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DESIGN AND ANALYSIS OF BLAST-WAVE SENSORS

Jason M Kluga, Northern Illinois University; Ibrahim M. Abdel-Motaleb, Northern Illinois University

Abstract

Accurate blast sensors are critical for studying and moni-
toring nuclear explosions, jet engine testing, rocket engine
testing, space exploration, oil and natural gas exploration,
industrial safety, dams, tunnels, road construction and dem-
olition, along with many other applications. These applica-
tions require the use of sensors that can withstand extreme
forces. A blast wave resulting from an explosion is known
as the Friedlander Waveform. The Friedlander Waveform is
characterized by a positive pressure spike followed by a
negative pressure. The pressure then decays, oscillating
between positive and negative values. A full-range blast
sensor should withstand up to 300 kPa and be able to meas-
ure both positive and negative pressures.

In this study, the authors looked at two 7-cm tall sensors
made using 4340 Steel. One had a circular cross-section and
the other had a rectangular cross-section. Each was sur-
rounded by 12 equally spaced cantilevers with the dimen-
sions 0.2x1x7 cm for the cylindrical sensor and
0.25x1x7 cm for the rectangular sensor. The separation be-
tween the cantilevers and the pillars was 0.3 cm for both
devices. The pillar and the cantilevers for each sensor were
fixed on a silica base. The capacitance between a cantilever
and the pillar determines the magnitude of the pressure on
this particular cantilever. For the cylindrical sensor, the can-
tilever that has the largest change in capacitance determines
the direction of the blast.

The performance of the sensors was simulated and ana-
lyzed using COMSOL, a finite element, multi-physics, nu-
merical analysis program. Cantilever displacement, strain
energy density, volumetric strain, and the von Mises stress
were simulated under 300 kPa of pressure. Capacitance as a
function was simulated for the two sensors. The pressure
varied from 0-300 kPa. The results showed that, at 300 kPa,
the maximum displacement was 0.08 cm, the strain energy
density was 2.25x10° J/m’, the volumetric strain was
0.6x107 for the cylindrical sensor and 1x107 for the rectan-
gular sensor, and the von Mises stress was about
2.5x10® N/m’. The capacitance measured at the maximum
pressure was found to be 35.6 pF for the cylindrical and
31.5 pF for the rectangular sensor. The study proved that
both sensors were able to withstand the maximum blast
pressure without failure or fatigue.

Introduction

Blast waves are different from hurricane pressure waves
in magnitude and property. Because of the extreme high
pressure of the blast waves, it is hard to develop a sensor for
this type of pressure that can reach 300 kPa. In addition, the
variation in blast wave magnitude and speed are highly vari-
able. Therefore, reliable and accurate blast sensors that can
withstand such extreme conditions are difficult to develop,
but they are critically needed. These sensors are essential
for applications related to monitoring nuclear explosions, jet
engine testing, rocket engine design and testing, space ex-
ploration, oil and natural gas exploration, industrial safety,
construction of dams, tunnels, and roads, and many other
applications that deal with extreme pressures. Because of
the extreme forces resulting from the blast, using common
silicon-based microelectromechanical systems (MEMS)
may not be practical. Therefore, a new technique for build-
ing such devices would be desirable.

A blast wave resulting from an explosion is known as the
Friedlander Waveform (Goel & Matsagar, 2014). Figure 1
shows that the wave is a high-frequency oscillating wave,
with a sharp spike of supersonic pressure created at the front
of the wave. This spike is followed by a negative pressure
that is many orders of magnitude lower in strength. The
pressure then decays, oscillating between positive and nega-
tive pressures, until it disappears.

Friedlander Waveform

70

pressure (kPa)

0 100 200 300 400 500 600 700 800 900 1000
time (ms)

Figure 1. Basic morphology of the Friedlander waveform.
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The rapid change in pressure from a spike to a vacuum
causes more destruction than the blast peak itself. This
waveform explains the severe destructive nature of blast
waves that put them in a separate category from just high-
wind conditions. The blast pressure as a function of time
can be expressed by Equation 1 (Goel & Matsagar, 2014):

-2 o

where, Py is the maximum pressure (static overpressure) of
the wave or the initial spike; ¢ is time; and, ¢ corresponds to
the blast wave lag.

