls; have equal values, only the
waveforms for the inductor L; will be presented. The inductor current waveform i.»
has three different slopes based on the three different inductor voltage values.

The current through the inductors L, has two slopes based on the on/off
status of the power switch S,. The input currents i; and i, represent the currents of
the input sources V; and V,.

The output capacitor Cs is assumed to be very large in order to obtain a
nearly constant output voltage. The capacitors C; and C, are considered to have the
same capacitance.

Under normal operation, HBLC can provide electric energy from both input
voltage sources simultaneously, but if one of the voltage sources is harmed, the
other one can continue to deliver power to the load normally.

4.2. Operation principle of HBLC

According to the status of the power switches S; and S, the HBLC has four
different operating modes, as figure 4.3 shows, which are presented as follows[7,
8]:

> mode I: The switch S; is on and the switch S, is off. The equivalent circuit
of this mode is presented in figure 4.3. The capacitors C; and C, are
connected in series. The diodes D,, D3, D, and Ds are reverse biased and
treated as an open circuit while Dy and Dy4s provide a bypass path for the
inductors currents. In this mode, the voltage source V; will charge the
inductors L; and L3, and provides the electrical energy to the load. The
voltage source V, will charge the inductor L, and the capacitors C; and C;;

» mode II: The switch S; is off and the switch S, is on. Figure 4.4 shows the
equivalent circuit. The diodes D4s and D are reverse biased while D,, D3, D4
and Ds are forward biased. The voltage source V, will charge the inductors
L;, L, and L3 and supply the load. The capacitors C; and C, are connected in
parallel.

» mode III: The switches S; and S, are on. Figure 4.5 presents the
equivalent circuit. The diodes D, and Ds are forward biased and the others
are blocked. The voltage sources V; and V, will supply the load with energy.

» mode IV: Both switches, S; and S,, are off. The equivalent circuit is shown
in figure 4.6. The inductors L; and L; supply the demanded power. The
source V, will charge the inductor L, and the capacitors C; and C,.
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4.3. Output voltage

To calculate the input to output voltage ratio, it is assumed that the gate
signals of the switches S; and S, are synchronized at turn on and have different
conduction times.

If the power switch S, is off for the entire switching period HBLC acts as a
hybrid Buck L converter, respectively hybrid Buck C converter if the power switch S;
is off.

Depending on the relation between d; and d,, three operating modes are
active during one period T = t,, + tos. The operating mode orders is exactly as the
sequences presented for HBCL (for d;>d, the operating mode order are III, I, IV;
for d;<d, the operating mode are III, II, IV).

Table 4.1 presents the voltage across the inductor L; and L, during one
period. In steady-state operation, the waveforms of HBLC are repeating. From
figure 4.2 it can be seen that the inductor currents i,; and i flows continuous
(i1 (£)>0, ix(t)>0). The voltages across the inductors are presented for all operating
modes.

Table.4.1. Voltage across the inductors L; and L; in one period (for HBLC)

Mode I Mode II Mode III Mode IV
S: 1 0 1 0
S, 0 1 1 0
Vi Y2(V1-Vo) Ve-Vo Y2(V1+Vc-Vo) -Vo
Vi, V-2V V-V V-V V,-2Vc

By applying the volt - second balance theorem, which implies that the
integral of the inductor voltages over one period must be zero, on the inductors L,
and L,, the following equations can be obtained:

BUPT



4.3. Output voltage 76

1 1
Vi E(Vl +Ve —Vo)d,T +E(V1 =Vo)(d; —d,)T -V, (1-d,)T =0 (4.1)
Via: (V, =Vo)d,T +(V, =2V )(d, —d,)T +(V, -2V )(1-d)T =0 (4.2)

From equation (4.2), can be obtained the capacitor voltage Vc = V¢ = Ve
as function of the input voltage V; and the duty cycle d;:

V, = v, (4.3)

For d;<d, by applying the volt-second balance theorem on the inductors,
the following equations can be obtained:

1
Vi E(Vl +Ve =Vo)d T + (Ve —Vy)(d, —d)T -V, (1-d,)T =0 (4.4)

Viz: (Vz _Vc)le +(V2 _Vc)(dz _dl)T +(Vz _2\/(:)(1_d2)T =0 (4.5)

From equation (4.5) can be obtained the same expression for the capacitors
voltage V¢ as in the case when d;>d..

From equations (4.1) and (4.4) the output voltage expressions for d;>d,,
and d; <d, respectively, can be obtained:

d V, + d; vV,
2_d1 (Z_dl)(z_dz)

Vo = (4.6)

V, = d V, + 2d, ~d, v, (4.7)
2_d1 (Z_dl)(z_d2)

Therefore, in CCM, the output voltage varies linearly with the duty cycle d;
and d, for given input voltages. It not depends on any other circuit parameter.

Neglecting the power losses associated with the circuit elements, the output
power equals the sum between the two input power P; and P..

P=B+PF (4.8)

To demonstrate that HBLC has a high ratio of the output voltage figures 4.7,
4.8 show that the conversion ratio line of the HBLC is under the line of the dual
input classical Buck converter variation. Two cases are presented:
> In the first case d; is constant and d, is variable;
» In the second case d, is constant and d; varies.
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Figure 4.7. Comparison between classical Buck and HBLC when the duty cycle d; is kept
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Figure 4.9 presents the output voltage, as a function of the two duty cycles,
in a three-dimensional representation. The input voltages are V;=60V and V,=30V.
The output voltage has the maximum value Vo=V+V,=90V, when the input sources
are connected in series and the duty cycle for each of them is 100%.

Variation of the output voltage with the duty cycle's
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Figure 4.9. The output voltage as a function of the duty cycles.

4.4. HBLC study in BCM

In the previous sections HBLC has been analysed in CCM and the expression
of the output voltage have been determined. In this section the study is extended
for BCM, in order to obtain the output inductors value [4.9-4.11].

The first parameter used in HBLC BCM analysis is the power devices
switching frequency (f).

The switching period (T) is given by equation (4.9):

T =%:10 [4s] (4.9)

At BCM, by definition, the output inductors current i ; starts the switching
period from zero and ends to zero. Figure 4.10 presents the HBLC waveforms at
BCM, for d;>d,. From top to bottom they are: the gate signals of the power switch
S; and S,, the inductor L; current and voltage.
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Figure 4.10. HBLC waveforms at BCM for d;>d,.

At BCM, for d;>d,, the average current (I m1) has a minimum (limit) value
from which the converter enters in DCM; it can be obtained by:

17
I yiim = ? I L ()dt = Iyt let ILl,Cl) (4.10)
0

In the next equations the average currents I;ja1, Iiier and Ipcr
corresponding to the sectors marked with A, B and C (figure 4.10) are determined:
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1
1 *(Vl"'vc _Vo)dzT
|, =2
LLAL T o L

:
= Ve Vo)

d,T

1
| 15 (Ve ~Vo)d,T +Vo(L-d)T
L1,B1 — E L

(dl_dZ)T

= I_L[(Vl +VC _Vo)dz + 2V0 (1_ dl)](dl _dz)

L VAT
L1,C1 2-|- L

.
=T o=’

@-d)T

The limit average current value is provided by the following equation:

T
aimy =7 AV +Ve ~Vo)d; +[(Vy +Ve =V,)d, +
+ 2\/0 (1_ dl)](dl - dz) + 2Vo (1_ d1)2}

(4.11)

(4.12)

(4.13)

(4.14)

The same algorithm is applied for d;<d,. The waveforms for the L1 inductor
current and voltage at BCM are presented in figure 4.8. To have a more
compressive understanding of BCM, the gate signals of the two power switches S;

and S, are presented too.
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The average values for the inductor current i ;, corresponding to the sectors
A, B and C are given by the following equations:

1
1 —(V, +V, =V,)d,T
iy pp = =2 d,T
L1,A2 1
2T L (4.15)

T
= I (Vl +Vc _Vo)d12

1
| g 5 MV —Vo)diT +Vy(L-d,)T .
L1,BZ_E L ( 2 1) (4.16)

— 0V Vo), + 2V, (- )], - )
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1 V,1-d,)T
ILl,CZZE 0 L—2 (1—d2)T
(4.17)
T

= IZVO - d2)2

The average value of the inductor current i; in BCM (I q,im2), for d;<d,, is
given by the following equation:

T
L sjim2 = I{(Vl +Ve =Vo)d? +[(V; +Ve —V)d, +
+2V,(1-d,)](d, —d,) +2V,(1-d,)*}

(4.18)

In order to find out the duty cycles d; and d, for the limit current, will
consider that the input source V; has constant voltage. A parameters k is used to
express the input voltages ratio:

(4.19)

x
Il
<<

In equations (4.6) and (4.7), which gives the output voltage, the input
voltage V, will be replaced with kV;. A new set of equations for the output voltage
have been obtained:

_y G2-d,)+kd, _, 2d,~dd, +kd,

— = (4.20)
’ ' (2—d1)(2—d2) ' (Z_dl)(z_dz)
when d;>d, and
v 2d, —d,d, + 2kd, —kd, aa1)
(2_d1)(2_d2)
when d;<d,.
By replacing equation (4.20) in equation (4.14), results:
| TV, —4d? +4d, - 2d,d, + (2 k)d,?d,, + kd,d,? — 2kd,? + 2kd, (4.22)

L (2-d)(2-d)

For d;<d,, equation (4.21) is introduced in equation (4.18). The average
value for inductor current at BCM is now given by:
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A [—4d12 +4d, -2d,d, +(2-k)d,*d, .
Hime 4L (2—d1)(2—d2)
N +kd1d22 — 2kd22 + 2kd
(2 - dl)(2 - dz)

2] (4.23)

Two situations are presented next, depending on k values.
For k>1:

V, <V, <V, (4.24)
hence,

V, <V, <kV, (4.25)

Knowing that the output voltage has two expressions depending on the
relation between d; and d,, two directions will be taken. For d;>d, the constraints
takes the form presented below:

9, V, + d, kV, <V, <kV, (4.26)
2_dl (2_d1)(2_d2)
hence,
g, d; k<1l<k (4.27)

+
2— dl (2 - dl)(z - dz)

For d;<d, the relation between output voltage and the input voltage V; is:

d . 20,-d, <1<k (4.28)
2_d1 (Z_dl)(z_dz)
For O<k=<1:
V, <V, £V, (4.29)
hence
V, <kV, £V, (4.30)
For d;>d,:
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d, d,

V, + kV, <kV, <V, 4.31
2-d, ' @-d)2-d) " e
g, + d, k<k<1 (4.32)
Z_dl (z_dl)(z_dz)
Fordlsdz:
g, 20,-d, <k<1 (4.33)

2_d1 (z_dl)(z _dz)

Limit current expressions are complex and cannot be resolved analytically.
In order to obtain the critical value for the output inductors the Wolfram
Mathematica software has been used.

