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ABSTRACT

This thesis is represented the design of the harvesting piezoelectric device
and the vertical axis turbine for the efficacious wind energy harvesting. This research
has processes start with the flow simulation design of the vertical axis turbine to
consider the number and width of blades. Next, design a structure which transducers
energy from wave to piezoelectric generator with test equipment, then design a

storage circuit that using energy from piezoelectric generator.
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\anm3a (Piezoelectric Effect) Tud 1880 Tmwdunvlundnvesanidaie (Single Crystal
Compound) Lty Mg (Quartz), #akluau (Zincblende) wagsiundu (Tourmaline)

A “idieleBidnvia"umnamwininduvain na fniuusingmisaliteledidnvin
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After high voltage is applied
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=l a 4 a -l - . as 4’
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D=dE+€"E (2.3)
S =sET +dE (2.4)

\dle D #e Electric Displacement
T #e Stress
S Ae Strain
d #s Piezoelectric Coefficient
€ Ae Dielectric Constant
s fis Material Compliance (modulus of elasticity)
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open circuit eletric field

= . 2.5
8 applied mechanical stress ]
A ¢ Wurae (nsdhenda) Sanfeafuiu d faunsd (2.6) fe
d d
=—-= 2.6
9=z ErEq 26)

e € fe permittivity
£, fin dielectric constant (relative permittivity)
&o M@ permittivity in free space (8.854 pF/m)
dulu dh g, g, d g Safnesfuiesiinitli Switch Polarization viufiviila
Vil €5 o nguansna1ifldly Gas lenitors v3a Lighters
duszansendanis Mdusudiumemmeninsalunsiasumdaminiiuy
wasuna vielunnanduiu laun Piezoelectric Coupling Factor A1 k fenunduaunisi
(2.7) \éigveil

E
2 J negy Output 27

4/ Total Mechanical Energy input
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ANMPENIN 1 1aND



13

2.3 guruudwian

1 g & = & o o ° 1 - o =
aunuumanugnileudumuuseniunseyin wwdeaiulunsdvesaualniily
' w1 A < = = v e vo
zuumize St ussisnaniitulumueuntsi (2.8) Seamnsadoudumudiusife

F=qvXxB (2.8)
< IJ - 4’ a 1] - ar
fa WsainYu Taluvulutiaeu

Ap dydnwaluans Cross Product veNmes
Ae Uszqlwih Jalumienaeud

g€ & X =

fin maTIvesUszglnih ¢ Salumhewnsioiui

o8]

A9 AuMULunNAndwiman dalumiigwaan

v Had o ' ¢ v ad d  d ) P
NHAMUVULLTRITENT NQUsIesaBIsug dusegiindeumiuludunilesnssua
v v & - v < v &
Tuduarn agdwuuiiaansedeulmilmbuaunisi (2.9) fail

dF £
E =ixB (2.9)

=} -l 1 < : ' ' n‘ o 1 [} 3 1o
NIioNnaNaeIIne emn’rsuna'rmu'i»mnismmawwnszua‘lﬂﬁwumwnu Cross
1 1 & . o " W
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V XB= pl+ ko a (2.10)
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V- fie lewaisines lavesioud (Divergence)
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TECHNOLOGY

FEATURES

= 950nA Input Quiescent Current (Output in
Regulation ~ No Load)

= 450nA Input Quiescent Current in UVLO

® 2.7V to 20V Input Dperating Range

= Integraied Low-Loss Full-Wave Bridge Rectitier

= Up to 100mA of Output Current

® Seleclabie Output Voltages of 1.8V, 2.5V, 3.3\, 3.6V

= High Efficiency Integrated Hysteretic Buck DC/DC

® [nput Protective Shunt — Up to 25mA Puli-Down at
Vm 220V

® Wide Input Undervoltage Lockout (UVLO) Range

= Available in 10-Lead MSE and 3mm x 3mm DFN
Packages

APPLICATIONS

® Plezoelectric Energy Harvesting

= Electro-Mechanical Energy Harvesting

u Wireless HVAC Sensors

& Mobile Asset Tracking

m Tire Pressure Sensors

= Battery Replacement for Industrial Sensors
® Remote Light Switches

= Standalone Nanopower Buck Regulator

Piezoelectric Energy
Harvesting Power Supply

DESCRIPTION

The LTC®3568-1 integrates a low-loss full-wave bridge
rectifier with a high efficiency buck converter to form a
complete energy harvesting solution optimized for high
output impedance energy sources such as piezoelectric
transducers. An uftralow quiescent current undervoltage
lockout (UVLO) mode witha wide hysteresis window allows
charge toaccumulate on aninput capacitor until the buck
converter can efficiently transfer a portion of the stored
charge to the output. In regulation, the LTC3588-1 enters
a sleep state in which both input and output quiescent
currents are minimal. The buck converter turns on and
off as needed to maintain regulation.

Four output voltages, 1.8V, 2.5V, 3.3V and 3.6V, are pin
selectable with up to 100mA of continuous output current;
however, the output capacitor may be sized to service a
higher output current burst. An input protective shunt set
at 20V enables greater energy storage for a given amount
of input capacitance.
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TYPICAL APPLICATION

100mA Piezoelectric Enargy Harvesting Power Supply

LTC3588-1 3.3V Regulator Start-Up Protile
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LTC3588-1
ABSOLUTE MAXIMUM RATINGS (wae1)
v

u\‘Luw Impedance Source....... ..—0.3Vto 18V*

Current Fed, gy =0A..
PZ1, P12...
Do, Df.....
BAP.........

"_' 0.3V to [Lesser of (Vigp + 0.3V) or 6V]
...[Higher of =0.3V or (Vi —6V)] to Vi
" —0 3V to [Lesser of (Vi + 0.3V) or 6V}

V;N has an internal 20V clamp

T For t< 1ms and Duty Cycle < 1%,
Absolute Maximum Continuous Current = SmA

VouT . eveenee ...—0.3V to Lesser of (Vjyz + 0.3Y) or 6V
PGOOD.. ...—0.3V to Lesser of (Vnur +0.3V) or 6V
lpzis lpz2 ..
lsw.... ..
Dperatlng Junctron Temperature Range
(Notes 2, 3).... =40 10 125°C
Storage Temperature Range -65t0 150°C
Lead Temperature (Soldarrng 10 sec}

MSE Only.... . ..300°C

="t
TOP VIEW
pal TOP VIEW
M 1 ————Tja 10 PeooD
g B e
= vnad! S0 Bz v
N ! ——
:“' S{g s gl =13 VI(;:-[
MSE PACKAGE
10-LEAD PLASTIC eMSOP
DD PACKAGE
ax = 125°) A =45 = 10T\
'"*E"D v <y PLAST DY EXPOSED AAEaL 11115 A0, Vioy otk el e
ax = 125°C, 0,4 =43°CW e = 7.5°C/W
EXPOSED RS PN 1918 40D, WU O SOLOEACD T0 6B

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
[TCI56BEDD-1#PBF LTC358BEDD-14TRPBF | LFKY 10-Lead (3mm x 3mm) Plastic DN | ~40°C 10125°C
(TC3566/00-1#P8F LTC35BBIOD-1#TRPBF | LFRY 10-Lead (3mm < 3mm) Plastic DFN_ | 407G 10.125°C
LTC35SBBEMSE-1#PBF | LIG3SBBEMSE- 1#TRPEF | LIFKX 10-Lead Plastic sMSOP —40°C10 125°C
(TC35BBIMSE-1#PBF | LTC3S8BIMSE-T#TRPBF | LTFKX 10-Lead Plastic eMSOP ~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.

For more information on lead free part marking, go to: hitp:/Awww linear comyleadiree/
This product is only offered in trays. For more information go to: http://ww.linear.com/packaging/
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LTC3588-1

€ELECTRICAL CHRRHCTGHISTICS The @ denotes ihe specifications which apply over he full operaling

junction lemperature range, atherwise spacifications are for Ty = 25°C. (Mole 2) Vyy = 5.5V unless otherwice specified.

SYMBOL PARAMETER CONDITIONS MIN P MAX UNITS
Vin Input Voitage Range Low Impedance Source on Viy [ ] 180 v
[ Vi Quiescent Current
uvLo Ving = 2.5\ Not PGOOD 450 700 nA
Buck Enabled, Sieeping Vin=4.5V 950 1500 nA
Buck Enabled, Sleeping Viy=18V 1.7 2.5 pA
Buck Enabled, Not Sleeping Igw = 0A (Note 4) 150 250 yA
Visio Viy Undervoltage Lockout Threshold Vin Rising
1.8V Outpul Selected: D1=0.00=1Q o .77 404 4.30 v
2.5V Quipul Selected; D1=0,D0=1 ®| 377 4.04 430 v
3.3V Qutput Selected; 01=1,00=0 ® 473 5.05 537 v
3.6V Output Selected; D1=1,D0=1 ®| 473 5.05 537 v
Viy Falling
1.8V Output Selected; D1=0,00=0 @ | 266 2.87 3.08 v
2.5V OQutput Selected; D1=0,D0 = 1 ®| 266 287 3.08 v
3.3V Output Selected; D1=1,00=0 e 342 3.67 391 v
3.6V Qutput Selected; D1=1,D0 = 1 ®| 37 4.02 428 v
Vsrunr Vi Shunt Regulator Vollage lyy=1mA 19.0 200 210 v
Isvomr Maximum Protective Shunt Curtent 1os Duration 25 mA
Internal Bridge Reclilier Loss lemipge = 10pA 350 400 450 my
{Vez1 —Vzal - Vin
internal Bridge Rectifier Reverse VReverse = 18V 20 nA
Leakage Current
Internal Bridge Rectifier Reverse Inevense = 144 Vstuwr 30 v
Breakdown Voltage
Vour Requiated Output Voliage 1.8V Quiput Selegted
Sleap Thrashold L] 1812 1.8%0 v
Wake-Up Threshold e | 1710 1788 v
2.5V Quiput Selected
Sleep Thrashold L 2512 - 2.575 v
Waka-Up Threshold ® | 2425 2488 v
3.3V Ouiput Selected
Sleap Thrashold (] 3312~ 3.3%9 v
Wake-Up Threshold ® | 3201 3288 ]
3.6Y Qutput Selected
Slagn Thrashold [ ] 3612 3708 v
Wake-Up Threshold ® | 3492 3588 v
PGOOD Falling Threshold As a Percentage of the Sefected Vg1 83 92 %
hyok Quiput Guiescent Current Voyr = 3.6¢ 83 150 A
IpEAK Buck Peak Switch Current 200 260 350 mA
lsuck Available Buck Oufpul Current 100 mA
Rp Buck PMOS Switch On-Resistance 1.1 o]
Ay Buck NMOS Switch On-Resistance 13 Q
Max Buck Duty Cycle ® 100 %
Vuyoo,on DO/D1 Input High Voltage ® 12 - v
Vipo. o1 DO/D1 Input Low Voltage [} 0.4 v
lino, o1) DO/D1 Input High Current 10 A
ligoo, 01) DO/D1 Input Low Current 10 nA
asean
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LTC3588-1

€LECTRICAL CHARACTERISTICS

Note 1; Slresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended perinds may affect device
reliability and lifetime.

