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ABSTRACT

Vibration energy is widely distributed in people's daily life. Researching on a vibration
device to transform vibration energy into electrical energy, and act as a supplementation to
the power generation system, is of great significance to better developing and exploiting
new energy. This thesis constructs an experiment system which consists of permanent-
magnet linear generator, digital signal processor (DSP), Energy Management System. The
micro controller unit (MCU) is adopted to control simulated vibration environment. The
MCU control circuit and DC-DC converter circuit have been designed, and the
corresponding printed circuit boards have been made. Based on the fuzzy proportional-
integral (PI) control algorithm, the output voltage reaches 3.0V stably when the vibration
frequency and load resistance are 10Hz and 20Q, respectively. Experiment results have
verified the practicability of our power generation system's design scheme using
automobile vibration and the validity of fuzzy PI control algorithm the power management
system used.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

The modernization of the world benefited from fossil energy, such as the widely used of
the oil, natural gas, coal and other energy. These non-renewable energy not only face the
exhaustion of the crisis, and a lot of use of fossil fuels destroyed the ecological environment,
caused negative impact on the development of human society development. Therefore, the
development of novel renewable energy, such as bioenergy, solar, wind energy, tidal energy
and vibrational energy, has become the focus of attention of the society. The researchers in
the world have been already focus on the renewable energy power generation technology.
Among them, the solar energy, wind energy and bioenergy has already tended to be mature
gradually, the vibrational energy power generation technology is still in the research stage,

and 1s becoming a new hotspot of researchers.

Vibration energy is ubiquitous, such as the moving vehicles, the vibration of piston and the
heart beats, which are all the vibration energy in our daily life. However, most of these
energy are absorbed by the vibration device or wasted [1]. This thesis will focus on the
study of vehicle vibration energy harvesting device and the design and development of

power converter system.



1.2 The Development and Research Status

1.2.1 Permanent-Magnet Vibration Linear Generator

Linear motor is an electrical device which use the linear motion of the rotor to generate
electricity or use electricity to produce linear motion. In 1840, a British named Charles
Wheastone invented the first linear motor prototype in the world, but he failed due to the
large air gap and led to the low efficiency. In 1845, he improved the linear motor which
laid the groundwork for future research and development. Since then, the linear motor has
gone through from explore, test, development and application to commercialization. The
development of linear motor is rapid, some researchers and companies from developed
countries have thrown lots of manpower and material on it, and they already have the high
quality products [2]. But it is limited to the research and application of permanent magnet
linear motor, the research of permanent magnet linear generator did not has further
development until the recent decades. At present the application of permanent magnet
linear generator system is mainly used on the auto feedback power generation and ocean
energy absorption. For the vibration energy generation on permanent magnet linear

generator research began in recent years, so there is a lack of the relevant literature.

In the wave power system, the early researchers used a rotary motor as power converters
[3]. This motor has the middle conversion device, such as air cylinder, gear, that need to

convert the reciprocating motion of the waves into mechanical energy, then convert into
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electricity, so it has the complex structure, difficult to maintain and low efficiency
shortcomings. However, the wave power system that composed of the linear motor,
eliminating the middle conversion device, has the advantages such as simple structure, easy
to maintain and high efficiency [4]-[6]. [7] [8] using the numerical analysis and the finite
element analysis, introduces the method of optimization design of permanent magnet
tubular linear generator (PMTLG). [9] used a slot-less cylinder permanent magnet linear
generator to harvest the wave energy, but the generator power density and the conversion
efficiency are low. The permanent magnet linear motor using Halbach magnetization [10],
although the air gap flux density is close to sine, it is difficult to machining and the cost is
high. [11] [12] proposed a large Archimides made of wave power system using permanent
magnet linear motor, but the system is essential to the waters of choice, high cost, and long
construction period and installation issues. Oregon state university and the United States
navy developed a point of suction wave power system [13] [14], the system is composed
of cylinder permanent magnet linear motor and float, and put into use in 2012. The
magnetization of permanent magnet linear motor in the system is the radial direction, and
the air gap magnetic flux density is relatively low. Uppsala University [15] [16] developed
a power generation system which put the linear motor at the bottom of the sea (the linear
motor is made up by four flat motor), and the float through the flexible connection point
suction. The system once the installation dimensions vary slightly, it will cause a lot of
normal force. [17] design and manufacture a set of direct-drive type wave power system,

the system adopts the cylinder type linear generator, the permanent magnet (dynamic) in
3



the outside, using Quasi-Halbach magnetization, compared with the structure of radial
magnetization, Quasi-Halbach magnetization can improve the density of air gap and the
sine degree, improve the power density of permanent magnet linear motor. [18] in order to
improve efficiency of the small ocean surface wave energy converted into electrical energy,
this paper proposes a cylinder type structure model of single-phase linear Halbach
permanent magnet generator, finite element analysis of the single-phase linear permanent
magnet generator internal electromagnetic field dynamic characteristics were analyzed,
and optimized the motor tooth structure. Cylinder type single-phase linear Halbach
permanent magnet generator has high sinusoidal magnetic field, small positioning force
fluctuation amplitude and high energy conversion efficiency, also it is simple structure, low

application cost.

In the vibration power systems field, with the widely use of various kinds of electronic
equipment, power supply system has become a prominent problem that restrict the
development of these devices, especially for some is unable to provide power supply, need
to work a long time or the batteries are not easy to replace or in inflammable and explosive
place, it need to use passive mode power supply. Therefore, from power supply technology
has been rapid development in recent years [19], there have been a variety of different
forms of self-energized technology, and this technology is mainly to transfer mechanical
energy into electrical energy. However, due to the restriction of various conditions, self-

energized technology only provides low energy, except for some specific application. The
4



electric power from power supply technology is not enough to meet the needs of most
electronic devices at present. How to make use of more widely existing mechanical energy
converting it into electricity, and how to improve the conversion efficiency of self-
energized technology is a problem that needs to be solved in passive electronic

technology field.

1.2.2 DC-DC Converter

DC-DC converter is to convert the uncontrollable DC voltage into another controllable DC
voltage, to meet the requirements of electronic equipment, has been widely applied in all
kinds of instruments and meters. There are three types of DC-DC converter: DC-DC Buck
converter, DC-DC Boost converter and DC-DC Buck-Boost converter. There are three
control mode for DC-DC converter: Pulse Width Modulation (PWM) mode, Pulse
Frequency Modulation (PFM) mode and PWM/PFM conversion mode. PWM mode has
high efficiency and good output voltage ripple and noise; PFM mode has small power
consumption for small load. In PWM/PFM conversion mode, PFM is working when using
small load, PWM is working when using heavy load. Now, The DC-DC converter is widely

used in mobile phone, MP3, digital cameras, portable media players and other products.

