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Abstract

In this thesis, we propose a new low power electronics converter for energy harvesting ap-
plications. The proposed converter exhibits a resistive input behavior which can be adjusted
by using a controller. Furthermore, a self-powered MOSFET gate drive circuit is designed
and tested that obtains its power from the input power source. These characteristics offer
a huge advantage in dealing with harvestable sources of energy. The theoretical analysis
of the circuit is done by deriving the mathematical formulas describing the behavior of
the circuit, the extracted power, the harvested power in the battery, and the efficiency of
the circuit. All the derived formulas and the theoretical analysis of the circuit are veri-
fied by simulation results using Matlab/Simulink environment and Ltspice. A vibrational
piezoelectric transducer was used along with a PI controller to verify the theoretical and
simulation results. The self-powered and low power consumption characteristics of the

circuit are demonstrated in another experiment.
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Chapter 1
Introduction

In recent years, the power requirement for electronic devices has been steadily decreasing.
In [1], the power requirement for processors has been studied. The result of this work is
shown in Fig. 1.1. As this figure illustrates, since 1990, the operating voltage of processors
has decreased by 15 percent every year. But still these devices need battery as the power

supply.

100 -
% I
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> ‘&"‘x\'“x
o 2000000000
e 10 - S~
- : H‘\'-II._\“\\
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I \.&:‘.
1 I | |
1970 1980 1990 2000 2010

Figure 1.1: Power requirement for processors. [1].
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The authors in [2] have done research on the growth of technology in different areas which
reveals that the battery technology has not progressed along with the increasing power de-
mands of current electronics. The result of this study is shown in Fig. 1.2. As this figure

shows, battery energy has the slowest trend of improvement.

10*
Dizk Capacity
—+— CPU Speed
3| | —&— Available RaAM
L) Battery Energy Density fq-"**_'

Multiple Increase Since 1990

o,
ke

10 s
1890

1892 1934 1996 1998 2000 2002
Year

Figure 1.2: Advances in battery technology and computing technology [2].

The problem with batteries is that they have a limited lifespan. Therefore when the bat-
tery uses all of its power, it needs to be replaced. However this task could be expensive
and challenging. Some applications do not tolerate the possibility of batteries dying with-
out warning may cause serious problems in the case of security monitoring. Besides, the
development of wireless monitoring systems has been of great interest because wireless
transmission is a convenient means to transmit signals.

In [9], the authors compare the power density of solar power, mechanical vibrational en-
ergy, and batteries. The results of this paper are shown in Fig. 1.3 where different types of
batteries (NiMh, Lithium, Alkaline, ...) are considered. As the figure illustrates, even the
most advanced battery technologies are not sufficient to provide power to a wireless sensor
node for several years. Table 1.1 demonstrates the comparison between the battery based
sensor and energy harvesting sensor. As this table shows, by using energy from surrounding

mediums to provide power to the wireless sensor node (WSN), there is no time limitation
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Continous Power ! ¢m® vs. Life for Several Power Sources

1000
Solar
100
“ ~ Mibrations
% 10 v
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D T T T T L} T T T 1 1
0 05 1 15 2 25 3 35 4 45 5
Years
Figure 1.3: Power density for different sources of power.
Image from [9].
Features Battery Operated Sensor Energy Harvesting Sensor
Energy Source Charged battery Surrounding environment
Maintenance cost | High, require recharge and replacement | Low, self-sustaining
Requirement Energy efficient, Long-life battery Energy-neutral
Quality of service | As low as possible/acceptable As high as possible
Predictability High, battery models Low, fluctuation

Table 1.1: Battery operated versus energy harvesting sensor.

for the operation of the sensor.

Oftentimes, wireless senors are placed in remote locations such as bridge structures or in
global positioning systems (GPS) for tracking animals, where it is not easy to replace the
battery. Moreover, in some locations there is no access to the utility grid (off grid locations)
or it is costly to build the power grid. In these situations an alternative source of power is
essential.

A great deal of research has been conducted in obtaining electrical energy from the sur-
rounding mediums. The process of obtaining the energy surrounding a system and con-
verting this energy into usable electrical energy is called power harvesting. Harvestable
sources of energy are solar [3] - [6], flow of gases [7], ambient RF [8], thermal [10]. and
mechanical [29]-[33],
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Humans are a rich source of energy. An average-sized person stores as much energy in fat
as a 1000-kg battery [11]. People use muscle to convert this stored chemical energy into
positive mechanical work. Many research has been done on harvesting energy from every
day human activities such as walking, mountain climbing, and sleeping.

By using a generator such as photovoltaic cells, thermoelectric generators (TEGs), ther-
mopiles or piezoelectric transducers, we can convert the source of energy into electrical
energy. Piezoelectric crystals generate a small voltage whenever they are mechanically
deformed. Thermoelectric generators consist of the junction of two dissimilar materials
and the presence of a thermal gradient. Large voltage outputs are possible by connect-
ing many junctions electrically in series and thermally in parallel. Typical performance is
100 — 200uV /degreeC per junction.

Sometimes the source voltage is very low and must be up-converted to be useful, or even
rectified and then down-converted so, the next step is using an energy harvesting circuit
to store the harvested power in a temporary storage system such as an ultra capacitor or a
rechargeable battery.This energy can then be used to provide the required power supply for
electric devices that are used in transportation infrastructure, medical devices, tire pressure
sensing, industrial sensing, building automation and asset tracking. These systems gen-
erally spend the majority of their operational lives in standby mode asleep requiring only
a handful of uW. When awakened, a sensor measures parameters such as pressure, tem-
perature or mechanical deflection and then transmits this data to a remote control system
wirelessly. The entire measurement, processing and transmission time is usually only tens
of milliseconds, but may require hundreds of mW of power for this brief period. Since the
duty cycles of these applications are low, the average power that must be harvested can also
be relatively low.

Another interesting energy harvesting application is using ambient energy is to monitor the
health of architectural structures such as bridges. Embedded sensor systems, powered by
energy-harvesting materials, can monitor bridge stresses such as those that led to the 2007
bridge collapse in Minneapolis, Mn, USA, and trigger warnings before they occur. Another
energy harvesting application is human health monitoring. Sensors can be embedded in

beds, sofas and, for example, in a room such as the kitchen, to determine the frequency of
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Figure 1.4: Bridge collapse in Minneapolis, 2007.

human activities. Data collection can determine, for example, how many times an individ-
ual stepped on a particular area and how much time was spent lying on a bed or sofa.

The area of energy harvesting is not new but building efficient energy harvesting circuits
is still a key research challenge. For example, in harvesting solar energy using solar cells,
there is an operating point that the maximum power can be harvested from the solar cell.
Thus, the energy harvesting circuit should direct the operating point of the solar cell to work
at that specific point to harvest the maximum power. In this regard, different techniques and
different energy harvesting circuits has been proposed.

In harvesting mechanical vibration using piezoelectric transducers, the generated power is
very low, in the range of mW. Therefore, maximizing the efficiency of the energy harvesting

circuit and power consumption are very important.



Chapter 2

Literature Review

2.1 Vibrational Energy

2.1.1 Introduction

One of the harvestable source of energy is mechanical vibration. There are environments
that are exposed to ambient vibration such as bridges, roads, and rail tracks. Thus vibration
is an abundant source of harvestable energy. There are several methods to harvest vibra-
tional energy and convert it to electrical energy. In this regard, piezoelectric materials have
received attention because these materials can directly convert the applied strain into elec-
tric charge [12].

Piezoelectric materials are composed of polar molecules aligned along a certain axis, and
therefore present a dipolar moment. Dipolar moment is the magnitude of the charge times
the distance between one pair of opposite charges. By applying a mechanical strain, some
of the mechanical work done on the device is stored in the electric field. as a result of
modification the distance between the dipoles. This effect is shown in Fig. 2.1. Fig. 2.2
illustrates the vibrational piezoelectric model which consists of an ac current source in par-

allel with a capacitor, represented by Cp and a resistor, denoted by Rp.
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(a) Unstrained.

(b) Strained.

Figure 2.1: Principle of operation of piezoelectric.

M IR,

+
:CP VP

Figure 2.2: Piezoelectric transducer model.
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2.1.2 Vibrational Energy Harvesting Circuits

The harvested energy from a vibrational piezoelectric device is very low in the range of
uW. A great deal of research has been done in designing energy harvesting circuits with
efficiency. In this regard, [13], [14] suggested an energy harvesting circuit to optimize the
harvested vibrational energy. The proposed circuit is shown in Fig. 2.3 which consists of
an ac-dc rectifier (full diode bridge) with an output capacitor and a step-down DC-DC con-
verter that operates in the discontinuous conduction mode. The step down converter was
chosen because the piezoelectric voltage is often relatively high, in the range of 10 to 30
volts which must be reduced to the voltage of the battery. In this work, it is proven that
there is an optimum duty cycle that the harvested power would be maximum as shown in
Fig. 2.4. As this figure shows, at a specific duty cycle, the current that flows into the battery

and charges the battery is maximum.

: - "
1O, T~

: E
| p sinot _
| s . L A
i() C | thr—"—-\ ZS CrT™V gt Load
TP - C f battery
L. b rect -
Piezoelectric ZF
Element /\/\/

Figure 2.3: Energy Harvesting circuit using a step-down DC-DC converter proposed in
[13], [14].

It was shown that optimal duty cycle of the converter is a function of the excitation fre-
quency. Thus the proposed circuit works just for single frequency vibrations which may
be a disadvantage when the frequency varies. Besides, theoretical analysis proves that the
value of optimal duty cycle changes at low excitations and becomes constant as the me-
chanical excitation frequency increases. The efficiency of the converter was calculated to
be between 0% and 70%, depending on excitation frequency. The proposed energy harvest-
ing circuit achieves the maximum efficiency when the mechanical excitation produces 48V

across the piezoelectric transducer as shown in Fig. 2.5. The proposed energy harvesting
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circuit was further improved in [15]. In this paper, an adaptive algorithm was proposed that
actively changes the duty cycle of the DC-DC converter during operation. It was found that
the charge accumulation of the battery is faster, but the power consumption of the adaptive

circuitry was not considered.

M i Max Battery Current

[ 51

- e e - === oo

>
Duty Cycle
Optimal Duty Cycle

Figure 2.4: Steady-state battery current as a function of duty cycle for energy harvesting
circuit presented in [13], [14] .
Image from [13], [14]

In [16], a self-adaptive power harvesting circuit has been developed. The proposed circuit
consists of a rectifying diode bridge and a flyback switching mode DC-DC converter as
shown in Fig. 2.6. When the absolute value of the energy that is stored in the piezoelectric
capacitor reaches a maximum, or in other words,when the voltage across the piezoelectric
reaches a maximum, the flyback converter is activated by the control circuit. In this case,
the electric charge on the piezoelectric transducers is transferred to the battery. The method
that is proposed in this paper is called “synchronous electric charge extraction” because
the charge extraction is synchronized with the mechanical vibration of the system. The
efficiency of the suggested energy harvesting circuit was found to be 70% when the output
voltage of the flyback converter (the voltage across the load or battery) is in the range of 5
V to 25 V. Moreover, the suggested circuit has many elements which results in increasing
the cost of the circuit. Also, the controller circuit is not presented in the paper.

In [17]- [19] a nonlinear process called Synchronized Switch Harvesting on Inductor (SSHI)
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Figure 2.5: Efficiency of the energy harvesting circuit presented in [13], [14] .
Image from [13], [14]
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Figure 2.6: Energy harvesting circuitry using flyback switching mode DC-DC converter
proposed in [16].
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was proposed. The technique proposed in this paper as it is shown in Fig. 2.7, which con-
sists of a switch and an inductor connected in series and placed in parallel with piezoelectric
element. When displacement reaches a maximum, the switch is closed, the capacitor in the
piezoelectric element and the inductance constitute an oscillator. The switch is closed for
a half period of the oscillation (r = 7/c + L) until the voltage across the piezoelectric el-
ement is reversed and all of the charge has been removed. In [21], a new configuration
of SSHI technique is proposed. This circuit is very similar to the parallel SSHI but the
switching device and the inductor are placed in series with the piezoelectric element, as it
is shown in Fig. 2.8. Both SSHI techniques (serial and parallel) are compared to standard
energy harvesting circuit which consists of a an ac-dc rectifier and a capacitor. The results
show that under a constant displacement excitation environment, these two circuits have a

higher efficiency than the standard circuit shown in Fig. 2.9.

gl

b4

Figure 2.7: Energy harvesting circuit using Synchronized Switch Harvesting on Inductor,
SSHI technique proposed in [17]- [19].
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Figure 2.8: Energy harvesting circuit using SSHI-in parallel method proposed in [21].
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Figure 2.9: Experimental and theoretical results of standard and SSHI circuits proposed in
[17].
Image from [17].

In [22], a buck-boost converter that works in the discontinuous conduction mode is sug-
gested to harvest vibrational energy using a piezoelectric generator. As Fig. 2.10 shows,
the proposed circuit consists of a full diode bridge, a smoothing capacitor and a DC-DC
converter. The buck-boost converter is controlled to track the generator’s optimal working
point. This energy harvesting circuit was found to have an efficiency of between 71% to
79% for input voltages between 1.6 and 5.5 V. Besides the controller circuit needs a power
supply in the range of 1.2 V to 5.5 V. This range of voltage imposes a limitation on the

mechanical excitation level that is applied to the piezoelectric transducer.

2.1.3 Vibrational Energy Harvesting Applications

In recent years the use of wearable devices has growth significantly. These devices need
battery to provide power to the electronics inside the devices. Decreasing the power re-
quirement for these devices, has attracted interest of many researchers to develop systems
to harvest energy lost in everyday human life. In [23], generating power from human body

activities and using this energy in different applications are studied. They studied different
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Figure 2.10: Buck-Boost converter proposed in [22] for vibrational energy harvesting.

human activities such as pushing a button or squeezing a hand and they investigated the

amount of power that be generated in each activity.

LIST VIgBAL ARTS CEN]
MERIA LARORATORY

Figure 2.11: Piezoelectric-powered Radio Frequency Identification Tag shoes.

Image from [24].

In [24], S. Shenk et.al. harvested the energy that is dissipated in bending the ball of
the foot using PVDF bimorphs mounted under the insole. They also harvested foot strike
energy using PZT under the heel of a US navy work boot. To demonstrate the feasibility
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and usefulness of the energy harvesting in shoes, a radio frequency transmitter tag was
installed into an athletic shoe as shown in Fig. 2.11. It was shown that this tag is capable of
transmitting a 12-bit wireless identification code while walking.

In [25], it is shown that by inserting two piezoelectric films parallel into a shoe, the charge
generation will increase and the results show that 18uW could be harvested using this
method under specific conditions. In [26], a wearable knee mounted prototype energy
harvester is proposed as shown in Fig. 2.12. The results of this research show that an
average of 5 watts of electricity can be generated by mounting the energy harvester device

on each leg.

Figure 2.12: Wearable knee mounted prototype energy harvester presented in [26].

In [27] an energy harvesting system for generating electricity from a backpack instru-
mented with piezoelectric polymer polyvinylidene fluoride (PVDF) shoulder straps was
developed. The result of this work showed that 45.6mW of power could be obtained from
this system. In [28], [29], the short duration vibrations of passing vehicles in a road was
used to power a wireless sensor to measure traffic flow rate and the vehicles weight as il-
lustrated in Fig. 2.13. In this study, to develop a low power control algorithm that can be
implemented on the sensor, three control algorithms were developed and tested.The authors

claim that the proposed sensor is reliable, low cost, and can be installed easily.
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Figure 2.13: Harvesting short duration vibration of passing vehicles in a road.
Image from [28], [29].

In [30], it is shown that harvesting mechanical force from depressing a pushbutton is
sufficient to power a radio frequency unit. In this research, a self-contained piezoelectric
pushbutton is attached to an energy harvesting circuitry as shown in Fig. 2.14, which con-
tains of a full diode bridge rectifier and a capacitor to store the energy. The results show
that two complete 12-bit digital word information can be transmitted by the wireless radio
transmitter.

The feasibility of piezoelectric energy harvesting from pneumatic tires is studied in [31]
and the results of this research show that 8.4 mW electrical power output from the system.
In [32] the possibility of harvesting vibrational energy using a PZT decoupler retrofitted in
a hydraulic engine mount is investigated.

Another relevant area is the research activities in the field of low-power and low cost wire-
less sensor nodes. One application would be monitoring indoor environments for climate
control. In [33], a sensor node is mounted on a wooden staircase and a piezoelectric is used
to harvest vibrational energy generated as a result of walking on the staircase. This piezo-
electric transducer is able to generate sufficient electricity for the sensor. The sensor node
contains a temperature sensor and a wireless radio. The prototype detailed in this paper
requires 50 minutes of continuous staircase traffic from two people to acquire and transmit

a set of two temperature reading.
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Figure 2.14: Energy harvesting using a pushbutton.
Image from [30].

The harvestable vibrational energy using a piezoelectric element is relatively small, usu-
ally in micro-watt power or below. Usually an energy storage device is used to store and
accumulate the harvested energy. In [34], a capacitor is used to store the energy. In [35],
it is shown that rechargeable batteries can be used to store the harvested energy from the

mechanical vibration using piezoelectric device.