Note 2: The LTC3588-1 is tested under pulsed load conditions such
that Ty = Tp. The LTC358BE-1 is guaranteed to meet specilications

from 0°C to 85°C junction temperature. Specifications over the —40°C
t0 125°C operating junction temperature range are assured by design,
characlerization, and correfation with statistical process controls,

The LTC35881-11s guaranteed over the full -40°C t0 125°C operating

junction temperature range. Note that the maximum ambient lemperature
consistent with these specifications is determined by specific operating
conditions in canjunction with board layout, the rated package thermal
impedance and other environmental factors.

Note 3: The junction temperature (T, in °C} is calculated from the ambient
temperature (Ta, in °C) and power dissipation (Pg, in Watts) according

to the formula; Ty = Ta + (Po » 854}, where 6 (in "CAW) is the package
thermal impedance.

Note 4: Dynamic supply current is higher due to gate charge being
delivered at the switching frequency.

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC3588-1

TYPICAL PERFORMANCE CHARARCTERISTICS
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LTC3588-1

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC3588-1

PIN FUNCTIONS

PZ1 (Pin 1): Input connection for piezoelectric element or
other AC source (used in conjunction with PZ2).

PZ2 (Pin 2): Input connection for piezoelectric element or
other AC source (used in conjunction with PZ1).

GAP (Pin3): Internal rail referenced to Vyy to serve as gate
drive for buck PMOS switch. A 1pF capacitor should be
connected between CAP and V. This pin is not intended
for use as an external system rail.

Vi (Pin 4): Rectified Input Voltage. A capacitor on this
pin serves as an energy reservoir and input supply for the
buck regulator. The Viy voltage is intemally clamped to a
maximum of 20V (typical).

SW (Pin 5): Switch Pin for the Buck Switching Regulator,
A 10pH or larger inductor shoufd be connected from SW
to Vour.

Voyt (Pin B): Sense pin used to monitor the output volt-
age and adjust it through internal feedback.

Vinz (Pin 7): Internal low voltage rail to serve as gate drive
for buck NMOS switch. Also serves as a logic high rail for
output voltage select bits DO and D1. A 4.7pF capacitor
should be connected from Viyo to GND. This pin is not
intended for use as an external system rail.

D1 (Pin 8): Output Voltage Select Bit. D1 should be tied
high to Viyo or low to GND to select desired Voyr (see
Table 1).

DO (Pin 9): Qutput Voltage Select Bit. DO should be tied
high to Viyo or low to GND to select desired Voyr (see
Table 1),

PGOOD (Pin 10): Power good output is logic high when
Vour is above 92% of the target value. The logic high is
referenced to the Vigyr rail.

GMD (Exposed Pad Pin 11): Ground. The Exposed Pad
should be connected to a continuous ground plane on the
second layer of the printed circuit board by several vias
directly under the 1TC3588-1.
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LTC3588-1

OPERATION

The LTC3588-1 is an ultralow quiescent current power
supply designed specifically for energy harvesting and/or
lowcurrent step-down applications. The partis designedto
interface directlytoa piezoelectric or afternative A/C power
source, rectify a voltage waveform and store harvested
energy on an external capacitor, bleed off any excess power
via an internal shunt requlator, and maintain a regulated
output voitage by means of a nanopower high efficiency
synchrenous buck regulator,

Internal Bridge Rectifier

The LTC3588-1 has an internal full-wave bridge rectifier
accessible via the differential PZ1 and PZ2 inputs that
rectifies AC inputs such as those from a piezoelectric
element, The rectified output is stored on a capacitor at
the Vi pin and can be used as an energy reservoir for the
buck converter. The low-loss bridge rectifier has a total
drop of about400mV with typical piezo generated currents
(~10pA). The bridge is capable of carrying up to 50mA.
One side of the bridge can be operated as a single-ended
OC input. PZ1 and PZ2 should never be shorted together
when the bridge is in use.

Undervoltage Lockout (UVLO)

When the valtage on Vyy rises above the UVLO rising
threshold the buck converter is enabled and charge is
transferredfrom theinput capacitortothe output capacitor,
A wide (~1V) UVLO hysteresis window is employed
with a lower threshold approximately 300mV above the
selected regulated output voltage to prevent short cycling
during buck power-up. When the input capacitor voltage
is depleted below the UVLO falling threshold the buck
converter is disabied. Extremely low quiescent current
(450nA typical) in UVLO allows energy to accumulate on
the input capacitor in situations where energy must be
harvested from low power sources.

Internal Rail Generation

Twointernal rails, GAP and V2, are generated from Vyyand
are used to drive the high side PMOS and low side NMOS
of the buck converter, respectively. Additionally the Viyz
rail serves as logic high for output voltage select bits DO
and D1. The Vg rail is regulated at 4.8V above GND while
the CAP rail is regulated at 4.8V below Vyy. These are not
intended to be used as external rails. Bypass capacitors
are connected to the CAP and V2 pins to serve as energy
reservoirs fordriving the buck switches. When Vyis below
4.8V, Ving is equal to Viy and CAP is held at GND. Figure 1
shows the ideal Viy, Vino and CAP relationship.

18 | T
|
is1 | I | [T |
12 Vin A 1 ‘rk7-’:
s |
S0 i 2N
24
g S
L] Vi =TT
4
Ao | ||
p RN
0 —
0 5 10 15
Vie (Vi

P

Figure 1. Ideal Viy, Vi and CAP Relationship

Buck Operation

The buck regulator uses a hysteretic voltage algorithm
to control the output through internal feedback from the
Vour sense pin. The buck converter charges an output
capatitor through an inductor to avalue stightly higher than
the regulation point. It does this by ramping the inductor
current up to 260mA through an internal PMOS switch
and then ramping it down to OmA through an intemal
NMOS switch. Thisefficiently delivers energy ta the output
capacitor. The ramp rate is determined by V., Voyr. and
the inductor value. [f the input voltage falls below the
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LTC3588-1

OPERATION

UVLO falling threshold betore the output voitage reaches
regulation, the buck converter will shut off and will not
be turned on until the input voltage again rises above the
UVLO rising threshold. During this time the output voltage
will be loaded by fess than 100nA. When the buck brings
the output voltage into regulation the converter enters a
low quiescent current sleep state that monitors the output
voltage withasleep comparator. During this operating mode
load currentis provided by the huck output capacitor. When
the output voltage falls below the regulation point the buck
regulator wakes up and the cycle repeats. This hysteretic
method of providing a regulated output reduces losses
associated with FET switching and maintains an output
at light loads. The buck defivers a minimum of 100mA of
average load current when it is switching.

When the sleep comparator signals that the output has
reached the sleep threshold the buck converter may be
in the middle of a cycle with current still flowing through
the inductor Normally both synchronous switches would
turn off and the current in the inductor would freewheel
1o zero through the NMOS body diode. The LTC3588-1
keeps the NMOS switch on during this time to prevent the
conduction loss that would occurin the diode if the NMOS
were off. If the PMOS is on when the sleep comparator
trips the NMOS will turn on immediately in order to ramp
down the current. If the NMOS is on it will be kept on until
the current reaches zero,

Though the quiescent current when the buck is switching
is much greater than the sleep quiescent current, itis still
asmall percentage of the average inductor current which
results in high efficiency over most foad conditions. The
buck operates only when sufficient energy has been ac-
cumulated in the input capacitor and the length of time the
converter needs to transfer energy to the output is much
less than the time it fakes to accumulate energy, Thus, the
buck operating quiescent current is averaged over a long
period of time so that the total average quiescent current
is low. This feature accommodates sources that harvest
smail amounts of ambient energy.

Four selectable voitages are available by tying the output
select bits, DO and D1, to GND or Vyyo. Table 1 shows
the four DO/D1 codes and their corresponding output
voltages.

Table 1. Output Vollage Selection

D1 D Vour | Vour QUIESCENT CURRENT (hyour)
[ 0 | 44nA
0 1 25V B2nA
] 0 a3y 810
1 1 36V B9nA

The internal feadback network draws a small amount of
current from Yoy as listed in Table 1.

Power Good Comparator

Apowergood comparator producesa logic high referenced
to Vpyr on the PGOOD pin the first time the converter
reaches the sieep threshold of the programmed Voyr,
signaling that the output is in regulation. The PGOOD pin
will remain high untll Vigyr falls to 92% of the desired
regulation voitage. Several sleep cycles may occur during
thistime. Additionally, if PGOOD is high and Vyyfalls below
the UVLO falling threshold, PGOQOD will remain high untif
Voyr falls to 92% of the desired regulation point. This
allows output energy to be used even if the input is lost.
Figure 2 shows the behavior for Voyr = 3.6V and no load.
Att=75s Viy becomes highimpedance andis discharged
by the quiescent current of the LTC3588-1 and through
servicing Voyr which is discharged by its own leakage
current. Vi crosses UVLO falling but PGOOD remains high
untitVpyr decreasesto 92% of the desired regulation point.
The PGOOD pin is designed to drive a microprocessor or
other chip I/0 and is not intended to drive higher current
loads such as an LED.

I Tm*i:':(U'lﬂ‘WF
|
(TR
1 \J Vi = UVLO FALLING —|
§ \ " VI:'CH
eI i
" T~
2 O VS 8 | i
PGOOD
1 =11 ﬁ
g L] 1A | L]
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TIME {5)

otz

Figure 2. PGOOD Dperation During Transition 10 UVLO
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LTC3588-1

OPERATION

The DO/D1 inputs can be switched while in regulation as
shown in Figure 3. i Voyris programmed toa voltage with
aPGOOD falling threshold abave the old V gy, PGOOD will
transition fow untif the new regulation point is reached.
When Voyr is programmed to a lower voitage, PGOOD
will remain high through the transition.

5
cm,.xmmu,fn-?m | ‘
1

D1=00=0 | D1=D0st

-
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s
2 L

Vaut VOLTAGE (v}

PEAA0 » LOCICY

0 L
02 4 6 B 101214 16 18 20
TIME (ms)

ot 2

Figure 3. PGOOD Operation During DO/D1 Transition

Energy Storage

Harvested energy can be stored on the input capacitor or
theoutputcapacitor. The wide inputrange takes advantage
ofthefactthatenergy storage on a capacitoris proportional
to the square of the capacitor voltage. After the output
voltage is brought into regulation any excess energy is
stored on the input capacitor and its voltage increases.
When a load exists at the output the buck can efficiently
transfer energy stored at a high voitage to the regulated
output, While energy storage at the input utilizes the high
voitage at the input, the load current is limited to what
the buck converter can supply. If larger loads need to be
serviced the output capacitor can be sized to support a
larger current for some duration. For example, a current
burst could begin when PGOOD goes high and would
continuously deplete the autput capacitor until PGOOD
went low.