Only the inductor current p.u. value (ILimp.) has been mathematically
analyzed in BCM:

AL

IIim,pu = TV. LLlim - (4.34)
1

The algorithm developed in this section computes a function which gives,
the maximum of the equation (4.34), satisfying the constraint (4.27) if k>1 and
(4.32) if k=1.

In order to find the function which gives the maximum, we consider a three-
dimensional regular grid for the variables d; in [0,1], d, in [0,1] and k in [0,1] (or
[1,6], respectively), with 250 nodes per variable.

For each value of k the following steps have been performed:

> First, to simplify the computation, we exclude the values of d; and d,, which
do not satisfy the constraint;

» Next we sort the remaining triplets (k, d;, d,) in respect to the equation
Limpu (k, dy, dy) and retain the one which gives the largest value,
IIim,pu,max(kr dlmaxr dZmax);

At the end of this computation, we obtain a list containing a set of values
Liim,pu,max(K, d1, d2) which maximizes the function.

Using a fitting procedure for this list we compute the polynomial function
Lim,pu,max (K, d1, d2) and use it to determinate the inductor value:

TV
I—:Tlllim,pu,max (4.35)

Several polynomial definitions of the functions Ijm py,max Of degree 7, 8 and 9
were tested and the approximation error is very small.

3D plot surface of the functions Ijmpumax for k=0.5 and for k=3 are
presented in figures 4.12 and 4.13. It can be observed that every 3D surface has
two sides corresponding to d;>d, and d;<d,, respectively. The x axe represents the
duty cycle d; and the y axe represents the duty cycle d,.
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E=3

Figure 4.13. Ijim,pu,max representation for k=3.
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Table 4.2 presents Im pu,max fOr k taking values smaller, equal, and higher

than 1.
Table 4.2. Selected values for the maximum inductor current.
k dlmax dZmax Ilim,pu,max
0.1 | 0.16 0.374 0.164
0.2 | 0.283 0.457 0.284
0.3 | 0.38 0.521 0.363
0.4 | 0.457 0.571 0.42
0.5 | 0.52 0.61 0.461
0.7 | 0.585 0.647 0.491
0.9 | 0.585 0.647 0.516
1 0.585 0.712 0.541
2 0.534 0.635 0.566
3 0.459 0.529 0.597
4 0.405 0.458 0.837
4 0.405 0.458 1.005
5 0.364 0.405 1.219
6 0.331 0.364 1.292

4.5. Simulation results

For validate HBLC theoretical consideration, digital simulations have been
developed in PLECS Block set under MATLAB. The PLECS software has been chosen
due to the good communication with MATLAB. The parameters used for the
simulations are presented in table 4.3.

Table.4.3. Simulation Parameters for HBLC

Parameter Value
Inductors L, 28uH
Inductor L, 28 uH
Capacitors C; and C, 2640 puF
Output capacitor C 3960uF
Switching frequency 100kHz

Two situations have been simulated: d;>d, and d;<d,, with different values
for the input sources voltages.

Figures 4.14-4.18 present the simulation results when d;=70%, d,=45%,
V;=60V, V,=40V and R=2.28Q. It can be seen that the gate signals of the power
switches are synchronized at turn on. The output voltage is 48.3V, similar to the
value obtained from analytical calculation. The current through the inductors has
three slopes as can be seen from the figure 4.8, corresponding to the operation
modes.
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Figure 4.14. The gate signals of the HBLC when d;>d,.
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Figure 4.15. The voltage across the switches when d;>d..
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Current through the inductor L1
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Figure 4.16. Inductor L; voltage and current when d;>d..
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Figure 4.17. Inductor L, voltage and current when d;>d..
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Figure 4.18. Output voltage and current when d;=70% and d>=45%.
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Figures 4.19-4.23 present the case when d;=30%, d,=50%, V;=45V,
V,=65V and R=2.3Q. It can be seen that the gate signals vgs; and vgs, are

The gate signal of the switch S1
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Figure 4.19.

The control signals of HBLC when d;<d,.
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Voltage across the switch 51
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Figure 4.20. The voltage across the switches when d;<d..
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Figure 4.21. Inductor L; current and voltage when d;<d,,
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Current through the inductor L2
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Figure 4.22. Inductor L, current and voltage when d;<d;
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Figure 4.23. Output current and voltage when d;=30% and d>=50%.

In order to determinate the efficiency of HBLC, a simulation has been
carried out in LTSpice. After a set of values have been obtained for the efficiency (in
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different functionality points) an average value has been calculated. The efficiency
has been determinate to be 94%. Figure 4.24 shows the circuit diagram used to find
the efficiency.

D4

b2 28u

T MBR20100CT

L2
Y

284 Rs
D8 1e-5

L3 = PHM2{NQ1sT_C1 §R1

Vo

1 10000y 1.6
D1

AR

.T

MBR20100CT

i
é .tran 0 60000u 1500u

Figure 4.24. LTSpice circuit diagram for the HBLC.

4.6. Experimental results

In order to verify the simulation results presented above a prototype was
built. The technical description of the laboratory prototype is presented in chapter 6
~Experimental Platform”.

Two cases have been tested on the prototype: d;>d, and d;<d,.

The total current through the inductors L; and Lz is the output current.

Figure 4.25 presents the inductors L; and L, waveforms when d;=70%,
d,=25%, and V;=V,=40V.
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Figure 4.25. The inductors waveforms when d;=70% and d,=25%.
Figure 4.26 presents the inductors L; and L, waveforms obtained

simulations and experiments with d;=25%, d,=60%, V;=60V and V,=40V.

from
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Figure 4.26. The inductors waveforms when d;=25% and d,=60%.
4.7. Conclusions

In this chapter a proposed dual input hybrid buck DC-DC converter structure
was presented. HBLC can have a common ground for one input voltage and the
converter output, which is a major advantage in most applications.

Operating modes, the corresponding converter circuit diagrams and the
analytical description was presented. A comparison between HBLC and the dual
input Buck converter, in terms of the voltage conversion ratio, was made.

In order to calculate the output inductances values, BCM was studied,
analytically and using numerical methods, implemented in Mathematica. In this way
the average limit value of the output inductor current was determinate.

Simulation results were made in PLECS, and the current and voltage
waveforms for the key components were obtained. An efficiency study has been
made using LTSpice.
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A laboratory prototype was built and tested in order to validate the theory,
and a good correspondence with the simulations was observed.

As a general conclusion related to the proposed dual input DC-DC
converters, in table 4.4 is presented a synthetic comparison with reference to the
voltage conversion ratio and number of power active and passive elements.

Table 4.4. Comparative evaluation of the proposed converters.

Output voltage clomonts | inductors
VO=2dl_d2V1+ d2 V2
2-d, ' 2-d,
- for di>d, 7 >
V. = a V, + d; V.
°2-d, ' 2-d, ’
for d1<d,
d
HBC V0=d1V1+—2_2 V2 11 3
2
= 2d1_d2 V1+ d2 V2
(2—d1)(2—d2) Z_dz
for d;>d»
HBLC Vv, - d, v+ d, v, 13 3
(2-d)2-d) ' 2-d,
for di>d,
V, = it V, + 9, v,
2—-d, (2-d;)(2-d,)
for di>d>
HBCL 13 3
d 2d, —d
V,=—1 -V, + =V,
2-d, ' (2-d)(2-d,)
for di>d>
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CHAPTER 5
Dual Input, Small Power, PV and Wind Energy
Conversion System

5.1. Introduction

The increasing demand on global electric energy requires the use of
renewable energy sources. Renewable energies such as wind power and solar exist
in abundance in nature. This is a promising way to solve the contradiction between
the exhausting resources and the growing demands. In the past, renewable energy
sources diffusion was limited by technological shortcomings and higher costs. In the
last decades the efficiency and reliability of wind generators and PV arrays have
been improved, while the costs have been lowered.

Wind power and PV array power, each by themselves, cannot continuously
supply a system because they depend on the weather conditions. Fortunately, most
of the time wind and PV power are complementary. Therefore a wind - PV hybrid
generation system has a higher reliability for maintaining a continuous power
delivery, by means of a storage element, especially when the system is off-grid
[5.1-5.13].

Traditionally, hybrid systems tend to use two independent DC-DC converters
to supply the electric energy demanded by the load, from the two input sources (PV
and wind power) [5.14-5.17].

An alternative approach is to use multiple input DC-DC converters for
mixing the energies [5.18-5.24].

The main objective of this chapter is to propose a mixed, small power, wind
and PV system (WPVS), which transfers power from the two input sources to the
load through the HBLC presented in the previous chapter.

The analyzed WPVS uses a variable speed wind turbine with a synchronous
PM generator (SG) and a diode bridge rectifier (DBR) - as a first power source, and
a PV array - as a second power source, connected to the HBLC inputs, as shown in
figure 5.1. A dumping resistor (DR) is used for the dissipation of the wind turbine
excess power. The load is assumed to be an AC load (ACL). Therefore, a voltage
inverter is required, also for grid connection if available or needed. WPVS can work
stand-alone or grid connected by means of a switch (RG) and a short-circuit fuse
protection (F1).

The wind subsystem is the main power source of WPVS. The PV array
subsystem starts operation when the wind power generation is not enough to satisfy
the demanded power, in stand-alone regime.

The battery, connected directly to the HBLC output, is used to store
supplementary energy or to ensure continuity in power supply.
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The WPVS control is made through an energy management unit (EMCU),
which maintains the power balance.

ACL RG Fi
~— {1+
s} GRID
HELC Converter =
T~
— - vepTy
- -+ PR =
— DR WIND -
WS Ik
WIND OER Inverter
Turbine —
IHBLC
- - EMCU
!lna:_rhlrlml_dls

MPPT/ PR " Battery i
PV _|__

Hd
flddin

-
Japand| --—

AMIAL
Hd
fLddin

M

Figure 5.1. WPVS proposed topology.

5.2. PV and wind turbine system
5.2.1. PV panel

Solar cells are composed of various semiconductors materials that absorb
light (solar irradiation) and convert it into electron-hole pairs and a semiconductor
material with junction that separates photo-generated carries into electrons and
electron holes. The double diode model (or double-exponential model) of a solar cell
is presented in figure 5.2. The first diode is responsible for the diffusion current
component. The second diode accounts for the losses due to the carrier
recombination in the space charge region of the junction, and those to surface
recombination. The R, resistance models the leakage current across the junction.
The series resistance Rs models the losses due to the internal resistance of the cell,
as well as the losses at contacts and interconnections between cells and modules.
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(D T Yo S

Figure 5.2. Equivalent circuit of a solar cell.