2.2 Solar Power

2.2.1 Introduction

With the threat of global warming, and the gradual depletion of petroleum supplies, another
source of power such as wind power or solar energy should be used. Fig. 2.15 shows
the yearly photovoltaic (PV) potential map in Canada and the 13 ”PV hotspots” in each
province of Canada. Table. 2.1 illustrates the ranking of major Canadian cities and in terms

of yearly PV potential.
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Figure 2.15: Yearly PV potential map in Canada.
Image from [36].
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Capital City Yearly PV potential (kWh/ kW)
Regina (Saskatchewan) 1361
Calgary (Alberta) 1292
Winnipeg (Manitoba) 1277
Edmonton (Alberta) 1245
Ottawa (Ontario) 1198
Montreal (Quebec) 1185
Toronto (Ontario) 1161
Fredericton (New Brunswick) 1145
Quebec (Quebec) 1134
Charlottetown (Prince Edward Island) | 1095
Yellowknife (Northwest Territories) 1094
Victoria (British Columbia) 1091
Halifax (Nova Scotia) 1074
Vancouver (British Columbia) 1009
Whitehorse (Yukon) 960

Table 2.1: Ranking of major Canadian cities in terms of yearly PV potential.
Table from [36].

A solar cell, or a photovoltaic is a semiconductor P-N junction diode. In the presence of
sunlight, the electrons go to a higher energy state which results in flowing current from the
solar cell to the circuit as shown in Fig. 2.16. This current is proportional to the intensity

of light that falls on the cell. Fig. 2.17 illustrates a solar cell panel.

A number of solar cells can be connected to each other to form a photovoltaic module and
several PV modules can be wired together to form an array as it is shwon in Fig. 2.18

Fig. 2.19 shows the equivalent circuit model for a photovoltaic cell. As this figure indicates,
the equivalent circuit consists of a current source, a diode, a shunt resistance represented by
Ry, and a series resistance represented by R;. For an ideal cell, Ry, would be infinite and R;
would be zero. In this case no voltage would drop across R;.

Fig. 2.20 shows the P —V and i —V characteristics of a solar cell. As this figure shows,
the current and voltage of a solar cell have a nonlinear relationship and at a specific point

which is called the Maximum Power Point (MPP) where maximum power can be generated
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Figure 2.16: Generating electricity using PV.

Figure 2.17: Solar panel.
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Figure 2.19: Solar cell model.
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by the photovoltaic cell. In this figure, Iy;pp and V) pp represent the current and voltage at
maximum power point respectively.
The inverse of curve slope of iy at Vpc is an approximate value for R and the inverse slop

of the i, curve at Isc can be used as an approximate of Ry, as shown in Fig. 2.21.

i(A)
isc MPP

Impp} — — — —
I
I
I
I
I
I f
[Vapr Vo] VOV

P(W)4 |
PMax _____

Vwmrr % (V)—

Figure 2.20: Characteristics of a PV array.

In [37], the effect of the temperature and radiation on the PV cell are studied. Fig. 2.22 and
Fig. 2.23 show the influence of environmental temperature and radiation on the i — V curve
of a solar cell. As these two figures illustrate, MPP moves by changing the temperature or

light radiation on the solar cell.

2.2.2 Maximum Power Point Tracking Methods

There are different techniques to adjust the operating point of a solar cell to achieve MPP in
which a PV array should operate in order to generate the maximum output power (Pypp).

Some of the popular schemes are: incremental- conductance technique (ICT) [38]-[42],
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Figure 2.21: slop of i-v curve at V¢ and Isc.

i(A)

Temperature
increases

V (V)

Figure 2.22: The influence of temperature on I-V curve of a solar cell.
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Figure 2.23: The influence of light on I-V curve of a solar cell.

Hill-Climbing / Perturb and Observe methods [43]-[46], fractional open-circuit voltage
method [47]-[50] , fractional short circuit current method [51]-[53].

Incremental- Conductance Technique (ICT)

This technique is based on the fact that the slope of the P-V curve of a solar cell is zero at
MPP and by adjusting the input resistance of the converter to the optimum impedance of

the panel, the panel will work at MPP. The solar cell output power is
P=VI (2.1)

and partial differential of P would be

JdP al

As Fig. 2.20 shows, at MPP, 9P _ 0, thus by applying this concept to (3.7), the following
g oV y applying Y

equation can be achieved
2A% %
= 23
or = 1 (3
In this equation %—‘I/ is the impedance of the solar cell which should be equal to the optimum

impedance of the solar cell represented by Ryspp to get the maximum power from the cell.
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Equation 3.8 reveals that by matching % ( the input impedance of the converter that is
connected to the solar cell panel ) to Ryspp the solar cell can generate the maximum output
power. Thus if the converter that is connected to the solar cell has resistive input behavior
that can be adjusted to Ry/pp, the operating point of the solar cell would be MPP which
result is getting P, and also the unity power factor can be achieved.

In this method, two sensors, a voltage sensor and a current sensor are needed to measure
the voltage and the current of the solar cell panel. This increases the cost of the system but
this technique has high performance and reliability and is suitable for applications such as

space satellites.

Hill-Climbing / Perturb and Observe

These two methods perturb the operating point of the PV panel to find the direction in which
the power would be at its maximum. From Fig. 2.20, it can be seen that when the solar
array operates on the left of MPP, increasing the voltage increases the power, and when op-
erating on the right of MPP, decreasing the voltage increases the power. Therefore, if there
is an increase in power, the same path should be followed to reach MPP and the feedback
controller forces the derivative of power to be zero.

The methods described above are simple to implement, but similar to the Incremental Con-
ductance technique, these two techniques also need two sensors, one for current and one
for voltage. Referring to Fig. 2.24, when the operating point is A and the atmospheric con-
ditions stay approximately constant, the operating point will go to B by a perturbation of
AV. At this time, the perturbation will be reversed because the power is decreased. In this
case, if the atmospheric conditions change the i-v curve of the solar panel is shifted to P,
hence the operating point will move to C. This shift will increase the power, so the perturba-
tion will result in divergence from the MPP. When atmospheric conditions change rapidly,
hill-climbing and perturb and observe methods can fail. In [54], the authors compare the
efficiency of the Incremental Conductance method and Perturb and Observe method in the
Matlab simulation environment. As shown in Fig. 2.25, the incremental conductance tech-
nique reaches the MPP faster than the P&O method. Besides, incremental conductance

method does not have continuous oscillation of the operating point around the MPP.
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Figure 2.24: The effect of changing atmosphere conditions on tracking MPP of the i-v curve
of a solar panel using Hill-Climbing / Perturb and Observe methods .
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Fractional Open-Circuit Voltage

This method uses the assumption that a near linear relationship between Vy;pp and Vpc
exists which is given by
Vmpp =~ k1Voe (2.4)

In this equation, k; is constant depending on the characteristics of the PV array. The term
k1 can be computed and V,. can be measured by shutting down the power converter for a
short time. When k; and V|, are known, Vj;pp can be computed using (2.4). One of the

disadvantages of this method is the temporary loss of power to measure V.

Fractional Short-Circuit Current

In this method, the following assumption is used
Iupp = kol (2.5)

Referring to (2.5), in this method Iypp and I, have a near linear relationship. In this
technique, an additional switch should be added to the MPPT circuit to short the PV panel
and measure /. periodically, which result in increasing the cost and the number of elements

in the circuit.

2.2.3 Solar cell power converters

Fig. 2.26 shows the commonly used dc/dc converters that are connected to the solar cell
panel [55]. These converters operate both in the Continuous-Conduction-Mode (CCM) or
Discontinuous-Conduction-Mode (DCM). By using MPPT methods the equivalent input
resistance of the converter can be adjusted to the optimum resistance of the PV array at
MPP (Rypp) [55]. This can be done by tuning the duty cycle of the dc/dc converter. Using
this method the operating point of the PV array would be the desired MPP at which point
the solar panel can generate maximum power.

In [56], it is shown that among all these converters, buck-boost converter has the highest
efficiency and can track the MPP regardless of the cell temperature, the load, and the ir-
radiation that the cell receives. Moreover, it is shown that the results obtained using the

buck-boost converter are not dependent on the MPP tracking method.
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Figure 2.26: Commonly used DC to DC converter: (a) buck converter, (b) boost converter,
(c) buck-boost converter
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2.2.4 Solar Power Applications

Solar power is probably one of the cleanest renewable source of energy that is available
and can be used in several forms. This source of power can have promising solutions to the

world’s energy. PV systems can have industrial/commercial and residential applications.

Residential Applications

As Fig. 2.27 shows, the solar panels can be located on the roofs of houses and buildings to
harvest solar power. In this case, the PV system supplies electricity to the house/ building.
The solar systems is also connected to the electrical grid. Thus at any time during the day
that the PV system generates power more than the required power for the building or during

the low/no consumption periods, the excess power can be exported to the grid.

Figure 2.27: Installing solar panels on the roof of a house.

Industrial and commercial applications

One of the main applications of using PV technology is lighting. Currently PV systems
are used to provide lighting in public streets as it is shown in Fig. 2.28, traffic lights, and
billboards. Another application of this technology is water pumping. PV cells can power

water pumping for irrigation, as it is shown in Fig. 2.29.
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Figure 2.28: Solar powered street light.
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Figure 2.29: Solar Power Automatic Irrigation System.
Image from [57].
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Solar power advantages and disadvantages

One of the disadvantages of solar power is that it can only be harvested during the day,
thus a back-up system is necessary when the system is not connected to the grid to provide
power during the time that the solar power is not available, like during the night or when the
weather is cloudy. For indoor locations where the lighting is not sufficient, the efficiency
of the harvested power is very low. Given the above disadvantage, the strong advantage of

solar power is that it is pollution-free and is highly scalable to match electrical demand.



Chapter 3

Theoretical Analysis of the Proposed

Circuit

3.1 Introduction

In this chapter, the proposed power electronics circuit for energy harvesting applications
will be introduced and analyzed. Section 2.2 presents the theoretical modeling and anal-
ysis of the circuit. Section 2.3 discusses the design of a feedback controller to adjust the
magnitude of the input resistance of the proposed circuit based on the model derived in
section 2.2. Section 2.4 presents two different designs for a MOSFET gate drive circuit.
The efficiency of the proposed converter is considered in Section 2.5. Section 2.6 discusses

the applications of the proposed power electronics circuit in the energy harvesting area.

3.2 Theoretical Analysis

Fig. (3.1) shows the proposed power electronics circuitry for energy harvesting applications
such as vibrational energy harvesting using piezoelectric transducers and harvesting solar
power using solar cells. As this figure shows, this circuit consists of a capacitor, a diode
bridge, a MOSFET, and a rechargeable battery as the storage element. The current gener-

ated by energy harvester is represented by i;,, this current is the input current to the circuit

31
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MOSFET

—__—+ Rechargeable
Battery

Figure 3.1: Power electronics circuit.

and is time varying . As Fig. (3.1) shows, in this project a rechargeable battery is used
as the storage element. A diode bridge, which is an AC to DC rectifier, is used to rectify
the voltage across the capacitor. When v¢ is positive, D1 and D3 are on and when v¢ is
negative D, and D, are on. The average output voltage across the electrochemical batteries
is low, in the range of 1 — 4V, however the magnitude of the generated voltage across the
capacitor, represented by U, is relatively high. Therefore after rectifying vc, the next step
is to step down the input voltage to the level of battery. This is done by using a MOSFET
switch, as shown in Fig. 3.1.

To provide an accurate model of the circuit, the internal resistance of the battery and the
switching losses are included in the circuit, as shown in Fig. (3.2). In this figure r; repre-
sents the internal resistance of the battery and r;; indicates the on resistance of the MOSFET
switch when it is on. The forward voltage of each diode is Vp.

Fig. 3.3 shows the voltage behavior of the rechargeable battery that was used in this project
at different rates of discharge. In this figure, C is the capacity (mAh) of the battery. This
battery has a nominal voltage of 1.2V. As the figure shows, the voltage across the battery
does not drop below 1V. Thus we can use the assumption that the voltage across the battery
is constant, represented by Vp.

By replacing R with ry, + rys, Fig. (3.2) can be simplified to Fig. (3.4). Fig. 3.5 illustrates
the simplified circuit when the MOSFET is on and the magnitude of the input voltage is
large enough to turn the diodes ON. Fig. (3.5a) shows the simplified circuit when v¢ is
positive, which means that D; and D3 are ON. Fig. (3.5b) illustrates the equivalent circuit

when ¢ is negative, in which case D, and D4 are ON.
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Figure 3.2: Power electronics circuit.
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Figure 3.3: Voltage behavior of the rechargeable battery.
Image from [62].
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Figure 3.4: Power electronics circuit.
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Figure 3.5: Simplified power electronics circuit when MOSFET is on.
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The main operation of the circuit can be divided into three phases. In the first phase, ¢
is not large enough to turn on the diode bridge, thus no current flows into the battery and
the circuit input current, which is represented by i;,, charges C. In the second phase which
the magnitude of v is large enough to turn on the diode bridge but the MOSFET is off is
similar to the first phase. In this case, no current flows into the battery and i;, charges the
capacitor. During the third phase, the MOSFET is on and the voltage across the capacitor
is greater than the forward voltage of diodes in the diode bridge plus the voltage of bat-
tery. Therefore the diode bridge conducts and C discharges into the battery. The current
that comes from the source flows into the battery during this time. The voltage across the
capacitor during the second and third phases is shown in Fig. (3.6) and Fig. (3.7), respec-
tively. In these two figures, ¢ refers to the time that the MOSFET is off (second phase) and
t refers to the time that the MOSFET is on (third phase). In Fig. (3.6), the voltage across
the capacitor is shown when i;, is positive and Fig. (3.7) illustrates the voltage across the

capacitor when i;, is negative.

In Fig. (3.6)
Vi = Vg +2Vp + Rijn((k— 1)Ty,). (3.1)
Vo = Vg +2Vp + Rijy, (kTsw)~ (3.2)

. 1,
V3 = Vg +2Vp + Rijn(kTyy) + Elin<kTswt1 ). (3.3)
In Fig. 3.7
Vi = =V —2Vp+Rijn((k—1)Ty,). (3.4)
Vo = —Vg —2Vp + Ri;, (kTsw). 3.5)
1

V3 = Vg +2Vp + Rij (kTy) + Eiin(kTswfl)« (3.6)

In the equations above, k represents the switching step.

As Fig. (3.6) and Fig. (3.7) illustrate, when the MOSFET is off during #;, the magnitude
of V¢ increases because the i;, charges the capacitor. However during the on interval of
the MOSFET, which is represented by 7, the magnitude of v¢ decreases as a result of
discharging the capacitor into the battery.

The next step is to calculate the average of U¢ in one period of MOSFET switching.

When the MOSFET switch is off, no current flows into the battery and capacitor charges
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'y

Figure 3.6: The waveform of capacitor voltage in one period of MOSFET switching, during
second and third phases, while i;,(t) > 0 .

Figure 3.7: The waveform of capacitor voltage in one period of switching, during second
and third phases, while i;,(¢) < 0.
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by i;,(t) that flows into the circuit. The capacitor voltage during the off interval of the
MOSFET is given by

1 kTs,,~+t

Uc(l‘> iin<t> dt+ Uc(kTSW) kTs,, <t < kTs,, +1; 3.7

C kTsy

In this equation, vc(kTgs,,) is the initial voltage of capacitor in each period of MOSFET

switching. This value is given by

VB—|-2VD—|—Ri,’n((k—1)TSW). iin(t) >0
Uc(kTSW) = (3.8)
—VB—ZVD—I—Rim((k—l)TSW). iin(l) <0

By substituting Vpc with Vg 4 2Vp, (3.8) can be written as

VDC+Riin((k_1)TSW)- iin(t) >0
Uc(kTSW) = (3.9)
—Vpe —I—Ril’n((k— 1)TSW)' iin(l‘) <0

The switching frequency is higher than the frequency of i;,(¢), thus we can use the assump-
tion that #;,(¢) is approximately constant during one period of MOSFET switching. The
integral in (3.7) can be simplified to

kTg,,+t
/ iin (1) dt = iin (KT )1 (3.10)
kTsy

By replacing v (kTs,,) with (3.9), and using the assumption that the input current to the

circuit i;, () is constant in one period of MOSFET switching, (3.7) can be written as
Ve + Riin((k—1)Toy) + Siin(kTsw)t.  im(t) >0
ve(t) = (3.11)
—VDc—l—Ril'n((k— 1)TSW) —f—éiin(kTsw)l‘. iin(l‘) <0
As Fig. 3.6 illustrates, at t = #; the MOSFET turns on. By replacing #; with 7 in (3.11), we

can obtain the voltage across the capacitor at r = 1, which is given by
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Vpe + Riy((k—1)Tsw) + &i(kTs, ). ip(t) >0
e (kT +1) = (3.12)

—Vpc + Rijn((k—1)Ts) + Li(kTsw)t1.  ip(t) <0
The MOSFET turns on at t = t,. If the magnitude of v¢ is greater than Vp¢, the capacitor
can turn on the diode bridge. At this point, the capacitor discharges into the battery which

results in the decrease of v¢ during t>. Also, v¢ during the on time of the MOSFET is given
by

Ve + Riin(kTs,,) + (v (kT +11) — Ve — Rig (kT ))e®e ig(1) >0
velr) = | | L (3.13)
—Vpc + Rij, (kTSW) (Uc(kTSW + l‘l) +Vpc — Rij, (kTSW))eRC lin (l‘) <0
Substituting ve(kTs,, +¢1) from (3.12) into (3.13) yields
( Ve + Rijn (kTs,,)+
[%iin(kTSW)tl +R<iin(kTSw) — iin((k— I)TSW))]eR% i,‘n(t) >0

ve(t) = (3.14)
—Vpc + Riin (kTs,, )+

\ [éi(kTSW)tl + R(iin(kTsy) — iin((k — I)TSW))]eI% iin(t) <0

It should be noted that i;,, comes from a harvestable source of energy and is very small.
Also R, which is the summation of the internal resistance of the battery and the on resis-
tance of the MOSFET is relatively small, in the range of 0.5 —2Q. Therefore, we can
assume |Vpc| >> Rij,((k— 1)Ts,,). By using this assumption, Fig. (3.6) and Fig. (3.7)
can be simplified to Fig. (3.8) and Fig. (3.9) respectively. Moreover (3.11) can be further
simplified to

Vpc + Giin(kTsw)t.  iin(t) >0
velt) = (3.15)
—Vpc + %iin (kTSW)t. iin(l‘) <0
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and (3.14) can simplified to

Ve + (kT )t1efC. (1) >0
velt) = (3.16)
_VDC -+ éiin(kTSW)tleR;é. i,'n(l‘) <0

V¢ contains high frequency components due to the switching of the MOSFET switch, while

U. V)1
Ve + 1/C iin(kTe) t

Figure 3.8: The simplified waveform of v¢ in one period of MOSFET switching, during
second and third phases, while i;,(¢) > 0.

the frequency of i;, () is assumed to be much lower than the PWM frequency. Using the
area of triangle in Fig. 3.8, when the current source i;,(¢) is positive, and Fig. (3.9) when
iin(t) is negative, the average voltage across the capacitor during one period of the PWM

signal, represented by v¢ (), is given by

2
Vie + spr—iin(KTsw )+

+ 8 (kTs) JoSTere dr. iy (t) >0

velt) = (3.17)
2

—Vpc + zé—lTswl'in(kTSw)"i_

ﬁ%iin(kTSw) fOT_tle% dt. iin<l‘) <0
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Figure 3.9: The simplified waveform of v¢ in one period of switching during second and
third phase, whilei;, (1) < 0.