In recent years, in order to improve the performance and control issues of the DC - DC
converter, many researchers have carried out extensive and in-depth study. [20] was studied

by sampling output feedback control problem of uncertain data, designed a robust output
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feedback controller and the reduced order observer, developed a DC-DC voltage power
supply converter, mixed closed-loop DC-DC output voltage of the Buck converter system
will globally asymptotically tends to set data, the method is direct and simple. [21]
proposed a resonant switching multistage dc boost converter, also known as the multiplier
of the boost converter, its peak type electric current in the capacitor is eliminated by a
resonant inductance, implements the resonant current waveform. [22] studied the robust
control problem of output voltage regulator of the boost converter. Its control method is to
use time delay switch input to the inverter, and the output current and voltage variables,
instead of unknown dynamic and interference, control the output voltage of capacitor to
keep with fast response under the input voltage change of output voltage constant and
decrease overshoot, improves the load changes because of the connection state variables
and system parameter changes the system input dry winding resistance. [23] designed a
self-tuning fuzzy proportional-integral-derivative (PID) controller of PWM DC-DC
converter, which combined fuzzy control with conventional PID controller, the self-tuning
fuzzy PID controller could adjust their parameters to achieve better performance of control
system. [24] proposed a new boost converter using the differential difference amplifiers
(DDASs) in the control loop. Compared with the traditional current mode boost converter,
the circuit of the controller is simpler and less power consumption. [25] presents a resonant
DC-DC converter suitable for ultra-low power and low voltage sources. The input low
voltage is stepped-up to a conventional level of some volts, what allows to power

autonomously and solely low power circuits from energy harvesting sources. [26] presents
6



an original self-starting DC/DC converter for low-power and low-voltage applications such
as energy harvesting from m icrobial fuel cells to supply low-power electronic devices. The
harvested power reaches 10 mW under 0.3 V input voltage for the ten 1.3-liter experimental
microbial fuel cells connected in parallel. [27] proposes a high-efficiency dc-dc converter

with fast dynamic response for low-voltage photovoltaic sources.

1.3 Thesis Objectives

Vehicle vibration energy can be collected from the general suspension system with energy
conversion device, with the space constraints, the electromechanical conversion device
cannot be too large. There is quite lack of the literature in the permanent magnet linear
generator field. In the thesis, the permanent magnet linear generator is chosen as the vehicle
vibration energy harvesting device. Therefore, the first objective is the design of the

permanent magnet linear generator.

In order to make the vehicle vibration energy harvesting device better used in automotive
electronic devices, how to transfer the generator output to the effective output voltage is

very important. Hence, the DC-DC converter is another objective of this thesis.

1.4 Thesis Organization

Chapter 1 Introduces vehicle vibration energy harvesting system, reviews recent advance

of permanent magnet vibration linear generator, DC-DC converter, and states the objective
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of this thesis. Chapter 2 Introduces the structure and rationale of linear generator. A slot
less design of permanent magnet linear generator is presented, simulated and tested in this
chapter. Chapter 3 analyses and models the DC-DC converter. Proposes the customized
DC-DC converter for the vehicle vibration energy harvesting system. Chapter 4, in this
chapter, a new model for a single-input, single output (SISO) control method is presented.
This model is obtained by switching fuzzy proportional-integral controller designed for
output voltage regulation. Simulation results verify the model. Chapter 5 presents the three
parts of the experiment system. Laboratory test the vehicle vibration energy harvesting
system and results are reported. Chapter 6 summarizes the contributions in the thesis and

suggests future work.



CHAPTER 2 DESIGN OF PERMANENT-MAGNET

VIBRATION LINEAR GENERATOR

2.1 Introduction

Most linear generator can be thought of as a rotary generator in the structure of a kind of
evolution, it can be seen as a rotary generator along the radial cut open, and the
circumference of the generator show in a straight line. The theory and structure are same

with the rotary generator.

In this thesis, the proposed linear generator has the different structure with the classical

linear generator.

2.1.1 Structure of Linear Generator

Figure 2-1 shows stator core axis section of the rotary generator. The stator is a cylinder

with multiple circular grooves, which used to hold the stator windings.



Stator Core Tooth Slot

Slot

Tooth
Fig. 2-1 Stator core axis section

In a linear generator the moving part is the rotor which is “unrolled” and consists of
magnetic yoke and permanent magnets. The magnetic yoke is magnetizer and the magnetic
pathways between magnetic poles. The permanent magnets are in the magnetic peripheral.

Figure 2-2 is the rotor of a linear generator.

Permanent magnet poles

Rotor magnet yoke

Direct-axis

Direct-axis

\ Permanent magnet poles

Stator core

Fig. 2-2 Rotor of the linear generator
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2.1.2 Rationale of Linear Generator

Figure 2-3 is the linear generator in section. The dynamic magnetic pole of permanent

magnet flux direction is perpendicular to the axis of the linear generator.

. . Magnetic line of force
TR Stator core 9

Rotor magnetic poles

Rotor magnetic poles

Magnetic line of force

Fig. 2-3 Magnetic flux direction of the linear generator

If all blue magnetic flux is deviate from the axis direction, then all red magnetic flux
direction is toward the axis, we can get the magnetic field lines path diagram in Figure 2-
3. The magnetic field lines are outwards from the blue magnetic pole through the air gap
into the stator core, and bypass the windings in the stator core through the air gap to the

red magnetic pole, after rotor magnetic yoke back to blue magnetic pole, form a loop.

When the rotor moves a slot to left, the magnetic field lines are still outwards from the blue
magnetic pole through the air gap, bypass the windings in the stator core through the air
gap to the red magnetic pole. But the magnetic flux direction around each coil contrary to

the Figure 2-4. When the rotor has a continuous movement, the magnetic flux direction
11



through the coil will turnover, and the coil will induce the alternating current (AC) electric

potential.

The direction of adjacent coil inducted electric potential is opposite. Connect all the coils

according to the polarity. It is a single phase AC linear generator

2.2 Design of Permanent-Magnet Vibration Linear

Generator

2.2.1 Body Design

There were two possible linear generator designs which was proposed for the project. They

were:

a. Slot Less Design

® Uses windings with a ferrous backing. In this case it would be a steel tube with
cylindrical windings inside it and the shaft with the magnets on it inside that.

® Does not have cogging force because distance between the magnets and the ferrous
material is uniform along the length of the shatft.

® Very simple to construct. This is because windings can be wound on the outside of a

12



cylindrical piece of plastic and slide inside the steel tube. Not much machining would

need to be done.

® Since there is no ferrous material between the windings the air gap in the generator is
the width of the windings. Having such a large air gap in the magnet circuit means that

flux densities in this design can be improved.

® This design was already used by another research team.

Winding

Stator core / \

Winding section

Fig. 2-4 Stator cores and winding of the slotted design
b. Slotted Design

® Windings are held in slots on the inside of a cylindrical steel tube. The magnets are

located on the shatft.

13



® This design is affected by cogging due to the slots in the steel. However this can be

reduced by in two ways:

B Skewing the magnets. This is the method normally used in rotary motors. However
in this case the magnets need to fit around a shaft and reducing cogging this way

would require custom made magnets and increase costs significantly.

B Skewing the windings. Implementing this method with produce the same effect as
skewing the magnets. This can be done by machining the winding separators so
that they sit in the tube at an angle. This is done so that the poles line up with

different slots on either side of the tube.

® Due to the requirement of slots on the inside of a cylindrical tube for this design,

machining could be more difficult than with a slot less design.

®  Aslotted design provides the best possible energy densities and is superior to the slot
less design in that regard. Flux densities are reduced somewhat by skewing of the

windings but it is still the most efficient generator.

