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Design Optimization of an Energy Harvesting
Platform for Self-Powered Wireless Devices in
Monitoring of AC Power Lines

Alireza Abasian

Abstract—This paper presents the design optimization of a mag-
netic field energy harvesting platform for self-powered ac power
line monitoring devices in smart grid applications. The designed
platform can be used with any type of vibration-to-electricity en-
ergy conversion schemes including piezoelectric, electromagnetic,
and electrostatic energy harvesters. The platform includes a can-
tilever beam with a miniaturized permanent magnet (PM) at the
tip that vibrates due to the interaction with the magnetic field of
the ac line. The proposed method analytically determines the opti-
mum geometric orientations of the platform as well as the optimum
dimensions of PM to maximize the applied magnetic force to the
beam. The validity of the design procedure and its assumptions
are verified numerically and experimentally using a piezoelectric
energy harvesting platform. The numerical and experimental test
results confirm the calculated optimum orientation angles and PM
dimensions that maximize the magnetic force. The analysis shows
that for a PM with vibration direction in a plane normal to the
power line, the maximum force can be achieved at the multiples of
+45° with reference to the vibration direction. The optimum orien-
tation angle also depends on the angles between the magnetization
vector and the direction of the vibration.

Index Terms—Energy harvesting, energy scavenging, magnetic
field, monitoring, overhead power lines, self-powered sensor, smart
grids, vibration to electricity, wireless sensor.

1. INTRODUCTION

DVANCES in ultra-low power electronics accelerate the

development of self-powered wireless monitoring de-
vices for a wide range of applications including smart grids
[1]-[4], structural health monitoring, and biomedical telemetry
[5]-[8]. Particularly, smart grids need measuring of overhead
ac line quantities (e.g., current, voltage, and temperature) using
a widely distributed, reliable, cost-effective, and maintenance-
free sensor network [9], [10]. A self-powered wireless sensor,
that uses ambient energy for powering its circuitry, is among
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promising solutions for developing a maintenance-free sensor
network in smart grids [11]. This paper deals with magnetic
field energy harvesting from overhead ac lines for self-powered
monitoring devices.

Energy harvesters are micro-power generators that converter
ambient energies into electricity. The main source of energies
in a vicinity of an ac line are wind, solar, and ac magnetic field
that can be harvested with appropriate devices [12]-[15]. The
availability of the magnetic field energy outweighs the alterna-
tive resources since the intermittency in wind and solar energies
is unavoidable due to weather conditions. The following two
schemes have been used for harvesting energy from the mag-
netic field around an ac power line.

1) A current transformer (CT) based scheme, which uses

a magnetic core encircling or sticking on an ac power
line [16]-[18]. The bulky structure of this scheme does
not allow it to be easily integrated and packaged with a
miniaturized wireless sensor device.

2) A cantilever beam with a small magnet at the tip that
vibrates at the line frequency [4], [9]. It offers a platform,
which can be miniaturized and used with various types of
vibration-to-electricity schemes based on cantilever beam
such as piezoelectric and magnetic energy harvesters [19],
[20].

A CT-based energy harvester offers a higher level of power
density (up to 3 mW/cm?® [16], [21]) that is well-above the re-
quired power density for recent ultra-low power wireless sensor
nodes. One the other hand, the power density of a vibration-
based energy harvester is in the order of 100 yW/cm?® (up
to 800 uW/cm?® [22], [23]), which is large enough to supply
wireless sensor nodes [24]. This paper focuses on the design
optimization of the latter scheme. So far, several circuit topolo-
gies and numerous techniques are reported for optimizing the
captured power from mechanical vibrations [25]-[28]. In all of
these works, it is assumed that the vibration source is given and
fixed and the main focus is on capturing the maximum kinetic
energy of the vibrating beam using the power converter circuit.
However, in the case of magnetic field energy harvesting, it is
also important to properly select the location and direction of
the beam to maximize the vibration force.

This paper demonstrates an analytical design method for the
magnetic field energy harvesting platform to maximize the ap-
plied force to the device. Then, it determines the optimum

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.


https://orcid.org/0000-0003-0861-5467
https://orcid.org/0000-0001-5379-2388
https://orcid.org/0000-0003-3014-4761

ABASIAN et al.: DESIGN OPTIMIZATION OF AN ENERGY HARVESTING PLATFORM FOR SELF-POWERED WIRELESS DEVICES

Magnetic Field Energy Harvesting Platform

P t B
;’;‘;‘1‘;“ P, Processor f
&
/ o Electrical Wireless
/ f Interface
/ \ |Base

Sensor

~

=

Te

(b)

Fig. 1. (a) Schematic of a self-powered wireless monitoring device. (b) Mass-
spring-damper representation of the energy harvesting platform.

location and direction of the beam with reference to the di-
rection of an ac power line. The paper also presents a method
for optimizing the size of the magnet subjected to the reso-
nance condition of the beam with the power line frequency. The
suggested design method is confined to the energy harvesters
that use a cantilever beam structure but it is independent of
the type of energy harvesters (piezoelectric, electrostatic, and
electromagnetic). The validity of the analytical method and its
assumptions are verified based on numerical simulations and
experimental test results of a prototype system.