Solving the integrals in this equation results in

(

2
Ve + QCt—ITSWim(kTSw)-F

~(Tsw—11)

%(1 —e R i (kTsw). im(t) >0
belr) = (3.18)
2
—Vbc+ 2ctlTS;iin (kTsy,)+
Rty —(Tsy=11) . .
\ m(l —e R )iy (kTsy).  iin(t) <O
Thus (3.18) can be written as
Ve + Regiin(kTsy).  ii(t) >0
belt) = (3.19)
—Vbc +Reqiin(kTsw). iin(t) <0
with R, given by
R TR e (3.20)
p— _ e . .
“ 2CTs,

Ty
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iin(t)
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Req
Ve

1+
T VDC

Figure 3.10: Equivalent power electronics circuit.

Fig. 3.10 illustrates the equivalent energy harvesting circuit described by (3.19). (3.19)
indicates that, W and i;,(¢) have a resistive relationship and the proposed power elec-
tronics circuit exhibits a purely resistive input behavior. This equation also reveals that this
resistive behavior between the input voltage and current of the circuit works for any given
frequency. More details about applications of this concept are discussed in Section VI. Fur-
thermore, this resistive behavior can be used to maximize the power that can be transferred
from the source to the circuit.

The duty cycle, represented by d, is the ratio of the duration that the MOSFET is on to the
total period of MOSFET switching. t, is the time that MOSFET is on and Ty, is the total

period of switching. Thus the duty cycle of the MOSFET is given by

d=— (3.21)

Replacing t, with T, — 1, (3.21) can be further written as

TSW —n
TSW

d=

(3.22)

From (3.22), #; can be calculated as

t=(1-d)Ts, (3.23)

Substituting #; from (3.23) into (3.20), R4 can be further written as
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1 —d)’T ~(Tg,d)
%H«l—d)(l—e R, (3.24)

As mentioned earlier, R is the summation of the internal resistance of the battery and the on

Req =

resistance of the switching MOSFET and is very small. Furthermore, C which is the input
capacitor of the circuit is small as well. Thus we can make the assumption that 7s,,D >> RC

~Tg,,D . .
and 1 >> e k¢, Therefore, (3.24) can be further simplified to

(1—d)’Ts,

Reg="—¢

+R(1—d). (3.25)

This equation indicates that the input resistance of the circuit is a factor of the switching
frequency and the switching duty cycle, as well as C. Therefore, by changing these three
factors, we can change the value of R, and adjust it to a desired value.

Referring to Fig. 3.10, KVL can be applied to the equivalent circuit, which results in
VDC "‘Reqiin (kTSw) iin <t> 2 0
ve(t) = (3.26)
—Vpe +Reqiin (kTSw) lin <0

Using this equation, R,, can be obtained as follows

() -V, .
iC;n (kTSVSC ’ tin (t) Z O
Reg = (3.27)

uc(t)+Vic

iin(kTSw) ’ tin < 0

Equation (3.27) can be used to express R, in simulation environment and experiment.

3.3 Design of the Controller to Control the Input Resis-

tance of the Converter

In this section, a Proportional Integral (PI) controller is designed to control the input re-

sistance of the circuit, R.,. From (3.25), it follows that the input resistance of the circuit,
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R4, 1s a function of the frequency and duty cycle of the PWM signal. Therefore R, can be
varied by changing the duty cycle of the MOSFET switch. To achieve a desired resistance,
we develop a feedback controller such that the error between R, and a desired resistor Rp
approaches zero. To obtain the control scheme, let us assume that the desired resistance has
been reached, e.g.,

Req = Rp. (3.28)
In this work, it is assumed that the duty cycle of the PWM signal that is applied to the MOS-

FET switch consists of a nominal value represented by d,, in addition to a value provided

by the controller, represented by Ad as follows
d=d,+Ad. (3.29)

In this work, a PI controller (Proportional Integral Controller) is used to change the value
of R, to achieve a desired value. Fig. 3.11 shows the block diagram of a PI controller, that
consists of a proportional gain represented by K, and an integral gain represented by Kj.
As this figure indicates, the controller output is Ad. Referring to (3.29), this duty cycle is
added to d,, and the result of this summation is the total duty cycle of the PWM signal that
is applied to the MOSFET.

~ P kpe(r)

Rp(desired)_i®— Ad
3 .
Ra L1 £ J. e(r)dr
0

Figure 3.11: Block diagram of a PI controller.

By substitute d with d, + Ad, R., can be written as

(1—d, —Ad)’Ts,,
2C

Rey = +R(1—dy, — Ad). (3.30)

The controller error is given by
e =Rp—R,y. (3.31)
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Using (3.30), (3.31) can be written as

(1—d, —Ad)*Ts,,

=Rp— R(1—d,—Ad)]. 3.32
e = Rp— [ 20 R(1 —d, — Ad) (332
In (3.32), if d,, is chosen as the duty cycle to achieve impedance matching between Rp and
Req ,% + R(1 —d,) must be equal to Rp. Thus the controller error, e would be given
by
1 —d,)AdT:
e= [(% +RAd]. (3.33)
Equation. 3.33 can be rearranged to
1 —d,)T;
e= (( c) W L R)Ad. (3.34)
Let us define La
—d,)T:
Kc = (( C’f) 1 R). (3.35)
which by substituting into (3.34) yields
e =KcAd. (3.36)

where Ad is the output of the PI controller. Thus choosing
Ad =K / edt + Kpe. (3.37)
and substituting Ad from (3.37), the error dynamics can be written as
e = Ke(K; / edt + Kpe). (3.38)
Equation (3.38) can be further simplified to

1
Kl/edH—(Kp——)e:O. (3.39)
K¢

Which indicates the exponential convergence of e to zero when Kp — KLC > 0.
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3.4 MOSFET Gate Drive Circuits

In this section, two different designs for MOSFET gate drive will be discussed. The first
design utilizes positive feedback to speed PWM signal rise and fall times. In the second
design, we made the MOSFET gate drive self powered, thus no external power supply is
needed to drive the MOSFET.

3.4.1 MOSFET Gate Drive Circuit Using Positive Feedback

In this section, the first MOSFET gate drive circuit that was used in this project will be
discussed. To turn on the MOSFET, the voltage that is applied to the gate-source must be
greater than the threshold voltage of the MOSFET (Vs > Vinreshora)- To reduce the rise and
fall times of the PWM signal and to have sharp pulses, a positive feedback configuration is

used as shown in Fig. 3.12.

PWM
| I—signal
NC C A
0 0
a%‘ I’/—N—l 'J—
27y 07
. () (O}
0T Siokg 108 | MOsEET
100KQ ¢ =
/T

MWA—]
% 1080 27KQ  1nF

Figure 3.12: Positive feedback for MOSFET Driver.

As this figure shows, this positive feedback contains an optocoupler and a BJT transistor.
The combination of these two elements results in reducing the rise and fall times of the

PWM pulses An optocoupler consists of two parts: an optical transmitter and an optical
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receiver. The transmitter device is usually an LED (Light-Emitting-Diode) and the receiver

device is typically a phototransistor, as it is shown in Fig. 3.13.

NC C A
1 I_I 1
25
= 1':5; Ph n-tué\nsis tor
(=1
[ J L
E C B

Figure 3.13: Optocoupler

By applying voltage to the optocoupler input, the LED is forward biased and the electrons
are able to recombine with electron holes within the device, thais results in releasing energy
in the form of photons. These photons strike the base junction of the transistor and form
the collector current.

Phototransistors can be used in two modes: active mode and switch mode. Operating in
active mode means that the phototransistor responds proportionally to the light that is being
received up to a certain level. When the amount of light surpasses that level, the phototran-
sistor becomes saturated and the output will not increase even as the light level increases.
Working in the switch mode means that the phototransistor will either be "off” or “on” in
response to light. In our application, we need to generate a PWM signal which has two
levels of on and off. Thus the optocoupler is used in the switch mode.

Referring to Fig. (3.12), the source terminal of the MOSFET switch is connected to the
negative terminal of the DC power supply and the gate of the MOSFET is attached to the
transistor’s collector. More details about the operation of this circuit are provided in the
following section.

When a PWM signal is applied to the optocoupler, the LED can turn on the phototransistor.
The current flows from the collector to the emitter and the collector of the phototransistor
will have the same voltage as its emitter (OV). Referring to Fig. (3.12), the collector ter-
minal of the phototransistor is connected to the base terminal of the BJT. Therefore, the

voltage across the base terminal will be OV, which results in turning off the BJT. In this
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case, the voltage of the collector of BJT that is connected to the positive terminal of the
DC power supply will be 10V. As Fig. (3.12) shows, the collector of BJT is connected to
the base of the phototransistor. This connection results in a faster turn on the phototran-
sistor and a reduction of the rise time of the PWM signal. A similar story happens for the
falling time of the MOSFET resulting in accelerating the falling time of the BJT. When
PWM signal has a value of 0V, the optocoupler does not conduct and therefore, the voltage
across the collector of the phototransistor will be the same as the power supply voltage of
10V. Referring to Fig. (3.12), the collector of the optocoupler is connected to the positive
terminal of the DC power supply via a 10KQ resistor. When the optocoupler is off, this
terminal has the same voltage as the DC power supply (10V). The base of BJT is connected
to the optocoupler’s collector , so when the collectors voltage is 10V, the BJT conducts and
its collector voltage will be OV. The connection of the optocoupler base and collector of
the BJT results in helping the phototransistor turn off faster and reduce the fall time of the
PWM signal.

3.4.2 Self-Powered MOSFET Gate Drive Circuit

The main application of the proposed circuit in this work is harvesting energy. In most
cases, the harvested energy is used to power a sensor. The sensors are usually located in
remote locations thus, it would be ideal that the energy harvesting circuit to be self-powered
and can work independent of the external power supply. In this section, a new design of the
MOSFET gate drive will be introduced. This circuit does not need external power supply
which in the sense that the power electronics circuit and MOSFET gate drive to obtain their
power from the input source and thus do not need an external power source.

By adding a diode, Dg and a large capacitor, Cs to our circuit as shown in Fig. 3.14 we
can track and store the peak of v¢ and use this voltage to drive the switching MOSFET. In
this design, if v¢ is greater than 3Vp, Dy turns on and Cs charges up to |v¢| — 3Vp. At this
point, the capacitor stores the current peak voltage and Dy keeps the capacitor from being
discharged. This situation continues until the voltage across C reaches a higher peak. Ata
higher peak, Dy turns on and Cs continues charging up to the new peak. Fig. 3.15 shows

the operation of the peak detector. As this figure shows, Cs keeps track of the highest peak
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Figure 3.14: Energy harvesting circuit and peak detector
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Figure 3.15: Vs and vc¢ in the peak detector
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across the capacitor C which stores this value and charges up again when vU¢ reaches a
higher peak.

Fig. 3.16 shows the low frequency oscillator circuit that is used to drive the switching
MOSFET. As this figure shows, the voltage across the storing capacitor Cs is used as the
power supply for the opamp as well as the non-inverting input terminal of the opamp. Fig.

3.17 illustrates the connection of the low frequency oscillator to the circuit. The main

\'"
R;
AAA
VS"' R,
gn
M\ i
Rr —_ Cr

Figure 3.16: Low Frequency Oscillator Circuit.

operation of this LF oscillator is as follows when the voltage at the positive input terminal of
the om amp is greater than the voltage at the negative input terminal of the opamp, a positive
voltage develops between the reversing and non-reversing input terminals of the opamp.
Model of an ideal opamp is shown in Fig. 3.18. This positive voltage between the input
terminals is amplified by the open-loop gain of the opamp (Ay) which drives the opamp
to the positive-saturation mode. In this case, the opamp output equals the voltage that is
applied to it’s positive power supply terminal which is equal to Vs Fig. (3.16) illustrates.

At this time, the output voltage of the opamp charges C; until the voltage across C; goes
above the voltage of the non-inverting input terminal of the opamp after which the opamp

is driven into the negative saturation mode. In this case, because the output of opamp is less
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Figure 3.17: Connection of low frequency oscillator to the circuit [?].
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Figure 3.18: Internal circuit of a an ideal opamp.

than the voltage across Cr, the capacitor discharges to R; until V~ becomes less than V™
after which the opamp goes into positive saturation state.

The waveforms of the opamp output and the reverting input terminal of the opamp are
shown in Fig. 3.19. In this figure, #; refers to the time that opamp is in positive saturation
mode of operation, #, refers to the time that opamp is in negative mode of operation, and
T, is the period of the PWM signal that is generated as a result of switching the opamp

between these two modes.

[
Voltage (V)

— — = Vou
Vv
Vs fpmm—=a m———
| |
T’rs‘ﬁ -------------------------------- I
I |
| |
) t | t; |
il
. T ;.
| 1

()

Figure 3.19: Waveforms of the opamp output and op amp inverting input terminal circuit
shown on fig. 3.18.

By applying the Kirchhoff’s Current Law at non-reverting input node of the opamp we have

V-Vt vt +V+—V0m
Ri R, R3

(3.40)
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When the opamp goes into the positive saturation state,its output equals the positive power

supply of the opamp Vs. Thus replacing V,,; with Vs in (3.40) results in

Vs—Vt vt +V+—VS

= — 341
R Ry R3 G4D
and the voltage across the positive input terminal of the opamp would be
1,1
—_ _|_ —_
V= V() (3.42)
Ri TR T Rs
Now, B can be defined as
1,1
—_ _|_ —_
=tk (3.43)

1 1 1
R TR TR
The voltage across the non-inverting input terminal of the opamp, while it is in positive

saturation mode, can be written as
Vvt =VsBT (3.44)

When the opamp goes into negative saturation, because a negative voltage is generated
between the input terminals of the opamp, the opamp output would be equal to the voltage
that is applied to the negative power supply of the opamp. Applying Kirchhoff’s Current

Law at non-inverting input node of the opamp results in

Vs—V*t vt o vT

R R + R (3.45)
Then the voltage across the positive input terminal of the opamp would be
1
V+:VS(RL1_|_ZL;+RL) (3.46)
Now, let us define |
. T — (3.47)

Thus, V* for the negative saturation mode of the apamp can be written as

Vvt =VsB~ (3.48)
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The next step is to calculate the period of the PWM signal generated by the opamp as a
result of switching the opamp between the positive and negative saturation modes.
When the opamp is in the positive saturation mode and C; is charging, the voltage across
C: is given by

Ve, = Vs —Rqi (3.49)

By using the current-voltage relation in a capacitor, we can rewrite (3.49) as
(¢
/l((j—) dt — VCT (0) =Vs—R;i (3.50)
T

and by calculating the derivative of (3.50) we have

di 1
—+—=0 3.51
et c. (3.51)
Solving (3.51) for i results in
—t
i= 1(0)6(7) (3.52)
Hence at t = 0, the current is given by
Vs —Ve. (0
1(0) = Vs —Ve.(0) (3.53)
R:

As Fig. 3.19 illustrates, in the beginning of the positive saturation that opamp output be-
comes Vs, the voltage across the inverting input terminal of the opamp, V¢ (0) is given
by

Ve, (0) = Vs~ (3.54)

Substituting V¢, (0) from (3.54) into (3.53) yields

Vs —Vsp™
1(0) = Vs = Vs~ (3.55)
R:
This equation can be further simplified to
1B~
1(0) = M (3.56)
Rt
Replacing 7(0) from (3.56) into (3.52) results in
1—-p~ t
i(1) = Me—? (3.57)

Rt
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Substituting i(7) from (3.57) into (3.49) yields

Ve(1—p~ t
Ve, = Vs —RTM[? (3.58)
R¢
This equation can be further simplified to
Ve, =Vs[l —(1—=B7)e 7] (3.59)

Equation 3.59 describes the voltage across C; while the opamp is in the positive saturation
mode and the opamp output equals Vs. Using (3.59), we can now calculate #; which is
the charging time of C¢, or the time that the PWM signal generated by the opamp is high.
Therefore, t; can be easily calculated by equating (3.59) with Vs and doing some simple

algebra, we have

nh= —‘L'ln(

3.60
As Fig. (3.19) shows, the time that the generated PWM signal is high is equal to the time
this signal is low (t; = t2). Thus the period of PWM signal is given by
1-B*
1-B-

As Fig. 3.19 illustrates, the low frequency oscillator circuit can only generate PWM signals

T = —27in( ) (3.61)

with a 50 % duty cycle. The circuit that is shown in Fig.3.20 is used to change the duty

cycle of the PWM signal. The main operation of this circuit is similar to the low frequency

Output
Vout

Figure 3.20: Circuit to change the duty cycle of the PWM signal.

oscillator that was described earlier. In the circuit shown in Fig. 3.20, V,,; which is the
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output of the low frequency oscillator as shown in Fig. 3.17, is applied to the negative input
terminal of the opamp. We can change the voltage across the the positive input terminal
of the opamp by using a potentiometer (R;). When the value of R, changes, the voltage
division between R; and R, changes which results in having different voltage values at the
positive input terminal of the opamp. Therefore by connecting the PWM signal generated
by the low frequency circuit to the inverting input terminal of the opamp (V,,;), we can
change the duty cycle of the PWM signal. Fig. (3.21) illustrates the connection of the
energy harvesting circuit and the self-powered MOSFET gate drive.

fﬂg g :
G — +
VS —__—"' Battery
™ ==C; :
Tl
17 1L vosrer
ds switch
Vs'
Vs'
R3 R3
it A",
- V5+ l2‘1
T Ry Vv } +
PWM - "“‘T _
R;
M
R o 5 1
-

Figure 3.21: Energy harvesting circuit with self-powered MOSFET gate-drive.
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3.5 Harvested Power and Efficiency of the Circuit

In this section, the average power that is harvested from the source and stored in the battery
as well as the power that comes from the source are calculated in one period of MOSFET
switching, represented by T, and in one period of signal source, represented by Tsource-
Hence, the efficiency of the circuit defined as the ratio of harvested power to the generated

power from the harvestable source is obtained.