The output current Ipy is presented in the following equation and describes
the entire current-voltage characteristics of a photovoltaic cell:

lpy =1 — 15ROV _1y ) (@V+RIMNY) _9) (v +IR() /R (5.1)

where:
> Ipn is the solar-induced current

|
rr0

o I is the irradiation (light intensity) in W/m? falling on the cell;
o Iy is the measured solar-generated current for the irradiation I.
I is the saturation current of the first diode;
I, is the saturation current of the second diode;
V. is the thermal voltage, kgT/q, where:
o kg is the Boltzmann constant;
o T is the device operating temperature parameter value;
o qis the elementary charge on an electron.
> N is the quality factor (diode emission coefficient) of the first diode;
» N, is the quality factor (diode emission coefficient) of the second diode;
» Vs the voltage across the solar cell electrical ports.

In order to obtain the appropriate voltage and output current for different
applications, single solar cells are interconnected in series (for large voltage) or in
parallel (for larger current) to form the photovoltaic module. Several of these
modules can be connected to each other and form a panel.

A PV panel is characterized by the current-voltage (IV) curve given by the
producer. The IV curve changes as the temperature or the irradiation varies. Figure
5.3. shows the dependency of the IV curve with the irradiation for the modeled PV
panel.

A PV panel with 60 cells connected in series has been chosen for the
simulation of the WPVS.

To get maximum power from the PV panel either the operating voltage or
current should be controlled by a maximum point tracker (MPPT). Several methods
have been developed in literature in order to determinate the MPPT:

» Short-current pulse based method [5.25];
» Incremental conductance method;
» Perturb and observe method [5.26-5.28];

YV V
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» MPPT with ripple correlation control [5.29];
» Constant voltage method [5.30];
» Hill-climbing method combined with constant voltage.
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Figure 5.3. PV current-voltage curve dependency.

5.2.2. Wind Turbine

The wind turbines capture power from the wind by means of aerodynamic
designed blades and convert it to rotating mechanical power.
The wind turbine mechanical power is given by the next equation:

P, =C,(A)PR, (5.3)
where C,(A) is the power coefficient, which is a function of

i:a)rR1

Vi

(5.4)

Where w, is the rotating speed [rpm], R; is the turbine blade radius [m] and Vv, is

the wind speed [m/s].
The wind power can be expressed by:

1
Py=5 PR, (5.5)

where p is the air density [kg/m?>].
The wind turbine has a maximum power point, too. In order to achieve this
point several methods have been developed in the last decades:
> “kw3” method [5.31];
» “Perturb and observe” method [5.32];
> Artificial intelligence [5.33-5.37].
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5.2.3. Battery

The equivalent circuit which models the battery is represented in figure 5.4
[5.38-5.40].

t
|
First order 0
Iow%ﬁier
i(|t) 0 (Discharge) Internal
! + S*ii x Resistance
1 (Charge) &—o+
Exp(s) A =
| Sel(s)  1(B-it)-s+1
I
Exp
¢ Y Vpatt
Echarge = J1Ut.1*, Exp, BattType) Controlled
£ o Epat voltage
Edischarge = f2t.i* . Exp. BattTvpe) source
o-

Figure 5.4. Battery modelation circuit.

The charge and discharge functions of the battery are presented in the
following equations:

f..=E,—K Q_ i —K Q_ it+ Laplacefl(EXp(S) 0), for discharging (5.6.)
Q-it Q-it Sel(s)
- . E 1
f,=E,—K _LI -K L_It + Laplace™( Xp(S) =), for charging (5.7.)
lit|+0.1Q Q-it Sel(s) s

where Egat = Nonlinear voltage (V);
Eo, = Constant voltage (V);
Exp(s) = Exponential zone dynamics (V);
Sel(s) = Represents the battery mode. Sel(s) = 0 during battery discharge,
Sel(s) = 1 during battery charging;
K = Polarization constant (Ah™!) or Polarization resistance (Ohms);
i* = Low frequency current dynamics (A);
i = Battery current (A);
it = Extracted capacity (Ah);
Q = Maximum battery capacity (Ah);
A = Exponential voltage (V;)
B = Exponential capacity (Ah)™1.
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5.3. System operation strategy

The possibility of WPVS to satisfy the power demand depends on the
atmospheric conditions. The battery bank state of charge (SOC), and the system
status (grid connected or stand-alone), will define the control operation strategy.
This is the EMCU role, which supervises the power flow of the whole system.

The proposed operation modes are dictated by the energy balance between
the renewable sources, loads and storage elements.

The battery charging/discharging cycles must be made -carefully, to
extending its life cycle. The operation strategy takes in consideration SOC of the
battery and provides the corresponding current references (Imax chs Imax dis)-

Both wind turbine and PV array subsystem (the input sources) can work at
their maximum power (MPPT) or with a power regulation (PR). The power
regulation control means that the subsystem can be inactive or working at a
prescribed power.

Two cases will be described for the WPVS: grid connected and stand-alone.

5.3.1. Grid connected WPVS

In this case the following supposition has been made:
the wind turbine and the PV array are working at the maximum power point;
the load will be the main energy consumer;
if the generated power is in excess, the battery bank will be charged (if is not
fully charged) and the remained power is injected into the grid;
» if the generated power is not enough for the load, the battery bank supplies
the difference, alone, or by means of the grid.
Figure 5.5. presents the flow chart of the grid connected WPVS [5.41-5.49].
The parameters used for the flow chart representation are:
IhgLc- the output current of HBLC;
I'\- the demanded current from the AC loads reflected to the DC bus side;
Ibat_ch- the charging battery bank current;
Ivat_dis~ the discharging current of the battery;
Imax_cn- the maximum charging current for the battery bank (according to
SOQ);
»  Inax_dis- the maximum discharging current for the battery bank (according to
SOC);
Igin- the injected current into the grid;
Igout- the input current from the grid.
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Figure 5.5. Flowchart for the grid connected WPVS.

The flow chart has four possible cases:

» the input sources give more power than needed. The remained power will be
inject into the grid through Ig,;

» all generated power will be used by the AC loads and the battery bank (in
charging mode);

» the input sources and the battery will supply the needed power by the AC
loads;

» the input sources and the battery cannot generate enough power to ACL
(Insret Imax_ais < I1). In this situation the system will take power from the grid
through Igout.

5.3.2. Stand-alone WPVS

The following assumptions have been made for the stand-alone WPVS:
» the EMCU will try to get the maximum power from wind turbine which has the
main role in energy generation;
» the PV array subsystem will play a complementary role;
» the stored energy in the battery bank will be used just in the case when the
demanded power is higher than the input (PV and wind) power.
Figure 5.6. shows the operation strategy of the stand-alone WPVS [5.50-
5.86]. The parameters used for the flow chart representation are the same as in
previous subsection.
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MODE=MODE1 i+

S0C ESTIMATION

Figure 5.6. Flowchart for the stand-alone WPVS.

The flowchart has three sections, one for each operation mode presented

bellow.

>

operation mode 1: the wind turbine subsystem supplies all the demanded
power, working under power regulation strategy (PR WIND). The PV array is
inactive having zero reference current. The battery bank is storing energy.
This operation mode is maintained as long as the wind turbine can provide
(alone) all necessary power (to the load and to the battery);

operation mode 2: the wind turbine subsystem works at maximum power
point (MPPT WIND) and the PV array follows a power regulation strategy (PR
PV). If the reference current of the PV array becomes zero, the wind turbine
gives enough power to supply the load and to charge the battery to its
maximum current, and WPVS reenters in mode 1. To pass in mode 3 the
maximum HBLC output current must be lower than the total necessary
current;

operation mode 3: the wind turbine and the PV array work at maximum power
point. The battery will ensure the power difference if necessary. In this case, if
the maximum battery discharge current is exceeded, the load manager unit
disconnects the load (or some loads). After this maneuver the system
reenters mode 2.
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5.4. Simulation results

In order to analyze the converter behavior a simulation of WPVS has been
carried out in Matlab. The stand-alone WPVS consists of a variable speed wind
turbine with a synchronous PM generator and a diode bridge rectifier - as a first
power source, and a PV array - as a second power source, both connected at HBLC
inputs.

Each input source of HBLC has its individual MPP control to get the
maximum power, or can work in PR mode. The PR control means that the input
sources can be inactive (if the reference current is zero) or work at a prescribed
power. The HBLC output is connected to the battery and load (the inverter and AC
loads were replaced by an equivalent DC resistive load).

The Matlab/Simulink model of WPVS is presented in figure 5.4.

5.4.1. Cosimulation, Matlab with PLECS

A first step in the HBLC integration into a hybrid system was the WPVS
simulation using real models of the the converter elements. The WPVS has been
simulated in Matlab/Simulink and the converter in PLECS, which is a blockset and
can work under Matlab.

This simulation presents the most similar behaviour of the system to the
real time conditions.

A simple mathematical relation was used to determine the maximum power
point (Pwpp) Of the wind turbine system, using information about its rotational speed
o, [5.317:

Fuee = kopta)r3 (5.8)

It has been known that optimum current for a photovoltaic panel is
proportional to its short circuit current under various irradiation conditions.

The PV array is short-circuited for 100 ps at time intervals of 100 ms, and
the short-circuit current is measured [5.87-5.92]. This method make use of the
predetermined coefficient of 0.92 to obtain the maximum power point. This method
has the advantage of simplicity in implementation.

From figure 5.7. it can be seen the IV curve for the modelled PV panel at
1000 W/m?. For this irradiation the optimum current is 7.92A, corresponding to the
point (MPP) where dP/dV=0.

Figure 5.8. presents the IV curve at 700 W/m?2. For this case the optimum
current is 5.52A.

BUPT



107 Dual Input, Small Power, PV and Wind Energy Conversion System- 5

7+

&
T

dP/dV<0

L Imp=5.52

w

o e DS

Current [A]
N w £
T T

[
T

1 | | | |
00 5 10 15 20 25
Voltage [V]

Figure 5.7. IV and PV curve for the simulated PV panel at 700 W/m?2.

12 T
dP/dV=0
£~ MPP:

dP/dV<0

Imp=7.92
dP/dV>0

Current [A]
=]
T

o I i i I i
0 5 10 15 20 25 ymp 30 35 Voc

Voltage [V]

Figure 5.8. IV and PV curve for the simulated PV panel at 1000 W/m?.

Figure 5.9. presents the system configuration used for the simulation of all
operating modes.

The input sources parameters are: wind turbine nominal power P;,q=500W;
PV panel nominal power Ppy=244W; PV open circuit voltage V,.= 36.81V; PV short
circuit current I..= 8.66A for a irradiation of 1000W/m?; no. of PV cells is 60;
battery nominal voltage 12V; battery capacity 110Ah.

The operating modes sequence, presented in the simulation results, is:
mode 1, mode 2, mode 3, mode 2 and mode 1. For stabilization reasons, after a
commutation WPVS remains in the new mode at least 30 ms.
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At the beginning WPVS operates in mode 1.

The condition to leave mode 1 and to enter mode 2 is satisfied at 0.02s,
when the load current increases from 2A to 12A, as can be seen in figures 5.10-
5.13. “load current waveform”, but the system passes in mode 2 only at 0.03s after
the delay is completed.