II. ARCHITECTURE AND POWER EFFICIENCY OF A
SELF-POWERED WIRELESS MONITORING SENSOR

A. Self-Powered Wireless Sensor for Grid Monitoring

The block diagram of a power line monitoring device is shown
in Fig. 1(a). The main components of this device are sensor, pro-
cessor, and wireless units. In the case of self-powered devices,
these units are supplied with a magnetic field energy harvester,
e.g., by using a vibration-to-electricity scheme. In this architec-
ture, the vibration force, f, stems from the interaction between
the ac line magnetic field, BB, and the permanent magnet at the
tip of the beam.

To study the electromechanical behavior of the vibration-to-
electricity device, conventionally a mass-spring-damping model
with an electric damper is used [22], [29]. Fig. 1(b) shows the
block diagram of the model where m, k, and b,, are effec-
tive mass, stiffness, and mechanical damping coefficient of the
beam, respectively. Also, z(t) denotes the beam tip deflection
and f; represents mechanical frictional force. The parameter
b. represents the effect of an energy harvesting device, which
captures a part of the beam vibration energy and converts it to
electricity. The parameter b, is defined such that f. = b,z is the
equivalent electric force applied to the beam with an average
power equals to the average of the captured electric power, P..
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B. Power Efficiency of the Energy Harvesting Platform

The dynamic model of the vibration-to-electricity energy har-
vesting platform is [22], [29]

mZ+ (by, +be)2 4+ kz = f. (1)

This model can be represented in the standard form of a second-
order system as

Z+ Q(Cm + Ce)wn,z. + UJELZ = i
m

2)
where w,, = /k/m is the natural frequency of the beam, (,,, =
by, /(2mw,,) is the mechanical damping ratio. Similarly, the
electrical damping ratio is defined as (, = b./(2mw, ). The
best performance of the energy harvester can be achieved when
the power line frequency matches the resonance frequency of
the beam. Assume that the sinusoidal magnetic force is f(t) =
F,, cos(w,t) where F,, is the amplitude of the force. Then,
under resonance condition mz = —kz and

. F"l
2(Cm + C)wn 2 = o cos(wnt). 3)

The instantaneous power consumed by the electric load and
mechanical friction is p(t) = (f; + fe)Z. Therefore, using (1)-
(3), the average power, P, under resonance condition can be
obtained as

p-1 /(b + bo) 22 dt En 4)
i m e )% = s N
T T 4m(<m + Ce)wn
where T' = 27 /w,, . Similarly, the average electric power is
CF
bedt = '” 5
7). TR

Based on (5), P, is proportional to the square of the applied
force, 2, and it is also proportional to the device efficiency,
defined as n = P./P = (. /(C. + ¢, ). Thus, maximizing the
magnetic force will increase the average electric power. In case
using interface circuit with a dc-link energy storage, the electri-
cal damping (. seen by the piezoelectric beam can be adjusted
at its optimum value (. = (,,, to maximize the captured power
as
2

'Fm . (6)

16m<m Wn

€max

Thus, when an interface circuit is used, again based on (6)
increasing the magnetic force will increase the average captured
electric power.

III. PROPOSED METHOD FOR THE DESIGN OF THE MAGNETIC
FIELD ENERGY HARVESTING PLATFORM

A. Magnetic Force Calculation

To formulate the applied force to the vibrating platform in
Fig. 1(a), the following assumptions and facts are used.

1) It is assumed that the magnetization vector (M ) of the
PM is uniform, i.e., M = Myu where M is the magni-
tude of M and 4 is the unit vector showing the direction
of M. Therefore, the volume magnetization current den-
sity is zero since jv =V x M= MyV x u = 0 and the
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Fig.2. (a)Representation of PM with surface magnetization current densities.

(b) Geometry of PM with reference to an ac power line.

cuboidal PM can be modeled with surface magnetization
current density on the cube faces as shown on Fig. 2(a).

2) The magnetization current density corresponding to the
face S is fs = M x 7 where 7 is the unit vector normal
to S. For a cuboidal PM with M along the z-axis [see
Fig. 2(a)] the magnetization current density for the top
and bottom faces are J_;l3 = +M;,z; and for the front
and back faces are j,;274 = FM,y, respectively.

3) It is assumed that the z-axis is aligned with the power
line and the direction of vibration is selected along the
x-axis as shown in Fig. 2(b). Using this convention, it is
proved (Appendix A) that for a PM with M = M2 the
resultant magnetic force is zero. Hence, only PMs with
magnetization vector in xy-plan are investigated.

4) The power line is assumed to be a single stranded conduc-
tor that can be used for transmission lines up to 220 kV.
Herein, bundled conductors are excluded from the scope
of this analysis. It is also assumed that the weight of PM
is negligible compared with the magnetic force due to the
magnetic field.

Further, it is assumed that the rare earth permanent magnet
(neodymium) is used in the energy harvester. The static de-
magnetization curve (B-H curve) of a PM is a nonlinear curve.
However, in case using rare earth PMs, this curve can be esti-
mated with a linear function since the coercive force for this type
of magnets is significantly high compared with other permanent
magnets such as Alnico [30].