3.5.1 Harvested Power in the Battery

The power that is stored in the battery in one period of the MOSFET switching can be
expressed as the product of Vp and the average current that flows into the battery in one

period of the PWM signal as follows

PBattery = VBEBattery- (362)
Fig. 3.22 shows the current that flows into the battery in one period of switching. As this
figure illustrates, when the MOSFET is off, no current flows into the battery. When the
MOSFET turns on, two sources of current flow to the battery, i;,(¢) and the current that
generates as a result of discharging C into the battery. As this figure shows, when C is fully

discharged to the battery, the only current that flows into the battery is i;,(¢).

| Battery 4

|iin(kTsw)| ts
RC

liin(KTsw)l

Tsw t(S)

Figure 3.22: Battery current in one period of MOSFET switching.

During the on interval of the MOSFET, the current of the battery is given by

()] = lim(O))eRe.  (kTsp+11 <t < (k+1D)Ts,) (3.63)

. . .
lBattery(t) = |lin(t)| + <R_C|lin
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As mentioned earlier, we assumed that i;,(¢) is constant in one period of switching. Thus,
(3.63) can be simplified to

: . I . . =
lBattery(t) - ’lin(kTSw)| + (R_lc,’lin (kTSw)‘ - |lin(kTSW)’)eRC' (364)
We can now calculate the average of the current that flows into to the battery during 7T as
follows
= . T —1
IBattery (kTSw) = ’lin (kTSw)‘ SWS 1 + (365)
w
L Tswmtt i (KTs) |11 —
— ————— — |iin (kT RC dt.
o R i kTl
Eq. (3.66) can be further simplified to
- . Ts,, —t Iin (KT _Tow—t1
iattery(kTsy) = |in(kTsy)] S; 1 Liin(KTsw)] (t —RC)(1—e™ "k ). (3.66)
Sw Tsy

In practice, the switching frequency of the MOSFET is in the range of 100 — 800Hz, R is

small in the range of 1 — 10, and C is small as well, in the range of nF. Thus we can make

T, —t
the assumption that1; >> RC and 1 >> e~ ke Therefore, (3.66) becomes
- . Tsy—t1 . 1
IBattery (kTSw) = ‘lin (kTSw)’SW— + ’lin (kTSw)‘_- (367)
TSW TSW
Eq. 3.67 can be further simplified to
;Battery (kTSw) - |iin (kTSw>|- (368)

We can now calculate the average power that is stored in the battery during one period of
the MOSFET switching by substituting (3.68) into (3.62), i.e.,

PBattery = VB|iin(kTSw)|~ (3.69)

After obtaining the average power of battery in one period of the MOSFET switching,
the next step is to calculate Pgyyery in one period of the source signal. By assuming that
iin(t) = Asin(Tsifn_et), the average power stored in the battery in one period of the source
signal is given by

TSource
1 Ty

—— Y Valin(kTs.)| (3.70)
Source [—(

P Battery
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Since the switching frequency is much higher than then source frequency (fsy, >> fsource)s

(3.70) can be further written as

_ 1 TSnurce . 27‘[
PBattery = /0 VB’lin(T—t)’- (3.71)

Tsource Source
By obtaining the integral term in (3.76) , the average power of battery during Ts,c. 1s given
by

— 2A
PBattery =Vp X 7 (372)

3.5.2 Extracted Power

In this section, the average power extracted from the source in one T, and in one Ty c,

are obtained. The power during one T, is given by
P = Bin;in (t) . (3.73)

As mentioned earlier, we assumed that i;, is constant during one period of PWM signal and
D, 1s the voltage across C obtained from (3.19). Therefore, substituting vp from (3.19)
into (3.73) results in

Pin = Vpcliin(KTsw) | + Reqliin(KTs)). (3.74)
Now, we can calculate P;, in one period of the source signal by assuming i;,(¢) = A sin( TS2” —1)
given by
TSource TSource
_ 1 TSy TSy 2
Pin= [ Y VoclinkTsw) |+ Y, Reg(iin(KT))?]. (3.75)
Source  —() k=0

Assuming that the switching frequency is much higher than the source frequency, (fs,, >>

Ssource), (3.75) can be written as

— 1 Tsource X 2 T Tsource . 2
Pi [A Voclin mw+% Regli(=2—0)Y2dr]  (3.76)

TSource Source Source

By solving the above integrals, the source average power during Ty, is obtained as

- 2A A?
P, = VDC? +Req?. 3.77)
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Substituting Vpc and R,, with Vg +2Vp, and % + R(1 — d) respectively, (3.77) be-
comes ( )2 )
— 2A 2A 1—-4d)"Ts, A
P, =Va—— — 4 [——" 1+ R(1—-d)|—. .
in VBn+VDn+[ °C +R( d)]2 (3.78)

3.5.3 Efficiency of the Low Power Electronics Circuit

In this section the efficiency of the proposed power electronics circuit is obtained in one
period of MOSFET switching and also in one period of source signal. The efficiency of the

circuit is given by

g Battery
= —, 3.79
P (3.79)
Substituting P, and Pgyery from (3.74) and( 3.69) respectively, ( 3.79) becomes
Vg

) | | 3.80
T Vet 2V + Reglin (KT -

This equation represents the efficiency of the proposed circuit in one period of PWM signal.
This equation reveals that the efficiency of the proposed converter is not a function of the
vibration or switching frequency. From (3.80), by reducing the forward voltage drop of
the diodes used in the diode bridge, the efficiency of harvested power will in crease. Fur-
thermore, by decreasing the value of R.; we can increase the efficiency. And the effi-
ciency of the proposed energy harvesting circuit in one period of source signal by assuming

iin(t) = Asin(72Z-)t is given by

Source

v
= B NS (3.81)
VB +2VD +ReqT
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3.6 Applications of the Proposed Low-Power Electronics
Circuitry

In this section two applications of the proposed circuit are discussed. The first application is
to use this circuit to harvest solar energy and the second application is to harvest vibrational

energy.

3.6.1 Harvesting solar energy using solar cell

One of the main applications of this circuit is to harvest solar energy using a solar cell.
Equation. (3.25) indicates that the equivalent resistance of the circuit R, is a factor of
the frequency and duty cycle of the switching period, and also C. Thus by changing these
three values, we can change the magnitude of the input resistance of the converter. As
mentioned in the first chapter, in order to get the maximum power from a solar module,
the operating point of the panel should be Maximum Power Point (MPP) as it is shown
in Fig. 3.23. As indicated in chapter one, one of the methods to track MPP is called the
Incremental- Conductance- Technique. In this technique, it is proved that to track MPP, the
input impedance of the converter that is connected to the solar cell should be equal to %—‘I/
Thus by using the proposed converter, the input impedance of the converter can be adjusted
to be equal to %—‘I/, so the solar panel can generate the maximum power which results in
having the maximum efficiency.

Fig. 3.24 shows the flowchart of incremental conductance method using the proposed con-
verter in this work. As mentioned earlier in ICT, the goal is to reach —‘fl—‘ll = % % is in fact
the input impedance of the converter that is connected to the solar cell which is a function
of the duty cycle of the switching. Thus, as this flowchart shows, at each sample time, if
—‘2—‘,/ > % the duty cycle of the switching should decrease to increase the value of % Else

if —‘fl—‘ll < %, the duty cycle of the switching should increase to decrease the value of %
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Figure 3.23: Current-Voltage curve of a solar cell.
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Figure 3.24: Flowchart of Incremental Conductance Method.
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3.6.2 Harvesting Vibrational Energy using Piezoelectric Transducers

Equation (3.19) reveals that the proposed circuit has a resistive behavior between the input
voltage and current of this circuit and this behavior works for any given frequency. In har-
vesting vibrational energy using piezoelectric transducer, the generated voltage is composed
of multi-frequencies. Therefore, this circuit can be used in applications in which the energy
source contains multiple frequencies or the frequency may change dynamically, such as
harvesting mechanical vibration as a result of passing vehicles in the street or passing trains

on a rail track.



Chapter 4

Simulation Studies of the Proposed

Circuit

4.1 Introduction

In this chapter, simulation studies are conducted to validate the theoretical results of the
circuit discussed in chapter 2. The circuit was implemented in the Matlab/Simulink envi-
ronment using the SIMPowerElectronics toolbox and also LTspice. In both the simulation
environments, vibrational piezoelectric model was used as the input source. In the first
simulation study, a PWM block was used to generate PWM signal to drive the MOSFET
switch in the circuit and in the second simulation, the second configuration of the driven

circuit that is self-powered was used.

4.2 Simulation Studies of the Proposed Circuit Using In-

dependent Voltage Source

Fig. 4.1 shows, the piezoelectric transducer model which is comprised of an AC current
source in parallel with a resistor and a capacitor. Referring to Fig. 2.1, the circuit consists
of a capacitor at the input of the circuit which can represent the piezo capacitor. The internal

capacitor of the piezo was thus used as the input capacitor of our circuit as shown in Fig.

63
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4.2. This figure illustrates the implementation of the vibrational piezoelectric transducer
model and the converter in Maltlab Simulink environment. As this figure shows, an ac
current source block, a capacitor and a resistor are used to model the piezo. To implement
the ac/dc rectifier, the diode bridge block was used. In this block, the forward voltage drop
of the diodes is adjustable. In this work, the forward voltage drop of each diode 1s 0.7V. To
drive the MOSFET, a pulse generator block that generates PWM signals is used. The duty
cycle and frequency of the signal can be determined in this block. Referring to (2.20), to

+
Iy (D Ry ==C, Vp

Figure 4.1: Piezoelectric model.

P

r _______ | Pulse D_T—;L—I_
I Generator Mosfet

| R | Lafa J = n
|@> ipt) = Rp == ¢ | Z& 1

B
|_ _______ ]l Diode Bridge —--—_|_— Battery

Piezoelectric

model

Figure 4.2: Implementation of the piezoelectric transducer and energy harvesting circuit in
Maltlab/ Simulink environment.

verify the input resistance of the circuit, i;, should be measured. To measure this current, a
small resistance r is added to the circuit, as shown in Fig. 4.3. Hence i;, can be obtained
using the following equation

dvp 'V,

iin _Cp7+7 (4.1)

In the first simulation, we validated the resistive behavior of the circuit. As Fig. (4.4)
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Figure 4.3: Circuit implementation in Maltlab/ Simulink environment.

shows, the input voltage of the converter v, and the input current of the converter i;,(¢) are

in phase.

Voltage (V)
Current (A)

20 | | | | | | | | | 1
0 01 02 03 04 0.5 0.6 0.7 0.8 0.9 1

Time (S)

Figure 4.4: Input voltage and current of the circuit for a single frequency mechanical vibra-
tion.

Fig. 4.5 illustrates the input voltage and input current of the converter when the current
input source ip contains multi frequencies. As this figure shows, for a multi-frequency
mechanical vibration, Vp and i;, are in phase. In other words, the circuit has resistive input

behavior even if the harvestable source connected to the circuit contains multi frequencies.
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Figure 4.5: Input voltage and current of the circuit for a multi frequency mechanical vibra-
tion.

In the next simulation, we validated the expression for input resistance of the converter,
given by (3.25). As this expression shows, R, 1s a function of frequency and duty cycle of
the MOSFET switching. Fig. 4.6 shows the theoretical and simulation values for R, at two
different frequencies and different values of duty cycle as well. As this figure illustrates,
theoretical and simulation results are quite in agreement.

A low pass filter was used to apply the averaging technique. In simulink environment, a
transfer function block was used to implement a low pass filter. The time constant of the
transfer function equals 0.0025.

Fig. 4.7 illustrates the averaging method that is applied to the input voltage of the converter
Vin. In this figure, the voltage across the piezoelectric, which is the the input voltage of the
circuit, is shown before and after applying the signal to a low-pass filter. In this simulation,
ip(t) = 50Sin(2mt) A, Cp = 10nF and the switching frequency is S00Hz. Fig. 4.8 shows
the averaging method for a multi-frequency signal as the input. In this simulation, ip(t) =
50sin(107t) 4 30sin(187¢).

Fig. 4.9 illustrates the average power of the source and battery in period of source signal.
In this simulation, i;,(¢) = 50sin(207¢) A and Vg = 4V. As this figure shows, P;, = 19 x
102w and Fbmmy =12.1 x 107w. Using 3.72 and 3.77, P;, and Pyastery are respectively
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Figure 4.6: Input resistance of the converter as a function of switching frequency and duty
cycle.
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Figure 4.7: Piezoelectric voltage before and after applying the low-pass filter for a single
frequency vibration.
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Figure 4.8: Piezoelectric voltage before and after applying the low-pass filter for a multi-
frequency frequency vibration.

20.2 x 107°W and 12.7 x 10~>W which are quite in agreement with simulation results.

x10"

Source

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (S)

Figure 4.9: Average power of the source and battery in one period of source signal.

In the next simulation result shown in Fig. 4.10, the efficiency of the proposed circuit
is considered as a factor of the switching duty cycle. In this simulation, the switching
frequency is S00Hz, Vp = 0.7V, Vg = 4V, and i;, = 50sin(207z) LA. As this figure shows,
by increasing the duty cycle of the switching, the efficiency of the energy harvesting circuit

increases.

Fig. 4.11 shows the efficiency of the converter as a factor of the forward voltage drop of
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Figure 4.10: Efficiency of the proposed energy harvesting circuit as a function of the duty
cycle of the MOSFET switching

diodes in the diode bridge. It can be observed that by reducing Vp, the efficiency of the
circuit increases.
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Figure 4.11: Efficiency of the proposed converter as a function of the forward voltage drop
of diodes in the diode bridge.



CHAPTER 4. SIMULATION STUDIES OF THE PROPOSED CIRCUIT 70

4.3 Simulations Studies of the Proposed Circuit using Self-

Powered Driven Circuit

In this simulation study, the piezoelectric model is connected to the proposed converter.
The self-powered MOSFET gate drive circuit which described in chapter 2 was used to
drive the MOSFET, as shown in Fig. 4.12. Referring to this figure, the peak detector which
consists of a capacitor represented by Cg and a diode represented by Dy is used to power
the driven circuit. In this simulation study, LTspice simulation environment was used. In
this simulation Cs = 20uF, Ry = R, = 120KQ, R; = 50KQ, and C; = 10nF.

In the first simulation, the resistive behavior of the converter is studied and the results are
shown in Fig. 4.13. As this figure shows, the input voltage and current of the converter are
in phase. In other words, the proposed energy harvesting circuit has input resistive behav-
ior. In the next simulation, the resistive behavior of the converter is considered when the
mechanical vibration is multi-frequency. The result of this simulation is shown in Fig. 4.14.
As this figure illustrates, the input voltage and current of the converter remain in phase when
the mechanical vibration is multi-frequency. Fig. 5.17 illustrates the charging and discharg-
ing of Cp as a function of the voltage across the MOSFET switch. Referring to this figure,
when the voltage across the gate-source of the MOSFET is less then the threshold voltage
of the MOSFET, then the MOSFET switch in off. In this case, no current flows into the
battery and the current source charges the internal capacitor of the piezoelectric. Thus the
voltage across the piezoelectric transducer increases in this time. When the voltage across
the gate-source of the MOSFET is greater than the threshold voltage of the MOSFET, the
MOSFET turns on and Cp discharges to the battery. In this case, Vp decreases as a result of
discharging to the battery. In the next simulation study, the averaging method that is used
in this work and described in chapter two, is considered. Fig. 4.16 illustrates the voltage
across the piezoelectric transducer before and after applying the signal through a low pass
filter.

The next simulation was conducted to validate the resistive expression of the converter
given by (3.25). Fig. 4.17 shows the theoretical and simulation values of R, of the con-
verter at PWM frequency of 500Hz. In this simulation, Cp = 7nF and Vpc = 3.5V. In the

last simulation, the behavior of the peak detector is considered. As Fig. 4.18 shows, Cp
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Figure 4.12: Implementing the piezoelectric transducer model and the converter in simulink
environment.
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Figure 4.13: Input current and voltage of the converter for a single frequency vibration.