35e81fa
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LTC3588-1

APPLICATIONS INFORMATION

Introduction

The LTC3588-1 harvests ambient vibrational energy
through a piezoelectric element in its primary application.
Common piezoelectric elements are PZT (lead zirconate
titanate) ceramics, PYDF (polyvinylidene fluoride) poly-
mers, orother composites. Ceramic piezoelectricelements
exhibit a piezoelectric effect when the crystal structure
af the ceramic is compressad and internal dipale move-
ment produces a voltage. Polymer elements comprised
of long-chain molecules produce a voltage when flexed
as molecules repel each other. Ceramics are often used
under direct pressure while a polymer can be flexed more
readily. A wide range of piezoelectric elements are avail-
able and produce a variety of open-circuit voltages and
short-circuit currents. Typically the open-circuit voltage
and short-circuitcurrents increase with available vibrational
energy as shown in Figure 4. Piezoelectric elements can
be placed in series or in parallel to achieve desired open-
circuit voltages.
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Figure 4. Typical Piezoelectric Load Lines
for Plezo Sysiems T220-A4-503X

The LTC3588-1 is well-suited to a piezoelectric energy
harvesting application. The 20V input protective shunt
can accommodate avariety of piezoelectric elements, The
low quiescent current of the LTC3588-1 enables efficient
energy accumuiation from plezoelectric elements which
can have short-circuil currents on the order of tens of
microamps. Piezoelectric elements can be obtained from
manufacturers listed in Table 2,

Table 2. Piezoelectric Element Manufacturers

Advanced Cerametrics viww,advancedceramelrics.com
Piezo Systems vivrw.piezo.com
Measurament Spacialties WWW.IMEaS-SPec.com
P! (Physik Instrumente) wWwWw.pi-usa.us
MIDE Technology Corporation wwiv. mide.com
Morgan Technical Ceramics wWww.morganelectroceramics.com

The LTC3588-1 will gather energy and convert it to a use-
able output voltage to power micraprocessors, wireless
sensors, and wireless transmission components. Sucha
wireless sensor application may require much more peak
power than a piezoelectric element can produce. However,
the LTC3588-1 accumulates energy over a long period of
time to enable efficient use for short pawer bursts. For
continuous operation, these bursts must occur with a low
dutycyclesuchthatthetotal outputenergy during the burst
does notexceed the average source powerinfegrated over
an energy accumulation cycle. For piezoelectric inputs the
time between cycles could be minutes, hours, or longer
depending on the selected capacitor valuesand the nature
of the vibration source.

35881fa
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Figure 5. 3.3V Plezoelectric Energy Harvester Powering a Microprocessor
wilh a Wireless Transmitier and 50mA Load Slep Response

PGOOD Signal

The PGOOD signal can be used to enable a sleeping
microprocessor or other circuitry when Vgt reaches
regulation, as shown in Figure 5. Typically Viy will be
somewhere between the UVLO thresholds at thistime and
a load could only be supported by the output capacitor
Alternatively, waiting a period of time after PGOOD goes
highwould letthe input capacitoraccumulate more enérgy
alfowing load current to he maintained longer as the huck
efiiciently transfers that energy to the output. While active,
a microprocesser may draw a small load when operating
sensors, and then draw a large foad to transmit data.
Figure 5 shows the LTC3588-1 respanding smoothly to
such a load step.

Input and Output Capacitor Selection

The input and output capacitors should be selected
based on the energy needs and load requirements of the
application. In every case the Viy capacitor should be
rated to withstand the highest voitage ever present at Vyy.
For 100mA or smalier ioads, storing energy at the input
takes advantage of the high voltage input since the buck
can deliver 100mA average load current efficiently to the
output. The input capacitor should then be sized to store
enaugh energy ta pravide output power far the length of
time required. This may involve using a large capacitor,
letting Vyy chargetoa high voltage, or both, Enoughenergy

should be stored on the input so that the buck does not
reach the UVLO falling threshold which would halt energy
transfer to the output. In general:

1 2 2
Roaptiono =5 M (Vi® = Vo opaceme )
VuvLoracting < Vin = Vshunt

The above equation can be used to size the input capaci-
for to meet the power requirements of the output for the
desired duration. Here n is the average efficiency of the
buck converter over the input range and Vyy is the input
voltage when the buck begins to switch. This equation
may overestimatethe input capacitor necessary since load
current can deplete the output capacitor all the way to the
lower PGOOD threshold. It also assumes that the input
source charging has a negligible effect during this time.

The duration for which the regulator sieeps depends on
the load current and the size of the output capacitor. The
sleep time decreases as the foad current increases and/or
as the output capacitor decreases. The DG sleep hysteresis
window is +12mV around the programmed output volt-
age. Ideally this means that the sleep time is determined
by the following equation:

24mV
tsieep =Cour i

LOAD

358112
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This is true for output capacitors on the order of 100pF
or larger, but as the output capacitor decreases towards
10pF delays in the internal sleep comparator along with
the load current may result in the Voyr voltage slewing
past the +12mV thresholds. This will lengthen the sleep
time and increase Voyr ripple. A capacitor less than 10pF
is not recommended as Voyr ripple could increase to an
undesirable level,

Iftransient load currents above 100mA are required thena
larger capacitor can be used at the output. This capacitor
will be continuously discharged during a foad condition
and the capacitor can be sized for an acceptable drop in

Vour:
).'Lmn:_laum

Cour =(Vours — Vour- tLox

Here Vour, is the value of Vot when PGOOD goes high
and Viyr- is the desired lower limit of Voyr. lgyck is the
average current being delivered from the buck converter,
typically lpeax/2.

A standard surface mount ceramic capacitor can be used
for Coyr, though some applications may be better suited
to a low leakage aluminum electrolytic capacitor or a
supercapacitor. These capacitors can be obtained from
manufacturers such as Vishay, lllinois Capacitor, AVX,
or CAP-XX.

Inductor

The buckis optimized to work with aninductorinthe range
of 10pH to 22pH, although inductor values outside this
range may yield benefits in some applications. For typical
applications, a value of 10pH is recommended. A larger
inductorwill benefit high voitage applications by increasing
the on-time of the PMOS switch and improving efficiency
by reducing gate charge loss. Choosa an inductor with a
DC current rating greater than 350mA. The DCR of the
inductor can have an impact on efficiency as it is a source

of loss. Tradeoffs between price, size, and DCR should be
evaluated. Table 3 lists several inductors that work well
with the LTC3588-1.

Table 3. Recommended Inductars for LTC3588-1
MAX | MAX

INDUCTOR L | Ipc | DCA| SIZEmmm | MANU-
TYPE {uH) | {mA) | (@) | (LxWxH) | FACTURER
CORH2D1&/LDNP [ 10 | 430 [0180] 3x3x2 Sumida
107AS-100M 10 | 650 [0.146] 28x3x18 | Toko

EPL3015-103ML | 10 | 350 |0301] 28x3x15 | Colcraft

MLP32255100L | 10 | 1000 | 0.130 | 3.2x25x10 TDK
XLP2010-163ML | 10 | 490 | 0611]|20x1.9%1.0/| Coileraft
SLF7045T 100 | 500 [0.250|7.0x7.0x45 TOK

Vin2 and CAP Capacitors

A 1yF capaciter should be connected between Vyy and
CAPand a 4.7yF capacitor shouid be connected between
Vinz and GND. These capacitors hold up the internal rails
during buck switching and compensate the internal rail
generation circuits. In applications where the input source
is limited to less than 6Y, the CAP pin can be tied fo GND
and the Viy2 pin can be tied to Vi as shown in Figure 6.
Anoptional 5.6V Zener diode can be connected to Vyy to
clamp Vyy inthis scenario. The leakage of the Zener diode
below its Zener voitage should be considered as it may
be comparable to the quiescent current of the LTC3588-1.
This circult does not require the capacitors on Viyp and
CAP, saving components and allowing a lower voltage
rating for the single Vyy capacitor.

KIDE V21BL

PG0OOD

Vour

: "_""'jI‘m'

¢ 10pF
H Ts-.'

Frapr)

Figure 6. Smallest Solution Size 1.8V Low Voltage Input
Piezoalactric Pawer Supply
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Additional Applications with Piezo Inputs

The versatile LTC3588-1 can be used in a variety of con-
figurations. Figure 7 shows a single piezo source powering
two LTC3588-1s simultaneously, providing capability for
multiple rail systems. This setup features automatic sup-
ply sequencing as the LTC3588-1 with the fower voltage
output {i.e. lower UVLO rising threshold) wili come up first.
As the piezo provides input power both Vi rails will
initially come up together, but when one output starts
drawing power, only its corresponding Viy will fall as the
bridges of each LTC3588-1 provide isolation. Input piezo
energy will then be directed to this lower voltage capacitor
until both Vi rails are again equal. This configuration is
expandable to any number of LTC3588-1s powered by a
single piezoas long as the piezo can supportthe sum total
of the quiescent currents from each LTC3588-1.

A piezo powered LTC3588-1 can also be used in concert
with a battery connected to Vi to supplement the system
ifambient vibrational energy ceases as shown in Figure 8.
A blocking diode placed in series with the battery fo
Vi prevents reverse current in the battery if the piezo
source charges Viy past the battery voltage. A 9V battery
is shown, but any stack of batteries of a given chemistry
can be used as long as the battery stack voltage does not
exceed 18Y. Inthis setup the presence ot the piezo energy
harvester can greatly increase the life of the battery. If
the piezo source is removed the LTC3588-1 can serve as
a standalone nanopower buck converter. In this case the
bridge is unused and the biocking diode is unnecessary.

MIDE V25W

|

= PGOOD2
10uH

i i 100F

T

i
!

Figure 7. Dual Rail Power Supply with Single Pieze and

Automatic Supply Sequencing

PIEZO SYSTEMS T220-A4-508X

IROSHAOCSPTR

Figure 8. Piezo Energy Harvester with Batlery Backup
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* DANGERDUS AMD LETHAL POTENTIALS ARE PRESENT I DFFLINE CIRCUITS!

BEFORE PROCEEDING ANY FURTHER, THE READER IS WARNED THAT

 CAUTION MUST BE USED I THE CONSTRUCTION, TESTING AND USE OF

. DFFUNE CIRCUITS. EXTREME CAUTION MUST BE USED IN WORKING WITH

" AND MAKING CONNECTIONS TO THESE CIRCUITS. REPEAT: OFFLINE
LCIRCUITS CONTAN DANGERDUS. AC LINE-CONNECTED HIGH VOLTAGE
POTENTIALS. USE CAUTION, ALL TESTING PERFORMED ON AN OFFLINE
CIRGUIT MUST BE DOME WITH AN ISOLATION TRANSFORMER CONNECTED

“BETWEEN THE OFFLINE CINCUFT'S INPUT AND THE AC LINE. USERS AND

EOMSTRUCTORS. OF OFFLINE CIRCUITS MUST DRSERVE THIS PRECAUTION:
WHEN CONNECTING TEST EQUIPMENT T0 THE CIRCUIT TO AVOID ELECFRIC
SHOCK. REPEAL: AN ISOLATION TRANSFORMER MUST BE CONNECTED

BETWEEM THE CIRCUIT INPUT ARD THE AC LINE IF ANY TEST EQUIPMENT 15
TOBECONNECTED. :

Figure 9. AC Line Powered 3.6V Buck Regulator with
Large Output Capacitor to Support Heavy Loads

COPPER PANEL | TANELS ARE PLACED B COPPER PANEL
(12°% 24} FROM 2 » 4" FLUORESCENT (12 %249

LIGHT FIXTURES

Figure 10. Electric Field Energy Harvester

Altemate Power Sources

The LTC3588-1 is not limited to use with piezoelectric ele-
mentsbutcan accommodate awidevariety of inputsources
depending onthetype ofambientenergy available. Figure 9
shows the LTC3588-1 internal bridge rectifier connected
to the AC line in series with four 150k current limiting
resistors. This isa high voltage application and minimum
spacing between the line, neutral, and any high voltage
components should be maintained per the applicable UL
specification. For general off-line applications refer to UL
regulation 1012,

Figure 10 shows an application where copper panels are
placed near a standard fluorescent room lightto capacitively

harvest energy from the electric field around the light.
The frequency of the emission will be 120Hzfor magnetic
ballasts but could be higher if the light uses electronic
ballast. The LTC3588-1 bridge rectifier can handle a wide
range of input frequencies.