Using the Lorentz force and Biot—Savart law formulations
[31], the applied force to PM due to the ac line current can
be obtained from the surface integral over the magnetization
current densities (Js; to Jyy) at the top, front, bottom, and back
surfaces of PM shown on Fig. 2(a), as

(b) dS) -z (7)

m Z‘Fl (/ JSA (MOI
Sk

where F); is the amplitude of the applied force to a PM with

m

M = Myé along the x-axis; I is the applied force correspond-
ing to face [, and superscript * denotes that the force is calculated
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for a PM with magnetization vector along x-axis. Also, I,,,, 7, ¢,
and 19 denote the amplitude of power line current; the radial
distance between the center of PM cube and the axis of the
power line; the azimuth unit vector; and the permeability of free
space, respectively.

The radial distances for the faces 2 and 4 are the same and
these two faces correspond to the current density vectors with
opposite directions. Thus, F2 + F4 = 0 and based on (7), F}
and FY are

— My, 1=
fo = Ho20tm (/) 2 x ~¢ddz
2T L. T
Molypz. [** . 1.
— M/ 2 x ~¢dx 8)
- - r
— Myl . 1.
Fy = Ho¥olm / Z X —¢pdxdz
—27 S, r
(y=v1)
M Im c 2 A~ 1 "
— M/ 2 x ~¢dx )
- . r
where PM dimensions are 2z, X 2y, X 2z, and
1~ T Y
X —¢p = T A 10

1~ 1
/2 X —¢dr = = In(z? 4+ 3*)& + tan ! (x) 7. (A1)
T 2 Y

Substituting for 2z x g{)/ r from (10) in (8) and evaluating the
integral at y = y; for the face 3 and y = vy, for the face 1, we
obtain

T o or
Fm Fl‘,. + F3l, -

Ho MOIm Zc (
In
27

@%w%ﬁ+ﬁ»
(23 +v3) (23 + v7)
(2

where FY' and Fy are the z-axis components of F}" and Fy,
respectlvely Similar procedure can be adopted to obtain the
magnetic force for a PM with magnetization vector aligned
with y-axis, i.e., F}{L with M = M. Thus, F},’I can be readily

obtained by rotating the xy-axes by 90°, that yields
2 2
n MO MO Im Ze Q4 -1 Yi
FY = —1)"* (¢ = ). (3
y >3 (e (2)) . 0

B. Optimizing the Platform Location

To maximize the applied magnetic force to a platform with
respect to the location (orientation) of the beam, the magnetic
forces F,; and FY in (12) and (13) are investigated at various
positions around the power line. To find the best orientation for
PM location, = and y coordinations of the center of PM are

substituted in terms of 7 and ¢ as
To = T. + T COSP

Yo = Yo +rsing

r1 = —X, + T COSQ,

LT e reosd (14)

Y1 = —Ye +rsing,

where r is the radial distance between the center of the PM
and the axis of the power line (z-axis), and ¢ is the angle of
7" with reference to z-axis. Assuming . = y. = a in (14) and
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Fig. 3. Optimum orientations of the platform for PMs with z- and y-axis
magnetization vectors.

substituting for x1, y1, T2, and y, in (12) yields

_ Mo MOIm Ze |:1
n

. (a+rcosp)? + (—a+rsing)?
Fm - 2

(a+ 7cos@)? + (a+ rsin ¢)?
(—a+1rcos¢)? + (a+ rsing)? ]

(—a+rcos@)? + (—a+rsing)?
(15)

+ In

Simplifying and rearranging (15) (Appendix B), we deduce

o= po Moy, 2 In H, + sin 2(]5
H, —sin2¢

m 271_

(16)

where H, = (2a> + %)% /(4a*r?) — 1. Thus, the optimum lo-
cation of PM with respect to ¢ can be obtained as

dF; 2o MoH, Iy, 2. cos(2¢) .

= =0 =(2k+1)-

d¢ 7(H2 —sin®(2¢)) = ¢=(2k+ )4
(17)

where £ is an integer. Similarly, by substituting for PM coordi-
nates from (14) in (13) and simplifying F¥ (Appendix B), we
obtain

(18)

poMol,, 2.
F‘;}{L — _%

tan~' (G, cos 2¢)

where G, = (2ar)?/(r* — 4a*) and the optimum orientation
of PM can be obtained as
dFY, 2ug MGyl 2. sin(2¢)
dp — m(1+ G2 cos(2¢)?)

k
=0= gb:i.

= a9)

Thus, the analytical investigation of the magnetic force for
—m/2 < ¢ < /2 shows that the optimum orientations of a
vibrating platform aligned with z-axis are ¢ = +7/4 and
¢ = 0, £7/2 corresponding to PMs with z- and y-axis magne-
tization vectors (see Fig. 3).