The cross-section drawn of the proposed permanent-magnet linear generator shows in Fig.

14



The Slotted Linear generator design was selected due to its increased flux densities over
other designs. In order to reduce cogging skewed windings would the ideal method to use,
however fabrication would be difficult, therefore skewed windings were not used. A
bushing was pressed into the end cap to maintain the linearity of the shaft with a wiper seal

likely to be used to seal off the generator from the outside.

2.2.2 Material Selection

Rare-earth permanent magnet has the high remanence, high coercive force, high magnetic
energy product, and linear demagnetization curve. So the rare-earth permanent generator
is high efficiency, high quality, lightweight and more reliable. The permanent magnet
generator has widespread development due to the rapid development of the rare-earth
permanent magnet. Permanent magnet generator overcome the long drive chain, low
efficiency and poor accuracy that exist in the transmission mechanism of the traditional
rotating generator, and is favored by more and more researchers with the simple structure,

high efficiency and low power consumption.

Permanent magnet is one of the core components of the permanent magnet linear generator,
and the quality of the permanent magnet material directly affects the performance of the

generator. It has many different permanent magnet materials, such as Alnico magnet,

15



Ferrite magnet, Rare-earth samarium cobalt magnet and Neodymium iron boron (NdFeB)

magnet.

There are two kinds of Alnico magnet, cast molding and powder. They both have high
magnetic remanence, good high thermal stability but low coercive force. Also, the cast
molding Alnico magnet is hard to machining, and the powder Alnico magnet is very
expensive. Ferrite magnet has high coercive force, but low magnetic remanence, high
temperature coefficient, is not applicable in the wide temperature differential environment.
Rare-earth samarium cobalt magnet has high coercive force, good magnetism stability,
allow working temperature up to 200~250 degree centigrade, but very high cost. Nd>Fe 4B
is the major components of NdFeB magnet, and one of the strongest magnetic materials.
Its maximum magnetic energy product could reach 398 kJ/m?, the remanence is up to 1.47
T, the coercive force could be over 1000 kA/m. Also, it has high mechanical strength and

low cost.

The performance and characteristics of commonly used permanent magnet materials as

shown in table 2-1.

Table 2-1 The properties and characteristics of common permanent magnet material

Permanent magnet material

AINiCo Ba-Ferrite  SmCo(1:5) SmCo(2:17)  NdFeB

16



Remanence Br/(T) 0.8-1.4
Coercive force 38-155
Hec/(kA/m)
Intrinsic coercive force 40-159
Hcj/(kA/m)
Maximum magnetic 8-88

energy product

(BH)max/(kJ/m?)

Temperature coefficient -(0.02-0.03)

of remanence a/(%/C)

Intrinsic coercive force N/A

temperature coefficient

B/ (%/°C)

Recoil permeability prec 1.3-5.2

Curie point T./('C) 800-860

0.2-0.44

143-318

159-358

8-36

0.18-0.19)

0.20-0.60

1.05-1.10

465

0.85-1.05

637-796

1194-2388

127-207

-(0.04-0.05)

-(0.30-0.35)

1.02-1.10

750

1-1.14

717-844

1194-2388

175-255

-0.03

-(0.03-0.05)

1.05-1.10

800-850

1.1-1.52

796-1115

955-2388

239-446

-0.01

0.45-0.6)

1.05-1.10

312-420

The remanence and maximum magnetic energy product are two of important performance

index of permanent magnet materials. In practical application, the bigger magnetic field

intensity of the permanent magnet in the air gap is better. The maximum magnetic field

intensity in the air gap depends on the remanence and maximum magnetic energy product

17



of the materials. Therefore, it needs the bigger remanence and maximum magnetic energy
product of the materials to improve the magnetic field intensity of the permanent magnet
in the air gap. On the side, for some certain air gap and air gap magnetic field, the more
magnetic energy product of the materials it has, the less materials it needs and the lower it

costs.

NdFeB magnet is chosen for this permanent magnet generator. The magnetic parameters

are shown in table 2-2.

Table 2-2 Magnetic parameters of NdFeB magnet

Remanence Coercive  Intrinsic Maximum Density Recoil Operating
Br force Hc  coercive magnetic permeability  temperature
force Hej  energy product Tw
(BH)max
T kA/m kA/m kJ/m? g/lem? u ‘C
1.22-.125 899-907 >955 287-310 7.5 1.05 80

2.3 Simulation and Test of the Permanent-Magnet

Vibration Linear Generator

The linear generator design that was selected uses is slotted and has the windings sitting in
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slots on the inside of the cylinder. The moving part has a stack of axially polarized magnets
where each magnet is separated by a steel spacer to provide a flux path, without the spacer

the flux would not enter the windings.

Figure 2-5 shows the flux density plot of the generator. In this position the maximum
amount of flux is in the windings. The average flux density in the windings was about 0.2T

at its peak. This drops to close to OT at its minimum.

E[TI]

THRNN .3325e+000

.2521e+000
.171&e+000
.0812e+000
.0108e+000
.9303e+000
.3455e+000
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.685%1e+000
.&6086e+000
.2282e+000
.4478e+000
.3673e+000
.2865e+000
.2065e+000
.1Z260e+000
.045ee+000
.6517e—-001
.8474e-001
.0431e-001
.2388e-001
.4345e-001
.6302e-001
.8255e-001
.021ee-001
L.2172e-001
.4125%e-001
.6086e—-001
.0431e-002
.0000e+000
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]
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Fig. 2-5 Diagram of magnetic flux density
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In this design the field is completely cycled with 0.25 inches of movement. This gives an
oscillating output wave form with a period that corresponds to the time that it took to move
the forcer 0.25 inches. By measuring the period the velocity of the forcer can be calculated.
This is useful because any large movement where dampening should be controlled will
have a movement much greater than 0.25 inches and since damping is a velocity dependent

force the velocity is what needs to be measured.

Table 2-3 Properties list

Number of Windings 20
Number of Turns Per Winding 100
Area of Windings 6.41 cm?
Number of Windings Excited 10
Bimax 0.2T

Using faraday’s law and the parameters from table 2-3, an excel spread sheet model for the
operation of the generator was developed. The excel spreadsheet took into account the
number of turns per winding, the number of windings excited at any time and the maximum
flux density of the This gives the output voltage in relation the velocity of the forcer. Figure
6 shows a plot of this relationship the motor constant is the slope of this line which is

k=18.2 Vs/m.
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Open Circuit Voltage

200

y=18.179x /
150
Peak
Voltage 100 —&

(v)
50
e

0 2 4 & 3 10 12

Velocity of the Forcer (m/s)

Fig. 2-6 Output voltage in relation to the velocity of the forcer

The output shown in figure 2-7 is what was expected for the output waveform of the
generator. This shows the forcer being moved by hand, as the forcer is moved by % inch a
full period of oscillation occurs. This is why there is a higher frequency component in the
waveform. The output waveform is exactly what it was expected to be from the modeling
done in the design. By measuring the period of the higher frequency oscillation the velocity
could be determined. From these velocity measurements the actual motor constant for the
device was determined to be about 16Vs/m. This is slightly less than what was expected
from the model, but the difference is small enough that it can be attributed to the generator

not being entirely functional yet due to the high friction.
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WCH1 %

Fig. 2-7 Test results

From figure 2-8 the maximum velocity reached was 1.6m/s and the output voltage was 19V.