The LTC3588-1 can also be configured for use with DC
sources stichasasolar panel or thermal couple as shown
in Figures 11 and 12 by connecting them to one of the
PZ1/PZ2 inputs. Connecting the two sources in this way
prevents reverse current from flowing in each element.
Gurrent limiting resistors should be used to protect the
PZ1 or PZ2 pins. This can be comained with a battery
backup connected to Viy with a blocking diode.

3589112
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Figure 11. 5V 1o 16V Solar-Powered 2.5V Supply with Supercapacitor for
Increased Oulput Energy Storage and Battery Backup
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Figure 12, Thermoelectric Energy Harvester
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Figure 13, Plezoelectric Energy Harvester with £3.3V Outpuls
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LTC3588-1

PRACKAGE DESCRIPTION

DD Patkage
10-Lead Plastic DFN (3mm x 3mm)
{Reference LTC DWG # 05-08-1699 Rev C)

I
o B
355006

=
,,:
1.65 +0.05 |
2154005 (2 5IDES) i
| ) [ ‘
( S—— i ‘ PAGRAGE
\ m Du ™ ouTUne
0.26 £ 0.05— _;
- 2.38 10,05 —=

{2 SIDES)

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS

R=0.125 e
el 0402010
R
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|
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o7 (45IDES) (2 GIDES) ] 1 rint wotcH
IR I ] _ef F-02008
0P MARK NO) e AR
seENorEs) | NAMAN _cAAnFER
' 5 1
0.200 REF 0752005 _;-I - pasaoo
2384010 —»]
0.00-0.05 ks
BOTFOM VIEW—EXPOSED PAD
NOTE.

1. DRAWING TO BE MADE A JEDEC PACKAGE OUTLINE M0-229 VARIATION OF (WEED-2).
GHECK THE LTC WEBSITE DATA SHEET FOR GURRENT STATUS OF VARIATION ASSIGNMENT
2 DRAWING NOT T0 SCALE
3 ALL DIMENSIONS ARE I MILLIMETERS
4. DIMENSIONS OF EXPOSED PAD ON BOTTOR OF PACKAGE DO NOT INCLUDE
MOLD FLASH. BOLD FLASH, IF PRESENT, SHALL HOT EXCEED 0.15mm ON ANY SIDE
5 EXPOSED PAD SHALL BE SOLDER PLATED
6. SHADED AREAIS ONLY A REFERENCE FOR PN 1 LOCATION ON THE
TOP AKD BOTTOR OF PACKAGE
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LTC3588-1
PACKAGE DESCRIPTION

MSE Package
10-Lead Plastic eMSOF, Exposed Die Pad
{Reference LTC DWG # 05-08-1664 Rev E)

BOTTOM VIEW OF
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2 DRAWING NOT TO SCALE
3. DIMENSICN DCES NOT INCLUDE MOLD FLASH, PROTRUSIONS OR GATE BURRS.

MOLD FLASH, PROTRUSIONS OR GATE BURRS SHALL KDT EXCEED 0.152mm {006') PER SIDE
4 DIMENSIGH DOE S NOT iNCLUDE INTERLEAD FLASH OR PROTRUSIONS.

INTERLEAD FLASH OR PROTRUSIONS SHALL NOT EXCEED 0.152mm (.006°) PER SIDE
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LTC3588-1

REVISION HISTORY

REV | DATE |DESCRIPTION PAGE NUMBER
A 910 !Lilpth_ted.fadded part number on the Piezoelectric ransducer on the front and back page applications, and Figures 5, 1,12, 13,
and 7 L 20
Updated Temperature Range in Order Infarmation 2
Changed T, = 25°C to Ty = 25°C and | pap 10 Igyck in Electrical Charactaristics 3
Updated Notes 2, 3 and 4 4
Updated G21 in Typical Performance Characteristics (]
Added Figure 13 16
Updated Related Parts 20
3seata

Information fumished by Linear Technology Corporation is hefieved 1o be accurate and refable
m Hoveves for y itsse, LirearTechnology Corporation makes no mpresanta-
tion that the intercomnaction of i circuits as described herein will nat infringe on exising patent rights.
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LTC3588-1
TYPICAL APPLICATION

Plezoeleciric 3.3V Power Supply with LDO Peak-to-Peak Output Ripple vs Cqyrq
Post Regulator for Reduced Output Ripple

2y Courz = F 1 |
ADVANCED CERAMETRICS PFCB-W14 . |
i £ 100 \( - |
L- i 5 o M Vo (LT63588-1)
Pz P2 g N
Vw  PoooD] SADA g w0 % .
-L‘Ef‘f e 1 om0 00833 v g | |
e LA U w orfg—a5i” g« WEERT
-1 25¢ | Vi Vour GHD ' }g op || Voura l1T3009-3.3)
A T4 :; ?SIL;FII Eu(;m l P
i ]
T T 12 i L] 0
B & rpre Coury {WF) 2
PART NUMBER | DESCRIPTION COMMENTS
11389 Nanopower Precision Shunt Voltage Reference 800nA Operating Current, 1.25V72 5V/4.096Y
TC1540 Nanopower Comparator with Reference 0.3pA Ig, Drives 0,01)F Adjustable Hysleresis, 2V to 11V Inpul Range
173009 3pA lg, 20mA Low Dropout Linear Regulator Low 3pA fg, 1.6V to 20V Range, 20mA Output Current
LTC3388-1/ 20V High Efficiency Nanopower Step-Down Regulator BGONA Ig in Sleep, 2.7V to 20V Input, Vgyr: 1.2V to 5.0V, Enable and
LTC3388-3 Standby Pins
1035882 Piezeelectric tnergy Harvesting Power Supply <1ph ip m Regufation, BYLD Rising = 16Y, UVLO Faliing = 14%
Vour =345V 4.1V, 4.5V 5.0V
LT3652 Power Tracking 2A Battery Charger for Solar Power MPPT for Salar, 4.95V to 32V, Up to 2A Charge Current
L3970 40V, 350mA Step-Down Regulator with 2.5pA 1o Integrated Boost and Catch Diodes, 4.2 to 40V Operating Range
173971 38V, 1.2A, 2MHz Step-Down Regulator with 2.8pA In 4.3V to 38V Operating Ranga, Low Rippla Burst Made® Operation
173991 56V, 1.2A 2MHz Step-Down Regulator with 2.8pA Iy 4.3V to 55V Operating Range, Low Ripple Burst Mode Operation
LTC3631 45V, 100mA, Synchronous Step-Down Regulator with 12pA Ip | 4.5V to 45V Operating Range, Overvoltage Lockout Up fo 60V
LTC3642 45V, 50mA, Synchranous Step-Down Regulator with 12pAlg |45V to 45V Operating Range, Overvoltage Lockout Up to 60V

a588in
= e e |
LT D210 REV A- FRINTED INUSA

Linear Technology Corporation
1630 McCarthy Bivd,, Milpitas, CA 95035-7417
(408} 4321900 ® FAX: (408) 434-0507 * wvalineaccem 2 UINEAR TECHNOLOGY CORPORATION 2010
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BAT46

SMALL SIGNAL SCHOTTKY DIODE

DESCRIPTION DO 35
General purpose, metatto sificon diode featuring (Glass)
high breakdown voltage low turn-on voltage.
ABSOLUTE RATINGS (limiting values)
Symbol Parameter Value Unit
VarM Repetilive Peak Reverse Voltage 100 v
Ir Forward Continuous Current’ 4 Ta=25°C 150 mA
Ikw | Repetilive Peak Forward Current” o= 3_“5 350 mA
Irsm Surge non Repetitive Forward Current® 1y = 10ms 750 mA
Plot Power Dissipation”™ Ti=80°C 150 mw
Tayg Starage and Junction Temperalure Range -85 to + 150 oG
T - 65to + 125
Te Maximum Termperature for Soldering during 10s at 4mm from Case 230 °C
THERMAL RESISTANCE
Symbol Test Conditions Value Unit
Ringal Junction-ambient® 300 *C/W
* On infinita heatsink with 4mm lead length.
1/4

August 1999 Ed: 1A
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BAT46
ELECTRICAL CHARACTERISTICS
STATIC CHARACTERISTICS
Symbol Test Conditions Min. Typ. Max. Unit
Ve T)=25°C IF = 100A 100 v
Ve® Tj=25C I = 0.1mA 025 v
Tj=25°C IF = 10mA 045
Tj=25°C IF = 250mA 1
It Ti= 25°C Ve =15V 0.5 uA
Tj=60°C 5
Tj=25°C Va = 10V 08
Tj=60°C 7.5
Tj=25°C Ve = 50V 2
Tj= 60°C 15
Tj=25°C VR =75V 5
T;=60°C 20
DYNAMIC CHARACTERISTICS
Symbol Test Conditions Min. | Typ. | Max. | Unit
c Tj=25°C Vi =0V f=1Mhz 10 pF
Ty=25°C Vr=1V 6

* Pulse fest; 1:5300us < 2%.
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Fig. 1-1: Forward voltage drop versus forward cur-
rent (low level, typical values)

2g [FM(mA)
18 1
16
14
bos r,u.sc_l, e
10
8 i
= =

ol | Z
2 e

1 VP 1

b0 02 03 04 05 086

Fig. 2: Leakage current versus reverse voltage ap-
plied (typical values)
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Fig.4: Junction capacitance versus reverse voltage
applied (typical values)
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Fig. 1-2: Forward voltage drop versus forward cur-
rent (high level, typical values)
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Fig. 3: Leakage current versus junction temperature
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PACKAGE MECHANICAL DATA
DO 35 Glass
e A c
i DIMENSIONS
REF. Millimeters Inches
Min. Max. Min. Max. |
e A A 305 | 480 | 0120 | 0477
77 oj | SN O i B 1.53 2.00 0.060 0.078
| c 127 0.500
D 0.458 0.558 0.018 0.022
Cooling method : by convection and conduction
Marking: clear, ing al cathoda end.
Welght 0.15g
Information furnished is belleved to be accurate and reflable. He STMicroelectronic ibility for the consequences of
use of such infarmation nor for any infringement of patents or other rights of third parties which may rtsuilfmm fis use. No license isgannd
h-y implication or mmrwiwuruer any patent nrpﬂenlmhh of STMicroelectronics. ﬂpedﬁcdnms mentioned [n this publication are subject 1o
without notice. This p ion suy and rep Ilrlntn-nawn reviously suppl
ST ractectionics products are not autt dfor usaas aical aupputduwcesotsymns without expreas writien approval
of STMicroelectronics.