In mode 2 only the wind turbine system works at MPP and the PV system
gives the supplementary power needed to charge the battery, at its maximum
current (approximate 16.5A for SOC=50%). At 0.1s the load current is changed
from 12A to 35A and the input sources don’t have enough power to feed the load
and to charge the battery, simultaneously. WPVS enters mode 3.

The wind turbine system is already in MPP from mode 2 and the PV system
switches to MPPT mode. The output current of the PV panel rises.

Before reaching the reference value (5.57A), the MPP tracking algorithm,
which runs once at 100ms, changes the MPP reference current at 8A (which
corresponds to an irradiation of 1000W/m2), and the PV output current settles at
this value.
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Figure 5.10. Irradation profile and the reference and measured PV current.
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Figure 5.12. Prescribed and measured current for the wind turbine.
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Figure 5.13. Load profile and the battery current.

At 0.15s the load current is reduced to 16A and WPVS enters in mode 2, but
after the delay of 30ms the operation switches to mode 1 because the power given
by the wind turbine is enough to supply the load and to charge the battery with the
maximum charging current.

5.4.2. Matlab simulation without PLECS

Figure 5.14. presents the WPVS simulation setup developed in Matlab/
Simulink.

In order to catch the WPVS system behaviour in all three operating modes
for a longer time the DC-DC converter (PLECS simulation) has been changed with
the following equations:
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V, = 9, V, + d; V,, for d;>d, (5.9.)
2_d1 (Z_dl)(z_dz)
2d. —
V, = 9, V, + d, 0, V,, for d;>d, (5.10.)
2_d1 (2—d1)(2—d2)
d
| =—21 1 5.11.
inl 2—d1 out ( )
d,
Iin2 = ’ for d12d2 (5.12.)
(Z_dl)(z_dz)
2d, —d,
, for d;<d, (5.13.)

"2 (2-d))(2-d,)

The Matlab bloc diagram of the DC-DC converter is presented in figure
5.15. The converter prescribes two input currents: Ij,; to the wind turbine source
and I, to the PV panel source. The output voltage of the converter is sent to the
battery subsystem, which prescribes the output current of the converter I,.

20
> <
\/2 [ ]
> V:LVoutl _'_->t'~t- P-{u /l y "_‘>
- (V2 ( : —» o Voutl
di » | 4o Vout2 ubat Saturation
~ Dynamic
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D, > —
>
d2 P lout_HBLC
» scope4
» a1 11_from_HBLC »( 2 )
11_from_HBLC 11_from_HBLC1
Rate Limiter
C a1 12_from_HBLC1 {— (& > f > »(3)
vi pliout_HBLC k> i v i
<4 - 12_from_HBLC1
»|d2 12_from_HBLC2 ] Saturation1
V2 12_from_HBLC
| .
Ll
> ]
lout_HBLC
.
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Scope2

Figure 5.15. The bloc diagram of the HBLC converter.

The PV panel is modelled electrical and consists of sixty solar cells
connected in series. The irradiation used for the simulation has a rump-up profile,
starting from 700 W/m? and increasing to 1000 W/m?.
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For MPPT a perturb and observe algorithm was used. The flow chart of the
algorithm is presented in figure 5.16.

Sense V(k), I(k)

P(k)-P(k-1)=0

NO

NO P(k)-P(k-1)>0 YES
YES w NO NO @ YES

lDecrease Iref Increase Iref l Decrease Iref | | Increase Iref |

A
RETURN

Figure 5.16. The flow chart for the perturb and observe algorithm.

The wind turbine is modelled and controlled exactly as in the previous
simulation.

First has been studied the behavior of the system in operating mode 1,
operating mode 2 and at the boundary between them. In figures 5.17 and 5.18 are
presented the main simulation waveforms. In mode 1 the PV panel is inactive
having the duty cycle d, limited to zero. In mode 2 the PV panel supplies the
demanded power together with the wind turbine.

From figure 5.17 it can be seen that the wind turbine in mode 1 has two
power regulation levels. The reference current is set first at 10A for 2s, and then at
11A for 3s.

It can be seen that the wind turbine current is following the reference
current very accurate without ripples problems.

The PV panel irradiation is changed from 600W/m? in the first 5s to
1000W/m? in the last 5 s but that does not affects the PV panel functionality in
these two modes.
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Figure 5.17. Input currents of the WPVS at the boundary between modes 1 and 2.

Figure 5.18. presents the load current which has three levels: 2A from 0Os to

2s, 4A from 2s to 5s and 12A for the time range (5-10)s.

The battery current is 16.5A and the battery is charging in this two cases. At
5s which is the transition between the two operating modes the battery currents

presents a ripple which is acceptable.

Load current

15 1 T T T T T
10+ -

5 . é . R =

—’ H H

0 I I i i i I I I i

o] 1 2 3 4 5 6 7 8 9 10
. Battery current

T T T T T

or |
10k _
-20 1 |l | i | 1 I I

o] 1 2 3 4 5 6 7 8 9 10

Time [ms]

Figure 5.18. Output currents at the boundary between modes 1 and 2.
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Figures 5.19. and 5.20. present the simulation results obtained at the
boundary between mode 2 and mode 3. In mode 3 the PV panel works at maximum
power point.

From Os to 2s we can see WPVS working in mode 1 with the PV panel
inactive and the wind turbine providing the needed power to the load. From 2s the
PV panel has the current set around 1.5 A and working in power regulation. After 7s
the PV panel works at MMPT and follows the reference current of 7.92A,
corresponding to 1000W/m?.

The wind turbine is set at MPP for the entire period of the two modes 2 and
3. It can be seen that the wind turbine current follows pretty well the reference
current. Some negligible ripples are encounter at the transition points, at 2s and 7s.

| ref wind
15 i ‘
5_... _
0 | \ \ | \ \ | \ \
0 1 2 3 4 ] b 1 ] 9 10
| pv
10 I | | | | | I | |
5_ .................................................... |
0 | \ \ | \ | \ \
0 1 2 3 b 1 8 9 i1
| wind
13 | | | | i | | |
10_ e e o : : : o e |
5_ ......................................................................................................... |
0 | \ \ | \ \ | \ \
20 1 2 3 4 ] ] 1 ] 9 i1

Time[ms]

Figure 5.19. Input currents of the WPVS at the boundary between modes 2 and 3.

Figure 5.20. presents the load current of the WPVS and the battery current.
The load current demands 12A for mode 2 and 35A for mode 3.

The battery current varies from 16.5A in mode 2 to 5A in mode 3 and is
increasing in the last 2s of the mode 3. It has negligible ripples during the transition
periods. For the entire period the battery is charging.
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Figure 5.20. The output currents results at the boundary between modes 2 an 3.

The boundary between mode 3 and mode 2 has been simulated, too. The
input and output currents are analyzed here and presented in figures 5.21 and 5.22.

In this case the PV panel starts working at MPP with a reference current of
5.52A from 2s to 3s, with a irradiation of 700 W/m?. From 3s to 4s is the transition
between the two irradiation level and the PV panel reference current is changed
from 5.52A to 7.92A. At 4s the PV panel irradiation is increased at 1000 W/m?2. The
PV panel current follows the prescribed current.

For the entire period the wind turbine follows the prescribed current and
works at maximum power point tracking, as shown in figure 5.21.
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Figure 5.21. The input currents of the WPVS at the boundary between modes 3 and 2.

The load current is decreased from 35A in mode 3 to 14A in mode 2 as the
figure 5.21 presents.

The battery current presented in figure 5.22 has a period of 0.4s in which
the battery needs to be charged with a current of 10A. From 2.4s the battery
current is around 0OA and from 4s the battery currents stabilizes at 16.5A. A current
ripple can be seen in this case, too.

Load current

10 | | i I i | | i |
0 1 2 3 4 5 6 7 8 9 10

Battery current
40 T \ \ \ T

20+ . : ‘ : |

_20 I I i I T T T T
0 1 2 3 4 5 6 7 8 9 10

Figure 5.22. The simulation results for the output currents at the boundary between modes 3
and 2.
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At the boundary between mode 2 and 1 the PV panel is passing from PR
operation to being inactive. The irradiation is increased from 700 W/m? at
1000W/m?2.

In the power regulation mode the PV panel reference current is slowly
decreasing from 3A to 2A, fig 5.23.

The wind turbine current is following the MPP reference current in mode 2
and then is working in PR with a prescribed current of 10.5A. The wind turbine
current has negligible ripples at the transitions between the two different operating
modes.
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Figure 5.23. The input currents of the WPVS at the boundary between the modes 2 and 1.

The load current is decreased from 14A to 4A and makes possible the
transition between mode 2 and mode 1, figure 5.24.

The battery current shown in figure 5.24 is stabile at 16.5A which is the
maximum value. At the transition between the two modes some ripples can be
seen.
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Figure 5.24. The simulation results for the output currents at the boundary between modes 2
and 1.

5.5. Experimental results

An experimental test bench was developed in order to obtain some
preliminary results. It includes the HBLC prototype, a PV emulator, a DC power
source (the wind energy system equivalent), a 12V/7Ah rechargeable battery, the
resistive loads, and the corresponding voltage and current transducers.

The system is controlled using a dSPace platform.

The battery charging and discharging behaviour is observed and presented
in this section.

Three operation modes are presented in the experimental results: in the
first part of the experiment HBLC supplies from the two input sources the demanded
power by the load and charges the battery. In the second part the input sources are
not giving enough power to the load and the battery is discharging.

Figures 5.25 and 5.26 present the current and the voltage of emulated PV
panel in the two different operation strategies. In the first section the PV panel
works with MPPT and in the second part with PR. In the third section the PV is
working with MPPT again.

Figure 5.27 presents the voltage of the wind turbine conversion system.

The battery current and voltage are presented in figures 5.28 and 5.29. It
can be seen the battery charging and discharging characteristics in three operation
modes. Some ripples can be observed at the boundary between charging and
discharging regimes.

The load current is presented in figure 5.30. It can be seen that it has three
levels corresponding to the system operation strategies.
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Figure 5.28. Battery current obtained from experiment.
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5.6. Conclusions

The chapter presented and discussed a small power, mixed, wind turbine
and PV array system in on-grid and off-grid regimes, which uses HBLC in order to
transfer the energy from the two input sources to the load and the battery.

Two WPVS digital simulations have been carried out. A cosimulation
between PLECS and Matlab/Simulink was chosen for a detailed analysis with the
convertor elements. The cosimulation needs a very long run time.

A simulation where HBLC was replaced with the corresponded mathematical
relations was performed in Matlab, without PLECS. This simulation has been
prepared for the dSpace platform, in order to realize the set up control.

Two MPPT methods have been used to control the PV panel: the short
current pulse based, and the perturb and observe tracking methods.