The spike is followed by a dynamic pressure, which fluc-
tuates rapidly and can be immensely destructive. The maxi-
mum of the static overpressure of a nuclear blast wave can
vary from just under 10 kPa for distant and weak blasts to
over 300 kPa close to the origin of a blast (US Department
of Health & Human Sciences, 2015). Therefore, a blast sen-
sor should be optimized to function between these pres-
sures. In this paper, the design and analysis of two capaci-
tance-based blast sensors that can withstand a pressure up to
300 kPa are reported. Two different sensors were designed:
the first has cylindrical geometry and the second has rectan-
gular geometry. The sensors were designed and analyzed
using the finite element, multi-physics, numerical analysis
program, COMSOL. This is a ground work for a new class
of blast sensors that can be used in the previously men-
tioned applications.

Geometry

Figure 2 shows the geometries of the cylindrical sensors
that were used in COMSOL simulation and analysis. The
cylindrical sensor consists of 12 beveled cantilevers sur-
rounding a central cylindrical pillar, with a gap of 0.3 cm
between each cantilever and the pillar. The cantilevers and
the pillar are all 7 cm each. They are embedded 1.5 cm into
a silica base which is 3 cm thick. The cantilevers and the
pillar thus rise above the silica to a height of 5.5 cm. The
beveled cantilevers measure 1 cm in mean width, spaced
evenly with just over 0.4 cm distance from each other. They
are 0.2 cm thick and 7 cm tall. The radius of the cylindrical
pillar is 2.3 cm and the inner radius of the cantilevers is
2.6 cm. The outer radius of the cantilevers is 2.8 cm. Air
functions as the dielectric between the cantilevers and the
pillars.

The rectangular sensor, shown in Figure 3, has a square
pillar with a side length of 4.6 cm. The pillar was surround-
ed by 12 unbeveled cantilevers. The separation between the

cantilevers and the pillar was 0.3 cm. This separation was
chosen to ensure that the sensor could operate at 300 kPa.
The cantilevers were 1 cm wide and 0.25 cm thick. They
were also 7 cm tall and embedded into silica to a depth of
1.5 cm. This left the cantilevers exposed by 5.5 cm. The
width of the cantilevers was 1 cm, and they were placed
three per pillar face. The distance between the cantilevers
was 0.53 cm, and the far edges of the end cantilevers were
placed 0.26 cm from the edge of the pillar face. The cantile-
vers and the pillars for both sensors were made from 4340
Steel with a tensile strength of 745 MPa, a yield strength of
470 MPa, a bulk modulus of 140 GPa, and a shear modulus
of 80 GPa. The property of the silica was taken from the
COMSOL library.

5 (&)
o
|
-5
6
4
2
o
5
y‘j/' B
-5
Figure 2. Geometry of the cylindrical sensor used in COMSOL
simulation.
5 o

=&

Figure 3. Geometry of the rectangular sensor used in COMSOL
simulation.
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Numerical Simulation and Analysis

A maximum pressure of 300 kPa was applied to the circu-
lar sensor. For the rectangular sensor, the pressure was ap-
plied along a 45-degree angle from the face. Using COM-
SOL, the cantilever displacement, strain energy density,
volumetric strain, and the von Mises stress were simulated.
Figure 4 shows the displacement at every point on the canti-
levers, when a pressure of 300 kPa was applied to the cylin-
drical sensor. Figure 5 shows the displacement for the rec-
tangular sensor, when the same maximum pressure was
applied. The two figures show the maximum displacement
for the sensors to be about 0.8 mm at the tip of the cantile-
ver.

Applied_Force(21)=3E5 Surface: Total displacement (cm)

| 10 0.07

4 0.06

0.05

4 0.04

Figure 4. Displacement of the cylindrical sensor cantilevers under
a pressure of 300 kPa.