Measured Open Circuit Voltage

y = 16x
200
150 /__.,...-—"'
Voltage 100 /
) /
0 T
0 2 4 6 8 10 12

Velocity of Forcer (m/s)

Fig. 2-8 Measured open circuit voltage

2.4 Summary

In this section, analysis of the data clearly indicates the viability of the body design of the

linear generator. The modeling the slotted design clearly showed the improvements in
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electrical and magnetic properties over the normal design, and the results from the test was
able to perform shows expected results. However the generator design that was chosen was
significantly more complicated due to the number of windings involved and fabrication

was very difficult.
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CHAPTER 3 DESIGN, ANALYSIS AND DEVELOPMENT

OF DC-DC CONVERTER

3.1 Rationale of Buck-Boost

3.1.1 Main Circuit Topology and Working Principle

The Buck-Boost converter is a type of DC-DC converter that has an output voltage
magnitude which is either larger than or less than the input voltage magnitude. The main
circuit consists of switching tube, diodes, inductors, capacitors. The polarity of the output
voltage of the circuit and the input voltage are opposite. Buck-Boost converter has

continuous current mode and discontinuous current mode [28].

Fig. 3-1 Buck-Boost main circuit

24



3.1.2 Rationale and Relation Formula of the Buck-Boost

Converter Continuous Current Mode

Vs L L
iLf "
io ¢

iLfmax I
. \| iLfmin \
1D t

VL t
Ton Ts
Fig. 3-2 Continuous current mode
} } }
[} [} [}
[} [} [}
) '_
Vgs :
] i t
[} [} [}
[} [} [}
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P . |i max —+
I ' L L— t
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[} [} [}
[} [} [}
| I )
"""" 1Lfmax
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[} [} [}
} } }
1 N 1
r\"':lLfmax :
ip t
[} [} [}
) ) )
[} [} [}
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Fig. 3-3 Discontinuous current mode
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Fig. 3-4 Three switch modes equivalent circuits of Buck-Boost converter

(a) VTy is on; (b) VT is off; (c) Inductor current is 0 when VT is off
3.1.2.1 Rationale of the continuous current mode

1) Switching mode 1 [0, Ton] (Fig. 3-4(a))
When t=0, switch Q is on, the power supply voltage Vi, is all on the inductor L,
the inductor current irrincreases linearly, the diode D is cut off, the load is powered
by the filter capacitor C.

LfT = Vin (31)

When t=Ton, iLf reaches the maximum irfmax. During the switch Q is on, the increase of

1Lf(+) 1S:
_ Vi Vi
Aipfesy = fTON = nyTS (3.2)
f f

2) Switching mode 2 [Ton, Ts] (Fig. 3-4(b))
When t=Ton, the switch Q is off, iLr has continued flow through the diode D, the
power of L transfers to load and capacitor Cr. At this point, the voltage of Lris —

Vo, irrdecreases linearly.
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diy

==Y (3.3)

When t=T5, iLrreaches the minimum irsmin. During the switch Q is off, the decrease
of irLf) 1s:

. Vo Vo
Aippy = I (Ts — Topn) = I (1-D,)T; (3.4)

3.1.2.2 Relation formula of the continuous current mode

When working in the steady state, the increase of inductive current Airg+) equals to the

decrease of inductive current Air.) during the switch Q is off. From the equation (3.2) and

(3.4),
Vs D,
— = 3.5
Vin 1-D, (3:5)
If ignore the loss,
IO 1 - Dy
— = (3.6)
Iin D,,
When switch Q is off, the voltage of the switch Vg is:
Vin VO
When switch Q is off, the voltage of the diode Vp is:
Vin VO
Vp =Vip +Vy = =— 3.8
The mean of inductive current Iy r is:
I in 1 0
[ == 3.9

The mean of the current through the switch Q is the input-current I, where the
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effective value is:

£ 2
o = |2 [Czae =1 D(1+& (3.10)
Qrms — T, o Q — ILf y 31sz :

The mean of the current through the diode D is the output-current I,, where the

£ 2
o = |~ [ 2ar=1 (1—D)(1+& (3.11)
Drms — Ts . lp — ILf y 31L2f ’

The mean of current through the inductor Ly is ILf, where the effective value is:

$2
A Y e Y P s (3.12)
Lrms = T, . %3 = ILf 311?]‘ )

The maximum current of switch Q and diode D is:

effective value is :

Iy Vo
IQmax = Ipmax = ILfmax = 1—-D + 2Lff (1 - Dy) (3.13)
y s

The output voltage ripple AV, is:

D
Y1, (3.14)

AV, =
o Cff;

3.1.3 Rationale and Relation Formula of the Buck-Boost

Converter Discontinuous Current Mode

3.1.3.1 Rationale of the discontinuous current mode

1) Switching mode 1 [0, Ton] (Fig. 3-4(a))
When t=0, switch Q is on, the power supply voltage Vi, is all on the inductor L,

the inductor current irrincreases linearly, the diode D is cut off, the load is powered
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by the filter capacitor C.

diyf
f T = Vi (315)
When t=Ton, iLr reaches the maximum irfmax. During the switch Q is on, the
increase of iLf(+) 1s:

Ai Vg Vg g 3.16
lLf(+)_E ON T s (3.16)

2) Switching mode 2 [Ton, Tais] (Fig. 3-4(b))
When t=Ton, the switch Q is off, i.r has continued flow through the diode D, the
power of Ly transfers to load and capacitor Cr. At this point, the voltage of Ly is —

Vo, iLtdecreases linearly.

diy

—_— = 17

When t=T4is, iLf reaches 0, the decrease of irr is:

: Vo Vo
Ay = ; (Tais — Ton) = EADyTS (3.18)

Tdis - TON

here AD,, =
where AD,, T.

(3.19)
3) Switching mode 3 [ Ton, Tais] (Fig. 3-4(c))

In this meantime, the switch Q and diode D are both cut-off, irr is 0, the load is

powered by filter capacitor.
3.1.3.2 Relation formula of the discontinuous current mode

When working in the steady state, the increase of inductive current Airf+) equals to the

decrease of inductive current AiLg.) during the switch Q is on. From the equation (3.16) and
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(3.18),

V D
Wi = ﬁ (3.20)
If ignore the loss,
I, AD
5= D—yy (3.21)
The output-current of the converter I, is:
I, = %ILfmaxADy = lele_Df (3.22)
7 fsVo

The maximum current of switch Q and diode D is:

Vi, D 2V, 1 2P
IQmax = Ipmax = ILfmax ="2= \/ s \/ 2 (3.23)

Lf fs Lffs Lsffs
This equation indicates that the maximum current of power devices in discontinuous

current mode is only determined by the output power.

3.2 Main circuit parameters design

Circuit design requirements: input DC voltage Vin = 0-30V, output DC voltage V, =12V,

output power P, = 12W.

1) Inductance calculation
Based on One-third of inductor current is consecutive, design inductance L.

Output power P, = 12W, input DC voltage Vin = 0-40V, output DC voltage V, =12V,
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switching period Ts = 250 uS.