(¥) 3using

20

(=} . & ¢
F Jo
o
- -
i |
o~
7}
- BN
E
=
- @
i
T
LT _
B Al LT TS -
=%
[ H
L e o o
L0 e o
e
e
wESEDET = |
o o) o) oo
~ - o
(n) ebBejjop

Figure 4.14: Input current and voltage of the converter for a multi frequency excitation.
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Figure 4.15: Charging of the capacitor when MOSFET is off (Vyure—source = OV') and dis-
charging of the capacitor when MOSFET is on (Vare—source = 10V).
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Figure 4.16: Voltage across the piezoelectric before and after applying the low pass filter.
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Figure 4.17: Theoretical and simulation results for the input resistance of the converter.

keeps track of the voltage across the piezoelectric transducer. Referring to Fig. 4.12, Dg
does not let Cp to discharge in the circuit. Thus the voltage across Cg is trapped and is used

to power the opamps in the MOSFET gate drive circuit.
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Figure 4.18: The voltage across the storing capacitor of the peak detector.

4.4 Conclusion

In this chapter, simulation studies were conducted to validate the theoretical analysis of

the proposed circuit. In these simulations, a vibrational piezoelectric transducer model was
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used as the source of energy. A vibrational piezoelectric transducer model consists of an ac
current source in parallel with a capacitor and a resistor.

The results of the simulation studies reveal that the input voltage and current of the proposed
circuit are in phase. Thus, the circuit has resistive behavior regardless of the frequency or
amplitude of the input current signal. Besides, the expression for input resistance of the
circuit given by (3.25) was verified. The expression for extracted power from the source
and the harvested power in the battery were verified as well.

The efficiency of the circuit was studied as a function of the duty cycle of the switching and
forward voltage drop of the diodes. The results of this study indicate that by increasing the
duty cycle of the MOSFET switching and reducing the forward voltage drop of the diodes

in the diode bridge, the efficiency of the harvested power will increase.



Chapter 5

Experimental Studies of the Proposed

Circuit

In this chapter, the details of experimental studies are presented to validate performance
of the proposed power electronics circuits and the controller discussed in chapter 2. In
the first experiment, a time-varying voltage source in series with a resistor is connected to
the input of the circuit. In this experiment, a resistive expression of the circuit given by
(3.25) was validated. Furthermore, performance of the PI controller to achieve the desired
resistance was studied. In the second experiment, a piezoelectric transducer was used as the
source to provide current to the circuit. In this experiment, theoretical analysis of the circuit
was validated and a PI controller is applied to the circuit to adjust the value of the input
resistance of the circuit R,4 to a desired value by tuning the duty cycle of the MOSFET
switching. In the last experiment discussed in Section 4.3, the self-powered MOSFET
gate drive was implemented and the performance of the circuit was validated by using a

vibrational piezoelectric transducer as the source connected to the input of the circuit.

76
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5.1 Experimental Studies of the Proposed Converter using

Independent Voltage Source

5.1.1 Circuit Implementation

In this experiment, a floating voltage source in series with a resistor was used as a source to
provides current to the circuit. The system was implemented in the Matlab/Simulink envi-
ronment using the SIMPowerElectronics and Realtime Workshop toolboxes and the DS1104
controller board from dSpace, Inc [59]. Two DAC channels of the DS1104 were used to

implement the float voltage source as it is shown in Fig. (5.1).

MOSFET
_ switch - ﬂ_}\j:x_
Vin1 RP —-iin(t) Es
MA— 27
Ve T C
- :$ Battery
I '\N\, T
Vin2 R A ZF

Figure 5.1: Connection of float voltage source to the circuit.

The power electronics circuit consists of an N-channel MOSFET switch (IRF540) [60] with
low gate charge for high frequency converters, four diodes (1N4148) [61], and two NiCd
rechargeable batteries with high charging capacity (2650 mAH) [62]. The MOSFET op-
erates at a PWM frequency of 5S00Hz generated using the Matlab/Simulink environment,
real-time interface of the dSPACE system and the positive feedback that was used to drive
the MOSFET gate. An optocoupler (4N26) [63] with low rising and falling times and an
NPN switching transistor (PN2222A) [64] were used to implement the positive feedback.
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Fig. 5.2 illustrates the connection of the circuit, controller, and the PC. The controller has
eight DACs that two of them are used to implement the float voltage source. To measure the
capacitor voltage V¢, two ADC channels of DS1104 were used and the capacitor voltage
was measured by calculating the difference voltage between these two channels. By using
a DAC channel of the dSPACE, the PWM signal that was generated by the controller and
applied to the positive feedback circuit and then to the MOSFET gate.
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Figure 5.2: Connection of the power electronics circuit, dSPACE, and the PC.

The power electronics circuit is shown in Fig. (5.3) which consists of the converter, the
positive feedback (MOSFET gate drive), and the rechargable batteries.

The implementation of the controller is illustrated in Fig. 5.4. The inputs of the controller
are V;, and v¢c. The difference between these two inputs which is the error is the input to
the PI controller. The Matlab/Simulink environment, SIMPowerElectronics, and Realtime
Workshop toolboxes were used to implement the controller. As mentioned in chapter 2, a
PI controller is used to tune the duty cycle of the PWM signal in order to adjust the Pseudo-
resistive input of the energy harvesting circuit to the desired value. As (3.29) indicates, the
PI controller determines the value of the duty cycle Ad, which is added to the nominal value
of duty cycle d,.

As Fig. 5.4 illustrates, to generate the S00Hz PWM signal, a relational operation and a
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Figure 5.3: Power electronics circuit and the positive feedback

sawtooth block were used in the Matlab/Simulink environment and the PWM signal that
is generated using this method is applied to the positive feedback. As Fig (5.4) shows the
output of the positive feedback circuit is connected to the MOSFET gate to drive the MOS-
FET.

Fig. 5.5 shows the experimental setup which consists of a PC, controller dASPACE 1104,

DC power supply, the power electronics circuitry, and the rechargeable batteries.

5.1.2 Experimental results

In this section, the experimental results of using a floating voltage source in series with a
resistor that is connected to the circuit, shown in Fig. 5.1, are presented.

In the first experiment we evaluated the charging and discharging of the capacitor. Fig. 5.6
shows the capacitor voltage U¢ and the voltage source v;,. Referring to this figure, v¢ is
equal to v;, until the capacitor voltage v¢c exceeds Vp 4-2Vp. At this voltage, the capacitor

Cp is able to turn on the diode bridge. Thus, when the MOSFET switch is off, C continues
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Figure 5.5: Experimental setup.
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charging and when the MOSFET switch is on, the capacitor discharges to the battery until
its voltage is equal to Vp + 2Vp, after which v¢ remains constant until the MOSFET turns
off and the voltage source v;,, charges the capacitor.

Voltage (V)

Figure 5.6: Capacitor Voltage vc and Voltage source v;,, waveforms.

Fig. 5.7 shows the charging and discharging of C as a function of the voltage across the
gate-source of the MOSFET, Vgure—source- When Vegre —source < 10V, the MOSFET is off and
Uc increases. Similarly, when Ve source = 10V, the MOSFET turns on and C discharges

to the battery, which continues until its voltage is equal to Vg 4 2Vp.
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Figure 5.7: Charging of the C when MOSFET is off (Vyure—source = 0V) and discharging of
C when MOSFET is on (Veare—source = 10V).

Fig. 5.8 illustrates the capacitor voltage along with the averaged voltage obtained by ap-
plying the switched signal to a low-pass filter. As this figure shows, the low-pass filter does
not result in phase shift in the signal. In other words, the switched signal is in phase with

the signal after applying the low-pass filter.
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Figure 5.8: v¢ before and after passing through a low-pass-filter.

Fig. 5.9 shows the results when a multi-frequency sinusoidal voltage is applied to the cir-
cuit which shows that v¢ remains in phase with v;, regardless of frequency and amplitude
of the input source. Thus the main concept of the circuit which is charging and discharging
of C into the battery is validated for a multi-frequency voltage source. The voltage source
used in this experiment is 9.3sin(27)t + 7.3sin(107)z.

Voltage (V)

0 0.1 02 03 04 05 06 07 08 09 1
Time (S)

Figure 5.9: Capacitor voltage V¢ and voltage source vp for a multi-frequency excitation.

The next experiment was conducted to validate the resistive expression of the converter
given by (3.25). Fig. 5.10 shows the theoretical and experimental values of R,, of the con-
verter at two different PWM frequencies. In this experiment, Cp = 7nF and Vpc = 3.5V.

The goal of this circuit is to establish a resistive behavior at the input of the converter which
can be used to match the resistance Rp with the input resistor of the converter R, for max-

imum power transfer and also achieve a unity power-factor battery charger.
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Figure 5.10: Input resistance of the buck converter circuit as a function of the duty cycle.

Fig. 5.11 illustrates performance of the PI feedback controller using the following numer-
ical values Rp = 100kQ, C = 1nF, v;, = 8.5sin(2nt), Vpc = 3.5V, Kp =9, and K; = 18.
As you can see in this figure, small parts of g, is equal to zero and at this point the two
wave forms are not equal, the reason is that in these areas, the voltage across C is less than

Vg +2p and the diode bridge is off and this results in having zero volt across Re,.
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Figure 5.11: vg,, and Rpi for a single frequency voltage source.

Fig. 5.12 shows the waveforms Vg, and Rpi for a multi-frequency voltage source. In this
experiment, the resistance between the input resistance of the circuit R, is matched with
the source resistor Rp through feedback control. It should be noted that during the intervals

when the diodes are off, the controller cannot achieve a resistive behavior due to the loss of
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feedback loop. However, these intervals become small as the amplitude of the input wave-
form is increased, which is true for the case of a step down converter circuit used in this

study.

0 05 1 15
Time (S)

Figure 5.12: vg,, and Rpi for a multi-frequency voltage source.

5.2 Experimental Studies of the Proposed Converter us-

ing Feedback Controller

5.2.1 Circuit Implementation

In this experiment a vibrational piezoelectric transducer is used as the source to provide
current to the circuit. The vibrational piezoelectric circuit model is shown in Fig 5.13. As
this figure illustrates, a vibrational piezoelectric model consists of an ac current source in
parallel with a capacitor and resistor. As Fig 5.14 shows, there is a capacitor at the input
of this circuit. Thus in the case of using a vibrational piezoelectric transducer as the source
for this circuit, we can replace C with the internal capacitor of the piezoelectric model rep-
resented by Cp. Fig. 5.15 shows the connection of piezoelectric transducer to the circuit by
substituting C with Cp. In this experiment, the positive feedback driver circuit described in
chapter 2 was used to drive the MOSFET gate.

The converter consists of an N-channel MOSFET switch (IRF540) [60] with low gate
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charge for high frequency converters, four diodes (1N4148) [61], and two NiCd recharge-
able batteries with high charging capacity (2650 mAH) [62]. The MOSFET operates at a
PWM frequency of 500Hz generated using the Matlab/Simulink environment, real-time in-
terface of the dSPACE system and the positive feedback that was used to drive the MOSFET
gate. An optocoupler (4N26) [63] with low rising and falling times and an NPN switching
transistor (PN2222A) [64] were used to implement the positive feedback. As mentioned
earlier, in this experiment a vibrational piezoelectric transducer is used as the harvestable
source of energy and is connected to the converter.

A DC motor is used to generate vibrational excitation by using a signal generator and an
amplifier. A flexible beam is attached to the DC motor at one side and clipped on the other
side and a piezoelectric transducer is sticked on the flexible beam as shown in Fig. 5.16.
The flexmorph piezoelectric has two layers of Lead Zirconate Titanate material bonded

together [65]. The length of the piezoelectric is 60mm and its width is 25mm.

+
Z.P GD RP __CP Vp

Figure 5.13: Piezoelectric transducer model.

Fig. 5.16 illustrates the experimental setup which consists of the DC motor, amplifier,
signal generator, and the flexible beam to generate vibration, piezoelectric transducer that

is sticked to the beam and the energy harvesting circuit.

5.2.2 Experimental Results

Fig. 5.17 shows the piezoelectric voltage and the voltage across the gate-source of the
MOSFET Vgate—source- When the MOSFET is off, the voltage across the piezoelectric trans-
ducer increases because the internal capacitor of piezoelectric Cp is being charged. When
Veate—source > VThreshold> the MOSFET turns on and the capacitor discharges to the bat-
tery, which continues until its voltage is equal to Vg 4+ 2Vp + Ri(kT). Fig. 5.18 illustrates
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Figure 5.14: Power Electronics Circuit.
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Figure 5.15: Connection of piezoelectric transducer model and the Power Electronics Cir-
cuit.
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Figure 5.16: Experimental setup.
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Figure 5.17: Charging of the piezoelectric capacitor Cp when MOSFET is off
(Veate—source < VThreshola) and discharging of the capacitor when MOSFET is on

(Vgate—source > VThreshold )
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the piezoelectric voltage along with the averaged voltage shown by the dashed line and

obtained by applying the switched signal to the low pass filter. In the next experiment,

—vp Before Filtering
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Figure 5.18: Piezoelectric voltage vp before and after passing through a low-pass filter.

we validated the resistive expression at the input of the converter given (3.25). Fig. 5.19
shows the experimental values of R.,. In this experiment the PWM frequency is 500Hz.
As mentioned earlier, the goal of this project is to achieve the resistive behavior at the input
of the converter. Fig. 5.20 illustrates the voltage across the piezoelectric element vp and
piezoelectric current ip(f). As it can be seen from this figure, the piezoelectric voltage and
current are in phase, which results in a unity power factor for multi-frequency vibrations.
Thus we can get the best power conversion from the piezoelectric transducer due to the re-
sistive input behavior of the converter. Identified by ( 3.25), the equivalent resistance of the
energy harvesting circuit is a factor of the frequency and duty cycle of the PWM signal. In
Chapter Two, it was shown that by applying a PI controller to the circuit, we can adjust the
duty cycle of the switching to achieve the desired input resistance. In this experiment, we
applied a PI controller to achieve the desired resistance of 3000€2 with the results are shown
in Fig. (5.21). As mentioned earlier, to measure R,,, we can use the following equation
Reg = |UP‘| —Vbc
ip(t)

Fig. (5.21) indicates that the ratio of voltage divided by current as a result of applying the

(5.1)

controller is equal to our desired resistance which is 3000€2.
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Figure 5.19: Input resistance of the buck converter circuit R, as a function of duty cycle of
the PWM signal.
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Figure 5.20: Voltage and current of the piezoelectric transducer.
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Figure 5.21: Converter wave-form in the feedback loop.

5.3 Experimental Studies of the Proposed Converter using

Self-Powered Driven Circuit

The same setup used in previous section is utilized but different components are used to
implement the circuit. Furthermore, the self-powered MOSFET gate drive circuit described

in chapter 2 is used which is ultra low power consumption components.

5.3.1 Circuit Implementation

In this experiment, four Schottky diodes with low forward voltage drop (BAT43WS) [66]
were used to implement the diode bridge in the circuit. The circuit also consists of an
N-channel MOSFET switch, a low threshold voltage MOSFET (SI1563EDH) [67] with
low switching losses (ry4s). In Fig. 3.21, the self-powered MOSFET gate drive consists of
two opamps (LT6004) [68]. The opamp has a wide supply range 1.6V to 16V which is
suitable for applications such as harvesting vibrational energy or solar energy in which the
magnitude of input voltage source is not constant. Another advantage of this opamp is ultra

low power consumption (Low Supply Current: 1uA/Amplifier Max).
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5.3.2 Experimental Results

Several experiments were conducted to validate performance of the proposed converter. In
the first experiment, we validated the operation of peak detector. As mentioned earlier,
by adding peak detector to the circuit as shown in Fig. 5.22, Cg keeps track of the peak
voltage of the source, store this value and use to drive the MOSFET. Fig. 5.23 shows the
performance of the peak detector. As this figure indicates, the hold capacitor, Cs keeps
the maximum amplitude of piezoelectric voltage, so that the voltage across the capacitor
is almost entirely a DC voltage and this voltage can be used as the power supply for the
opamp. Fig. 5.24 illustrates the voltage across the piezoelectric transducer along with the
voltage across the gate-source of the MOSFET. When the voltage across the gate-source of
the MOSFET is less than the threshold voltage of the MOSFET, the MOSFET if off and the
current source in the piezoelectric model charges the internal capacitor of the piezoelectric,
which results in increasing the voltage across the piezoelectric. On the other hand, when
VGate—Source < Vrnreshoid> the MOSFET turns on and Cp discharges to the battery. In this
experiment switching frequency is 180Hz and the frequency of the signal generator that is
connected to the DC motor to generate vibration is 14Hz. The results of this experiment
shows that, the peak detector keeps track of the peak voltage across the piezoelectric and
this voltage can be used to power the opamps in the MOSFET gate drive circuit. Thus the
proposed converter is self powered. Moreover, the generated PWM signal by the driven
circuit can turn on and off the MOSFET switch. Therefore, the proposed energy harvesting
and the driven circuit are self-powered and can be used to harvested vibrational energy using
piezoelectric transducers. Further more, because of the resistive behavior of the circuit and

the ultra low power consumption of the components, the efficiency of the circuit is good.
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Figure 5.22: Piezoelectric transducer, the proposed converter, the peak detector and the

MOSFET gate drive circuit.
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Figure 5.23: Voltage across the hold capacitor, Cs and the voltage across the piezoelectric
transducer.
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Figure 5.24: Voltage across the input of the buck converter Vg, , and voltage of piezoelectric
resistor Rpi for a single frequency excitation.
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5.4 Conclusion

In this chapter several experimental studies were conducted to verify the theoretical anal-
ysis of the circuit. In the first experiment, an independent voltage source was used as the
source of energy. In the second and third experiments, a vibrational piezoelectric transducer
was used as the source of energy. The experimental results reveals that, the input current
and voltage of the converter are in phase, regardless of the amplitude or frequency off the
input current to the converter that comes from the source.