The elastic energy density is defined as the recoverable
energy stored in an elastic material per unit volume, which
can be expressed by Equation 2 (Senturia, 2001):

1 (O-X€)+O-

1 y ,
- )
2 AxAyAz J-“ +r ¥y, + rxy}/”)dxdydz @)

€ Yo z+rT .y
¥ z yz! yz

W o=

where, d,, 6,, and 6. are the stresses along the principal axes
X, y, and z, respectively; €, €, and e; are the corresponding
strains; 0., Oy, and 6,. are the shear stresses along the prin-
cipal axes X, y, and z, respectively; d.,, d,, and 4, are the
corresponding shear strains; and, dx, dy, and dz are the de-
formations along the x, y, and z axes.

Applied_Force(21)=3E5 Pa Surface: Total displacement (cm)

| 10 4 0.06

4 0.04

0.01

Figure 5. Displacement of the rectangular sensor cantilevers
under a pressure of 300 kPa.

The elastic energy density was simulated for both sensors
under the maximum pressure. Figure 6 shows the results for
the cylindrical sensor, and Figure 7 for the rectangular sen-
sor. The figures show that the strain energy density reached
a maximum value of about 2.25x10° J/m’. It appears that
both sensors had the same elasticity properties, since they
had the same material.

Applied_Force(21)=3E5 Volume: Elastic strain energy density ()/m?)
x10®

.58

-5 425

y¢’x

Figure 6. Elastic strain energy density of the cylindrical sensor
cantilevers under a pressure of 300 kPa.
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Applied_Force(21)=3E5 Pa Volume: Elastic strain energy density U/ma)

x10°

2.5

1.8

Figure 7. Elastic strain energy density of the rectangular sensor
cantilevers under a pressure of 300 kPa.

The volumetric strain is defined as the unit change in vol-
ume, or the change in volume over the original volume. The
volumetric strain can be obtained from Equation 3 (Kelly,
2015):

ING V(146 \(1a€ )
=) (1)) G)

where, V' is the original volume of the material and A4V is
the change in the volume due to stress.

Figures 8 and 9 shows the simulated volumetric strain for
the cylindrical and rectangular sensors, respectively. The
figures also show that the volumetric strain for the cylindri-
cal sensor was about 0.6x10~, while for the rectangular sen-
sor the strain increased to about 1x107. The smaller volu-
metric strain of the cylindrical may be a result of the curv-
ing of the cantilever, which better resisted deformation. The
von Mises stress is the effective stress that combines the
normal stress, the bending stress, the bending sheer stress,
and the torsional sheer stress along all major axes. The val-
ue of the von Mises stress can be obtained from Equation 4
(von Mises stress, n.d.):

where, oy, 0,,, and d.. are the stresses along the principal
axes X, y, and z, respectively.

Applied_Force(21)=3E5 Volume: Volumetric strain (1) o
x107°
5
ak
o
|
- 405
6
| O
4
2
4 -0.5
o
5 =
z
y\T/ >
-5
Figure 8. Volumetric strain of the cylindrical sensor cantilevers
under a pressure of 300 kPa.
Applied_Force(21)=3E5 Pa Surface: Volumetric strain (1) o
x107°

| 10

4 0.5

Figure 9. Volumetric strain of the rectangular sensor cantilevers
under a pressure of 300 kPa.

The von Mises stress was simulated for both sensors
when they were under 300 kPa of pressure. Figures 10 and
11 show the results. The results show that the maximum
stress in the cantilevers was at the intersection with the sili-
ca plate. The maximum stress reached 2.5x10° N/m” The
cantilevers thus bend more at the base than any other part of
the device, which should alert the designer to ensure that
steel yield will not be reached at the cantilever base.
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Applied_Force(21)=3E5 Volume: von Mises stress (J/m°)

x10°
35

i 2.5

115

0.5

Figure 10. von Mises Stress in the cylindrical sensor under
pressure of 300 kPa.

Applied_Force(21)=3E5 Pa Volume: von Mises stress (N/m?)

x10°

25

11.5

0.5

Figure 11.von Mises Stress in the rectangular sensor under
pressure of 300 kPa.

Figures 12 and 13 show capacitance as a function of the
pressure for the cylindrical sensor and the rectangular sen-
sor, respectively. The results show that, at a pressure of
300 kPa, the capacitance reached about 35.6 pF for the cir-
cular sensor and about 31.5 pF for the square cross-section

sensor. The results also show that the change in capacitance
below the blast cutoff magnitude of 30 kPa was also detect-
able. For the cylindrical sensor, the capacitance at 30 kPa
was about 33.7 pF, while for the rectangular sensor, the
capacitance was about 30 pF at the same pressure. There-
fore, both sensors are able to differentiate between a pres-
sure due to a hurricane and that due to a blast.