WPVS has three operating modes, which depends on the balance between
the generated and the demanded power. Digital simulation results show that the
system operation is stable in each operating mode, and the commutation between
them is realized without any significant perturbation.

An experimental platform was also built, using PV and wind turbine system
emulators, and some experimental results were presented. The control and data
acquisition were made using a dSpace platform.

The experiments prove that the proposed HBLC is a viable solution for
mixing renewable energy sources, and the proposed system completes the thesis
content, adding a possible application for the proposed DC-DC hybrid structures.
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CHAPTHER 6
Experimental Platform

6.1. Dual input hybrid Buck converter prototypes

The experimental results for the proposed dual input hybrid Buck DC-DC
converters have been obtained from two laboratory prototypes: first at 7.8 kHz and
a second at 100 kHz.

The gate signals of the two power switches have been developed to be
synchronized at turn on switch. The experiments have been made for a wide range
of duty cycles.

6.1.1. The 7.8 kHz HBCL prototype

Figure 6.1 presents the circuit diagram of the prototype.

- T

APTEAADAGG) < | c

N,
o 1200F{9xEB0)
oL R S

APTERld1Damal. | ool

S| wnBDuF{15a3E0) - -

U APTINAOLOABGL oo |l

| EL20uktsR0y

S ARTENIDAROL

[ 4050uF(15:350) -

CAPTAROGELIQIRDEE o C

| apTzxagipands
Ll APTZXAQ10100)

. ..495.0.'”.:“5.)(.3.30.]. SRR

T
r
B
A8
T
”Qﬂ

Figure 6.1 HBCL circuit diagram.
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The prototype circuit parameters are:

Table 6.1. HBCL specifications

Parameter Value
Input Voltage V, 20-50V
Input Voltage V, 20-50V
Inductor L, 270pH
Inductors Ly=L; 320uH
Capacitors C,=C, 6120pF
Capacitor Cs 4950uF

Thunderbolt IGBT APT60GT120JRDQ3 [1] was used for both switches and
ultrafast soft recovery dual rectifier diode APT2X100D100] were chosen for the
prototype development [2]. Technical specifications of the power elements are
presented in the next table.

An optical isolated IGBT driver, HCPL-316], controls the power transistors
[3]. Figure 6.2. presents the circuit diagram of the power driver. The technical
details of the IGBT driver are:

2.5 A maximum peak output current;

Drive IGBTs up to Ic=150A, V=1200V;

Optically isolated, FAULT status feedback;

SO-16 package;

CMOS/ TTL compatible;

500ns max. switching speed.

“soft” IGBT turn-off;

Integrated fail-safe IGBT protection: desaturation (Vcg) detection and under
Voltage lock-out protection (UVLO) with hysteresis;

User configurable: inverting, noninverting, auto reset, auto-shutdown;

Wide operating V¢ range: 15 to 30V

-40 to +100 operating temperature range;

15kV/us min. common mode rejection (CMR) at Vcy=1500V;

Regulatory approvals: UL, CSA, IEC/EN/DIN EN 60747-5-2 (1230 Vpeak
working voltage).

VVVYVYYVYVYYVY

VVVYYVY

Table 6.2. Power semiconductors specifications

Parameter Value
Collector-Emitter Voltage 1200V
Continuous Collector Current 150A
IGBT Collector Emitter On Voltage 3.2V
specifications | Integrated Gate Resistor 2Q
Total Power Dissipation 830w
Reverse Recovery Time 35ns
Maximum D.C. Reverse 1000V
. Voltage
Diode :
e L. Maximum Average Forward
specifications 95A
Current
Reverse Recovery Time 170ns
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Figure 6.2. HCPL316J circuit diagram.

6.1.2. The 100kHz HBLC prototype

The prototype, build at 100 kHz switching frequency, is presented in figures
6.3 and 6.4. It can be seen the modularity of the construction: the hybrid Buck L
side and the hybrid Buck C side, and the output capacitor bank, used to connect the
two sides of the prototype. |

A
[ |
- ——

1 4wV

)
brid Buck L Side . Hyprid Buck C Side

Figure 6.3. The 100kHz prototype.

!

BUPT



6.1. Dual input hybrid Buck converter prototypes 134

For this prototype ACPL332] MOSFET driver was used [4]. The driver circuit
diagram is presented in figure 6.3., and the technical details are given next:

> 2.5 A maximum peak output current;

> 2 A minimum peak output current

> 1.7 A Miller clamping;

> Icc(max)<5MA maximum supply current;

> Open collector isolated fault feedback;

> Fault reset by next LED turn on (low to high) after fault mute period

> SO-16 package;

> CMOS/ TTL compatible;

> 250ns maximum propagation delay over temperature range;

> 100ns maximum pulse with distortion

> “soft” MOSFET turn-off;

> Integrated fail-safe MOSFET protection: desaturation (Vce) detection and
under Voltage lock-out protection (UVLO) with hysteresis;

> Wide operating Vcc range: 15 to 30V over temperature range

> -40 to +105 operating temperature range;

> 50kV/ps min. common mode rejection (CMR) at Vcy=1500V;

> Regulatory approvals: UL, CSA, IEC/EN/DIN EN 60747-5-2 (1230 Vpeak
working voltage).
The parameters of the HBLC power electronic devices are presented in table

6.3

Table 6.3. Power semiconductors specifications

Parameter Value
Drain-Source Voltage 200V
Continuous Drain Current 120A
Collector Emitter On 3.0V
MOSFET Voltage ’
specifications Drain-Source conduction
. 17mQ
Resistor
Total Power Dissipation 600W
Reverse Recovery Time <250ns
Maximum D.C. Reverse 1000V
} Voltage
Diode Maximum Average Forward
specifications Current 60A
Reverse Recovery Time 35ns

Figure 6.4 presents the circuit diagram of the prototype, and Figure 6.5
presents the schematic of power switch driver. Table 6.4. gives the other circuit
parameters.
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Table 6.4. HBLC specifications

Parameter Value
Input Voltage V; 20-60V
Input Voltage V>, 20-60V
Inductor L, 28pH
Inductors Ly=L3 28uH
Capacitors C,=C, 2640pF
Capacitor Cs 3960uF
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Figure 6.4. HBLC circuit diagram.
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Figure 6.5. ACPL332] circuit diagram.
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Figure 6.6-6.11 presents the circuit diagram of each PCBs, as configurable
modules connection.

Ph 28uF 7
VYT
O P5 A ]
+l C1 +l C2 +l C3 +l Ch +l (5 +I c8 X3
330uF | 330uF | 330uF | 330uF | 330uF| 330uF | 2u2F | 2u2F
P2 (O O P3

Figure 6.6. Capacitor C;, inductor L, circuit diagram.

e
DLAL 1 [ 2 0 D1c1
[DIODE*2
D21 O b3 D2t
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[010DE*2
DaAl (O 4 m 3 O Daci
DSEI2x61A

Figure 6.7. The diodes D;, D, D3 and D4 circuit diagram.
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Figure 6.8. Capacitor C4 circuit diagram,
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Figure 6.9. Diodes D, and D3, inductors L; and Ls circuit diagram.
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Figure 6.10. Capacitor Cs circuit diagram.
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Figure 6.11. Capacitors C; and C;s circuit diagram.

For the PWM gating signals, Texas Instruments TMS320F28335

Signal Controller was used, figure 6.12, with:
» High-Performance Static CMOS Technology;
» High-Performance 32-Bit CPU ;
> 16-Bit or 32-Bit External Interface;

C5+01
C5+02
(5403

(5-02
(5-03

Digital

BUPT



6.2. Wind and PV Mixed Energy System 138

>
>
>

On-Chip Memory;

Clock and System Control;

Up to 18 PWM Outputs.

An interface board has been used for PWM and for the converter feedback,

signals, figure 6.12.

Figure 6.12. TMS320F28335 picture.

6.2. Wind and PV Mixed Energy System

VVVVVVYVYVYVYVVYYVY

Figure 6.13 presents the system configuration:

A laboratory voltage source which keeps the place of the wind turbine;
HBLC prototype;

A current sensors board (4 current transducers LA 25-P);

Zelio Isolated Analog Converters for the voltage signals acquisition;
DS1103 control board;

Regatron PV emulator;

12V/7Ah battery from Well ;

2.2Q loads with max 10A;

Three auxiliary laboratory voltage sources;

Complementary tools (multimeters, oscilloscopes, etc.).
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Figure 6.13. WPVS configuration.

6.2.1. DS1103

The dSpace DS1103 control board, figure 6.14, is designed to meet the

requirements of modern rapid control prototyping.

bk
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Figure 6.14. DS1103 PPC Controller Board.

Technical description of the DS1103:

» Proccesor: IBM PowerPC 750GX, 933 MHz; Superscalar microprocessor; 3
integer units, 1 floating-point unit; 2 on-chip timer units; 32 KB instruction
cache, 32 KB data cache; 1 MB, 4-way set-associative level-2 cache; Fast

out-of-order instruction execution.

» Memory: 32 MB application SDRAM as program memory, cached; 96 MB
communication SDRAM for data storage and data exchange with host.

> Interrupt Control Unit: Interrupts by host PC, CAN, slave DSP, serial
interface, incremental encoders and 4 external inputs (user interrupts);

PWM synchronous interrupt.
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> Analog Input: 4 ADC units, 16-bit, multiplexed (4 channels each), sample
& hold, 1 ys sampling time (for 1 channel); £10V input voltage range; 83
dB signal-to-noise ratio; 4 channels, 16-bit, sample & hold, 800 ns sampling
time; £10V input voltage range; 83 dB signal-to-noise ratio.

> Analog Output: 8 channels, 16-bit, 5 us settling time; 10 V output
voltage range.

» Incremental Encoder Interface: 6 channels digital input; 1 channel
analog input with TC 3005H controller; Digital noise pulse filtering; Max.
1.65 MHz input frequency, i.e., fourfold pulse counts up to 6.6 MHz

> Digital I/0: 4-channel, 8-bit digital I/0 port.

> Serial Interface: RS232 and RS422 transceiver support; Baud rate
generator up to 1 Mbaud.

» CAN Interface: Infineon 80C164 microcontroller; ISO 11898 transceiver,
max. 1 Mbaud; Clock frequency generator 10-20 MHz; 4 kWord of dual-port
memory.

> Physical Characteristics: Power supply 5V, 4 A/ -12V, 250 mA/ 12V,
750 mA; Operating temperature 0 to 50 °C (32 to 122 °F);
Overtemperature sensor; Requires a full-size 16-bit ISA slot; I/O connection
via 3 x 100 high-density connectors (ISA slots); Supports Plug & Play BIOS

> Slave DSP Subsystem: Texas Instruments’ DSP TMS320F240, 20 MHz; 4
kWord of dual-port RAM; Supports symmetric/asymmetric PWM and space
vector modulation; Three-phase PWM output plus 4 single PWM outputs; 4
capture inputs; 2 low-resolution ADC units for auxiliary purposes, sample &
hold, 8 inputs each, 10-bit, 6.6 ps sampling time; 18-bit digital I/O (TTL)
Matlab/Simulink was design for the real time experimental test. Control

Desk interface has been used for this scope (figure 6.15).