The ST logo is a registered lrademark of STMicroelectranics
© 1998 STMicroelectronics - Printed in ltaly - All rights reserved,
STMicroelectronics GROUP OF GOMPANIES
Australia - Brazil - China - Finland - France - Germany - Hong Kong - India - Haly - Japan - Malaysia
Malta - Moroeeo - Singapaore - Spain - Sweden - Switzerland - United Kingdom - U.S.A.

htpsiiwww.st.ecom
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Piezo SysTEMS, INC.

65 Tower Office Park Woburn, MA 01801

Tel: (781) 9334850 «

Fax: (781) 933-4743 -

Web: www.piezo.com * E-mail: sales @piezo.com

INTRODUCTION TO PIEZOELECTRICITY

When a piezoceramic element is
stressed electrically by a voltage, its
dimensions change. When it is
stressed mechanically by a force, it
generates an electric charge. If the
electrodes are not short-circuited, a
voltage associated with the charge
appears.

A piezoceramic is therefore capable
of acting as either a sensing or trans-
mitting element, or both. Since piezo-
ceramic elements are capable of gen-
erating very high voltages, they are
compatible with wday’s generation of
solid-state devices — rugged, com-
pact, reliable, and efficient.

The following text describes the ter-
minology of piezoceramics and the
relationship among variables for func-
donal applications.

RELATIONSHIPS

Relationships between applied forces
and the resultant responses depend
upon: the piezoelectric properties of
the ceramic; the size and shape of the
piece; and the direction of the electri-
cal and mechanical excitation.

To identify directions in a piezoceram-
ic element, three axes are used. These
axes, termed |,2 and 3, are analogous
to XY and Z of the classical three
dimensional orthogonal set of axes
(Figure la)

The polar or 3 axis is taken parallel to
the direction of polarization within
the ceramic. This direction is estab-
lished during manufacturing by a high
DC voltage that is applied between a
pair of electroded faces to activate
the material. The polarization vector
“P" is represented by an arrow point-
ing from the positive to the negative
peling electrode. In shear operations,
these poling electrodes are later
removed and replaced by electrodes
deposited on a second pair of faces.
in this event, the 3 axis is not altered,
but is then parallel to the electroded

faces found on the finished element
(Figure Ib). When the mechanical
stress or strain is shear, the subseript
5 is used in the second place.

Piezoelectric coefficients with double
subscripts link electrical and mechan-
ical quantities. The first subscript
gives the direction of the electrical
fleld associated with the voltage
applied, or the charge produced. The
second subscript gives the direction
of the mechanical stress or strain.

Several plezoceramic material con-
stants may be written with a “super-
script” which specifies either a
mechanical or electrical boundary
condition. The superscripts areT,E,D
and §, signifying:

T = constant stress
= mechanically free

E = constant field = short circuit
D = constant electrical displacement

= open circuit
S = constant strain

= mechanically clamped
As an example, KTy expresses the
relative dielectric constant (K), mea-
sured in the polar direction (3) with
no mechanical ckimping applied.

"D" CONSTANT

The piezoelectric constants relating
the mechanical strain produced by an
applied electric field are termed the
strain constants, or the “d" coeffi-
cients. The units may then be
expressed as meters per meter, per
volts per meter (meters per volt).

/4 strain developed
e T

Itis useful to remember that large d;
constants refate to large me:hanica‘
displacements which are usually
sought in motional transducer
devices, Conversely, the coefficient
may be viewed as relating the charge
collected on the electrodes, to the
applied mechanical stress. d33 applies
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when the force is in the 3 direction
(along the polarization axis) and is
impressed on the same surface on
which the charge is collected (Figure
2a). d3; applies when the charge is
coliected on the same surface as
before, but the force is applied at right
angles to the polarization axis (Figure
2b).

The subscripts in dyg indicate that the
charge is collected on electrodes
which are at right angles to the origi-
nal poling electrodes and that the
applied mechanical stress is shear
(Figure 2c.)

The units for the d; coefficients
are commonly expressed as
coulombs/square meter per new-
ton/square meter.

gz short circuit charE density

applied mechanical stress

When the force that is applied is dis-
wibuted over an area which is fully
covered by electrodes {even if that is
only a portion of the total electrode)
the units of area cancel from the
equation and the coefficient may be
expressed in terms of change per unit
force, coulombs per newton. To view
the dij coefficients in this manner is
useful when charge generators are
contemplated, e.g., accelerometers,

“G” CONSTANMT

The piezoelectric constants relating
the electric field produced by a
mechanical stress are termed the volt-
age constants, or the “g" coefficients.
The units may then be expressed as
volts/meter per newton/square meter.

_ _open circuit electric field
£= applied mechanical stress

Output voltage is obtained by multi-
plying the calculated electric field by

CATAOG #8 7011
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the thickness of ceramic between
electrodes. A "33" subscript indicates
that the electric field and the mechan-
ical stress are both along the polariza-
ton axis. (Figure 22) A “31" sub-
script signifies that the pressure is
applied at right angles to the polariza-
tion axis, but the voltage appears on
the same electrodes as in the “33"
case. {Figure 2b))

A “I5" subscript implies that the
applied stress is shear and that the
resulting electric field is perpendicular
to the polarization axis, (Figure 2c.)

High g; constants favor large voltage
output, and are sought after for sen-
SOrs.

Although the g coefficient are called
voltage coefficients, it is also correct
t say the g; is the ratio of strain
developed over the applied charge
density with units of maeters per
meter over coulombs per square
meter,

_ __swain developed
§= apphied charge Eensn‘.y
DIELECTRIC CONSTANTS

The relative dielectric constant is the

rato of the permimivity of the material,
£, to the permittivity of free space, €,
in the unconstrained condition, i.e., well
below the mechanical resonance of the

part.

K5 Eermittivitg of material _ €
~ permittivity space  E,
CAPACITANCE

Whereas the relative dielectric cons-
tant is stricty a material property, the
capacitance is a quantity dependent on
the type of material and its dimen-
sions. Capacitance is cakulated by
multiplying the relative dielectric con-
stant by the permittivity of free space
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(Bo= 8.9 x 1012 farads/meter) and
electrode surface area, and then
dividing by the thickness separating
the electrodes. Units are expressed
in farads.

K3 is related to the capacitance
between the original poling elec-
trodes. K is related to the capaci-
tance between the second pair of
electrodes applied after removal of
the poling electrodes for the purpos-
es of shear excitation,

At frequencies far below resonance,
piezoelectric ceramic transduc-
ers are fundamentally capacitors.
Consequently, the voltage coeffi-
cients g; are related to the charge
caefficients dy by the dielectric con-
stant K; as, in a capacitor, the voltage
Vis related to the charge Q by the
capacitance C. The equations are:

Q=CV

dyy =KT; €9y
dy; KT Ep gy
dis = KT} g g5

(COUPLING COEFFICIENT.

Electromechanical coupling ki3, kyj.
ke, and ;5 describe the conversion
of energy by the ceramic element
from electrical to mechanical form or
vice versa. The ratio of the stored
converted energy of one kind
(mechanical or electrical) to the
Input energy of the second kind
(electrical or mechanical) is defined
as the square of the coupling coeffi-
cient.

mechanical energy stored
electrical energy applied

or

-

electrical energy stored
k=" .
mechanical energy applied

80



PiEzo SYsSTEMS, INC.

65 Tower Office Park Waburm, MA 01801 =

Subscripts dencte the relative direc-
tions of electrical and mechanical
quantities and the kind of motion
involved. They can be associated with
vibratory modes of cermin simple
transducer shapes; kj3 is appropriate
for a long thin bar, electroded on the
ends, and polarized aleng the length,
and vibrating in a simple length
expansion and contraction. kg3,
relates to a long thin bar, electroded
on a pair of long faces, polarized in
thickness, and vibrating in simple
length expansion and contraction,
signifies the coupling of electrical and
mechanical energy in a thin round
disc, polarized in thickness and vibrat-
ing in radial expansion and contrac-
tion. ks describes the energy con-
versicn in a thickness shear vibration.
Since these ccefficients are energy
ratos, they are dimensionless.

YOUNG'S MODULUS

As with all solids, piezoelectric ceram-
fcs have mechanical stiffness proper-
ties described as Youngs Modulus.
Young’s Modulus is the ratic of stress
(force per unit area) to strain {change

in length per unit length).

stress
strain

“Because mechanical strassing of the
ceramic produces an electrical
response which opposes the resultant
strain, the effective Young's Modulus
with electrodes short circuited is
lower than with the electrodes open
circuited. In addition, the stiffness is
different in the 3 direction from that
in the | or 2 direction. Therefore, in
expressing such quantities both direc-
tion and electrical conditions must be
specified.YE3 3 is the ratio of stress to
strain in the 3 direction at constant
field E (electrodes shorted). YDy is
the equivalent with the electrodes
open circuited. Y| and YO,y are the
moduli in the | ar 2 direction. YEgg
and YDy are the ratios of shear stress

Tel: (781) 9334850 = Fax: (T81) 9334743 =

to shear strain. Units are usually
newtons/square meter.

It should be clearly understood that
the piezoceramic properties
described above are defined for ideal
shapes measured under ideal
mechanical and electrical boundary
conditions. When put to use under
practical device operating condi-
tions, the predicted performance is
approached but seldom realized.
Non-ideal shapes and non-ideal
boundary conditions contribute to
transduction losses due to such
things as standing waves, interfering
vibrational modes, pseudo-clamping,
stray electric and dielectric resis-
tances. Since the possibilities are
Infinite, the designer must evaluate
each component under the use con-
ditions for which it is intended.

DENSITY

The ratio of the mass to volume in
the material, expressed in kg/m’

. mass
3 mEma

DISSIPATION FACTOR

A measure of the dielectric losses in
the material-defined as the tangent of
the loss angle or the ratio of paraliel
resistance to the parallel reactance,
‘expressed in percent.

MECHANICAL (QM)

The ratio of reactance to resistance
in the equivalent series circuit repre-
senting the mechanical vibrating res-
onant system. The shape of the part
affects the value.

CURIE TEMPERATURE

The temperature at which the crystal
structure changes from a non-sym-
metrical (piezoelectric) to a symmet-
rical  (non-piezoelectric)  form,
expressed in degrees Celsius.

6f

|
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AGING RATE

Aging is the attempt of the ceramic to
change back to its original state prior
to polarization. Aging of piezoelectric
ceramics is a logarithmic function with
time. The aging rate defines change in
the material parameters per decade of
time, i.e., 1-10 days, 5-50 days, etc.