Global: Capacitance (F)

x1071! I T T T T T

3.52

3.5

3.48

3.46

Capacitance (F)

3.44

3.42

3.4

3.38

3.36

1 1 1 1 1 1
[+} 0.5 1 1.5 2 25 x10°
Applied_Force

Figure 12. Capacitance versus applied force (in Pascale) for the
cylindrical sensor.

Global: Capacitance (F)

xlo'“ T T T T T T
.

3.09 -
3.07 -

3.05+-

3.04 -

Capacitance (F)

0 0.5 1 1.5 2 25  x10°
Applied_Force

Figure 13. Capacitance versus applied force (in Pascale) for the
rectangular sensor.
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The high sensitivity of the sensors allows for differentiat-
ing between just a wind pressure and a blast. The differenti-
ation can be determined from two factors: If the magnitude
of the pressure is below 30 kPa, the pressure would be the
result of a wind storm; or, if the pressure is above 30 kPa, it
would be due to a blast. The second is that, if there is a neg-
ative pressure after the peak pressure, then the pressure is
due to a blast. One advantage of the devices from this study
is that they can detect negative pressure.

Conclusions

The main purpose of this study was to design and test two
sensors for their ability to withstand the maximum pressure
of a blast. Therefore, this was considered ground-breaking
work for determining the feasibility of building such sen-
sors. The study showed that the cylindrical sensor could
determine direction very accurately. Therefore, it could be
used to detect blasts of either nuclear explosions or hurri-
canes. The rectangular sensor could be used in blast testing,
where the direction is known and the sensor face can be
directed towards the direction of the blast. The study also
showed that the back cantilevers were pushed away from
the pillar, thereby reducing the total capacitance. Therefore,
the correct way of using the sensors is to measure the capac-
itance for each cantilever. This would determine not only
the direction of the pressure but also the existence of a nega-
tive pressure.
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FLEXURAL DESIGN OF CONCRETE BEAMS
WITH HIGH-STRENGTH REINFORCEMENT

Shane M. Palmquist, Western Kentucky University; Andrew D. Bell, Western Kentucky University;
Katy A. Bridges, Western Kentucky University

Abstract

In this study, the authors examined the ACI 318 Code
methodology for flexural strength design of reinforced con-
crete beams with high-strength steel reinforcement con-
forming to ASTM A1035/A1035M-16. Tensile steel strains
corresponding to strain limits for tension-controlled and
transitional members were studied for beams with high-and
normal-strength steel reinforcement. For normal-strength
steel reinforcement typically corresponding to Grade 60
(410) and Grade 75 (520), the minimum tension-controlled
steel strain is 0.005. ACI flexural members, however, may
be designed with tensile strain as a low as 0.004. To provide
the same level of structural safety for concrete beams with
high-strength reinforcement, the strain limits per ACI 318
Code need to be increased, as compared to beams with nor-
mal-strength rebar. Having different ACI strain limits for
high- and normal-strength steel reinforcement for members
in flexure is necessary. However, this complicates the ACI
resistance factor versus tensile-steel strain relationship. To
simplify the resulting relationship, a modification will be
proposed, which results in one simply expression that ac-
counts for various strengths of grades of tensile-steel rein-
forcement. The resulting ACI modification provides a clear
and consistent means of ensuring that all flexural members
are designed to be under-reinforced by increasing the limit-
ing tensile strain, based on the grade of the steel reinforce-
ment.

The proposed modification to the strain limits for flexural
members with high- and normal-strength reinforcement
follows the procedures of ACI 318 and is discussed here in
detail along with an examination of the results performed by
others. An ultimate strain in the tensile reinforcement is
proposed, which eliminates the need to determine the mini-
mum steel ratio and is more consistent with the strain-limit
approach for flexure in ACI 318. A numerical design exam-
ple showing the application of the proposed modification is
also presented.