From equation (2.5) : Dy = Vo/(VintV,)=0.23 — 1
Output current [,=Po/Vo= 1A

Use log=1o/2 = 0.5A

From (2.9) and (2.4) : Iog = Ii(1-Dy)=Vo(1-Dy)*T/2L¢
When Dy = 0.5, Lt = Vo(1-Dy)*Ts/2Io = 750uH

2) Output capacitance design

From (2.14), if AV =0.01V,

Cr= Dylo/AVofs = 0.5%10*12/(0.01*12) = 1041.67uF

In practical circuit, we use a 0.1uF and a 4700uF capacitance in parallel. In switching
power supply with two capacitors in parallel, the larger one is to filter, the smaller one is
used to eliminate the inductive characters that the larger capacitance made when it is in

high frequency.

3.3 The averaging model of nhon-ideal Buck-Boost

converter for continuous mode

The input voltage v;, = V;,, + ¥, , the output voltage v, =V, + D, , the inductor
current i, = I, + 1, the duty rationd,, = D,, + dy [29], then:

dyi, = (Dy +d,)U, + 1) =Dyl + I,d, + Di, +d,i, (3.24)
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dyvin = (Dy + dy) Vin + Din)
= Dylin + Vindy, + D0y + dyyPin (3.25)
If ignore the infinitesimal of higher order,
dyi, = (Dy +d,)U, + 1) =Dyl + I,d, + Di, (3.26)

dyvin = (Dy + dy)Vin + Din) = Dyliy + Vind, + Dy 9y, (3.27)

3.3.1 Large-signal Averaging Model

Assuming that,

a) There is no stray capacitance in the power metal-oxide—semiconductor field-
effect transistor (MOSFET), the on-resistance Ron and off-resistance are infinite;

b) Forward resistance of the diode is Rr, forward voltage drop is VF, off-resistance is
infinite;

c) Passive components are all linear, time-invariant;

d) The components of output impedance of input voltage to AC and DC are 0.

Fig. 3-5 and Fig. 3-6 are the non-ideal PWM switch equivalent circuit diagrams that

get from Fig. 3-1.

B
!

. T
L& b

Fig. 3-5 Equivalent circuit diagram when 0 <t < DyTs
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R

Fig. 3-6 Equivalent circuit diagram when DyTs <t < Ts

When 0 <t < D, T, Sison, D is off,

Aippe
Lf D.T = Vi‘n - ILf(Ron + RL) (328)
yls
When D, Ty <t < Ty, Sis off, D is on,
Al

The power loss of on resistances of switch Q and diode D and the loss from forward

voltage drop Vr of diode D are:

.

Aif R Aify
Pron = Ronlérms = DyRon <1 + 312 )ILf DO; (1 + 312 )IZ

, Aifs R Aife\
Prr = Rpl3,ms = (1 —Dy)Rp | 1+ —- 312 I = T-D, 1+ 312 12

A2 (3.30)
Pri, = Rylferms = Ry <1 + W) ILf

A 2 Ai? Lf 1
LPVF = Velprms = VFILf 312 (1- =Vel, || 1+ 312 1 — Dy

Fig. 3-7 and Fig. 3-8 are the continuous equivalent circuit diagrams of non-ideal PWM

controlled source that get from Fig. 3-5, Fig. 3-6 and (3.30). These derivations of equations

are based on the principle of conservation of energy, that is, the power loss of on resistances

of switch Q and diode D and the loss from forward voltage drop Vr of diode D are constant

in each branch.
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Fig. 3-8 Equivalent circuit diagram of parasitic parameters in the inductive branch
Fig. 3-7 is the equivalent diagram of parasitic parameters in the original branch. Fig. 3-8 is
the equivalent diagram of parasitic parameters in the inductive branch. In Fig. 3-8, where
Rk is the equivalent resistance of the inductive branch:

Re =R, + (1+ Dy)Ry + DyR,, (3.31)
Fig. 3-9 shows that the controlled source in Fig. 3-8 is replaced by ideal transformer, which

is the Large-signal averaging model of continuous current mode.
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Fig. 3-9 Large-signal averaging model for continuous current mode
When the circuit is working in the steady state, the increment AiLg+) of inductive current

during the Q is on equals to the decrement AiLg.) during the Q is off. Then:

Vo +Vp+I:(R, + Rp)

D, = 3.32
Y Vin + VZ) + VF + ILf(Ron - RF) ( )
D, 1
I/O = 1 — Dy Vi - 1 — Dy ILfRE - VF (333)
I I 1 V.,
Q D 0
Ij==== = X -2 (3.34)
D, 1-D, 1-D, R

If the parasitic parameters are ignored and Vi=0, Ri.=Rr=Ron=Re=0, equation (3.32) and
(3.33) can be simplified to equation (3.5) and (3.6). So, equation (3.5) and (3.6) are the

particular case of equation (3.33).

3.3.2 DC Averaging Model

If the disturbances ¥;,, = 9, =i, = dy = 0, the capacitor Cr is open circuit and inductor
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Lt is short out, then from Fig. 3-9 and equation (3.26) and (3.27), we have Fig. 3-10 which

is the DC equivalent circuit model of the continuous current mode.

> ﬂ—f)iﬂ <
IU I
*
__'__V.'l
I, R[]
'R.'
T 0-2%

Fig. 3-10 DC averaging model for continuous current mode

The efficiency is:
Vly Vol 1
T] = = =
Vil Vinl Ve 1 Rg
im'm - TintQ 1+VO+(1—D)2XR
_ DV,
B 1+ DRy + (1 = D)Rp + R, (3:35)
(1-D)?R
3.3.3 Small Signal Linear Model
From equation (3.26) and (3.27), if the DC component Dyl;=0 and DyVi,=0:
dyi, = I,d, + Di, (3.36)
dyVin = Vindy, + D, 0iy, (3.36)

From Fig. 3-9 and equation (3.36) and (3.37), we can have the small signal linear model of
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continuous current mode, as shown in Fig. 3-11:

- Ir
A-D3:-D ) .
* Ny
-0, b r
*

Fig. 3-11 small signal linear model of continuous current mode
From Fig. 3-13, we can have the transfer function of continuous current mode of non-ideal
Buck-Boost converter.
1) The transfer function of Gva(s) (Where ciy (s) is duty ratio and 7,(s) is output
voltage)

If 0;,(s) =0,7,(s) =0, then:
Vin + Vo _ Vo
o = o) _1-p, ~®e*WGa—hyR
wals) =7 () 1o@=0to@=0= R +SLYGCR: +5CGR+1)
R(1+ sC;R)(1 = D)2

(Rg + sLs)V,
=D, |

Ry +R(1 = D,)? + 5L + R (Re + R)Cy + RR(1= D) G| + s2(Rc + R)LyC;

(1+sCrRe)[R(1 = Dy) (Vin + Vi) —

S S S S
1+—)(1—— 1+—)(1-—
( wzl)( sz) =G 4 ( wzl)( sz)
— Yvdo

1 2g (o) + G 1+ (o) + 52((%0)2

= Gyq (3.38)

2) The transfer function Zo(s) (output impedance) (where i,(s) is output current
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and D,(s) is output voltage)