C. Selection of Permanent Magnet Dimensions

In the design procedure of the platform, the mass and volume
of PM are fixed and obtained based on the resonance frequency
of the beam. Thus, the selection of PM dimensions can be ob-
tained from the solution of the following constrained optimiza-
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Fig. 4. Schematic of PM with y-axis magnetization and constant i for the
dimensions optimization problem.

tion problem:

max. F2Y(xe, Yoy 2¢)

(226)(2y0) (22) = Vo

where V,, is the volume of PM. This optimization problem can
be solved using numerical and/or analytical methods such as
the Lagrange multipliers method. In special cases, however, a
simpler method can be adopted as shown in Fig. 4 for a PM
with y-axis magnetization vector that is located at its optimum
orientation ¢ = /2. In this case, r is not constant and rather
we assume the distance between z-axis and the edge of PM, h,
is constant. Practically, h is the least distance between the axis
of the line and the edge of the platform that is determined by the
mechanical and installation constraints. Substituting for z; =
—Z¢, To = T, Y1 = h, and yo = h + 2y, in (13), we deduce

- 2u0 Mol 2. h+ 2y, h
Ei = S0 m Ze (tanl (+ y(,> —tan ! <>>
m Te T
2

that can be rearranged to

20
subject to @0)

o 2,UO MOIm Zec -1 2xcyc
V= — —— — ¢ —_ . 22
" T oA\nT 2hy, + 22 (22)

Assuming that 2z, is selected based on mechanical constraints,
e.g., 2z, = W where W is the width of the vibrating beam.
Then, considering y. = V,,,/(4Wz,), the force can be ex-
pressed in terms of z. as

» Myl
Fyﬁmthanl(
™

m

2‘/;’M Le
AW 3 + AW h2x,. + 2hV,,

Finding the zeros of the first derivative of (23) yields the maxi-
mum of ¥ for 2z, = W and

Vb (AW), 2y, = 0.5{/4V2 /(hW?).  (24)

IV. VERIFICATION OF THE DESIGN METHOD

A. Test Setup and Description of the Test Method

The validity of the analytical design optimization method is
investigated based on comparing the analytical results with the
numerical and experimental results using a test setup. Fig. 5(a)
shows the schematic of the test setup that includes an autotrans-
former connected to a 0.4 kVA, 220/6 V isolating transformer.
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Fig.5. (a) Block diagram of the test setup and the vibrating beam in magnetic
energy harvesting platform. (b) Photo of the test setup.

The secondary coil of the transformer is shorted with a segment
of an ac power line connected to a current meter where the
short circuit current can be adjusted by autotransformer at the
primary. A clamped PM and vibrating beam that is installed on
a base is also located near the line with adjustable angle with
respect to the line. Fig. 5(b) shows the photo of the test setup.
The numerical analysis results are produced based on three-
dimensional finite analysis (3-D finite element method) of the
set up. The numerical analysis includes verifying the optimum
locations with respect to the orientation of PM magnetization
vectors; and the effect of PM with a constant volume and various
dimensions on the applied magnetic force. In the experiment,
a piezoelectric beam is used as an energy harvesting device to
verify the optimum locations based on the level of open circuit
voltage. The parameters of the test setup are listed in Table I.

B. Results and Discussions

In the first study, the analytical model of the applied magnetic
force and its assumptions are numerically verified using the
finite element analysis. In this study, the applied magnetic force
to the PM is calculated at orientation angles span from —45° to
+135° with reference to x-axis and for a 1 cm® cuboidal PM
with the magnetization vectors along z- and y-axis.

Fig. 6(a) shows the analytical force against the numerically
calculated force for a PM with magnetization along x-axis with
50 A ac-line current. The diameter of ac-line is 2 cm and air gap
distance selected as 3 mm. In this scenario, the maximum force is
31.129 mN that occurs at orientation angles at —45°, 4-45°, and
+135°. As expected, the numerical analysis also shows that the
maximum force occurs at (2k + 1)7/4 orientation angles. To
investigate the matching between the analytical and numerical
results, the correlation coefficient R is used. This coefficient is
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TABLE I
PARAMETERS OF THE TEST SETUP AND ENERGY HARVESTER

Parameter Description
Power Line and Setup:

AC line Diameter 7 mm
AC line Current 11 A (rms)
Frequency 50 Hz
Air gap 4.5 mm

h 8 mm
Permanent Magnets [32]:

PM Types NdFeB,
Max. energy 42 MGOe
PM size (mm?) 12.7 x 12.7 x 0.794
PM mass 0.96 gr
Number of PMs 12

Piezoelectric Parameters [33]:
Model
Dimensions (mm?)

Q220-A4-303YB
28.6 x 12.7 x 0.508

Resonant frequency (f;.) 250 Hz
Beam effective Mass 0.308 gr
Beam etiffness K = 760 N/m
Beam electromechanical Coupling 0 = 1.697 mN/V
Beam capacitance Cp =55nF
Beam electrical coupling ke = 0.264
Damping ratio Cm = 0.37

40 7 X_aXiS 7
N ical
31.128 mN umerica
= 3OF™, T T T 9
z
E
x € 20
10
0 A4
-45 0 45 90 135
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— 301 J
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£ I
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10 : ]
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¢ (deg.)
(b)

Fig. 6.  Analytical and finite element numerical calculation results for ampli-
tudes of the magnetic forces with respect to the orientation angles for a PM
with: (a) z-axis; and (b) y-axis magnetization vectors.

a statical measure for the goodness of fit that is defined as

R= (1= - 2 - 0?) @)

where [y; yo - - y,]? is the measured vector and [f; fo -+« f,,]"
is the vector of predicted value based on a model, and §y =
>o% | y; is the average of the measured values. R is between
0 to 1 (or 100%) and for a perfect fit, R = 1. In Fig. 6(a), the
numerical results are fitted with those obtained from the analyt-
ical model with correlation coefficient R = 0.9984 that shows
a close match between the analytical and numerical results.
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Fig. 7. (a) Variations of the applied forces with respect to distance from the
power line. (b) Sensitivity of the forces.