The expression for input resistance of the converter given by (3.25) is validated as well in
experiment.

To demonstrate the self-powered behavior of the converter and the ultra low power con-
sumption of the elements in the circuit, a peak detector was added to the circuit. The results

indicate that the circuit can work without any external power supply.



Chapter 6
Conclusions and Future Work

In this thesis, we propose a low-power electronics converter for energy harvesting appli-
cations. The proposed circuit consists of an ac/dc rectifier, a MOSFET switch, and a
rechargeable battery as the storage element. It is shown that the converter in this work
has resistive input behavior which is a function of frequency and duty cycle of the PWM
switching. Thus, by applying a controller, the value of this resistance can be adjusted to
a desired value. In addition, by adding a peak detector to the circuit, we could make the
MOSFET gate drive circuit self-powered. Thus, the whole energy harvesting circuit would
be self-powered and can work without any external power supply. To show an application
of the proposed circuit in energy harvesting area and to prove the theoretical and simu-
lation results, we used the mechanical vibration as the harvestable source of energy and
a piezoelectric transducer for converting the applied strain into voltage. The vibrational
piezoelectric transducer is then connected to the proposed converter. The behavior of the
circuit was studied and the results were quite in agreement with the theoretical analysis.
We utilized a PI controller to control the input resistance of the circuit. To demonstrate the
self-powered characteristic of the converter, a MOSFET gate driver circuit is implemented
and tested. The achieved results confirm the correct behavior of the proposed circuit in
terms of input resistive behavior and the self-powered characteristic.

From the experience gained during work, the following activities may be pursued as future
work:

e Testing the proposed circuit using different types of piezoelectric transducers such as

95
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PVDF, evaluating the behavior of the converter in each case and obtaining the amount of
harvested power using different materials.

e Controlling the input resistance of the converter using a low power consumption micro
controller and verifying the performance of the controller in real-time.

e Using the harvested power in the battery to run a low power consumption sensor and
evaluate the operation of the energy harvesting circuit in an actual application.

e Using a natural source of vibrational energy such as a rail track or wooden stairs to

demonstrate the performance of the converter in real applications.
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PD-9.373H

International |
IRF540

1¢R| Rectifier

HEXFET® Power MOSFET

¢ Dynamic dv/dt Rating
® Repetitive Avalanche Rated : D
® 175°C Operating Temperature
® Fast Switching

® Ease of Paralleling

¢ Simple Drive Requirements

Vpss = 100V

RDS(OI‘I) = 00779

. Ip = 28A

Description

Third Generation HEXFETs from International Rectifier provide the designer
with the best combination of fast switching, ruggedized device design, low
on-resistance and cost-effectiveness.

The TO-220 package is universally preferred for all commercial-industrial
applications at power dissipation levels to approximately 50 watts. The low
thermal resistance and low package cost of the TO-220 contribute to its wide
acceptance throughout the industry.

TO-220AB
Absolute Maximum Ratings
Parameter Max. Units
lo @ Tco=25°C Contincous Drain Current, Vas @ 10V 28
lo @ Tc=100°C [Continuous Drain Current, Ves @ 10V 20 A
'om Pulsed Drain Curtent @ 110
Pp @ Tc=25°C | Power Dissipation 150 W
Linear Derating Factor 1.0 W/°C
Vas Gate-to-Source Voltage +20 V'
Eas Singte Pulse Avalanche Energy @ 230 mJ
lar Avalanche Current ® 28 A
Ear Repetitive Avalanche Energy © 15 mJ
dv/dt Peak Diode Recovery dv/dt @ 55 Vins
Ty Operating Junction and 5510 +175
Tsta Storage Temperature Range °C
Soldering Temperature, for 10 seconds 300 (1.6mm from case)
Mounting Torque, 6-32 or M3 screw 10 lbfein (1.1 Nem)
Thermal Resistance
Parameter Min. Typ. Max. Units
Reic Junction-to-Case — — 1.0
Recs Case-to-Sink, Flat, Greased Surface — 0.50 — °C/W
Resa Junction-to-Ambient —_ — 62 '

149




IRF540

I2R

Electrical Characteristics @ Ty = 25°C (unless otherwise specified)

Parameter Min. | Typ. | Max. | Units Test Conditions
V(er)pss Drain-to-Source Breakdown Voltage 100 | — — V | Vas=0V, Ip= 250uA
AVeripss/AT,| Breakdown Voltage Temp. Coefficient — [ 013 | — | V/°C | Reference to 25°C, Ip= 1mA
Rbsion) Static Drain-to-Source On-Resistance — — 0077 Q |Vas=10V, Ip=17A @
Vasih) Gate Threshotd Voltage 2.0 — 4.0 V | Vps=Vas, Ip= 260pA
Gts Forward Transconductance 8.7 — — S | Vps=50V, Ip=17A @
Ipss Drain-to-Source Leakage Current _— — 25 1A Vs=100V, Ves=0V
— —_ 250 Vps=80V, Vas=0V, Ty=150°C
lass Gate-to-Source Forward Leakage — — | 100 nA Vas=20V
Gate-to-Source Reverse Leakage — — | -100 Vas=-20V
Qq Total Gate Charge — — 72 ib=17A
Qgs Gate-to-Source Charge — | — | 11 | nC |Vpg=80V
Qgd Gate-to-Drain ("Miller"y Charge — — 32 Vas=10V See Fig. 6 and 13 @
tdon) Turn-On Delay Time — 11 —_ Vpp=50V
tr Rise Time — 44 — ns Ib=17A
Yd(ot) Turn-Off Delay Time — 53 — Re=9.1Q
t Fall Time — 43 — Rp=2.9Q See Figure 10®
Lp Internal Drain Inductance — 4.5 — g ivr\;]e?& 2’%?;? ) A(: ;
nH | from package o
Ls Internal Source Inductance — | 75| — and center of
die contact B
Ciss Input Capacitance — 1700 | — Vas=0V
Coss Output Capacitance — | 560 | — PF | Vps=25V
Crss Reverse Transfer Capacitance — 120 — f=1.0MHz See Figure 5
Source-Drain Ratings and Characteristics
Parameter Min. | Typ. | Max. { Units Test Conditions
Is Continuous Source Current . . 28 MOSFET symbol b
(Body Diode) o | showing the l—ii
Ism Pulsed Source Current — | — | 110 integral reverse ¢ D_
(Body Dicde} @ p-n junction diode. s
Vsp Diode Forward Voltage — — 25 V | Ty=25°C, Ig=28A, Vgs=0V @
fir Reverse Recovery Time — | 180 | 360 | ns |[T,=25°C, le=17A
Quir Reverse Recovery Charge — | 1.3 {1 28 | uC |di/di=100A/us @
ton Forward Turn-On Time Intrinsic turn-on time is neglegible (turn-on is dominated by Ls+Lp)
Notes:

@ Repetitive rating; pulse width limited by
max. junction temperature (See Figure 11)

@ Vpp=25V, starting Ty=25°C, L=440uH
Ra=25Q, 1as=28A (See Figure 12)

@ |sp=28A, di/dt<170A/us, VDDSV(BR)DSS,

Ty=175°C

@ Pulse width < 300 ps; duty cycle <2%.
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1N 4148

SILICON EPITAXIAL PLANAR DIODE

Silicon Expitaxial Planar Diode

fast switching diode.

This diode is also available in MiniMELF case with'the type

designation LL4148.

—

max. 1.99

max

+—min. 27.56—={3.9 rfmin. 27.5
i

Cathode
Mark

1k
1 F

max. 0.520
bl

Glass case JEDEC DO-35

Dimensions in mm

Absolute Maximum Ratings (T, = 25 °C)

..

max. 1.90

max

‘—‘ 29 I—* min. 27.5

Cathode
Mark in White

max. 0.420

Glass case JEDEC DO-34

min. 27.5

-

Symbol Value Unit
Reverse Voltage Ve 75 Vv
Peak Reverse Voltage Veu 100 v
Rectified Current (Average) I, 150" mA
Half Wave Rectification with Resist. Load
atT, =25°Candf250Hz
Surge Forward Currentatt<1sand T,=25°C besm 500 mA
Power Dissipation at T, =25°C P.. 500" mw
Junction Temperature T, 200 °C
Storage Temperature Range T, -65 to + 200 °C

" Valid provided that leads at a distance of 8 mm from case are kept at ambient temperature

®

SEMTECH ELECTRONICS LTD.

( wholly owned subsidiary of HONEY TECHNOLOGY LTO. )




1N 4148
SILICON EPITAXIAL PLANAR DIODE

Characteristics at T‘. =25°C

Symbol Min. Typ. Max. Unit
Forward Voltage Vv, - - 1 v
atl.=10mA
Leakage Current
atv, =20V I - - 25 nA
atV,=75V [ - - 5 HA
atV,=20V, T,=150°C I - - 50 LA
Reverse Breakdown Voltage Viens 100 - - \%
tested with 100 uA Pulses
Capacitance Cu - - 4 pF
atVv.=V.=0
Voltage Rise when Switching ON
tested with 50 mA Forward Pulses Vv, - - 25 \Y
tp = 0.1 s, Rise Time < 30ns, fp = 5 to 100 kHz ’
Reverse Recovery Time t, - - 4 ns
froml.=10mAtol,=1mA V_=6V,R =100Q,
Thermal Resistance Rypa - - 0.35"Y K/mw
Junction to Ambient Air
Rectification Efficiency Ny 0.45 - - -
atf=100 MHz, V=2V
" Valid provided that leads at a distance of 8 mm from case are kept at ambient temperature

2nF
Var=2V e U 5k0 Vo

Rectification Efficiency Measurement Circuit

SEMTECH ELECTRONICS LTD.
( wholly owned subsidiary of HONEY TECHNOLOGY LTD. )

®




Appendix D

Optocoupler (4N26),

105



\____A
4N25, 4N26, 4N27, 4N28 VISHAY.
Vishay Semiconductors

Optocoupler, Phototransistor Output, with Base Connection

FEATURES
¢ |solation test voltage 5000 Vgrms

AU 6|B

}Z e Interfaces with common logic families P-free
c 2] L [5]c ¢ Input-output coupling capacitance < 0.5 pF
Ne [3] < ¢ Industry standard dual-in-line 6 pin package

\ « Compliant to RoHS directive 2002/95/EC and gﬁpmﬁ
\ o e in accordance to WEEE 2002/96/EC
\ e us —

4]E

21842 APPLICATIONS

¢ AC mains detection

* Reed relay driving
DESCRIPTION ¢ Switch mode power supply feedback
The 4N25 family is an industry standard single channel
phototransistor coupler. This family includes the 4N25,

4N26, 4N27, 4N28. Each optocoupler consists of gallium . . . . . o
arsenide infrared LED and a silicon NPN phototransistor. * Logic coupling with high frequency noise rejection

¢ Telephone ring detection
® Logic ground isolation

AGENCY APPROVALS

e UL1577, file no. E52744

* BSI: EN 60065:2002, EN 60950:2000

¢ FIMKO: EN 60950, EN 60065, EN 60335

ORDER INFORMATION

PART REMARKS

4N25 CTR > 20 %, DIP-6
4N26 CTR > 20 %, DIP-6
4N27 CTR > 10 %, DIP-6
4N28 CTR > 10 %, DIP-6

ABSOLUTE MAXIMUM RATINGS (1)

PARAMETER | TEST CONDITION SYMBOL VALUE UNIT
INPUT
Reverse voltage VR 5 \Y
Forward current Ip 60 mA
Surge current t<10 pus lFsm 3 A
Power dissipation Pdiss 100 mwW
OUTPUT
Collector emitter breakdown voltage Vceo 70 \
Emitter base breakdown voltage VEBO 7 \
Ic 50 mA

Collector current

t<1ms Ic 100 mA
Power dissipation Pdiss 150 mwW

www.vishay.com For technical questions, contact: optocoupleranswers@vishay.com Document Number: 83725

132 Rev. 1.8, 07-Jan-10



4N25, 4N26, 4N27, 4N28

Optocoupler, Phototransistor Output, Vishay Semiconductors
with Base Connection

ABSOLUTE MAXIMUM RATINGS (1)

PARAMETER | TEST CONDITION | SYMBOL VALUE UNIT
COUPLER
Isolation test voltage Viso 5000 VRMms
Creepage distance >7 mm
Clearance distance >7 mm
Isolation thickness between emitter and 504 mm
detector
Comparative tracking index DIN IEC 112/VDE 0303, part 1 175

. . Vio =500V, Tamp =25 °C Rio 1012 Q
Isolation resistance

Vio =500V, Tgmp = 100 °C Rio 101 Q
Storage temperature Tstg -55to + 125 °C
Operating temperature Tamb -55to + 100 °C
Junction temperature T 125 °C
max.10 s dip soldering:
Soldering temperature distance to seating plane Ted 260 °C
>1.5mm

Notes

M Tamb = 25 °C, unless otherwise specified.
Stresses in excess of the absolute maximum ratings can cause permanent damage to the device. Functional operation of the device is not
implied at these or any other conditions in excess of those given in the operational sections of this document. Exposure to absolute
maximum ratings for extended periods of the time can adversely affect reliability.

@ Refer to reflow profile for soldering conditions for surface mounted devices (SMD). Refer to wave profile for soldering condditions for through
hole devices (DIP).

ELECTRICAL CHARACTERISTICS (1)
PARAMETER | TEST CONDITION PART SYMBOL MIN. TYP. MAX. UNIT
INPUT
Forward voltage @ Ir =50 mA Ve 1.3 1.5 \%
Reverse current @ Vg=3V I 0.1 100 pA
Capacitance VgR=0V Co 25 pF
OUTPUT
Collector base breakdown voltage @ Ic =100 pA BVceo 70 \%
Collector emitter breakdown voltage @ Ic=1mA BVceo 30 \%
Emitter collector breakdown voltage @ Ile =100 pA BVeco 7 \Y
4N25 5 50 nA
Iceo(dark) @ Ve = 10V, (base open) 4N26 > %0 nA
4N27 5 50 nA
4N28 10 100 nA
Iceo(dark) @ (eYr?i?tZr1oop>a/’n) 2 20 nA
Collector emitter capacitance Vee=0 Cce 6 pF
COUPLER
Isolation test voltage @ Peak, 60 Hz Vio 5000 \%
Saturation voltage, collector emitter Ice=2 mA, I =50 mA VeE(sat) 0.5 \'
Resistance, input output @ Vo =500V Rio 100 GQ
Capacitance, input output f=1MHz Cio 0.6 pF
Notes

M Tamb = 25 °C, unless otherwise specified.
Minimum and maximum values are testing requirements. Typical values are characteristics of the device and are the result of engineering
evaluation. Typical values are for information only and are not part of the testing requirements.

@ JEDEC registered values are 2500 V, 1500 V, 1500 V, and 500 V for the 4N25, 4N26, 4N27, and 4N28 respectively.

Document Number: 83725 For technical questions, contact: optocoupleranswers@vishay.com www.vishay.com
Rev. 1.8, 07-Jan-10 133




Appendix E

NPN Switching Transistor (PN2222A)

108



Philips Semiconductors Product specification
|

NPN switching transistor PN2222A
|
FEATURES PINNING
* High current (max. 600 mA) PIN DESCRIPTION
» Low voltage (max. 40 V). 1 collector

2 base

APPLICATIONS 3 emitter
» General purpose switching and linear amplification.
DESCRIPTION 12 1
NPN switching transistor in a TO-92; SOT54 plastic 3 = 2
package. PNP complement: PN2907A. —

3

MAM279
Fig.1 Simplified outline (TO-92; SOT54)
and symbol.

LIMITING VALUES
In accordance with the Absolute Maximum Rating System (IEC 134).