If 9;,(s) =0, &y(s) = 0, then:
Rp + sLy
Zo(s) = ?O—(S) 195(5)=0,d, (5)=0= (-0,)
Bo(s) T T (Rg + sL;)(sCsR. + sC;R + 1)
R(1+sCR.)(1 - D)’
B (14 sCsR¢)R(Rg + sLy)
Re+R(1-D,)" +s|Ly + Re(Re + )G + RR(1 = D) G| + 52 (Re + R G

R [ R G [ R

1+ 2¢ (wio) + (wio)2 1+ (ino) + 52 (wio)

3) The transfer function Yi(s) (transfer admittance) (where 1,(s) is inductive

00

current and U;,(s) is input voltage)

If $,(s) = 0,d,(s) = 0, then:
i.(s) i DyD
Y:(s) = —_— |5 —0d 0=
() =5 ) le@=0dy=0= 5 sLy  (1=Dy)(sCR+ 1)
1-D, T+ sCR, +sCR
D,(1+ sCsRc + sCsR)

R+ R(1-D,)" +5Ly + Re(Re + R)C; + ReR(1 = D))" G| + 52 Re + RL G

S 1+ S
wZ3 — Y wZ3 4
— 1io 2 (3 0)

1+2¢ (wio) + (wio)z 1+ (ino) + 52 (wio)

4) The transfer function Au(s) (voltage transfer ratio) (where 7,(s) is output voltage

1+

=Y

and 7;,(s) is input voltage)

If $,(s) = 0,d,(s) = 0, then:
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Dy
() =228 e L= Dy
T B (s) TO=0A=0 (R + sL;)(sCrRe + sCeR + 1)
R(1+ sC:R.)(1 - D)’

B RD,(1+4sCRc)(1—Dy)
Ry +R(1=D,) +5[Ly +Re(Re + RIG; + ReR(1 = D,) ;| + 2 (Re + R)LyC;

a)S 1+ wS
z1 = Ay zl > (3.41)

1+2¢ (wio) + (wio)2 1+ (ino) + 52 (wio)

5) The transfer function Ai(s) (current transfer ratio) (where i;(s) is inductive

1+

u0

current and 1,(s) is output current)

If Din(s) = 0,d,(s) = 0, then:
__ 1
i.(s) 1-D,
Ai(S) = —= ls()=0 du(s)=0=
() =7 ) rwr=0d, -0 (Rg + sLr)(sC/R. + sCR + 1)
R(1+ sCR.)(1 - D)’

_ —R(1+ sCRc)(1— D))
Ry +R(1-D,)" +s|Lr + Re(Re + R)C + RR(1= D)) G| + s (Re + R)LyC;

S S
1+ 1+
Wzq W31

= Ao = Ao

cEE G ) )

: (3.42)

6) The transfer function Gia(s) (where ;(s) is inductive current and ciy (s) is duty
ratio)

If 9;,(s) = 0,1,(s) = 0, then:
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v, (Vin + V,)(sCsR. + sC¢R + 1)
AONNNNN R(1-D,)°  R(1+sCR.)(1-D,)"
dy(s) TR (Ry + sL)(sGrRe +sCR+1)
R(1 +sCR.)(1~Dy)"
_ Vin + 2Vp + sCe[VoRe + (Vin + Vo) (R + R)]
 Rg+R(1-D,)" +s[Ly + Re(Re + R)Cy + RR(1 = D) G| + 52 (R + R)Ls G

Gia(s) =

S S
1+ 1+
w w
= Giao = 5 = Giqo = 3 (3.43)
s S s 1
1+ 2¢ () + () 1+ (gas) +52 (55)
RV,
( R(1=Dy)Vin + Vo) ~ 725
G =
e Ry + R(1-D,)
y
RRg
Zoo = 2
Rz +R(1-D,)
D
YL’O = ’ 2
Where < Rg +R(1-Dy) (3.44)
_ RD,(1-D,)
Ry +R(1-D,)
A = —R(1-D,)
~ Ry +R(1-D)’
G = Vit 2Vo
o =
\ Ry +R(1-D,)
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( c _ |Rg+R(1-D))
orner frequency wgy = e + DL
2
RgRCr + RcRCs(1—D, ) + RgR:Cr+ L
Damping ratio § = —~L ¢ /( y) Eer T
ZJ[RE +R(1=D,)°| (Re + R)LyC;
1
lit t =—
Quality factor Q 22
1
) Left half plane zero w,; = m (3.45)
Rg
w 2 =
V4 Lf
_ 1
Y23 = (R, + R)C;
o GlVoRe + Vin + Vo) (Re + R)
“ Vin + 2V,
2 2
R(1-D,) —R R(1—-D V;
Right half plane zero w,s = ( y) E L ( v) L
L L Ly Vo

3.4 Summary

This chapter analyzes the rationale of buck-boost converter, get the equations of current
effective value and turn-off voltage of the MOSFET, and the current mean value, reverse

voltage, inductance and capacitance of the diode. Also, the parameters has been calculated.

In addition, Large-signal averaging model, DC averaging model and small signal linear
model of the non-ideal Buck-Boost converter for continuous mode has been analyzed, the
transfer function has been derived. This modeling approach has the clear physical meaning

and practical value, and is conducive to the further analysis and design of control circuit.
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CHAPTER 4 DEVELOPMENT AND CONTROL STRATEGY

OF DC-DC CONVERTER

4.1 Controller Design

A SISO switching fuzzy proportional-integral controller is designed for output voltage
regulation. The error between the set point and converter output forms input to the
controller while the output from the controller is translated to a variable duty cycle signal

which drives the power MOSFET. The control law can be described as:

t

uc(t) = sat | upc(e®)) + K f e(t) d, (4.1)
0

Where, urLc(e(t)) is the fuzzy proportional controller, defined as:

URFc (e(t)), e(t) =0

uLFc(e(t)),e(t) <0 (4.2)

ure(e(®)) = {

The controller structure is shown in Fig. 4-1. This section describes the stages in the design

of fuzzy logic controller.

4.1.1 Fuzzification

The error signal corresponding to the positive section of universe of discourse i.e., e € [0,3],
is described by seven fuzzy sets namely Zero-Right (ZR), Positive Small (PS), Positive
Medium (PM), Positive Large (PL), Positive Big (PB), Positive too Big (PTB) and

Positive-Cover (PC). These fuzzy sets form ‘Right Fuzzy Controller (RFC)’ and employ

42



triangular membership functions with the exception of set ‘PTB’ which is described by
trapezoidal membership function as shown in Fig. 4-2. The degree of belongingness of the
linguistic variable ‘error’ to these fuzzy sets is computed based on the following

expressions:

pm@={y T oS0 (43)
Hps(e) = {—§:§:'+ 2, 093Ssee,ge 230 (4.4)
ben@={ 33 v 0scesos (45)
i@ ={ 5314 09cesi2 (46)
pes@= {55, 8 1rce=1s (47)
() = {3.3«;)— 4, 1.i i i? 1.5 48)
me@= {7 ST e
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Fig. 4-1 Block diagram for controller section
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Fig. 4-2 Fuzzy sets for RFC

The output from RFC is described by six singletons namely ER, R1, R2, R3, R4, and