PYROELECTRICITY

Piezoelectric materials are also pyro-
electric. They produce electric charge
as they undergo a temperature
change. When their temperature is
increased, a voltage develops having
the same orientation as the polariza-
tdon voltage, When their temperature
is decreased, a voltage develops hav-
ing an orientation opposite to the
polarization voltage, creating a depo-
lrizing field with the potential to
degrade the state of polarization of
the part.

The maximum electric field which
arises due to a temperature shift is:

E(pyro) = ufl_z, ﬂgﬂ

where E(pyro} is the induced electric
field in volts/meter, o is the pyroelec-
tric  coefficient in  Coulomb/°C
meter?, AT is the temperature differ-
ence in °C, K3 Is the dielectric con-
stang, and € is the dielectric permit-
dvity of free space. For PZT plezoce-
ramic, o is typically ~ 400x10-¢
coulomb/°C meter?,

CRYOGENIC

The piezoelectric strain coefficient
decreases significantly at cryogenic
temperatures, but does not vanish,
At 77°K and 4.2°K the strain coeffi-
cient decreases to about 33% and
14% respectively, of its room temper-
ature value. However, the coercive
field increases, allowing the piezo to
be driven harder.
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2-PIEZO LAYER BENDING MOTORS

STANDARD -

Tel: (181) 7334850 »

PiEZO SYSTEMS, INC.

Fax: (181) 9334743
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BRASS REINFORCED

PERFORMANCE: BRASS SHIM BENDING MOTORS (Cantilever Mount)

PART NUMBERS H H
(BRASS REINFORCED BENDER) | ; a
- i - Ptz a2 | B ] e
Fleged | T oz 155088155058 e B ls
8| 2 |usigfl|dEigs| d2(b2]8¢
® = . zh1z851 84881 & o
X-poled for Y-poled for z g 5% Eg =2 17 g a8 |
series bending parallel bending = & £ i E7 jp82 : EE - U
cperscion Qwie). | cpersionGwirg. | 3 | & |08 (5E (S8 ige ] 8 |E |8
015" (.38mm) THICK
T2U5-A4-103X | T205-A4-103Y | 30 | L3xI02] 5 | 20 [£120| 260 | 270 | 300 | .04
T2U5-A4-203X | T2I5-A4203Y | 60 [27xI102] 10 | 40 | £120] %60 | 270 | :300 | .08
T215-A4-303X | T2I5-A4-303Y | 12 |53x102| 20 | 80 |x120] x60 | 270 | £300 | .16
T2I5-A4-503X | T215-A4-503Y | 60 | L6xIO2| 100 | 400 [+ 20| £60 | &7 |£1200 | .20
T2U5-H4103X | T215.H4-103Y | 30 [13x10%] 8 | 32 | 80 | +40 | 270 | +300 | x.04
T2U5-H4-203X | T215-H4203Y | 60 [27x102) 16 | 64 280 | x40 | 270 | 300 | +.08
T215-H4-303X | T215-H4-303Y K2 (B3xI027 32 | 128 | B0 | £40 | 270 | £300 | .16
T2U5-H4-503X | T215-H4503Y | 60 | 16xI0?] (60 | 640 | £80 | x40 | 67 [£1200 | 30
020" (5imm) Thick ‘
T220-A4-103X | T220-A4-103Y | 40 |28x102| 35 | 14 (+180) £90 | 350 | +250 | +.07
T220-A4-203X | T220-A4-203Y | B0 |S6xI02] 7 | 29 |%180 | £90 | 350 | +250 | .14
T220-A4-303X T220-A4-303Y 16 Lixlo? 15 58 |+ |80 +90 350 + 250 +.28
T220-A4-503X T220-A4-503Y 80 | 3.5x102 73 292 |+ 180 § +90 88 + 1000 | % .35
T220-H4-103X | TI20-H4-103Y | 40 | 2BxI02) 6 | 24 (%120 w60 | 350 | 250 | #.07
T220-H4-203X | T220-H4-203Y | 80 I5exIOl{ 12 | 48 |[: 120} %60 | 350 | £250 | £.14
TI0-HA-303X | T220.HA-303Y | 16 | LIxI07] 24 | 96 (2120 x60 | 350 | 2250 | £.8
T20-H4-503X | T220-44-503Y | 80 [35x107| 120 | 480 [+£120) £e0 | 88 |21000 | .35
.026" (.66mm) THicK ‘
T226-A4-103X | T226-A4-103Y | 51 [07xI03| 25 | 10 (2250 | £125| 440 | 175 | .13
T226-A4-203X | T226-A4-203Y i [ 15103 5 | 20 [#250 {£125| 440 | £175 | £.25
T226-A4-303X | T226-A4-303Y | 2P |30xI0°| 10 | 40 [£250 | (25| 440 | +175 | .50
T226-A4-503X | T226-A4-503Y | 103 [09xI07] 50 | 200 |£250 | £125| 1O | £700 | .62
T226-HA-103X | TZ26-H4-103Y | .51 L07x10% ) 4 | 16 ixle5| £82 | 440 L £175 | £.03
T226H4-203X | T226H4-203Y | 10 f4SxI03| 8 | 32 #1651 £82 | 440 | %175 | £25
T226-H4-303K | T26HA-303Y | 24 J30x1030 17 | 68 4165 | B | 440 | %175 | £.50
T226:H4:503X | T226-H4-503Y | 103 [09x10% B85 | 340 #1065 | £82 0 10 | =700 | t.62

@ -103,-203. and -303 performance is based on a 1.0" bending length. 503 performance based on 2.0" bending length.
PRICES: (See page 35)

Suitable for cryogenic use.

ROHS 1 Compliant. Piezo exempt,

3
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Torque(N.m)
Width(cm.) Deep(cm.)
Min Max Avg Thiness(cm.)| Hight{cm.) | Velosity(m/s)
6.95 4 0.00095 0.00101 0.00098 0.1 25 3
172 a 0.00274 0.00322 0.00291 0.1 25 3
212 [ 000342 000387 00036 0.1 25 3
8.63 af 000371 0.00418] 0.00393 01 25 3
9 a 0.00368 0.00414 0.00391 0.1 25 3
9&& q 0.00358 0.00413 0.00379 0.1 25 3
-'9.6§ q 0.00348 0.00411 0.00378 0.1 25 3
iop al 000347 0.00416 000378 01 25 3
99 q 0.00342 0.00414 0.00374 0.1 25 3
:" 1034 a4 0.00324 0.00394 0.00359 0.1 25 3
o A:J = vy
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Torque(N.m)
Width(cm.) Deepfcm.)

Min Max Avg Thiness(cm.)| Hight(cm.) | Velosity(m/s)
8.63 2 0.00182 0.00269 0.00212 0.1 25 3
863 al  ooosraf  oooats] 000393 01 25 3
8.63 ?71.18_?5 0.00338 0.00388 0.00363 0.1 25 3
8.63 4375 0.00355 0.00402 0.00377 0.1 25 3
8.63| - . ‘4.75 0.003 0.00347 0.00322 0.1 25 3
8.63} _ 55 0.0027 0.00297 0.00284 0.1 25 3
8.63; e -' T 0.00053 0.00088 0.00073 0.1 25 3
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Width(cm.)| Deeplcm.)| Torque(N.m) | Thiness(cm.) "Hig-ht(c'm.)-. Velosity(m/s)
9.69|  4.1875 0.00053 01 5 3
9.69| 4.1875 0.00184 0.1 15 3
9.69| 4.1875 0.00294 Ot 20 3
9.69| 4.1875 0.00388 0.1 25 3
9.69|  4.1875 0.00527 VEL s A 3
9.69| ~ 4.1875] 000727 014 30 3
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V in{m/s) V out(m/s] RPM .
S0 Mo | Ma | WA | M0 | Mex | Md | o | Ma [ Wd W, [|Teepesg] G0 o | Emor

17 2.1 1.90 13 7 1.50 200 246 | 223.00 0.3371 |0.043307| 0.04244

1.6 22 1.90 13 1.55 237 264 | 250.50 0.3037

1.6 2.2 1.90 14 1.65 240 281 | 260.50 0.2297

17 22 1.95 1.5 1.70 215 279 | 247.00 | 02246

18 17 23 2.00 B 1.8 1.60 57 266 | 251.50 0.3240

1.7 2.2 1.95 E 1.8 1.60 230 263 | 246.50 0.2974

1.6 22 1.90 5 18 1.65 235 72| 25350 0.2297

17 23 2.00 14 18 60 234 263 | 248.50 0.3240

17 21 1.90 13 18 55 235 279 | 257.00 0.3037

17 22 1.95 14 19 .65 28 273 | 250.50 2 0.2622

[Average 1.94 1.61 248.85 [ 26.0595 | 0.9427 | 0.285¢
2.1 26 235 1.8 23 2.05 283 32 | 30250 0.2238 | 0.063099] 0.061836

2.0 27 2.35 i 24 2.05 274 326 | 300.00 0.2238

2.1 3.0 2.55 7 23 2.00 277 307 | 292.00 0.3433

21 26 235 ) 2.1 2.00 269 314 | 291.50 0.2552

21 5 230 ] 24 2.15 265 317 | 291.00 0.1221

2.0 2. .30 1.8 23 2.05 274 310 | 292.00 0.1944

2.1 2, 235 19 23 2.10 265 323 | 294.00 0.1907

", 2.7 2.40 17 22 5 270 325 | 297.50 0.3080

2.2 25 235 4 24 2.05 275 310 | 292.50 0.2238

20 2.8 2.45 1.8 23 .05 265 314 | 289.50 1 0.2754

Aver 2.38 2.05 294.25 | 30.8138 | 0.9082 0.2406
2.1 29 250 2.0 27 2.35 322 3% | 356.00 0.1129 | 0.05277] 0.051714

2.3 3.0 2.65 1.9 25 2.20 24 362 | 343.00 0.2844

2.4 3.0 2.70 2.0 26 2.30 317 337 | 327.00 0.2540

2.4 26 2.50 1.9 24 215 27 345 | 336.00 0.2422

23 29 2.60 19 27 230 314 377 | 345.50 0.2049

2.3 28 3 49 2.7 2.30 5 345 337.00 | 0.1773

2.2 2.9 2.55 2.0 2.5 2.25 320 | 35 | 338.50 0.2084

2.3 29 2.60 2.0 2.7 2.35 28 362__| 345.00 0.1743

2.4 28 260 1.9 26 2.25 319 358 | 338.50 0.2322

2.3 2.9 2.60 21 27 2.40 330 372 | 351.00 3 0.1422

Aver; 2.59 2.29 34175 | 35.7880 | 0.9691 | 0.2060
3.0 3.6 330 2.7 3.1 2.90 414 479 | 446.50 0.2139 | 0.035894| 0.035175,