1 testara_HBLC - ControlDesk Developer Version - [testare_hblc *]
B Bl Et yew Iods Expednect Detmmentaton Pligform Paameter Edtor CAN Widwe teh BEE]

Wt Dt B %% %k mar =% Eam 40
EE
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Vbat Vinl PV [ VinZ wind ;
12.447 |41.280 (24.437 | L Downaamolng [ 0]
il o i
Toad e[ 0 pew | 0
5427 3 [7< rop g vaable eve 17
i RefoenceCaplue  Coplue Vaiaties

i e B o
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A e eoriar = [[varatie IET Y | crign. | Descroten | a
+ 1l Mocelfoct =W frairms 11 Floatiees. Smon...
W Seao Machios Dita L2l . et - f—
[T TE T\ o Vi 1 erpeehe Pl Sebcir ), «nihanlaestars_comeartariests_conserteadl [, ohosatecom ooentestan convebe 2 o |

For e, press 1 A M 1212013 15:16

Figure 6.15. Control Desk interface.
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6.2.2. PV emulator

For the PV panel emulator, Regatron Programmable High-Power DC Supplies

was used. The product cod is TC.P.10.800.400.S. The parameters are:

Line voltage 3 x 360 - 440 VAC

Line frequency 48 - 62 Hz

Mains connection type 3L+PE (no neutral)

Input current 3 x 20 Arms

Leakage current L to PE < 10 mA

Output power range 0 - 10 kW

Output voltage range 0 - 800 VDC

Output current range 0 - 16 A

Internal resistance range 0 - 1000 mQ

The DC Power Supply can be programmed in order to have similar

YVVVYVYVVYVVYY

voltage/current characteristics as a real PV panel.

6.3. Conclusions

YV V V

The experimental platform consists of:

HBCL prototype, at 7.8kHz switching frequency, using IGBT transistors;
HBLC prototype, at 100kHz switching frequency, using MOSFET transistors;
A small-scale wind and PV mixed energy system, implemented with HBLC, DC

power voltage sources for the input power generation, a rechargeable battery,
resistive loads, and a dSpace control board;
» Additional electrical devices and tools.

All  prototypes and the system were built with high performance

components, in order to achieve good efficiency.

The circuit diagram and PCB conceptions and manufacture were made by

the author, during the Ph.D. stage.
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CHAPTHER 7
Conclusion and Contributions

7.1. Conclusions

The presents work is a research in the field of multi-input DC-DC converters.
Based on the literature description of mixing technologies in this domain, four new
topologies of dual input DC-DC converters have been proposed, studied analytically
and simulated. Two of them was built as laboratory prototypes, and was tested in
order to validate the theoretical aspects. An application with one of the proposed
converter was implemented in a wind and PV mixed energy system.

The proposed converters have the following advantages:

» less power electronic components (they use some common components);

> reduced input current ripples for a part of them;

» the output voltage is reduced more times, for the same duty cycle,
compared with the classical DC-DC converters;

» a relative good efficiency.

The proposed converters have been analytically studied, simulated (using
PSim, LTSpice and PLECS), and partially experimented.

From the new topologies, HBLC has the advantage of a common ground
between one input voltage source and the converter output. This topology is the
main concern of the thesis.

A complete description of HBLC was made. The converter has an average
efficiency of 94%, determined from simulation results. The converter has been
studied in BCM in order to develop a design procedure.

The analytical procedure, having as objective the inductance values of the
output filter in BCM was assisted by a numerical method (using Mathematica), and
validated by simulations.

Small scale laboratory prototypes of HBCL and HBLC were built and tested.
The experimental results were compared with simulations, and a good
correspondence was obtained.

HBLC is suitable for renewable energy sources applications and a small
mixed wind and PV energy system has been proposed, with the corresponding
control algorithms, including the energy management. -

The cosimulation between Matlab/Simulink and Plecs, using a complete
model of HBLC, demonstrates that the system can achieve the proposed objectives.

In order to extend the simulation, in good conditions related to the
computing time, HBLC was described in a simplified way, and the simulations were
performed only with Matlab/Simulink.

The system was built using the HBLC prototype, an PV emulator, a variable
voltage DC source (as a substitute for the wind produced energy), a small
rechargeable battery, and resistive loads. The control was implemented with a
dSpace board.

Preliminary experimental results validate the theoretical considerations and
prove together that HBLC is a good solution for mixing renewable energy sources.
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7.2.

7.3.

YV VY

Contributions

The author contributions in this work can be summarized as follows:

the review of the main multi-input DC-DC converters and systems,
developed in the literature;

four new dual-input DC-DC converter topologies based on hybrid and
classical structures have been proposed;

the analytical study, validated by simulations, of the proposed converters,
made in PSim, LTSpice, and PLECS;

the design procedure, regarding the output inductive elements for HBLC,
based on BCM equations, solved in Mathematica;

HBLC integration into a wind turbine and PV mixing energy system;

the control strategy proposed for the system, studied with digital
simulations  (cosimulations  Matlab/Simulik-PLECS, and only with
Matlab/Simulink);

the laboratory prototypes (HBCL at 7.8kHz, and HBLC at 100kHz) built in
order to validate the theoretical results;

the small scale wind and PV mixing energy system and the corresponding
control, using dSpace board;

the preliminary experimental results obtained with the proposed wind
turbine and PV mixing energy system;

Future work

The thesis leaves open the following research direction:

A more complex design procedure for all converters elements;

Experimental validation of the converters efficiencies;

Full experimental validation for the wind and PV mixing energy system;

The implementation of control strategies, both for converters and systems in
an industrial hardware;

The extension of the proposed converters applications in other industries
(e.g. automotive).
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Al. TMS320F28335 Digital Signal Controller Program

Appendix

// TI File $Revision: /main/8 $
// Checkin $Date: April 21, 2008 15:41:53 $

VI RRRBRARRRARAARRRRAARHRRARRRRRARRAARARRARARARARRARAH

HUHHHRAHHR R R R BB R R R RRHTH

//

// FILE: Example_2833xEPwmUpDownAQ.c

//

// TITLE: Action Qualifier Module - Using up/down count

//

// ASSUMPTIONS:

//

//  This program requires the DSP2833x header files.

//

//  Monitor ePWM1-ePWM3 pins on an oscilloscope as described
//  below.

//

// EPWM1A is on GPIOO

// EPWM1B is on GPIO1

//

// EPWM2A is on GPIO2

// EPWM2B is on GPIO3

//

// EPWM3A is on GPIO4

// EPWM3B is on GPIO5

//

//  As supplied, this project is configured for "boot to SARAM"
// operation. The 2833x Boot Mode table is shown below.

//  For information on configuring the boot mode of an eZdsp,
// please refer to the documentation included with the eZdsp,
//

/7 $Boot_Table:

//

// GPIO87 GPIO86  GPIO85 GPIO84

// XA1l5 XA14 XA13  XA12

// PU PU PU PU

// 3 P
// 1 1 1 1 Jump to Flash

// 1 1 1 0 SCI-A boot

// 1 1 0 1 SPI-A boot

// 1 1 0 0 I2C-A boot

// 1 0 1 1 eCAN-A boot

// 1 0 1 0 McBSP-A boot

// 1 0 0 1  Jump to XINTF x16

// 1 0 0 0 Jump to XINTF x32
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// 0 1 1 1 Jump to OTP

// 0 1 1 0 Parallel GPIO I/O boot

// 0 1 0 1 Parallel XINTF boot

// 0 1 0 0 Jump to SARAM <- "boot to SARAM"
// 0 0 1 1 Branch to check boot mode

// 0 0 1 0 Boot to flash, bypass ADC cal
// 0 0 0 1 Boot to SARAM, bypass ADC cal
// 0 0 0 0 Boot to SCI-A, bypass ADC cal
// Boot_Table_End$

/7

// DESCRIPTION:

/7

//  This example configures ePWM1, ePWM2, ePWM3 to produce an

// waveform with independant modulation on EPWMxA and

// EPWMXxB.

/7

// The compare values CMPA and CMPB are modified within the ePWM's ISR

/7

//  The TB counter is in up/down count mode for this example.

/7

// View the EPWM1A/B, EPWM2A/B and EPWM3A/B waveforms

//  via an oscilloscope

//

//

VEL T EEFEEEEE T L EEEEEE LT
HAHBHBHRUHHUHHHHHHHHHHHAH

// $TI Release: DSP2833x/DSP2823x C/C++ Header Files V1.31 $

// $Release Date: August 4, 2009 $

VEL T EEEEEEEEEE EEEEEEEEEEEEEE T EEEEEEEEEEEEE
HAHBHBHRUHHUHHHHHHHHHHAHHH

#include "DSP28x_Project.h"  // Device Headerfile and Examples Include File

// Prototype statements for functions found within this file.
void InitEPwm1(void);
void InitEPwm2(void);

void main(void)

{

inti =0;

// Step 1. Initialize System Control:

// PLL, WatchDog, enable Peripheral Clocks

// This example function is found in the DSP2833x_SysCtrl.c file.
InitSysCtrl();

// Step 2. Initalize GPIO:

// This example function is found in the DSP2833x_Gpio.c file and
// illustrates how to set the GPIO to it's default state.
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// InitGpio(); // Skipped for this example

// For this case just init GPIO pins for ePWM1, ePWM2, ePWM3
// These functions are in the DSP2833x_EPwm.c file
InitEPwm1Gpio();
InitEPwm2Gpio();

// Disable CPU interrupts and clear all CPU interrupt flags:
IER = 0x0000;
IFR = 0x0000;

// Step 4. Initialize all the Device Peripherals:
// This function is found in DSP2833x_InitPeripherals.c
// InitPeripherals(); // Not required for this example

// For this example, only initialize the ePWM

EALLOW;
SysCtrlRegs.PCLKCRO.bit.TBCLKSYNC = 0;
EDIS;

InitEPwm1();
InitEPwm2();

EALLOW;
SysCtriRegs.PCLKCRO.bit. TBCLKSYNC = 1;
EDIS;

// Step 5. User specific code, enable interrupts:

// Enable CPU INT3 which is connected to EPWM1-3 INT:
IER |= M_INT3;

// Enable EPWM INTn in the PIE: Group 3 interrupt 1-3
PieCtrlRegs.PIEIER3.bit.INTx1 = 1;
PieCtrIRegs.PIEIER3.bit.INTx2 = 1;

PieCtrIRegs.PIEIER3.bit.INTx3 = 1;