SYMBOL PARAMETER CONDITIONS MIN. MAX. UNIT
Veeo collector-base voltage open emitter - 75 \%
Vceo collector-emitter voltage open base - 40 \%
VEBO emitter-base voltage open collector - 6 \%

Ic collector current (DC) - 600 mA
lem peak collector current - 800 mA
lem peak base current - 200 mA
Piot total power dissipation Tamb <25 °C - 500 mwW
Tstg storage temperature -65 +150 °C
T junction temperature - 150 °C
Tamb operating ambient temperature -65 +150 °C

1999 May 21 2



Philips Semiconductors

Product specification

NPN switching transistor PN2222A
THERMAL CHARACTERISTICS
SYMBOL PARAMETER CONDITIONS VALUE UNIT
Rihja thermal resistance from junction to ambient | note 1 250 KW
Note
1. Transistor mounted on an FR4 printed-circuit board.
CHARACTERISTICS
Tj =25 °C unless otherwise specified.
SYMBOL PARAMETER CONDITIONS MIN. |MAX. [UNIT
lceo collector cut-off current le=0;Vcg =60V - 10 nA
le=0;Vcg =60V, Tamp =125 °C - 10 HA
lego emitter cut-off current lc=0;Vegg =3V - 10 nA
hee DC current gain lc=0.1mA;Vce=10V 35 -
lc=1mA; Ve =10V 50 -
lc =10 MA; Vee =10V 75 -
Ic =10 mA; Vce =10 V; Tamp = -55 °C 35 -
Ilc =150 mA; Vcg =1V 50 -
Ic =150 mA; Vcg =10V 100 |300
Ic =500 mA; Vcg = 10 V 40 -
VcEsat collector-emitter saturation voltage |Ilc =150 mA; Iz = 15 mA - 300 mV
Ic =500 mA; Ig = 50 mA 1 - Y
VBEsat base-emitter saturation voltage lc =150 mA; Ig = 15 mA 0.6 1.2 \%
Ic =500 mA; Ig = 50 mA - 2 \Y
Ce collector capacitance lE=ie=0;Veg=10V;f=1MHz - 8 pF
Ce emitter capacitance lc =ic=0; Veg =500 mV; f =1 MHz - 25 pF
fr transition frequency Ic =20 mA; Vce =20V, f =100 MHz 300 - MHz
F noise figure Ic =100 pA; Vcg =5V, Rg =1 kQ; - 4 dB
f=1kHz
Switching times (between 10% and 90% levels);  see Fig.2
ton turn-on time lcon = 150 MA; Igon = 15 mA; - 35 ns
tq delay time IBoft = =15 MA; Tamp = 25 °C - 15 ns
t, rise time - 20 ns
toff turn-off time - 250 ns
ts storage time - 200 ns
tf fall time - 60 ns

1999 May 21
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N BAT42WS / BAT43WS
DICOES

hMcoRPORATERED SURFACE MOUNT SCHOTTKY BARRIER DIODE
Features
e Low Forward Voltage Drop
e Fast Switching - SOD_'323
e Ultra-Small Surface Mount Package ; Dim | Min | Max
e Also Available in Lead Free Version A 2.30 | 270
- B 1.60 1.80
Mechanical Data c | 120 | 140
* Case: SOD-323, Plastic % D | 1.05Typical
. - . [——A [0}
o Case material - UL Flammability Rating ,._34"_4 E | 025 | 035
Classification 94V-0 T G 020 | 0.40
e Moisture sensitivity: Level 1 per J-STD-020A ¢ i BEE H 010 | 015
e Leads: Solderable per MIL-STD-202, l | J 0.05 Typical
Method 208 : — .
e Also Available in Lead Free Plating (Matte Tin — 0_ . 8
Finish). Please see Ordering Information, All Dimensions in mm
Note 4, on Page 2
e BAT42WS Marking: S7
e BAT43WS Marking: S8
e Polarity: Cathode Band
e Weight: 0.004 grams (approx.)
Maximum Ratings @ Ta=25°C unless otherwise specified
Characteristic Symbol BAT42WS / BAT43WS Unit
Peak Repetitive Reverse Voltage VRRM
Working Peak Reverse Voltage VRwM 30 \
DC Blocking Voltage VR
RMS Reverse Voltage VR(RMS) 21 \%
Forward Continuous Current (Note 1) IEm 200 mA
Repetitive Peak Forward Current (Note 1) @t<1.0s IFRM 500 mA
Non-Repetitive Peak Forward Surge Current @ t < 10ms IFsm 4.0 A
Power Dissipation (Note 1) P4 200 mwW
Thermal Resistance Junction to Ambient Air (Note 1) Roua 625 °C/W
Operating and Storage Temperature Range Tj, Tsta -55to +125 °C
Electrical Characteristics @ Ta=25°C unless otherwise specified
Characteristic Symbol Min Max Unit Test Condition
Reverse Breakdown Voltage (Note 2) V(BR)R 30 — \ Ir = 100pA
Forward Voltage Drop (Note 2) Both Types — 1.0 IF = 200mA
BAT42WS — 0.40 IF=10mA
BAT42WS Vg — 0.65 \Y IF = 50mA
BAT43WS 0.26 0.33 IF=2.0mA
BAT43WS — 0.45 IF=15mA
500 nA Vg =25V
Reverse Current (Note 2) IR — 100 uA Vi = 25V, T, = 100°C
Total Capacitance Cr — 10 pF VrR=1.0,f=1.0MHz
) IF=Ig = 10mA,
Reverse Recovery Time ter — 5.0 ns = 0.1 x In, Rt = 100Q

Notes: 1. Part mounted on FR4 PC Board with recommended pad layout, which can be found on our website
at http://www.diodes.com/datasheets/ap02001.pdf.
2. Short duration test pulse used to minimize self-heating effect.

DS30100 Rev. 9 -2 1of2 BAT42WS / BAT43WS
www.diodes.com © Diodes Incorporated
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T Si1563EDH
New Product Vishay Siliconix

Complementary 20-V (D-S) Low-Threshold MOSFET

PRODUCT SUMMARY FEATURES
® TrenchFET® Power MOSFETS: 1.8-V Rated
Vps (V) rps(on) (2) Ib(A) e ESD Protected: 2000 V
0.280 @ Vas = 45V 198 o Thermally Enhanced SC-70 Package
N-Channel 20 0.360 @ Vgs =25V 1.13 APPLICATIONS
0450 @ Vgs =18V 1.00 ® |oad Switching
0.490 @ Vgs = 4.5V —1.00 e PA SWitCh
p-Channel 20 0.750 @ Vos = 25V ~0.81 e Level Switch
1.10 @ Vgs = -1.8V ~0.67
D S
SOT-363 1 2
SC-70 (6-LEADS) Q Q
s, [1 —‘-_H“P—zl Dy Marking Code 1KQ |.'|—_}
N SO T
Gy IZ EI G2 Lot Traceability
J and Date Code G, O AYAAY, ||—
3kQ >
D, 3 I E | ZI s, Part # Code —
N-Channel [o) P-Channel le)
Top View s, D,

ABSOLUTE MAXIMUM RATINGS (Tap = 25°C UNLESS OTHERWISE NOTED)
N-Channel P-Channel
Parameter Symbol 5secs |Steady State | 5secs |Steady State | Unit
Drain-Source Voltage Vps 20 -20
\%
Gate-Source Voltage Ves +12 +12
Ta =25°C 1.28 1.13 -1.00 —-0.88
Continuous Drain Current (T; = 150°C)2 15}
Tp=85°C 0.92 0.81 -0.72 -0.63
A
Pulsed Drain Current Iom 4.0 -3.0
Continuous Source Current (Diode Conduction)@ Is 0.61 0.48 -0.61 -0.48
Ta=25°C 0.74 0.57 0.30 0.57
Maximum Power Dissipation? Pp w
Tp =85°C 0.38 0.30 0.16 0.3
Operating Junction and Storage Temperature Range T3, Tstg -55 to 150 °C
THERMAL RESISTANCE RATINGS
Parameter Symbol Typical Maximum Unit
t < 5sec 130 170
Maximum Junction-to-Ambient2 Rihia
Steady State 170 220 °C/W
Maximum Junction-to-Foot (Drain) Steady State Rihir 80 100
Notes
a. Surface Mounted on 1" x 1" FR4 Board.
Document Number: 71416 www.vishay.com

S-03943—Rev. B, 21-May-01 1



Si1563EDH

Vishay Siliconix

New Product

SPECIFICATIONS (T, = 25°C UNLESS OTHERWISE NOTED)

Parameter Symbol Test Condition Min Typ Max | Unit
Static
VDS = Ves, |D =100 MA N-Ch 0.45
Gate Threshold Voltage VGs(th) h \
VDS = Ves, |D =-100 uA P-C -0.45
N-Ch +1
Vps=0V,Vgs = +£45V A
DS GS P-Ch i1 w
Gate-Body Leakage lgss NCh 10
Vps=0V,Vgs = £12V mA
bs Gs P-Ch +10
Vps = 16V, Ves = ov N-Ch 1
VDS =-16 V, VGS =0V P-Ch -1
Zero Gate Voltage Drain Current Ipss A
VDS:16 V, VGSZOV, TJ=85°C N-Ch 5
VDS =-16V, VGS =0V, TJ =85°C P-Ch -5
Vps =5V,Vgs=45V N-Ch 2
On-State Drain Current2 Ip(on) Vo< 5V V 5V p-Ch ) A
ps S 0V, Vgs =-4. - —
Vgs=45V,Ip=1.13A N-Ch 0.220 0.280
Vgs=-45V,Ip=-0.88 A P-Ch 0.400 0.490
Vgs=25V,Ip=0.99 A N-Ch 0.281 0.360
Drain-Source On-State Resistance? "DS(on) v YA 0T1A p.Ch 0.610 0.750 Q
Gs=—-2.5V,Ip=-0. - . .
Ves=18V,Ip=0.20A N-Ch 0.344 0.450
Vgs=-18V,Ip=-0.20 A P-Ch 0.850 1.10
Vps=10V,Ip=1.13A N-Ch 2.6
Forward Transconductance? Ofs v oV 083 A p.Ch 15 S
DS =~ »Ip=-0. - .
Is=0.48A, Vgs=0V N-Ch 0.8 1.2
Diode Forward Voltage? Vsp I I8 AV oV b-Ch 08 12 \%
s=-U. » VGS = - -0. 1.
DynamicP
N-Ch 0.65 1.0
Total Gate Charge Qg
N-Channel P-Ch 1.2 1.8
Vps= 10V, Vgs=45V,Ip=113A N-Ch 0.2
Gate-Source Charge Qgs o.ch | p-Ch 03 nC
-Channel - .
VDS:—lO V, VGS:—4.5 V, |D:—0.88A N-Ch 0.23
Gate-Drain Charge Qgd p-Ch 03
N-Ch 45 70
Turn-On Delay Time td(on) p-Ch 150 230
N-Channel N-Ch 85 130
Rise Time t Vpp=10V,R =20 Q
Ip=05A Veen=45V,Rg=6Q P-Ch 480 720
ns
. P-Channel N-Ch 350 530
Turn-Off Delay Time td(off) Vpp=-10V,R =20 Q p-Ch 840 1200
ID = -05 A, VGEN =-45 V, RG =6Q
N-Ch 210 320
Fall Time f P-Ch 850 1200
Notes

a. Pulse test; pulse width < 300 us, duty cycle < 2%.

b. Guaranteed by design, not subject to production testing.

www.vishay.com
2

Document Number: 71416
S-03943—Rev. B, 21-May-01
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FEATURES

= Wide Supply Range: 1.6V to 16V

m Low Supply Current: 1pA/Amplifier Max
= Low Input Bias Current: 90pA Max

® [ow Input Offset Voltage: 500pV Max

® [ow Input Offset Voltage Drift: 2uV/°C

= CMRR: 100dB

® PSRR: 95dB

® Ayop Driving 20k Load: 100,000 Min

® (apacitive Load Handling: 500pF

® Specified from —40°C to 125°C

® Available in Tiny 2mm x 2mm DFN and Low Profile
(1Tmm) ThinSOT™ Packages

APPLICATIONS

Portable Gas Monitors

Battery- or Solar-Powered Systems
Low Voltage Signal Processing
Micropower Active Filters

, I—l” LT6003/LT6004/LT6005

TECHNOLOGY

1.6V, 1uA Precision
Rdil-to-Ruil Input and
Qutput Op AMmpps

DESCRIPTION

The LT®6003/LT6004/LT6005 are single/dual/quad op amps
designed to maximize battery life and performance for
portable applications. These amplifiers operate on sup-
pliesaslow as 1.6V and are fully specified and guaranteed
over temperature on 1.8V, 5V and +8V supplies while only
drawing 1pA maximum quiescent current.

The ultralow supply current and low operating voltage are
combined with excellent amplifier specifications; input
offset voltage of 500pV maximum with a typical drift of
only 2uV/°C, input bias current of 90pA maximum, open
loop gain of 100,000 and the ability to drive 500pF capaci-
tive loads, making the LT6003/LT6004/LT6005 amplifiers
ideal when excellent performance is required in battery
powered applications.

The single LT6003 is available in the 5-pin TSOT-23 and tiny
2mm x 2mm DFN packages. The dual LT6004 is available in
the 8-pin MSOP and 3mm x 3mm DFN packages. The quad
LT6005 is available in the 16-pin SSOP and 5mm x 3mm
DFN packages. These devices are specified over the com-
mercial, industrial and automotive temperature ranges.

L7, LT LTC, LTM, Linear Technology and the Linear logo are registered trademarks of Linear
Technology Corporation. ThinSOT is a trademark of Linear Technology Corporation. All other
trademarks are the property of their respective owners.

TYPICAL APPLICATION

Micropower Oxygen Sensor

100k
10/0

OXYGEN SENSOR =
CITY TECHNOLOGY
40X(2) Vour =1V IN AR

IsuppLy = 0.95pA

www.citytech.com 600345 TAOTa

Start-Up Characteristics
Supply Current vs Supply Voltage
2.5

R Ay =1
< Vom = 0.5V
= 20
=
Z 15 / Ta=125°C
& /
=%
2 10 / / Tp=85°C—]|
< / / L
3 Ta=25°C |
o — 959
: —
> ///, /1 Ta=-55°C_|

0
05 07 09 11 13 15 17 19 21
TOTAL SUPPLY VOLTAGE (V)

600345 TAO1D
600345fd

.



LT6003/LT6004/LT6005

ABSOLUTE MAXIMUM RATINGS (ot 1)

Total Supply Voltage (V¥ t0 V) ovevvevcreccccce, 18V Specified Temperature Range (Note 4)
Differential Input Voltage..........ccoovvivvvvvincin, 18V LT6003C, LT6004C, LT6005C ................... 0°C to 70°C
Input Voltage Below V™ ........cocviieieeee, Qv LT6003l, LT6004l, LT6005I................... -40°C to 85°C
INPUL CUITENT. ..o 10mA LT6003H, LT6004H, LT6005H............. -40°C to 125°C
Output Short Circuit Duration (Note 2)............. Indefinite  Junction Temperature
Operating Temperature Range (Note 3) DFN Packages........ccocevevevivieeeciireeeeeceennns 125°C
LT6003C, LT6004C, LT6005C ............... -40°C to 85°C All Other Packages.........ccovveeverireeeeeeieriienennns 150°C
LT6003I, LT6004I, LT6005I................... -40°C 10 85°C  Storage Temperature Range
LT6003H, LT6004H, LT6005H............. -40°C to 125°C DFN Packages..........ccccooeeveevirennnnne, —-65°C to 125°C
All Other Packages........c.c.ccceeueveeeee. -65°C to 150°C
Lead Temperature (Soldering, 10 sec)
TSOT, MSOP, SSOP Packages ..........c...ccceue..... 300°C
PIN CONFIGURATION
76003 (76003 (76004
TOP VIEW
TOP VIEW
N [T == TOP VIEW orafiH— | i 8] v+
-n| 2} r ! ouT 1] — 5+ -INA _zzgg (7] ours
ouT —Sjjys : VZ:A +NA 3] | q {6]-nB
vi [l =2 AN3] 14N vl o Ti5) +INB
4-LEAD (2m[r)ncxpér?1mGPELAST|c DFN B-LEAD BLASIE 150723 B-LEAD (Sm?anpér%mGFFLASTIC DN
Towax = 125°C, 0, = 102°G/W (NOTE 2) Ty = 150°C, 60 = 250°CW T 125°C, 6u4 = 160°GW (NOTE 2
EXPOSED PAD (PIN 5 IS V-, -
MUST BE SOLDERED TO PCB EXPOE’PECDBP&?N(,\T é’gﬁ)o,c\,ogp'\ﬁgm)m v
76004 LT6005 LT6005
TOP VIEW
_________ TOP VIEW
OUT A _1_\—1;;”::_16_ 0uT D o ] ouro
ANA[Z 5] -InD OUTA [1
TOP VIEW ANA[3] p {14 +IND -INA E -IND
OUTA 100 8 v v [ | I g v +NA [3] 14] +IND
—INA2E;I;| 7 0UTB ave[Ehh. 7 iz enc v 4] [13] v-
+|NV/5 iE EG?I:NE -INB :ngl;ji JNG +INB [5] b 12] +INC
MS8 PACKAGE our 8 [T {10} outc -INB EE" 1] -
8-LEAD PLASTIC MSOP ne [57 | ol e ouTB [7] [10] ouTC
. . . I—— NG [8] 0] Ne
smax = 150°C, 6, = 250°C/W DHC PACKAGE
16-LEAD (5mm x 3mm) PLASTIC DFN GN PACKAGE
16-LEAD PLASTIC SSOP
Tymax = 125°C, 6, = 160°C/W (NOTE 2) Tymax = 150°C, 64 = 135°C/W
EXPOSED PAD (PIN 17) CONNECTED TO V-,
(PCB CONNECTION OPTIONAL)

600345fd




LT6003/LT16004/LT6005

ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION ?E&EE&%URE RANGE
LT6003CDC#PBF LT6003CDC#TRPBF LCKF 4-Lead (2mm x 2mm) Plastic DFN 0°C to 70°C
LT6003IDC#PBF LT6003IDC#TRPBF LCKF 4-Lead (2mm x 2mm) Plastic DFN ~40°C to 85°C
LT6003HDC#PBF LT6003HDC#TRPBF LCKF 4-Lead (2mm x 2mm) Plastic DFN “40°C 10 125°C
LT6003CS5#PBF LT6003CS5#TRPBF LTCKG 5-Lead Plastic TSOT-23 0°C to 70°C
LT6003IS5#PBF LT6003IS5#TRPBF LTCKG 5-Lead Plastic TSOT-23 ~40°C 10 85°C
LT6003HS5#PBF LT6003HS5#TRPBF LTCKG 5-Lead Plastic TSOT-23 40°C 10 125°C
LT6004CDD#PBF LT6004CDD#TRPBF LCCB 8-Lead (3mm x 3mm) Plastic DFN 0°C to 70°C
LT6004IDD#PBF LT6004IDD#TRPBF LCCB 8-Lead (3mm x 3mm) Plastic DFN ~40°C to 85°C
LT6004HDD#PBF LT6004HDD#TRPBF LceB 8-Lead (3mm x 3mm) Plastic DFN 40°C 10 125°C
LT6004CMS8#PBF LT6004CMSB#TRPBF | LTCBZ 8-Lead Plastic MSOP 0°C to 70°C
LT60041MS8#PBF LT6004IMS8#TRPBF | LTCBZ 8-Lead Plastic MSOP —40°C to 85°C
LT6004HMS8#PBF LT6004HMSB#TRPBF | LTCBZ 8-Lead Plastic MSOP 40°C 10 125°C
LT6005CDHC#PBF LT6005CDHCATRPBF | 6005 16-Lead (5mm x 3mm) Plastic DFN | 0°C to 70°C
LT6005IDHC#PBF LT6005IDHC#TRPBE | 6005 16-Lead (5mm x 3mm) Plastic DFN | ~40°C to 85°C
LT6005HDHC#PBF LT6005HDHC#TRPBF | 6005 16-Lead (5mm x 3mm) Plastic DN | ~40°C to 125°C
LT6005CGN#PBF LT6005CGN#TRPBF 6005 16-Lead Plastic SSOP 0°C to 70°C
LT6005IGN#PBF LT6005IGN#TRPBF 60051 16-Lead Plastic SSOP ~40°C t0 85°C
L T6005HGN#PBF LT6005HGN#TRPBF | 6005H 16-Lead Plastic SSOP 40°C 10 125°C

Consult LTC Marketing for parts specified with wider operating temperature ranges. *The temperature grade is identified by a label on the shipping container.