Fig. 6(b) also shows the magnetic forces for a PM with y-axis
magnetization vector which is vibrating in z-axis direction. The
study results demonstrate a close match between the analyti-
cal model and numerical results with the correlation coefficient
R = 0.9974. Further, the numerical results also verify that the
maximum force 31.229 mN occurs at 0° and +90°, which are
predicted based on the analytical model. There is a slight differ-
ence between the maximum force for PMs with magnetization
vectors in x and y directions [see Fig. 5(a) and (b)]. It can be
justified due to cuboidal shape of PM that leads asymmetry in
geometry for the orientations along ¢ = £45° and ¢ = 0 (or
¢ =90°).

Fig. 7(a) shows that the applied forces to both PMs with z-
and y-axis significantly decrease as the distance of PMs from
the power line is increased. This recommends that PM should be
installed as close as possible to a power line for maximizing the
force. Further, it verifies that for an energy harvester installed
on one power line, the effect of other power lines is negligible.
The reason is that the magnet dimension (a) is practically less
than 1 cm while the distance between the lines is several tens
of centimeters and therefore r/a > 10. Fig. 7(b) shows the
sensitivity of the forces FJ, at ¢ = 45° and F?, at ¢ = 0° with

respect to r/a ratio. The S, and S, functions are defined as

o () 2 5o (52) 5

m

The graphs of S, and .S, show that the forces are sensitive
to distance from a power line especially for r/a < 10. Hence,
the energy harvester installed in a vicinity of one power line
is less sensitive to the magnetic field of other power lines in a
three-phase system.

For piezoelectric energy harvesters, the amplitude of vibration
(U) is proportional to the open circuit voltage as U = C,, V,,. /0
where C),, Voc and 6 are the capacitance, open circuit voltage,

(26)
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Fig. 8. (a) Measured open circuit voltage for the PMs with magnetization
vectors along = and y axes (Vé’C and Vg ¢)- (b) Comparison of Vg ¢ Wwith the
measured voltage across the resistive load R;, = 60k€2. (c) Calculated electric
power for R = 60kS2.

and electromechanical coupling of the piezoelectric beam [29],
[34], [35]. Further, the amplitude of vibration is a function of
applied force to the beam. Thus, the relationship between the
force and voltage can be expressed as [34], [35]

_ VocMCG, 5 2 2 ’ E 2,2
E, = 7 M(1—|—k’ez) w —|—4Mme
27

where k.; and C), denote the electrical coupling and capaci-
tance of the beam, respectively. Fig. 8(a) shows the measured
voltages at various orientation angles span from 0° to +-90° with
respect to the x-axis and for PMs with magnetization vectors
along z- and y-axes. As Fig. 8(a) shows for PM with x-axis
magnetization vector the maximum voltage of V§- = 1.705 V
occurs at +45° and for PM with y-axis two maximum points
of V{§, occur at 0° and +90°. The optimum orientation angles
in this experiment confirm the results obtained from the an-
alytical and numerical analyses. Furthermore, consistent with
the previous analytical and numerical results in Fig. 6(a) and
(b), the experiment test results also show that the peak values
of V¥ at 0° and 90° are slightly greater than the peak of V,
at +45°.

Fig. 8(b) and (c) show the voltage and electric power of
the piezoelectric energy harvester when it is connected to a
resistive load, R . The resistive load is selected R; = 60 k{2
to be matched with capacitive impedance of the piezoelectric
beam (i.e., Ry = 1/(C,w)) for capturing the maximum electric
power. Fig. 8(b) and (c) confirm that under load condition again
the maximum voltage and power occur at ¢ = 0 and ¢ = 90°.
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Fig. 10. Amplitude of magnetic force for a PM with constant volume and

various dimensions.

Using (27) with the piezoelectric beam parameters as listed in
Table I, the applied force can be obtained as shown in Fig. 9(a)
and (b). Comparing the calculated forces based on measured
voltages with the forces obtained from the analytical model
shows a close match with correlation coefficient R = 0.9987
for the z-axis and R = 0.9982 for the y-axis magnetization
vectors, respectively.

To investigate the effect of PM dimensions on the applied
force, PM with magnetization direction along y-axis is consid-
ered. It is assumed that the volume of the PM is fixed at 1 cm?
and the applied force for different width are calculated. Fig. 10
shows the variation of force with respect to 2z, dimension for
different width 2z. = 4, 10, 14, and 20 mm based on (23).
The curves in Fig. 10 show that for each width there exits an
optimum dimension that is analytically given by (24). Further,
the analytical results show that increasing the width of PM (2z,)
increases the maximum force. Therefore, to maximize the force,
first the width of PM, 2z,, is selected at its maximum value that
can be defined with mechanical packaging constrains, e.g., the
width of the beam. Then, for the selected 2z, the 2z, and 2y,
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Fig. 11.  Numerical results and analytically calculated magnetic forces for a

PM with fixed volume at various dimensions.

dimensions are obtained based on (24) to obtain the maximum
force.

To verity the validity of the model in (23) and the optimum di-
mensions in (24), the magnetic forces for various 2z, are numer-
ically calculated and compared with the analytical results based
on (23). Fig. 11 shows the numerical results against the analyt-
ical ones for 2z, = 10 and 14 mm. The correlation coefficients
for 2z, = 10 and 14 mm are R = 0.9985 and R = 0.9984, re-
spectively, which show a close match between numerical and
analytical results.