RS5. The location of singletons depicts the variation in reference voltage which is used

by the modulator to generate variable duty cycle waveform for controlling the

converter. The assigned values are shown in Table 4-1.
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Table 4-1 Singletons for RFC

Singleton Location of Singleton
ER 0.10
R1 0.15
R2 0.20
R3 0.25
R4 0.30
RS 0.35

Similar to RFC, we define the ‘Left Fuzzy Controller (LFC)’ corresponding to the
negative portion of the universe of discourse i.e., € € [-3,0]. LFC also utilizes seven
fuzzy sets for describing the behavior of the converter. Thee fuzzy sets include Zero-
Left (ZL), Negative Small (NS), Negative Medium (NM), Negative Large (NL),
Negative Big (NB), and Negative-Cover (NC). Again, all these sets use triangular
membership function except ‘NB’ which uses trapezoidal membership function. The
fuzzy sets for LFC are shown in Fig. 4-3. The degree of membership of ‘error’ to these
sets is found using a set of expressions which can be derived in a similar fashion as
were obtained for RFC. The output from LFC is also described by a set of singletons
namely El, L1, L2, L3, L4, and LS. The location of these singletons is listed in Table

4-2.

4.1.2 Fuzzy Rule Base

The rule bases of both ‘RFC’ and ‘LFC’ controllers contain seven rules. These rules map
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the error signal between the set point and converter output to a variable control voltage
used for the generation of pulse width modulated signal to drive the MOSFET. These rule
bases are constructed through virtual experimentation in MATLAB environment and are
shown in Table 4-3 and 4-4. The control surfaces for ‘RFC’ and ‘LFC’ are shown in Fig. 4-
4 and 4-5 respectively. It should be noted that non-linearity in the surfaces is introduced

through the inclusion of cover membership functions.

Table 4-2 Singletons for LFC

Singleton Location of Singleton
EL 0.10
L1 0.08
L2 0.06
L3 0.04
L4 0.02
L5 0.00

4.1.3 Defuzzification

The defuzzification process generates the crisp value from the fuzzy value. The weighted
average method is used as a defuzzification strategy in the present work which can be

described as:

tprc(e(®) = Y wi(e(®)sei/ ) wile(®) (410)

Where, wi(e(t)) is the firing strength of the i’ rule and s, is the singleton defined for the

‘i rule. A similar expression can be written for LFC.

46



RFCu

Table 4-3 Rule base for RFC

Rule No. Rule Definition
01 IF e is ZR THEN u is ER
02 IF eis PS THEN uis R1
03 IF e is PM THEN u is R2
04 IF e is PL THEN u is R3
05 IF e is PB THEN u is R4
06 IF e 1s PTB THEN u is R5
07 IF e is PC THEN u is ER
Membership function plots  Plot points: 181
NTB - ' NB IIHIL NM ' NS El:

input variable “error”

Fig. 4-3 Fuzzy sets for LFC
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Fig. 4-4 Control surface for RFC

47



01

008}
006}
=
g
004}
002}
0 L 1
3 25 2 15 ] -05 0
error
Fig. 4-5 Control surface for LFC
Table 4-4 Rule base for LFC
Rule No. Rule Definition
01 IFeis ZL THEN uis EL
02 IFeis NS THEN uis L1
03 IFeis NM THEN uis L2
04 IFeis NL THENuis L3
05 IF eis NB THEN uis L4
06 IF eis NTB THEN uis L5
07 IF e is NC THEN u is EL

4.2 Simulation Results

The proposed controller is simulated in MATLAB/Simulink environment for different
values of the line voltages to mimic the variable voltage from the permanent-magnet linear
generator. A PI controller is also designed for the purpose of comparison. The integral

constants for the both the controllers is the same while the proportional constant in PI
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controller represents the singleton corresponding to ‘Exact (E)’ membership function of
the fuzzy logic controllers. It will be shown that the proportional constant of PI controller,

once set to different singletons, produces erratic results.

The response of the controllers for regulating the output voltage corresponding to input
voltage, Vin=2V, is shown in Fig. 4-6. It can be seen that FLC has better rise time as
compared to PI controller. However, both the controllers exhibited the same settling time.
The overshoot is avoided in the response of the controllers by adjusting the integral gain

and it is set at, KI=1.5.

Figures 4-7 and 4-8 shows the degradation in the performance of the PI controller when
the proportional gain is set around the singletons ‘R2’ and ‘R4’ respectively. Thus it can be
concluded that it is not mere using high gains with FLC which improves the converter

transient performance.

The response of controllers for the line voltages, Vin=1.5V and Viy=2.5V is shown in Figs.

4-9 and 4-10 respectively. Reference tracking by the controller for Viz=2.0V is shown in

Fig. 4-11.
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Fig. 4-6 Voltage regulation (Vin=2V)

Fig. 4-7 Voltage regulation (Vix=2V)
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Fig. 4-10 Voltage regulation (Vix=1.5V)

Fig. 4-11 Reference tracking (Vin=2.0V)
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CHAPTER 5 EXPERIMENT OF VIBRATION ENERGY
HARVESTING DEVICE FOR VEHICLE SUSPENSION

SYSTEM

5.1 Experiment System Constitution

The experiment system can be divided into three parts, which are the permanent magnet

linear generator, the associated hardware and the vibration simulation model.

5.1.1 Permanent Magnet Linear Generator

The design of the permanent magnet linear generator has been described in Chapter 2. The
slotted generator design was difficult to make due to the cylindrical shape of the device. It
was proposed that the cylinder be segmented alternatively between slots and spaces. This
would give easy access to the inside so that the rest of the generator can be assembled. An
apparatus was constructed (Fig. 5-1) as a form so that the windings could be wound to
accurate dimensions. Exiting wires will run up the through holes drilled in the end cap and
up through the top. Two end caps should be used, but one at this time will suffice, due to

cost and time constraints.
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Fig. 5-1 Winding apparatus

The tool shown in Fig. 5-1 was made to make it easier to make each winding. The slot in
the middle has the same dimensions as a slot in the generator this provides something to
get the correct inner diameter of the winding while maintaining the proper thickness. The

tool comes apart once a winding has been made and the winding slides off the center piece.

The generator will consist of a stack of steel parts held together by long threaded rods that
run the length of the body. This is what gives the generator the shape of a shock absorber

while holding it together.

As the stack was built up a connection between each winding was soldered. In total there
were 20 connections along the length of the generator. This actually cause many problems
when making the device because of broken or loose windings or connections shorting out
to the steel body of the generator and there by shorting the most windings. Due to this

problem extra insulation was added to each winding and also each connection. This fixed
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the shorting problem however the extra insulation reduced the air gap too much. This is the
current problem, the forcer can still move through the body but it has significant friction.

The assembled generator is shown in Fig. 5-2.

Fig. 5-2 Assembled generator

5.1.2 The Associated Hardware

The hardware section is meant to convert the variable voltage from the generator to a
desired fixed voltage. It can be divided into various sub-units and the interconnection

between these units is depicted in Fig. 5-3 while experimental setup is shown in Fig. 5-4.