2.7 35 3.10 2.7 3 285 398 465 | 43150 0.1485

2.8 3.6 3.20 26 3, 2.95 410 457 | 433.50 100 01443

3.1 3.5 3.30 2.7 3, 2.90 417 467 442.00 0.2139

2.8 35 3.15 26 E 2.90 412 470 | 441.00 0.1464

2.8 35 3.15 2.6 3 2.95 419 461 | 440.00 | 0.1150

3.0 3.6 3.30 7 2 2.95 408 463 | 435.50 0.1902

2.9 36 3.25 6 3.1 285 40 471 | 438.00 0.2168

2.8 34 3.10 6 31 2.85 408 466 | 437.50 0.1485

3.0 35 3.25 26 32 2.90 404 463__| 433.50 4 0.1928

[Average 321 2.90 437.90 | 45.8568 | 1.0000 | 0.1749
4.2 3.75 3.0 34 3.20 508 565 | 53.50 0.2519 | 0.055288| 0.054181

4.1 3.80 3.1 3.8 345 531 579 | 555.00 0.1676

4.0 3.65 3.2 3.9 3.55 502 550 | 526.00 0.0533

4.2 3.85 33 4 3.65 496 549 | 522.50 0.0986

4.2 3.80 3.2 38 3.50 509 S62__ | 535.50 0.1457

4.1 3.75 32 38 3.50 506 569 | 537.50 0.1246

40 3.65 ERS EX] .50 | 499 545 | 522.00 0.0788

4.2 3.85 3.3 4 3.65 508 570 | 539.00 0.0986

4.2 3.85 33 38 3.55 498 577 | 537.50 0.1439

; 4.1 3.75 32 37 3.45 506 573 | 539.50 5 0.1475

[Average] 3.77 3.50 535.10 | 56.0355 | 1.0404 | 0.1332
4.0 4.4 4.20 3.8 4 | 390 595 631 | 613.00 0.1328 | 0.033381| 0.032712

3.9 43 4.10 3.8 4.2 4.00 598 642 | 620.00 00476

4.0 4.5 4.25 37 4 3.85 539 633 | 611.00 0.1709

3.9 44 4.15 37 4.1 3.90 590 627 | 608.50 0.1133

3.9 44 4.15 38 4.1 3.95 590 639 | 614.50 0.0918

3.9 4.3 4.10 3.6 4 3.80 585 634 | 609.50 0.1358

3.9 4.4 4.15 37 4.1 3.90 550 640 | 595.00 0.1133

4.0 4.4 4.20 3.6 4.2 3.90 587 613 | 600.00 0.1328

4.0 4.5 4.25 3.7 4.2 3.95 559 608 | 583.50 0.1314

3.9 4.3 4.10 3.7 4.1 3.90 554 627 | 590.50 6 0.0929

[Average 4.17 3.91 604.55 | 63.3083 [ 1.0640 | 0.1172
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V in(mvs) V out(mv's) RPM |
Gap — w Tipspeed Cp
Min Max mid Min Max wind Min Max Mid sD Error

2.3 3.0 2.65 2.1 2.5 2.30 281 322 301.50 0,2304 | 0.070691| 0.069276|

2.4 3.0 2.70 1.9 24 2.15 298 352 325.00 0.3286

2.5 3.1 2.80 2.0 2.6 2.30 288 35¢ 322.00 0.2962

2.1 2.8 2.45 2.1 2.6 235 323 372 347.50 0.0783

12 2.3 3.0 2.65 2.0 25 2.25 312 376 344.00 0.2580

2.3 2 2.60 2.1 2.5 2,30 306 366 336.00 0.2049

24 3 2.75 2.0 25 2,25 316 346 331.00 0.3005

2.5 3. 2.80 2.1 2.5 2.0 294 370 332.00 0.2962

2.4 3. 2.75 2.1 2.6 2.35 286 350 318.00 0.2501

24 3.0 2.70 2.1 25 2.30 288 358 323.00 1 0.2540

Average 2.69 2.29 328.00 | 34.3481 | 0.B955 0.2552
2.9 3.4 3.15 2.6 3. 2.85 383 457 420.00 0.1728 | 0.041386) 0.040557]

2.6 3.4 3.00 2.5 2 2.70 375 452 413.50 0.1805

2.7 3.1 2.90 2.4 2 2.65 371 430 400.50 0.1579

29 8.3 3.10 2.4 3 2.70 364 414 389.00 0.2258

2.8 3.3 3.05 2.5 3 2.75 340 436 388.00 0.1778

2.8 33 3.05 2.4 29 2.65 364 450 407.00 0.2290

2.9 3.2 3.05 2.5 29 2.70 365 432 398.50 0.2039

2.8 3.2 3.00 2.4 2.8 260 | 354 452 403.00 0.2323

2.7 3.1 2.90 2.4 2.9 2.65 355 454 404.50 0.1579

2.7 3.1 2.90 25 3 2.75 358 438 398.00 2 0.0982

Average 3.13 2.63 402.20 | 42.1183 | 0.9419 0.2705
2.9 3.5 3.20 2.7 3.4 3.05 449 505 477.00 0.0894 0.03669| 0.035956

3.0 3.6 3.30 27 3.2 2.95 441 512 476.50 0.1902

3.2 3.8 3.50 2.8 34 3.10 461 512 486.50 0.2032

3.1 3.7 3.40 2.8 3.6 3.20 463 532 497.50 0.1108

3.2 .8 3.50 29 3.4 3.15 441 495 468.00 0.1805

3.2 .7 3.45 29 3.4 5.15 466 509 487.50 0.1591

3.1 3.8 3.45 .8 34 3.10 451 499 475.00 0.1828

3.2 3.6 3.40 .8 34 3.10 446 505 475.50 0.1612

3.2 3.7 3.45 2.9 B3 3.10 452 510 481.00 0.1828

3.0 3.7 3.35 2.8 3.4 3.10 459 514 486.50 4 0.1383

| Average 3.42 3.18 481.10 | 50.3807 | 1.0312 [ 0.1307
38 4.1 3.70 3.0 3.7, 3.35 504 569 536.50 0.1717 0.04793| 0.046971

8.7 4.3 4.00 3.4 4 3.70 508 577 542.50 0.1390

2.5 4.2 3.85 3.0 37 3.35 508 587 547.50 0.2271

3.5 4.1 3.80 3.3 4 3.65 511 566 538.50 0,0759

3.7 4.3 4.00 3.2 4 3.60 513 564 538.50 | 0.1805

3.8 4.3 4.05 34 3.7 3.55 501 585 543.00 0.2174

3.7 4.2 3.95 33 3.8 3.55 511 571 541.00 0.1825

3.7 4.1 3.90 o 3.7 3.50 505 565 535,00 0.1846

3.5 4.2 3.85 3.0 3.6 3.30 510 569 539.50 0.2464

: 3.5 4.2 3.85 5.2 3.7 3.45 516 574 545.00 3 0.1868

Average 3.90 3.57 540.70 | 56.6220 | 1.0176 | 0.1532
3.9 4.6 4.25 3.8 4.4 4.10 566 611 588.50 0.0681 | 0.034707| 0.034013|

4.0 4.4 4.20 3.8 4.2 4.00 550 637 593.50 0.0908

g 4.6 4.25 £49) 4.2 3.90 557 610 583.50 0.1514

4.1 4.4 4.25 3.8 4.3 4,05 542 615 578.50 0.0897

3.9 4.3 4.10 36 4.1 3.8 56 606 583.50 0.1146

4.1 4.5 4.30 3.8 4.3 4.05 554 599 578.50 0.1096

4.0 4.4 4.20 37 4.2 3.95 546 610 578.00 0.1121

39 44 4.15 3.6 4.2 3.9 552 625 588.50 0.1133

4.0 4.3 4.15 3.6 4.4 4.00 559 632 595.50 0.0697

39 4.3 4.10 3.8 4.3 4.05 548 626 587.00 6 0.0241

Average 4.14 3.94 597.00 | 62.5177 | 1.0571 0.0920
4.2 4.8 4.50 4.1 4.6 4.35 600 633 616.50 0.0645 0.02917| 0.0285856|

4.3 4.8 4.55 39 4.6 4.25 592 638 615.00 0.1233

4.2 4.8 4.50 4.0 4.4 4.20 594 40 517.00 0.1246

4.1 4.8 4.45 4.0 4.5 4.25 584 633 508.50 0.0859

4.0 4.5 4.25 3.9 4.5 4.20 595 532 613.50 0.0233

4. 4.8 4.45 4.0 4.5 4.25 586 641 613.50 0.0859

4.3 4.8 4.55 4.1 4.6 4.35 599 636 617.50 0.0841

4.3 4.7 4.50 4.1 4.5 4.2 580 639 609.50 0.0850

4.2 4.9 4.55 4.1 4.7 4.40 584 640 612.00 0.0638

4.3 4.8 4.55 4.1 4.6 4,35 594 642 618.00 5 0.0841

Average 4.43 4.20 631.00 | 66.0782 | 1.0441 | 0.0985
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V in{mvs) V out(nvs) RPM ’
Gap w Tipspeed Cp
Min Max Mmid Min Max Mid Min Max Mid -‘ sD Error
1.5 1.9 1.70 .3 1.6 1.45 220 240 | 230.00 0.2525 | 0.044874| 0.043976|
1.6 2.1 1.85 2 16 1.40 221 243 | 232.00 0.3753
1.4 1.9 .65 .2 1.5 135 221 238 | 29.50 0.3005
15 1.9 .60 ; 15 1.30 189 245 217.00 0.3080
20 15 2.0 75 2 1.6 1.40 223 260 | 241.50 0.3240

1.5 2.0 .75 1.2 16 1.40 2 238 | 228.00 0.3240
1.4 1.9 .65 1.3 1.5 .40 222 239 | 230.50 0.2589
14 1.9 .65 1.2 15 .3 208 244 | 226.00 0.3005
1.5 2.0 1.75 1.3 16 45 218 248 | 233.00 0.2866
1.4 1.9 1.65 13 16 1.45 225 240 | 232.50 3 0.2139

| Average 1.70 1.43 230.00 | 24.0855 | 0.9918 | 0.2692
2.0 2.4 2.20 1.4 1.9 1.65 253 285 | 269.00 0.3828 | 0.04766| 0.046706
1.8 2.3 2.05 1.5 1.9 1.70 266 295 | 280.50 0.2857
1.7 2.3 2.00 4 18 1.60 270 302 | 286.00 0.3240
1.9 2.2 2.05 .5 18 1.65 251 315 283.00 0.3178
2.0 2.3 2.15 4 1.9 1.65 271 311 291.00 0.3632
2.0 2.3 2.15 1.5 1.9 1.70 261 298 279.50 0.3356
.8 2.3 2.05 1.6 2.0 1.80 255 294 | 274.50 0.2151
1.8 2.4 2.10 1.5 1.9 1.70 268 297 | 282.50 0.3118
1.9 23 2.10 1.5 2.0 1.75 270 305 287.50 0.2801
19 2.3 2.10 1.5 2.0 1.75 259 312 | 28550 2 0.2801