// Enable global Interrupts and higher priority real-time debug events:
EINT; // Enable Global interrupt INTM
ERTM; // Enable Global realtime interrupt DBGM

// Step 6. IDLE loop. Just sit and loop forever (optional):
for(;;)
{
i=i+1;
asm(" NOP");
b

BUPT



147 Appendix- 6

void InitEPwm1()

{

Zero

Zero

EPwm1Regs.TBPRD = 1500; // Period = 601 TBCLK counts
EPwm1Regs.CMPA.half.CMPA = 600; // Compare A = 1050 TBCLK counts
EPwm1Regs.CMPB = 200; // Compare B = 200 TBCLK counts
EPwm1Regs.TBPHS.all = 0; // Set Phase register to zero
EPwm1Regs.TBCTR = 0; // clear TB counter

EPwm1Regs. TBCTL.bit.CTRMODE = TB_COUNT_UP;
EPwm1Regs.TBCTL.bit.PHSEN = TB_DISABLE; // Phase loading disabled
EPwm1Regs.TBCTL.bit.PRDLD = TB_SHADOW;

EPwm1Regs. TBCTL.bit.SYNCOSEL = TB_SYNC_DISABLE;

EPwm1Regs. TBCTL.bit.HSPCLKDIV = TB_DIV1; // TBCLK = SYSCLK
EPwm1Regs.TBCTL.bit.CLKDIV = TB_DIV1;
EPwm1Regs.CMPCTL.bit.SHDWAMODE = CC_SHADOW;
EPwm1Regs.CMPCTL.bit.SHDWBMODE = CC_SHADOW;
EPwm1Regs.CMPCTL.bit.LOADAMODE = CC_CTR_ZERO; // load on CTR

EPwm1Regs.CMPCTL.bit.LOADBMODE = CC_CTR_ZERO; // load on CTR

EPwm1Regs.AQCTLA.bit.ZRO = AQ_SET;
EPwm1Regs.AQCTLA.bit.CAU = AQ_CLEAR;
EPwm1Regs.AQCTLB.bit.ZRO = AQ_SET;
EPwm1Regs.AQCTLB.bit.CBU = AQ_CLEAR;

EPwm1Regs.ETSEL.bit.INTSEL = ET_CTR_ZERO; // Select INT on Zero event
EPwm1Regs.ETSEL.bit.INTEN = 1; // Enable INT
EPwm1Regs.ETPS.bit.INTPRD = ET_3RD; // Generate INT on 3rd event

void InitEPwm2()

{

Zero

EPwm2Regs.TBPRD = 1500; // Period = 601 TBCLK counts
EPwm2Regs.CMPA.half.CMPA = 900; // Compare A = 750 TBCLK counts
EPwm2Regs.CMPB = 200; // Compare B = 200 TBCLK counts
EPwm2Regs.TBPHS.all = 0; // Set Phase register to zero
EPwm2Regs.TBCTR = 0; // clear TB counter

EPwm2Regs. TBCTL.bit.CTRMODE = TB_COUNT_UP;
EPwm2Regs.TBCTL.bit.PHSEN = TB_ENABLE; // Phase loading disabled
EPwm2Regs.TBCTL.bit.PRDLD = TB_SHADOW;

EPwm2Regs. TBCTL.bit.SYNCOSEL = TB_SYNC_DISABLE;

EPwm2Regs. TBCTL.bit.HSPCLKDIV = TB_DIV1; // TBCLK = SYSCLK
EPwm2Regs.TBCTL.bit.CLKDIV = TB_DIV1;
EPwm2Regs.CMPCTL.bit.SHDWAMODE = CC_SHADOW;
EPwm2Regs.CMPCTL.bit.SHDWBMODE = CC_SHADOW;
EPwm2Regs.CMPCTL.bit.LOADAMODE = CC_CTR_ZERO; // load on CTR =

EPwm2Regs.CMPCTL.bit.LOADBMODE = CC_CTR_ZERO; // load on CTR
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Zero
EPwm2Regs.AQCTLA.bit.ZRO = AQ_SET;
EPwm2Regs.AQCTLA.bit.CAU = AQ_CLEAR;
EPwm2Regs.AQCTLB.bit.ZRO = AQ_SET;
EPwm2Regs.AQCTLB.bit.CBU = AQ_CLEAR;

EPwm2Regs.ETSEL.bit.INTSEL = ET_CTR_ZERO; // Select INT on Zero event
EPwm2Regs.ETSEL.bit.INTEN = 1; // Enable INT
EPwm2Regs.ETPS.bit.INTPRD = ET_3RD; // Generate INT on 3rd event

¥
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A2.HBLC PCB’s

Diodes D;. D, D3 and D4 PCB-front side

Diodes D;. D, D3 and D4, PCB-back side
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Inductor L; and capacitor C; PCB-front side

Inductor L; and capacitor C; PCB-back side
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Capacitor C4 PCB-front side
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Capacitors C, and C; PCB-front side
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Inductors L, and Ls; with the diode D5 and Dg PCB- back side

Inductors L, and Ls; with the diode D5 and Dg PCB- back side
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HCPL 316J] circuit PCB-front side
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A3. Wolfram Mathemathica obtained function from the interpolation

F2Gro[k_,x_,y_]1=If[k<1,0.0005987348677853262" +0.1028727971990411" k-
0.06689495214778732" k?+0.0810486275364256"° k>+0.04680911195580413"

k*-0.0038566951667272343" k5+0.00039559890801383555"
k®4+0.0005713100759059349" k’-0.01886014738283569" k8-
0.000047525097241036515" k°+0.956271240920538" x-0.2530384086447573" k
x+0.06407468258201698" k2 x+0.03480766151388609" k3 X-
0.04886333529053044" k* x-0.06164286960770681" k5 X-
0.021527958822582013" K6 x-0.036980322821406224" Y X-

0.014537103693744337" k® x-0.5909135264621191" x?+0.04831063696135399"
k x?+0.05157236766042776" k? x%-0.05850167333764194" K3 x?-

0.11850858517305533" k4 x%-0.004076478626492871" k°
x?+0.009530170388101928" k® x?4+0.042365288336162626" k? x?-
0.14224300535782997" x3+0.017960339517867734" k
x340.03145637237714819" k2 x3-0.18166239903770404" k3
x>+0.052661893531005276" k* x340.18874412721270817" k>
x34+0.04827891767269702" k® x3-0.06660787964811607"
x*+0.06134549720974037" k x*-0.19470085357899602" k2
x*+0.024270810800792943" k3 x*+0.48489637148263004" k* x*-
0.049910424076776795" k° x*-0.14793912699842648" x°-0.3662502296587102"
k x°-0.03714563856556598" k2 x°+0.552073533420129" k3 X°-
0.2235137692499982" k* x°+0.2562447499578666° x°-0.24911419808663507" k
x®+0.17231285289673728" k2 x%-0.3399589192824124" k3
x6+0.5902137318864149" x7-0.7431138619454711" k
x’+0.34588511964790086" k2 x’+0.9342690977356539"
x84+1.3959317940662472" k x8-0.7297937357607707" x°-

0.007081365663840207" y+0.35315050588953384" k y-0.02662767049426263"
k2  y+0.040211681932973656° k3  y+0.01359358622328708"  k* y-

0.012197410631967952° k> y+0.01968680470495002" K®
y+0.00925212170815408" Kk’ y+0.042807697014856635" K®
y+0.23913193360042995" X y-0.041579467126730885" k X y-

0.0009733383568625828° k®> x y+0.0006017773360575071° k> x vy-
0.07248101119880697" k* x y-0.021557183167563346° k> x y-
0.0004567779533600886" k® X y-0.01215842426708462" k’ X
y+0.009591435107607866" x? y-0.06785859977250225" k x2
y+0.06666238085069126° k> x> y-0.08827267387819486° k® x?> y-
0.04150223749196938" k* x> y+0.0668329775559222" kK> x*  y-
0.08633238841960929" kb x? y-0.18236945488404377" x3
y+0.0797460219103094° k x> y+0.030990762008880533" k* x® y-
0.06858817666114504° k® x> y+0.20817367360635503°  k* x> y-

0.1578052951208555" k> x3 y+0.09395500224074518" x4 y-
0.018409565562579246" k x* y+0.027144591100835818" k? x*
y+0.20344866638175538° k> x* y-0.1793379721493875° k* x* y-
0.13728446562326607" x° y-0.05499731609568734" k x°
y+0.03184840213765069" k2 x° y-0.2500464449409707" k3 x°
y+0.08998611736004135" x8 y-0.5161604992975305" k x8 y-
0.2653197881701096" k? x® y-0.2958445319543663" x’ y-0.6808323198356234"
k x’ y+1.4493846340943213" x8 y+0.026527865482926773"
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y?+0.36242451960468214" k y?-0.07410680707039545" k2
y2+0.00013502897033250291" k3 y2-0.017460136382933936" k*
y?+0.010081418926677799" k> y?+0.04835364405056379" K®
y?+0.00952248159882704" Kk’ y?-0.178499561803295" X y2-
0.048504931550417754° k x  y?-0.02294533067883933" k> x  y?*-
0.026026460702622944" K3 X y2-0.04987518925789724" Kk X
y?+0.040331151172782076" k> X y2-0.0762834587398834" kK  x
y?+0.29079819153231706" x? y?-0.09731693725080358" k xi

y2+0.11784795824675469" k? x?>  y?-0.05004807817357492" k3 x
y?+0.07256755736301257° k* x%> y?-0.12526685584688516° k° x?> y2-
2

0.08452715094893981" x3 y?+0.1289179637865053" k x3
y?+0.19171842753605092° k®* x> y2+0.05559107772920493° k® x* y?-
0.09522933171404464" k* x3 y?+0.04631069805883153" x4
y?+0.22903840925929006° k x* y2+0.13782697596080304° k> x* y2-
0.14642755142991934" K3 x4 y2-0.27270074142260764" x° y2-
0.03384104580325704" k x> y2-0. 34416134095974055 kK2 x>y