1) Bridge Rectifier: The fluctating ac voltage from the permanent magnet linear generator

is converted into variable dc voltage through the use of a full bridge rectifier. The
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2)

3)

4)

bridge rectifier uses 1N5819 fast recovery diodes for its construction.

Buck-Boost Converter: The output from the bridge rectifier is regulated to a desired
fixed dc voltage using a buc-boost converter. The converter consists of IRFZ44N
MOSFET, IN5819 diodes, a set of inductors (750uH, 330 uH) and a set of capaciotrs

(0.1uF, 4700uF, 1000uF).

DSP: A TMS320F2812 digital signal processor is used to generate the gate signal for
MOSFET in buck-boost converter unit. The variable duty cycle signal is buffered using
a gate circuitary and is fed to the MOSFET through an HCPL 3140 opto-isolator. The
opto-isolator prevents the surges appearing on the dc bus which feeds the processor.
The load voltage is scaled down to lie within the operating voltage limits of the
processor through a voltage divider network. This lowered voltage is sensed through
an analog-to-digital converter onboard the processor which runs the controller to

operate the buck-boost converter.

Auxiliary Unit: This unit is responsible for safe operation of the hardware section by

limiting the voltages to various integrated circuit chips.
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Fig. 5-5 Experimental setup

5.1.3 The Vibration Simulation Model

Vibration simulation model is simulated the vertical direction vibration process of the
automobile shock absorber when vehicle is moving. In this system, a stepping motor is
controlled by a microcontroller. A disk is fixed on the rotation axis of the stepping motor,
and connected with a metal pole, to achieve the conversion from rotary motion to linear

motion, shown in Fig. 5-6.

Fig. 5-6 Vibration simulation model
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Rotary control system includes three modules: control module, drive module and stepper
motor module. Control module uses AT89CS52 single-chip microcomputer (SCM) as the
controller; the drive motor uses TB6560 chip; and the stepping motor is two-phase reaction

stepping motor. The system principle diagram is shown in Fig. 5-7.

DC Power DC Power
Supply Supply
(+5V) (8-36V)
AT89C52 ———N TB6560 ———» SLPPINg Load
Motor

Fig. 5-7 Simulation system principle diagram

TB6560 chip has high stability and good anti-interference, can drive a variety of two-phase
stepping motor, the maximum subdivision is 16, and has low voltage shut down,

overcurrent protection, overheating shut down.

The output ports P1.0, P1.1 and P1.2 of AT89C52 SCM connect CK, EN and CW of

TB6560 chip, to control the rotation angular frequency, start-stop and rotation direction.

The control circuit diagram is shown in Fig. 5-8.
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Fig. 5-8 Control circuit diagram

From some research [30], when the vehicle is moving on the road, the vertical direction
vibration frequency of the shock absorber is generally less than 10 Hz, vibration amplitude
is 5-20 mm. The pulse output control frequency is set as 150000 Hz, after 4-16 subdivision
through TB6560 chip, the frequency of the motor can be less than 10 Hz. The flow chat of

the control system is shown in Fig. 5-9.

60



l

Direction Setting

Timer Interrupt
L Entry

Controller Start

Protect the

Scene

4

Timer Initialization

l Invert the
Output of P1.0

Start Timer and
Enable Interrupt

A

Interrupt Site

Restoration
Wait for
Interrupt
Return
Pulse
Signal

Fig. 5-9 flow chat of the control system

5.2 Experiment results

The load voltage, sampled from analog-to-digital converter (ADC) onboard the
TMS320F2812 kit, is logged in MATLAB environment via UART1 channel of the digital
signal processor at a baud rate of 9600bps. Fig. 5-10 shows the real time results obtained
with the two controllers while regulating the load voltage to 3.0V when an input voltage of

2.0V is available from the generator. It can be seen that transient response of FLC is better
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than PI controller. The zoomed portion in Fig. 5-10 shows the oscillations induced by the
controllers near the set point. The lower peak in the oscillations attained by FLC shows its
better performance over PI controller. The set point is changed to 5.0V while keeping the
generator output at around 2.0V and the voltage regulation by the controllers is depicted in
Fig. 5-11. The performance of FLC is clearly better than PI controller during transient as

well as steady state.

Voltage Regulation by Buck-Boost Converter
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Fig. 5-10 Voltage regulation (Vix==2.0V)
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Voltage Regulation by Buck-Boost Converter
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Fig. 5-11 Voltage regulation (Vin=2.0V)
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CHAPTER 6 CONCLUSION

6.1 Summary

This thesis mainly studied on the automobile vibration energy generation and low power

converter, developed and tested an automobile vibration energy generation system [31].

Vehicle vibration energy can be collected from the general suspension system with energy
conversion device, with the space constraints, the electromechanical conversion device
cannot be too large. Through analyzing various commonly used transfer device for
vibration energy, we adopt permanent-magnet linear reciprocating generator as the transfer
device. The purpose of development of automotive vibration generation system is to
provide the energy supplements to the vehicle, due to the output of vibration generator is
small and unstable, the DC-DC converter with stable output is studied. The main
conclusions are as following:

1) Based on Faraday's law of electromagnetic induction, the theory of the permanent
magnet generator used in structure design is studied. Using Faraday's law,
equations of output voltage and Maxwell software simulated the magnetic flux
intensity of the stators and its distribution of the components to get the magnetic
flux intensity and transient voltage output. we adopt permanent-magnet linear

reciprocating generator as the transfer device and produce a prototype of coreless
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2)

3)

cylindrical linear reciprocating generator. Compared with other vibration
generator, the generator has simple structure, moving light quality, so the vibration
frequency can be higher, also, has a wider range of application and good for further

development.

Based on the analysis of the rationale of the DC-DC converter, combining with
the characteristics of automobile vibration energy conversion, a customized DC-
DC converter is designed. This thesis designs a DSP-based control system for
electrical energy transformation in which Buck-Boost converter is chosen as a
control object. Besides, we construct a compound controller by combining the
conventional PI control strategy with novel fuzzy control strategy. Finally, the
validity of our control strategy has been verified by simulation results of the

compound controller’s static and dynamic performance.

This thesis constructs an experiment system which consists of permanent-magnet
linear generator, DSP, Energy Management System. Based on the fuzzy PI control
algorithm, the output voltage reaches 3.0V stably when the vibration frequency
and load resistance are 10HZ and 20Q, respectively. Experiment results have
verified the practicability of our power generation system's design scheme using
automobile vibration and the validity of fuzzy PI control algorithm the power

management system used.
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6.2 Future Work

Due to the research of the permanent magnet linear vibration generator only began in a few
years, there is quite lack of study on the structure of permanent magnet linear generator.
Therefore, it still need the further study on the vibration energy generation system to
improve the efficiency. In the experimental device, because of the prototype of the
permanent magnet linear generator was assembled manually, there is some gap between
the magnet and coil, has the magnetic flux leakage and the coil windings are uneven. These
are all damage the power generation efficiency. In addition, the parameters of the stators

and coils of the permanent magnet linear generator still need to improve.

Due to the power of the automobile vibration generation system is low and unstable, and
there has peak pulse interference in the output of the power MOSFET of the Boost-Buck
converter controlled by PWM, it still need further study on the design of the capacitance

and inductance, and the control strategy, to improve the stability of the output.
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