V. CONCLUSION

A design optimization procedure for magnetic energy har-
vesting platforms is presented in this paper that is useful for
deployment of self-powered wireless sensor nodes for monitor-
ing of ac line parameters. The design method determines the
optimum orientation angle of a PM with respect to the direction
of the vibration for various PM magnetization vectors. Further-
more, the method presents an analytical formulation to obtain
the optimum dimensions for PM to maximize the magnetic
force. The suggested method can be used for any type of energy
harvesting device and the validity of the analytical formulations
and models are verified based on numerical analysis of a test
system. The test results for optimum orientation angles are also
experimentally verified using a piezoelectric energy harvester
beam, which is installed in a vicinity of an ac power line.

APPENDIX A
MAGNETIC FORCE FOR PM WITH z-AXIS MAGNETIZATION

_Assume that the PM in Fig. 2 is a cube with 2a edges and
M = M z. Then, the force component due to PM cube face at

y=y2is
7 :/
S(y:w])

Substituting 7 = /2% + 2 and ¢ = — sin ¢& + cos ¢ in (28)
yields

Im n
~Myz x B Gdrds. (28)
2rr

. MylLya [*
£ = _Htoim / OS2 e — (29)
z

s T
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and since cos ¢ = x/4/x? 4+ y?, we obtain

F = _todholnay 1+ s 2.

o 2 +y3

(30)

Similarly, the force component corresponding to the cube face
at y = y; and with magnetization current density in opposite
the cube face at y = v, is

. M, I,, 2 2
Fy= B020ind T3 VI, 31)
27 7 + Y]
For the cube face at x = x; the magnetic force component is
Fy = / — My x ”0 d)d dz. (32)
Sz=zy)
Thus,
-, My, Y2 g
Py = _,UO 0 ma/ 51n¢2’dy (33)
T " r
and we obtain
R My,
By = —% In(2? + 4)5. (34)
Y

Similarly, for the cube face at x = x5 the force component is

F:l _ NJUMOIma h’l (E% + y§2

35
o2 3 +y? (35)

Thus, the total force for a PM with M = MyZis

Z /U'UMOI LA IR AN ST IS
21 (ﬂfﬁﬂlf) (ﬂ?%ﬂ/%)
k=1 7 +y? 34yl

(36)
that can be simplified to
. oMol a .
Fm R — In(1)z = 0. (37)

Thus, (37) concludes that the magnetic force for a PM with
magnetization vector in parallel with the line current is zero.

APPENDIX B
DETAILS OF F* AND FY

m m

To obtain (16), first we define K, = (oMo, 2. )/ (27) and
start with (15)

F' = K, |In 2a% + 12 + 2ar(cos ¢ — sin ¢)
m 2a% + 12 + 2ar(cos ¢ + sin ¢) (38)
2 dur(eosd i)
2a% 4+ r2 — 2ar(cos ¢ + sin ¢)
that can be simplified as
(2@2 +7r ) 4a (COS d) — sin ¢)
e | 39
m T |:Il (20,2 +T2) —4a2T2(COS¢+Sln¢) ( )
and
2 "2 2
<227+>) — (1 — sin2¢)
FTCYIL = KI In N B 2 (40)
(@(127+>) — (1 + sin 2¢)
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Finally, (40) can be simplified into
H, +sin2¢
=K, In —— 41
m b nHa —sin2¢ 1)
where H, = (2a®> + r?)?/(2ar)? — 1. To obtain (18), the iden-
tity

tan™' o+ tan~! B = tan~! (1 (42)

Chach
—aB)’
is used for the simplification of

_ IZXQ:(‘can_l (jf_))(—miﬂ @3)

J

i=1j5=1
that yields
F' = K, (tanl w) -1 m12(y1—yz)>
Ty + Yo 2+ Yoy

and it can be also simplified as

—1 Y2y1 — X221

Ff;’I K, tan — XA 45)
where
ToX1 + 2 To — X —
A= ( 21 yZyl) i 2 1 +x1x2y2 yl.
($2—$1)(y2—y1) Y2 — U1 Ty — X

Substituting x5 = x1 + 2a and y» = y; + 2a in (45), we obtain

4a? (y2y1 — T271)
(xox1 + Youy1)? + 4a?(zaxy + yo211) .
(4

FY = K, tan™*

Finally, by substituting y2y; — o) = —r? cos 2¢ and yoy; +

Ty = 12 — 242, we obtain
ﬁ% = —K, tan" ' (G, cos 2¢) 47)
where G, = (2ar)?/(r* — 4a?).
REFERENCES

[11 A. Khaligh, P. Zeng, and C. Zheng, “Kinetic energy harvesting using
piezoelectric and electromagnetic technologies, state of the art,” IEEE
Trans. Ind. Electron., vol. 57, no. 3, pp. 850-860, Mar. 2010.

[2] J. Han,J. Hu, Y. Yang, Z. Wang, S. X. Wang, and J. He, “A nonintrusive
power supply design for self-powered sensor networks in the smart grid
by scavenging energy from ac power line,” IEEE Trans. Ind. Electron.,
vol. 62, no. 7, pp. 4398-4407, Jul. 2015.