0. 5579690048387931 x® y?-1. 256496723069291 k x® y?+0.5075452021332016°

x’ y2-0.021839732380798338" y>+0.20759375561500137" k y3-
0.14498738382784299" k? y3-0.03490406496406031" k3 y3-
0.02673877770363487" k* y3+0.06862908893140017" k>
y3+0.024219966565947004 " Kk® y3-0.2995734122304685" X y3-
0.1423460009045694" k  x y3+0.0175260976676401" k2 X y3-
0.02336912691399905° k> x  y3+0.020759835600892087° k* x y3-
0.02309402481498532" k> X y3+0.4020234030044196" x2 y3-
0.044578744983027024" k x? y3+0.2763946842959673" k2 x?
y3+0.01507819510706° k> x*> y3-0.013212306701132775° k* x> y3-
0.061862370206416016" x3 y3+0.3985500493806691" k x3
y3+0.3269932616654801° k?> x3 y>-0.060140195913177256" k3> x3 y3-
0.14120040441208798" x? y3+0.4516779347806012‘ k x? y3-
0.14894217925842765" k2 x* y3-0. 6159677703889566 x® y3-
o 9382807118185348" k x> y3-0. 316163124679241 x® y3-0.04226554298724363"

y*-0.05573823438683184" k y*-0.18089356726266886" k? y*-
0.06123802016271528" K3 y*+0.001874621882793548" k*
y*+0.09755609070500369" k> y*-0.26545637947493606" X y4-
0.21129805561192042° k x  y*+0.15683649949927791"  k* x y*
0.010899494281856294" k3 X y*+0.039829218736154026" k* X
y*+0.36471018501987634" x? y*+0.2227445713827828" k 2
y*+0.43577506361672674° k> x> y*-0.017278840259008263° k3 x> y*-
0.14964922842817505" x3 y*+0.7647448955387661" k X
y*+0.11591151216586455" k* x> y*0.35141988903112203°  x*  y*-
0.283851756107892" k x4 y*-0.6688710531240675" x°
y*+0.00042313523833366985" y°-0.34193534830989186" k y®-
0.13447911083650463" k? y°-0.10313616086654502" k3
y°+0.04340019293885504" k* y°-0.2265569093076094" X y°-
0.09542924453813727" k x  y°+0.3148590226430207" k2 x y°-
0.05343296715019712‘ k3 X y°+0.22591273587688782" X
y>+0.6695249021341709° k x?> y°+0.28083082615763155" k?* x* y°-
0.18161878503141116" x3 y°+0. 313768910509128 k x3 y°-

0. 4884299696322048 x* y°+0. 04569274798521071 y®-0.5017394119015656" k
y%-0.06108506895450165" k2 y -0.21526235060395107" k3 yo-
0.2360097418514805" X y®+0.24988484737858055" k X
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y®+0.18332937430043467" k? X y®+0.1984185729807357" x2
y®+0.5064676609751235" k x? y®-0.18201091005264577" x5
y®+0.05535751910106305" y’-0.43658617722887966" k y’-
0.25165094647588826" k? y’-0.11693888509614418" X
y7+0.20999054618996385" k X y’+0.30380177906867867" x2

y’+0.1825699284873344" y8-0.5778957856790755" k y®+0.2205738500317406"
x y8+0.6011353041391524" y°,0.19320525474592745" +0.04226342136296775"

k+0.0003674528518334953" k?-0.00011020800252471557"
k3+0.000010910779640134225" k*-2.5464224120672276" *~-6
k>+8.780996628582285" *~-8 k®+9.286002242722569" *~-9 k7-
4.918044400622312" *~-10 k8+7.210393160012694 " *~-12
k°+0.1922290592755779" x+0.08987235677901649" k
x+0.0003903555795447464" k2 x-0.0006754483324038546" k3
x+0.0000781516188876153" k* X+7.559943951787981 " *~-6 k>
x+1.307989102532761" *~-6 K& x-1.255031660396142" *A-7 k?
x+3.5737759223380207 " *~-9 k8 x+0.049108715244281995"
x?4+0.14041229049251294" k x%>+0.0005271449574824299" k? x2-
0.0029042442231907344" k3 x%+0.0000840972415312244"° k*
x?+0.0000256011627229606" k> x?+3.1554418875296276 " *~-6 k®
x?+4.927703768145286" *A-7 k? x?-0.155957361203677"
x3+0.12205831556828421" k x3-0.0016961911060752008" k2 x3-
0.007509542400944465" k3 x3-0.0001835654282064147" k*

x>+7.805010353512363 *~-6 k>  x>-0.000019609178370581263" kS x3-
0.16584494097706728" x*-0.01944368465590635" k x*-0.02507359525697483"

k2 x%-0.01152584433617546" k3 x*+0.00021949480511066895" k#
x*+0.000025636634013509993" k> x*+0.21018331748520977" X°-
0.14228108211355586" k x°-0.0813954279784934" k? x>-
0.010792334559083926" k3 x°+0.006389986519607627" k*
x°+0.7332852842235443" x6-0.04296768097108389" k x6-
0.02959296567392342" k2 x®+0.009704895589919032" k3
x®+0.7827298710106542" x’-0.12493044659468527" k x’-0.0684957162704208"
k2 x’+0.2896391875390099" x8-0.43144886844699015" k x8-
0.13598412611856295"° x°+0.1607811559886411" y+0.09117348038664187" k
y+0.00449869417816175" k2 y-0.00040253282728945275" k3

y+6.043898408587048" *~-6 k* y-8.641053091001079" *~-6 k> y-
6.754616352298883" *~-7 Kk® y+3.5525872972265434 " *~-8 Kk’ y-
1.8945864055369285 *~-9 K& y+0.031207669772202348" X
y+0.1283491118336628° k x  y+0.009791605363948764° k> x y-
0.0013674771206122144" k3 x  y+0.00003963310831118872" k*  x
y+4.951067807853607 *~-6 k° x y-1.2684079918323844 *~-6 k® x y-
1.0443969987434074" *~-6 Kk’ X y-0.12802139586721084" x2
y+0.09009519073800061° k x> y+0.012113998760811266° k®> x> y-
0.0030426377377175805°  k®> x?> y-0.000031584721609742454°  k* x?
y+0.000023289020785749888" k> x? y-7.365715997115424 *~-6 k& x? y-

0.12716650868066512" x3 y-0.04401009175264472" k x3 y-
0.011755976751610065" k? x3 y-0.0037020473019934" K3 x3
y+0.000415300284557114°  k* x> y+0.00011163838381165045° k*® x°
y+0.09553734699607759" x4 y-0.11101438206295881" k x* y-
0.06128362936389124" k2 x* y-0.0042896122403304785" K x*
y+0.0031258523955565625" k* x* y+0.22940653764640836" x°
y+0.029191942826604995" k x> y+0.03311773956750183" K2 X
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y+0.01645026197536017" k3 x° y-0.19657114706353104" x8 y-
0.07920148299579079" k x® y+0.04380711854531722" k2 x®  y-
0.821375860955634" x’ y-0.3287108938570701" k x’ y-0.5254322559191793" X8

y+0.014628909517669625" y2+0.10980465745064644" k
y?+0.0161583714925713" k2 y2-0.000024439355050119914" k3 y2-
9.12954330040786" *~-6 k* y?-0.00001634568242529455" k> y2-
6.197626281256074 " *~-7 Kk® y2+6.364406829011337" *~-7 Kk’ y?
0.1028044381619623" X y2+0.053920391306837574" k

y?+0.00008118861391421381" k* x y2+5.297223006820647 *~-6  k°
y2+3.352829919663853 *~-6  k® x  y2-0.08605627670014872°  x2>  y?-
0.07186991167957023" k x2 y2-0.00904495955090174" k2 x2
y?+0.002241424168458456° k> x> y?4+0.0006054843836458449° k* x2
y?+0.00008940420502380596"° k> x? y?+0.052380643295825105° x> y?
0.09896964763157667" k x> y?-0.05760471471101063" k2 x> y?

X
y?+0.019476189933810683" k*  x  y?+0.0006642276453600627" K> x
X
2

0.0007713325014127353° k® x3 y2+0.0005863540336705571°  k* X3
y?+0.006342208508162638" x* y?+0.055174507991476364" k x*
y?+0.05771430230489271"° k*> x* y2+0.017932589022480332° k3> x* y?-
0.5107248556898396" x° y2-0.067238191089761" k x°
y?+0.07133022855906006" k?  x°> y?-0.8516190157811692" x8 2.
0.16299227672148864" k x® y?+0.1012020582286409" x’ y2-

0.07719207732348826" y3+0.01871158532409379" k y3+0.0217875453380413"
k2  y3+0.0036266776460969203° k3 y3+0.00017764109654231942" k* y3-
0.00003396336063162027"  k°  y3+0.000010976524682723495" k&  y3-

3

0.04172822887228245" X y3-0.09585003845148549" k X y3-
0.013336707292462769" k2 X y>+0.006361649282500934" k3 X
y3+0.0007947059733579368" k* x y3+3.4219786943191396 *~-6 k> x
y3+0.05706569173579776" x?  y3-0.09283672481286447" k  x2 y-
0.0626005459510694"  k®> x? y3-0.0000658401297283018" k3> x*> y3-
0.0014466447155897923" k* x2 y3-0.04509706621310848" x3
y3+0.06147506526195746" k x3  y3+0.06213913695635782" k2 X3
y3+0.015029904953927411" k3 x*  y3-0.4747768718209163" xt o yE-
0.059405435592892214° k x* y3+0.05751512758832853~ k®> x* y3-
0.4646849139812501" x° y3>+0.038885736010231826" k x5
y3+0.7221466194569306" x® y>+0.002871734196502631" 4.
0.11248171110900058" k y*-0.02162778086457655" k?
y*+0.008792992028211537" k>  y*+0.0009723989354471046" k* oyt
0.00011446038260722575" k> y*+0.08733200829235586" X y*-
0.08608825896254406" k x y*0.07058928096187791" kK2 x  y*
0.0017349722314795285" k* x y*-0.0031569743390006326" k* x y*-
0.01068226107111786" x? y*+0.06071977206878216" k x2
y*+0.058398948567406274" k?> x*> y*+0.009005019342216166° k> x2> y*-
0.3038559864545226" x3 y*-0.05018803951866211" k x>
y*+0.030079553479826947" k2 x3 y*-0.054769958630147525" x*
y*+0.2248463700592014" k x* y*+0.899635504404007" x5
y*+0.12422865769352573" y°-0.07674944015187074" k y°-
0.07767048216954332" k2 y°>-0.0052081145063702155" k3 y°-
0.0046906226022605585" k* y°+0.04969051914971514" X
y°+0.05680681114649006" k N y>+0.05416249459046148" k2 X
y°+0.0012742824557324115° k3 x  y>-0.13174787936887555" x>  y°-
0.04724501911351984" k x>  y°+0.0052600444001465975" k2 x?
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y°+0.18946496117429149" x3 y°+0.3351571563445298" k x3
y°+0.5998760414628614" x4 y°+0.0971437852161788"
y®+0.048315680666574094" k y®+0.053485199208211924" k2 y®-
0.006839037354978664" k3 y®-0.026742307491441995" X yS-
0.06463590505979416" k X y®-0.008594804496836769" k2 X
y®+0.2243796215139973" x2 y®+0.31927643222184543" k x2
y®+0.03287398802288416" x3 y®-0.007570776549535853" y’-
0.11681025316947706" k y’-0.008982238948650884 " k?

y’+0.10332836374167705" X y’+0.13786969344709873" k  x y’-
0.4574574439678334" x? y’-0.06427655278343761" y®-0.23040447916222917" k
y8-0.4904359787181786" x y®+0.2949667644867255" y°];
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