Consult LTC Marketing for information on non-standard lead based finish parts.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/

ELECTRICAL CHARACTERISTICS (Lr6003c/, LT6004C/, LTE005C/) The ® denotes the specifications which

apply over the full operating temperature range, otherwise specifications are at Ty =25°C. Vg = 1.8V, 0V, V¢ = 0.5V; Vg = 5V, 0V,

Vewm = 2.5V, Vgyr = half supply, Ry to ground, unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Vos Input Offset Voltage LT6003S5, LT6004MS8 175 500 uv
0°C <Tp<70°C ° 725 1%
—40°C < Tp < 85°C ° 950 v
LT6005GN 190 650 v
0°C <Tp<70°C ° 925 v
—-40°C < Ty < 85°C o 1.15 mV
LT6004DD, LT6005DHC 290 850 v
0°C <Tp<70°C o 1.15 mV
-40°C < Tp < 85°C ° 1.4 mV
LT6003DC 290 950 v
0°C <Tp<70°C ° 1.3 mV
—40°C < Ty < 85°C ) 1.6 mV
AVpg/AT | Input Offset Voltage Drift (Note 5) S5, MS8, GN ° 2 5 uv/ec
DC, DD, DHC ° 2 7 uv/°c

600345fd
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LT6003/LT6004/LT6005

ELECTRICAL CHARACTERISTICS (ir6003c/, LT6004C/1, LT6005C/1) The @ denotes the specifications which

apply over the full operating temperature range, otherwise specifications are at Ty = 25°C. Vg = 1.8V, 0V, V¢ = 0.5V; Vg = 5V, 0V,
Vewm = 2.5V, Vgyr = half supply, Ry to ground, unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Ig Input Bias Current (Note 7) Vem =03V, 0°C < Tp < 70°C ° 5 90 pA
Vem =VH-0.3Y,0°C < Ty <70°C ) 40 140 pA
Vem = 0.3V, —40°C < Tp < 85°C (] 5 120 pA
Vem =Vt —0.3V, —40°C < Ty < 85°C ° 40 170 pA
Vew =0V ° 0.13 1.4 nA
los Input Offset Current (Note 7) Vem = 0.3V ° 5 80 pA
Vem =V -0.3V ° 7 80 pA
Vem =0V L] 5 100 pA
Input Noise Voltage 0.1Hz to 10Hz 3 uVp_p
€n Input Noise Voltage Density f=100Hz 325 nV/yHz
in Input Noise Current Density f=100Hz 12 fAAHz
Rin Input Resistance Differential 10 GQ
Common Mode 2000 GQ
Cin Input Capacitance 6 pF
CMRR Common Mode Rejection Ratio Vg=1.8V
(Note 7) Vem=0V1t0o 0.7V ° 73 100 dB
Vem = 0V to 1.8V, S5, MS8, GN ° 63 80 dB
Vem = 0Vto 1.8V, DC, DD, DHC o 60 78 dB
Vg =5V
Vem =0V 1o 3.9V o 88 115 dB
Vem = 0V to 5V, S5, MS8, GN ° 72 90 dB
Vem = 0V to 5V, DG, DD, DHC ° 69 86 dB
Input Offset Voltage Shift (Note 7) Vem=0Vio V¥ -1.1V ) 7 155 pv
Vem = 0V to V*, §5, MS8, GN ° 0.16 1.3 mV
Vem = 0V to V¥, DC, DD, DHC ° 0.23 1.8 mV
Input Voltage Range Guaranteed by CMRR ) 0 vt v
PSRR Power Supply Rejection Ratio Vg =1.6V1o 6V, Vg = 0.5V, 0°C < Tp < 70°C ) 80 95 dB
Vg =1.7V t0 6V, Vg = 0.5V, —40°C < Tp < 85°C o 78 95 dB
Minimum Supply Voltage Guaranteed by PSRR, 0°C < Ty <70°C ) 1.6 \
—40°C < Ty < 85°C ° 1.7 v
AvoL Large Signal Voltage Gain Vg=1.8V 25 150 V/mV
(Note 7) RL = 20kQ, Vgyt = 0.25V to 1.25V ° 15 V/mV
Vg =5V 100 500 V/mV
RL = 20kQ, Vgut = 0.25V t0 4.25V (] 60 V/mV
VoL Output Swing Low (Notes 6, 8) No Load o 15 50 mV
Isink = 100pA ) 110 240 mV
Vou Output Swing High (Notes 6, 9) No Load ) 45 100 mV
Isource = 100pA ® 200 350 mV
Isc Short Circuit Current (Note 8) Short to GND 2 5 mA
0°C <Tp<70°C ) 15 mA
-40°C < Tp < 85°C o 0.5 mA
Short to V* 2 7 mA
0°C <Tp<70°C ° 15 mA
—-40°C < Ty < 85°C o 0.5 mA
Is Supply Current per Amplifier Vg=1.8V 0.85 1 pA
0°C <Tp<70°C ° 1.4 HA
—40°C < Ty < 85°C ° 1.6 HA
Vg =5V 1 1.2 HA
0°C <Tp<70°C ° 1.6 HA
-40°C < Tp < 85°C o 1.9 pA
600345fd
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LT6003/LT16004/LT6005

ELECTRICAL CHARACTERISTICS (r6003c/1, LT6004C/1, LT6005C/1) The @ denotes the specifications which

apply over the full operating temperature range, otherwise specifications are at Ty = 25°C. Vg = 1.8V, 0V, V¢ = 0.5V; Vg = 5V, 0V,
Vewm = 2.5V, Vgyr = half supply, Ry to ground, unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
GBW Gain Bandwidth Product f=100Hz 2 kHz
SR Slew Rate (Note 11) Ay =-1,Rp=Rg=1MQ 0.55 0.8 V/ms
0°C <Tp<70°C ° 04 V/ms
—-40°C < Tp < 85°C ° 0.2 V/ms
FPBW Full Power Bandwidth Vour = 1.5Vp_p (Note 10) 170 Hz

(LT6003H, LT6004H, LT6005H) The @ denotes the specifications which apply over the full specified temperature range of -40°C < Ty < 125°C.

Vg =1.8Y, OV, Vg = 0.5V; Vg = 5Y, OV, Vg = 2.5V, Vgut = half supply, Ry to ground, unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Vos Input Offset Voltage LT6003S5, LT6004MS8 ) 15 mV
LT6005GN o 1.7 mV
LT6004DD, LT6005DHC ° 1.9 mV
LT6003DC 2.1 mV
AVpg/AT | Input Offset Voltage Drift (Note 5) S5, MS8, GN ) 2 6 pv/°c
DC, DD, DHC o 3 8 pv/°c
Ig Input Bias Current (Note 7) LT6003, Vgp = 0.3V, V* - 0.3V ° 6 nA
LT6004, LT6005, Vg = 0.3V, V* - 0.3V o 12 nA
los Input Offset Current (Note 7) LT6003, Vgm = 0.3V, V* - 0.3V ° 2 nA
LT6004, LT6005, Vg = 0.3V, V* - 0.3V o 4 nA
CMRR Common Mode Rejection Ratio Vg=1.8V
(Note 7) Vem=0.3V1to 0.7V ° 67 dB
Vem = 0.3V to 1.5V, S5, MS8, GN ° 57 dB
Vem = 0.3V to 1.5V, DG, DD, DHC ° 55 dB
Vg =5V
Vem = 0.3V 10 3.9V ° 86 dB
Vem = 0.3V to 4.7V, S5, MS8, GN o 68 dB
Vem = 0.3V to 4.7V, DC, DD, DHC o 66 dB
Input Offset Voltage Shift (Note 7) Vem=0.3VioVt-1.1V ) 180 1\
Vem = 0.3V to V+ - 0.3V, S5, MS8, GN o 1.7 mV
Vem = 0.3V to V+ - 0.3V, DC, DD, DHC ° 2.2 mV
Input Voltage Range Guaranteed by CMRR ° 0.3 Vt-0.3V V
PSRR Power Supply Rejection Ratio Vg=1.7V1to 6V, Vg = 0.5V ) 76 aB
Minimum Supply Guaranteed by PSRR ° 1.7 V
AvoL Large Signal Voltage Gain (Note 7) Vg = 1.8V R| = 20kQ, Vgyr = 0.4V t0 1.25V o 4 V/mV
Vs =5V, R = 20kQ, Vgyr = 0.4V to 4.25V ° 20 V/mV
VoL Output Swing Low (Notes 6, 8) No Load ° 60 mV
Isink = 100pA ([ ] 275 mV
Vou Output Swing High (Notes 6, 9) No Load ° 120 mV
Isource = 100pA o 400 mV
Isc Short Circuit Current (Note 8) Short to GND o 0.5 mA
Short to V* ° 0.5 mA
Is Supply Current per Amplifier Vg=1.8V ° 2.2 pA
Vg =5V o 2.5 HA
SR Slew Rate (Note 11) Ay =-1,Rp=Rg=1MQ ° 0.2 V/ms
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LT6003/LT6004/LT6005

ELECTRICAL CHARACTERISTICS (1t6003c/1, LT6004C/1, LT6005C/1) The @ denotes the specifications which

apply over the full operating temperature range, otherwise specifications are at Ty = 25°C. Vg = 28V, V¢ = Voyr = half supply, R, to
ground, unless otherwise noted.

SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Vos Input Offset Voltage LT6003S5, LT6004MS8 185 600 uv
0°C <Tp<70°C ) 825 1\

—40°C < Tp < 85°C ° 1.05 mV

LT6005GN 200 750 1%

0°C<Tp<70°C ) 1.05 mV

—-40°C < Ty < 85°C o 1.25 mV

LT6004DD, LT6005DHC 300 950 1%

0°C <Tp<70°C o 1.25 mV

-40°C < Tp < 85°C ) 15 mV

LT6003DC 0.3 1.05 mV

0°C <Tp<70°C ) 1.4 mV

—40°C < Tp < 85°C ° 1.65 mV

AVpg/AT | Input Offset Voltage Drift (Note 5) S5, MS8, GN ° 2 5 uv/eG
DC, DD, DHC ° 2 7 uv/°c

Ig Input Bias Current 0°C<Tp<70°C ) 7 100 pA
—40°C < Tp < 85°C ° 7 150 pA

los Input Offset Current ° 7 90 pA
Input Noise Voltage 0.1Hzto 10Hz 3 uVp.p

en Input Noise Voltage Density f=100Hz 325 nV//Hz
in Input Noise Current Density f=100Hz 12 fAAHz
Rin Input Resistance Differential 10 GQ
Common Mode 2000 GQ

Cin Input Capacitance 6 pF
CMRR Common Mode Rejection Ratio Vem =-8V 10 6.9V ® 92 120 aB
Vew =-8V to 8V, S5, MS8, GN ° 82 100 dB

Vem = -8V to 8V, DC, DD, DHC ) 78 96 dB

Input Offset Voltage Shift Vem =-8V 10 6.9V ) 15 375 1\

Vem = -8V to 8V, S5, MS8, GN ° 0.16 1.3 mV

Vewm = -8V to 8V, DC, DD, DHC ° 0.25 2 mV

Input Voltage Range Guaranteed by CMRR ) -8 v

PSRR Power Supply Rejection Ratio Vg =+1.1V 10 8V ) 86 105 dB
AvoL Large Signal Voltage Gain RL = 100kQ, Voyr =-7.3Vto 7.3V 350 V/mV
VoL Output Swing Low (Notes 6, 8) No Load o 10 50 mV
Isink = 100pA ) 105 240 mV

Vo Output Swing High (Notes 6, 9) No Load ) 50 120 mV
Isource = 100pA ® 195 350 mV

Isc Short Circuit Current Short to GND 4 9 mA
0°C <Tp<70°C o 3 mA

-40°C < Tp < 85°C ) 1 mA

Is Supply Current per Amplifier 1.25 1.5 pA
0°C <Tp<70°C ) 1.9 pA

—-40°C < Ty < 85°C ) 2.2 pA

GBW Gain Bandwidth Product f=100Hz 3 kHz
SR Slew Rate (Note 11) Ay =-1,Rr=Rg = 1MQ 0.55 1.3 V/ms
0°C <Tp<70°C ) 0.4 V/ms

—40°C < Tp < 85°C ) 0.2 V/ms

FPBW Full Power Bandwidth Vout = 14Vp.p (Note 10) 30 Hz
600345fd
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LT6003/LT16004/LT6005

ELECTRICAL CHARACTERISTICS (1t6003H, LT6004H, LT6005H) The @ denotes the specifications which apply

over the full specified temperature range of -40°C < Ty < 125°C. Vg = 8V, Vg = Vour = half supply, Ry to ground, unless otherwise

noted.
SYMBOL | PARAMETER CONDITIONS MIN TYP MAX UNITS
Vos Input Offset Voltage LT6003S5, LT6004MS8 ° 1.6 mV
LT6005GN o 1.8 mV
LT6004DD, LT6005DHC o 2 mV
LT6003DC ° 2.2 mV
AVos/AT | Input Offset Voltage Drift (Note 5) S5, MS8, GN ) 2 6 pv/°c
DC, DD, DHC ° 3 8 uv/°c
I Input Bias Current LT6003 ° 6 nA
LT6004, LT6005 ° 12 nA
los Input Offset Current LT6003 ] 2 nA
LT6004, LT6005 o 4 nA
CMRR Common Mode Rejection Ratio Vem =-7.7V t0 6.9V ° 90 dB
Vem =—-7.7V to 7.7V, S5, MS8, GN o 78 dB
Vem =-7.7V to 7.7V, DC, DD, DHC ° 76 dB
Input Offset Voltage Shift Vem =-7.7V t0 6.9V ® 460 1%
Vem =-7.7V t0 7.7V, S5, MS8, GN o 1.9 mV
Vem =-7.7V to 7.7V, DC, DD, DHC ° 2.5 mV
Input Voltage Range Guaranteed by CMRR ) -7.7 7.7 V
PSRR Power Supply Rejection Ratio Vg=2+1.1V1to 28V ] 84 aB
VoL Output Swing Low (Notes 6, 8) No Load o 60 mV
Isink = 100pA ® 275 mV
Vo Output Swing High (Note 6) No Load ) 140 mV
Isource = 100pA ® 400 mV
Isc Short Circuit Current Short to GND ° 1 mA
Is Supply Current per Amplifier ° 3 pA
SR Slew Rate (Note 11) Ay=-1,Rr=Rg = 1MQ o 0.2 V/ms

Note 1: Stresses beyond those listed under Absolute Maximum Ratings

-40°C to 85°C but are not tested or QA sampled at these temperatures.

may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device

reliability and lifetime.

Note 2: A heat sink may be required to keep the junction temperature
below absolute maximum. This depends on the power supply voltage and
how many amplifiers are shorted. The 6, specified for the DC, DD and
DHC packages is with minimal PCB heat spreading metal. Using expanded

metal area on all layers of a board reduces this value.

Note 3: The LT6003C/LT6004C/LT6005C and LT60031/LT60041/LT6005I are
guaranteed functional over the temperature range of -40°C to 85°C. The
LT6003H/LT6004H/LT6005H are guaranteed functional over the operating

temperature range of -40°C to 125°C.

Note 4: The LT6003C/LT6004C/LT6005C are guaranteed to meet specified
performance from 0°C to 70°C. The LT6003C/LT6004C/LT6005C are
designed, characterized and expected to meet specified performance from

The LT60031/LT60041/LT6005I are guaranteed to meet specified
performance from —40°C to 85°C. The LT6003H/LT6004H/LT6005H are
guaranteed to meet specified performance from —40°C to 125°C.

Note 5: This parameter is not 100% tested.

Note 6: Output voltage swings are measured between the output and
power supply rails.

Note 7: Limits are guaranteed by correlation to Vg = 5V tests.

Note 8: Limits are guaranteed by correlation to Vg = 1.8V tests

Note 9: Limits are guaranteed by correlation to Vg = +8V tests

Note 10: Full-power bandwidth is calculated from the slew rate:
FPBW = SR/mVp.p.

Note 11: Slew rate measured at Vg = 1.8V, Vgu7 = 0.4V to 1.4V is used to
guarantee by correlation the slew rate at Vg = 5V, Voyr = 1V t0 4V and the
slew rate at Vg = 8\, Vgyr =-5V to 5V.
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