[3] M. Erol-Kantarci and H. T. Mouftah, “Wireless sensor networks for cost-
efficient residential energy management in the smart grid,” IEEE Trans.
Smart Grid, vol. 2, no. 2, pp. 314-325, Jun. 2011.

[4] B. Fateh, M. Govindarasu, and V. Ajjarapu, “Wireless network design
for transmission line monitoring in smart grid,” IEEE Trans. Smart Grid,
vol. 4, no. 2, pp. 1076-1086, Jun. 2013.

[5] B. Martinez, X. Vilajosana, F. Chraim, I. Vilajosana, and K. S. Pister,
“When scavengers meet industrial wireless,” IEEE Trans. Ind. Electron.,
vol. 62, no. 5, pp. 2994-3003, May 2015.

[6] J.L.Wardlaw, I. Karaman, and A. I. Karsilayan, “Low-power circuits and
energy harvesting for structural health monitoring of bridges,” IEEE Sens.
J., vol. 13, no. 2, pp. 709-722, Feb 2013.

[7]1 Y. Hu et al., “A self-powered system for large-scale strain sensing by
combining CMOS ICS with large-area electronics,” IEEE J. Solid-State
Circuits, vol. 49, no. 4, pp. 838-850, Apr. 2014.

[8] L.Zhou, A. C. Abraham, S. Y. Tang, and S. Chakrabartty, “A 5 nw quasi-
linear cmos hot-electron injector for self-powered monitoring of biome-
chanical strain variations,” IEEE Trans. Biomed. Circuits Syst., vol. 10,
no. 6, pp. 1143-1151, Dec. 2016.



10316

[91

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]
[31]
[32]

[33]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 12, DECEMBER 2018

V. C. Gungor, B. Lu, and G. P. Hancke, “Opportunities and challenges
of wireless sensor networks in smart grid,” IEEE Trans. Ind. Electron.,
vol. 57, no. 10, pp. 3557-3564, Oct. 2010.

T. Hosseinimehr and A. Tabesh, “Magnetic field energy harvesting from
ac lines for powering wireless sensor nodes in smart grids,” IEEE Trans.
Ind. Electron., vol. 63, no. 8, pp. 4947-4954, Aug. 2016.

D. Briand, E. Yeatman, and S. Roundy, Eds., Micro Energy Harvesting.
Hoboken, NJ, USA: Wiley, 2015.

O. Cetinkaya and O. B. Akan, “Electric-field energy harvesting in wireless
networks,” IEEE Wireless Commun., vol. 24, no. 2, pp. 34—41, Apr. 2017.
H. Kim, S. Kim, C. K. Kwon, Y. J. Min, C. Kim, and S. W. Kim, “An
energy-efficient fast maximum power point tracking circuit in an 800-
uw photovoltaic energy harvester,” IEEE Trans. Power Electron., vol. 28,
no. 6, pp. 2927-2935, Jun. 2013.

N. Rezaei-Hosseinabadi, A. Tabesh, and R. Dehghani, “A topology and
design optimization method for wideband piezoelectric wind energy har-
vesters,” IEEE Trans. Ind. Electron., vol. 63, no. 4, pp. 2165-2173,
Apr. 2016.

N. M. Roscoe and M. D. Judd, “Harvesting energy from magnetic fields
to power condition monitoring sensors,” IEEE Sens. J., vol. 13, no. 6,
pp- 2263-2270, Jun. 2013.

R. Moghe, A. R. Iyer, F. C. Lambert, and D. Divan, “A low-cost electric
field energy harvester for an mv/hv asset-monitoring smart sensor,” /[EEE
Trans. Ind. Appl., vol. 51, no. 2, pp. 1828-1836, Mar./Apr. 2015.
J.Moon and S. B. Leeb, “Analysis model for magnetic energy harvesters,”
IEEE Trans. Power Electron., vol. 30, no. 8, pp. 4302-4311, Aug. 2015.
S. Yuan, Y. Huang, J. Zhou, Q. Xu, C. Song, and G. Yuan, “A high-
efficiency helical core for magnetic field energy harvesting,” IEEE Trans.
Power Electron., vol. 32, no. 7, pp. 5365-5376, Jul. 2017.

Q. Zhang and E. S. Kim, “Microfabricated electromagnetic energy har-
vesters with magnet and coil arrays suspended by silicon springs,” /IEEE
Sens. J., vol. 16, no. 3, pp. 634-641, Feb. 2016.

E. E. Aktakka and K. Najafi, “A micro inertial energy harvesting platform
with self-supplied power management circuit for autonomous wireless
sensor nodes,” IEEE J. Solid-State Circuits, vol. 49, no. 9, pp. 2017-2029,
Sep. 2014.

S. D. Moss, O. R. Payne, G. A. Hart, and C. Ung, “Scaling and power
density metrics of electromagnetic vibration energy harvesting devices,”
Smart Mater. Struct., vol. 24, no. 2, 2015, Art. no. 023001.

P.D. Mitcheson, T. C. Green, E. M. Yeatman, and A. S. Holmes, “Architec-
tures for vibration-driven micropower generators,” J. Microelectromech.
Syst., vol. 13, no. 3, pp. 429-440, 2004.