[ Average 2.10 1.75 281.90 | 29.5205 | 0.9864 | 0.2774
2.4 2.8 2.60 2.0 2.5 2.25 305 %1 | 333.00 0.2342 | 0.071798| 0.070361
2.3 2.9 2.60 2.1 2.6 2.35 291 322 [ 306.50 0.1743
2.3 2.9 2.60 2.0 2.5 2.25 313 349 | 331.00 0.2342
2.4 3.0 2.70 1.9 2.6 2.25 310 340 | 325,00 0.2801
2.5 2.8 2.65 1.7 26 2.15 318 339 | 328.50 0.3095
2.3 2.8 2.55 1.9 2.6 2.25 308 333 320.50 0.2084
2.4 2.8 2.60 2.0 2.5 2.25 312 8 130.00 0.2342
2.4 2.7 2.55 2.2 2.7 2.45 299 342 320.50 0.0754
2.3 2.8 2.55 a 2.7 2.40 313 348 | 330.50 0.1108
2.3 2.9 2.60 .9 2.6 2.25 303 39| 321.00 1 0.2342

[Average 2.60 2.29 324.65 | 33.9973 | 0.9153 | 0.2138
3.0 35 .25 2.8 33 3.05 440 507 | 473.50 0.1156 [ 0.025932| 0.025412
3.3 3.8 55 2.8 3.6 3.20 464 489 | 476.50 - 0.1782
3.0 3.5 .25 2.7 3.3 3.00 426 473 | 449.50 0.1422
8.1 37 3.40 2.8 3.3 3.05 493 537 | 515.00 0.1852
3. 3.7 335 2.8 32 .00 458 521 489,50 0.1877
3] 3.6 3.35 28 .2 .00 459 516 | 487.50 0.1877
3 3.5 3.30 2.7 .3 .00 448 511 | 479.50 0.1657
3.2 3.7 3.45 28 3 3.5 440 520 | 4B0.00 0.1591
3.2 3.7 3.50 28 34 3.10 439 516 | 477.50 0.2032
31 3.8 3.45 28 3.4 3.10 433 526 | 479.50 6 0.1828

Average 3.37 3.07 480.80_|[ 50.3493 | 1.0458 | 0.1650
2.8 3.2 3.00 2.6 3 2.80 392 420 | 406.00 0.1246 | 0.044601 0.043708
2.7 33 3.00 2.4 2.7 2.55 375 431 | 403.00 0.2567
2.7 34 .05 2.3 2.8 2.55 392 456 | 424.00 0.2763
26 3.2 2.90 25 2.7 2.60 404 443 | 423.50 - 0.1860
2.8 3.2 3.00 2.4 2.9 2.65 390 442 | 416.00 0.2069
2.8 3.2 3.00 2.4 2.7 2.55 387 436 | 411.50 0.2567
2.7 3.3 3.00 2.4 2.7 2.55 377 443 | 410,00 0.2567
2.8 3.3 3.05 2.5 2.8 2.65 398 428 | 413.00 0.2290
2.7 32 2.95 2.4 2.6 2.60 400 449 | 424.50 0.2100
22 .2 2.95 2.5 2.7 2.60 384 43 | 413.50 5 0.2100

Average 2.9 2.66 423.00 | 44.2965 | 1.0370 | 0.1970
3.8 4.4 4.10 4 4.2 3.80 501 55¢ 528.50 0.1358 | 0.041418[ 0.040589
3.7 4.3 4.00 X: 4 3.80 571 592 581.50 0.0951
3.8 4.3 4,05 .5 4.2 3.85 554 609 581.50 0.0939
3.8 4.4 4.10 3.5 4.1 3.80 519 560 | 539.50 0.1358
3.8 4.3 4.05 36 4 3.80 528 551 539.50 0.1160
3.8 4.4 4,10 3.6 4 .80 538 560 | 549.00 0.1358
3.7 4.4 4,05 37 4.2 .55 529 573 | 551.00 0.0482
3.9 45 4.20 3.5 4 75 540 593 | 566.50 0.1919
3.8 4.4 4.10 35 4.2 85 525 575 | 550.00 0.1146
3.7 4.5 4.10 34 4 3.70 529 579 | 554.00 4 0.1765

Average 4.21 3.73 578.00 | 60.5280 | 1.0064 | 0.2028
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A.3 NAANATTNAABINIE WA

A.3.1. Maaswmaslniigese

Hansvaasmiasluiigaan T.memimmmmmumuwmaﬂ, Auwiafiugunsal
a¥ldnasansnad a.8

M5199 A.8 NMsnaaewiadluigan

\Vms
il 1k 10kQ | 50kQ | 100kQ | 200k | 390kQ | S00K2 | 600KQ | 758kQ | 826kQ | 1000k | 1200k | 2200k0

00123) 00513 0225 0378] 0609 0912 1] 115 12[ 131 128 145 16
00128 0053 019 0423 0582 0945 108 12 119 1.3 13 138 155
00113] 00547 0.9 0401 062 092 108 1270 121 1.28] 133 146] 1%
00127] 00591 019 0412 0631 091 109 117[ 12 19 13 143 1@
00128 0081 0209 0366] 0697 0957 108 127] 123 1.24] 135 143 18
0016 00558 0205 0353 o676 099 105 113 w3l ;@ 13k 1 1.
00113| 00559 0212f 0401 0649 088  1a]  12[ 128 13| 128 138 L5
0.0131) 00589 0205 0433 0632 0986 1 14 12l w13 139 168
00137 00%4 023 043 0636 0%3 107 118 117|126 13 14| 159
00101 00857 0237 o416 0633 0972 11 114 124 18] 13 147] 155
AVG, 0.01261 0.05%67 02113 04019 06365 0508 1076 Li78] 1226 128 1315 1424 1503
00165 0.0773) 0205 0.527] 0%3 12] 14 159 161 166l L@ 18 201
0016/ 00763) 031 0541] 0904] 127] 143 18] 18] 172 17 19 1%
00188| 00739 0268] 0531 098 129 137 158 164 1A  1A[ 1] 1%
00144f 00728 0309 055 098 13 137 161 173 167 18] 1% 198
00165 00738 0303 05460 0981 1.21] 142 158 162 176 184 197 197
00165 0073 029] 0536 0944 1.24] 141] 14| 162 18 18] 19 197
0016 00701 0316] 0607 0%7 12 143 150 16 17| 18 18] 213
00144) 00733 0302 0551 0912 129 141 15| 161 173 179 18]  2.05
00165 00719 0306 0609 0877 121 144 161 165 1.69] 178] 186  2.08
00165 00723) 0311) 056 0943 122) 141 1590 16 169 178 13|  2.03
AVG. 00162t 007353 0303 0551 0947 143 1409 11 168 173 179 1.8%  2.008
0.01%| 0104 0407 0766) 115 159 179 188 191 1.9 19 195 213
0.0202) 00062 039 0729 1d7] 165 17 185 188 1.9 14 204 2.4
0018 00887 0395 0737 122] 164 175 1.8 191 19 19 1% 212
00192 0097 0407] 0755 1.19] 159 176 184 195 1.9 194 199 213
002( 00%6| 042 072] 137 166 185 18 193 198 20 1% 218
0.0f 0108 0435, 072 190 17 169 toil 187 1.9 195 203 219
00188 0102 0439 07%] 119 161 178 1.95] 185 1.9 1.9 207 2.3
0.01%| 001 0408 0737 117]  168] 181 18] 193 1.9 1% 21 22
0017 00915 041 073 118 158 1.8 185 191 195 1% 21 214
00208 00968 0421 o778 117 158 174 181 188 1.9 197 19 218
AVG. 0014 00948 04139 07468 1.8 168 1769 1858 107 1939 10 2010 2171
0018 014 0503 0863 118 173 187 191 104 2. 208 21 231
001%| 0.127] 0575 0862 126] 159 175 191 199 2.04] 205 214 23
00188 0.3 0535 085 13 164] 18] 19 205 2.04] 206 217  2.25
00188 0161 04%| 0845 135 167 188  1.9] 203 205 204 217 2
00183 01471 0585 088 13 170 1770 1.9 208] 201 21 217 23
001%|  0432] 053 0851 131 166 187 1.87]  2.01 2l 204 22 2
00188 0127] 051 o081 131 17 181 18] 205 2.0 20| 218 26
0019 o014 056] o085 127 174 1.8 18] 2.03 2 2080 214 28
001% 0162 051 o086 128 17 186 193] 1.9 20 2m| 217 229
oug  ou4] 053] o807 12) 16l 189] 1oy 199 2000 208 22| 23
AVG. 00193 0133 05 08463 1276 167 18 19 2014 203 2063 2173 2.36]
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A.3.2. Maveaswnuusliuvasaniivifauasiianilldvesiaifiulseq
wanaaesIliiwesaafivisauarnaniilivestauiulsey Tnen1sthenaau
siuUsggnaneasetugunsal agldnadsmsed a.9
5190 7.9 Manaassidlnigs

Optime Cgtime
C(uF) | R(kQ) (ms) (s)
0.8 7.56
0.9 5.06
1.2 5.296
1.12 5.408
1.34 5.904
H0 1.24 5.448
0.78 5.432
0.92 4.88
1.42 5.492
1.1 5.112
.30 ¥ /55592
2.14 5.358
1.97 | 4.684
32.28 5.268
1.87 4.92
2.21 5.72
- 1 1.85 6.692
1.95 5.784
1.87 4.784
2% 4.996
2.13 5.318
2.032 | 5.3524 .
4.1 5.192
3.98 5.656
4.13 5.692
3.87 5.288
4.15 5.9
i 3.86 5.508
4.16 5.332
3.86 5.64
4.24 6.192
248 5.96
4.013 5.636




Optime Cgtime
C(uF) | R(kQ) (ms) (s)
2.31 10.58
2.43 10.474
2.35 10.66
2.48 10.28
2.62 11.384
40 2.68 10.044
2.32 9.98
2.48 9.986
2.32 10.866
A8 T—TX"5
2.447 | 10.6774
4.84 10.48
4.48 10.8
4.89 10.64
4.98 10.8
4.86 10.678
ol et 4.96 10.4
4.82 11\3
4.721 11.44
4.94 1152
4.01 12.41
4.7501 | 11.0368
9.51 10.84
9.208 10.64
9.62 1023
9.85 10.89
9.4 11.45
RO 9.67 12.02
9.84 11.56
9.68 10.98
9.76 12.34
9.81 11.89
9.6348 11.384
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Optime Cgtime
C(uF) | R(kQ) (ms) ()
9.56 49.84
9.8 52.56
9.52 55.2
9.76 56.68
9.24 50.68
e 9.76 52.52
9.64 51.44
9.72 49.6
9.4 59.2
Q48- 52.36
9.588 | 53.008
21.6 <}
22.32 51,52
2172 50.64
Q212 50.6
20.85 52
=20 = 21.6 51.6
21.6 50.4
20.8 52
20.4 51.6
20.8 52.8
212801 51416
52.8 53.6
oY W 53.6
51.2 52.8
51.2 53.6
52 52
N ¥/ 52.8
51.2 52
52.8 53.6
al./Z 53.6
52 52.8
@ DLIG 53.04
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