S. Roundy, P. Wright, and J. Rabaey, Energy Scavenging for Wireless Sen-
sor Networks: With Special Focus on Vibrations. Norwell, Massachusetts:
Kluwer Academic Publishers, 2004.

J. Ayers, K. Mayaram, and T. S. Fiez, “An ultralow-power receiver for
wireless sensor networks,” IEEE J. Solid-State Circuits, vol. 45, no. 9,
pp. 1759-1769, Sep. 2010.

M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A nanocurrent power
management IC for low-voltage energy harvesting sources,” IEEE Trans.
Power Electron., vol. 31, no. 6, pp. 4292-4304, Jun. 2016.

E. Dallago, A. L. Barnabei, A. Liberale, G. Torelli, and G. Venchi, “A 300-
mv low-power management system for energy harvesting applications,”
IEEE Trans. Power Electron., vol. 31, no. 3, pp. 2273-2281, Mar. 2016.
L. Wu, X. D. Do, S. G. Lee, and D. S. Ha, “A self-powered and optimal
SSHI circuit integrated with an active rectifier for piezoelectric energy
harvesting,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 64, no. 3,
pp. 537-549, Mar. 2017.

A. Romani, M. Filippi, and M. Tartagni, “Micropower design of a fully
autonomous energy harvesting circuit for arrays of piezoelectric transduc-
ers,” IEEE Trans. Power Electron., vol. 29, no. 2, pp. 729739, Feb. 2014.
S. Priyaand D. J. Inman, Energy Harvesting Technologies, vol. 21. Berlin,
Germany: Springer-Verlag, 2009.

A. E. Fitzgerald, C. Kingsley, and S. D. Umans, Electric Machinery, 6th
ed. New York, NY, USA: McGraw-Hill, 2005.

D. K. Cheng, et al., Field and Wave Electromagnetics. Noida, India:
Pearson Education India, 1989.

B4201 Specification Sheet, (2017). [Online]. Available: www.
kjmagnetics.com, Accessed on: Apr. 2017.

CATALOG #8, (2011). [Online]. Available: www.piezo.com, Accessed
on: Apr. 2017.

[34] A. Abasian and A. Tabesh, “A characterization method for identifying
the piezoelectric bending beam energy harvesters,” in Proc. 2016 4th Int.
Symp. Environ. Friendly Energies Appl., 2016, pp. 1-4.

[35] A. Tabesh and L. G. Frechette, “An improved small-deflection electrome-
chanical model for piezoelectric bending beam actuators and energy har-
vesters,” J. Micromech. Microeng., vol. 18, no. 10, 2008, Art. no. 104009.
[Online]. Available: http://stacks.iop.org/0960-1317/18/i=10/a= 104009

Alireza Abasian (S’ 14) was born in Isfahan, Iran, in
1986. He received the B.Sc. degree in electrical engi-
neering from the University of Tehran, Tehran, Iran,
in 2009, and the M.Sc. degree in electrical engineer-
ing from Isfahan University of Technology (IUT),
Isfahan, Iran, in 2012. He is currently working to-
ward the Ph.D. degree in electrical engineering at the
Department of Electrical and Computer Engineering,

IUT.
‘A He has been a Researcher with the Renewable En-
ergies and Energy Harvesting Laboratory, [UT, since
2012. His research interests include energy harvesters, smart grids, renewable
energy systems, switching power supplies, and power electronics and its appli-
cations.

Ahmadreza Tabesh (S’01-M’06) received the Ph.D.
degree in electrical engineering (energy systems)
from the University of Toronto, Toronto, ON, Canada,
in 2005.

He was a Postdoctoral Fellow and Research Asso-
ciate with the Center for Applied Power Electronics,
University of Toronto (2005-2006) and the Micro-
engineering Laboratory for MEMS, Department of
Mechanical Engineering, University of Sherbrooke,
Sherbrooke, QC, Canada (2006-2009). He is cur-
rently an Associate Professor with the Department of
Electrical and Computer Engineering, Isfahan University of Technology, Isfa-
han, Iran. His research interests include grid integration of renewable energy
resources, dc microgrids, and energy harvesters for powering smart monitoring
devices.

Abolghasem Zeidaabadi Nezhad was born in
Sirjan, Iran, in 1961. He received the B.Sc. degree
in electronics engineering from Shahid Bahonar Uni-
versity of Kerman, Kerman, Iran, in 1988, and the
M.Sc. and Ph.D. degrees in communication engineer-
ing from Sharif University of Technology, Tehran,
Iran, in 1991 and 1997, respectively.

Since 1997, he has been with the Isfahan Univer-
sity of Technology, Isfahan, Iran, where he is cur-
rently an Associate Professor with the Department
of Electrical and Computer Engineering. His areas
of interest include electromagnetic field problems, antennas, and microwave
engineering.

Nasrin Rezaei-Hosseinabadi (S’14-M’17) was
born in Isfahan, Iran, in 1986. She received the B.Sc.,
M.Sc., and Ph.D. degrees all in electrical engineering
from Isfahan University of Technology (IUT), Isfa-
han, Iran, in 2008, 2010, and 2016, respectively.

She is currently an Assistant Professor with the
Department of Electrical and Computer Engineer-
ing, University of Technology, Isfahan, Iran. Her re-
search interests include low power on-chip converters
for portable electronic devices and energy harvesting
system design.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