Introduction

According to IBC-2018, the maximum allowable design
strength of nonprestressed tendon steel reinforcement is
80 ksi (550 MPa) (IBC, 2018). This maximum was estab-

lished in ACI 318-71 by Committee 318, since this steel
strength is nearly equal to the product of the ultimate strain
in the concrete, 0.003, and the modulus of elasticity of steel,
29,000 ksi (200 GPa) (ACI Committee 318, 1971). For
nearly 50 years, this limitation has been in practice. At the
time of implementation, this requirement worked well, since
high-strength steel reinforcement was not available. In Eu-
rope, flexural rebar with a grade of 72.5 ksi (500 MPa) is
commonly used, and the maximum permissible strength is
94.3 ksi (650 MPa).

In recent years, steel reinforcement with enhanced proper-
ties had been developed which may lead to the possibility of
designers using steel reinforcement with greater strengths,
as compared to traditional reinforcement (Faza, Kwok, &
Salah, 2008; CRSI, 2017; Risser & Humphreys, 2008).
High-strength steel reinforcement meeting the requirements
of ASTM A1035/A1035M-16 has been developed (MMFX
Technologies, 2012; MMFX Technologies, 2015; ASTM
A1035/A1035M, 2016). Stress-strain characteristics includ-
ing pre-peak and post-peak behavior are fundamentally dif-
ferent than the behavior of Grade 60 (410) steel reinforce-
ment. Steels with enhanced-strength properties are stronger.
However, they tend to lack a well-defined yield point. Up to
a strain of about 0.0015, the stress-strain relationship for
reinforcing steels is predominantly linear. This applies to
both normal- and high-strength reinforcement. However,
from a strain of about 0.0015 to 0.003, this relationship for
high-strength steels gradually becomes nonlinear, as com-
pared to normal-strength steels such as Grade 60 (410) and
Grade 75 (520), which exhibit a more immediate plastic
behavior. Normal-strength reinforcing steels tend to exhibit
an initial stress-strain relationship that is linear elastic and is
immediately followed by plastic-like behavior. High-
strength steels tend to exhibit a stress-strain relationship that
is initially linear elastic but, as strains increase, which be-
comes gradually nonlinear, eventually reaching a more plas-
tic-like behavior.

Figure 1 presents typical stress-strain relationships for
several different high-strength reinforcing steels, along with
the stress-strain relationships for normal-strength reinforc-
ing steels such as Grade 60 (410) steel and Grade 75 (520).
Also presented in Figure 1 is the stress-strain relationship
for traditional prestressing steel and the stress-strain rela-
tionship for high-strength steel, which is predominantly
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characterized by an initial linear-elastic behavior followed
by a gradual nonlinear behavior that eventually reaches a
more plastic-like behavior. The absence of a distinct yield
plateau is typical of high-strength steel. Similar to normal-
strength reinforcing steels, high-strength reinforcing steels
are capable of achieving ultimate strains of up to 0.050 and
higher before failure (Mast, Dawood, Rizkalla, & Zia,
2008). In general, as the strength of steel reinforcement in-
creases, ductility decreases. High-strength steels have a re-
duced capacity to permanently deform before fracture and
ultimately failure, as compared to normal-strength steel re-
inforcement. High-strength steels are capable of deforming
considerably prior to failure and are considered to be ductile
in comparison to normal concrete, which is a quasi-brittle
material with limited ability to strain prior to the onset of
cracking and eventual failure.

350

300
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== Grade 120 (830)
Grade 100 (690)
= (5rade 75 (520)
200 = Grade 60 (410)

250

Stress, ksi

150

100

50
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Tensile Strain &,

Figure 1. Material stress-strain behavior of reinforcing steels.

The ACI 318-14 Code limits the maximum yield strength
of steel reinforcement to 80 ksi (550 MPa) (ACI Committee
318, 2014). A simplified elastic-plastic relationship and
method was proposed for design purposes by Mast when
designing flexural members with tensile steel reinforcement
with a maximum yield strength up to 100 ksi (690 MPa)
(Mast et al., 2008; Mast, 2007). Figure 2 shows that the
simplified model consisted of an initial linear-elastic portion
with a modulus of elasticity of 29,000 ksi (200 GPa) fol-
lowed by a perfectly plastic plateau with a yield strength of
100 ksi (690 MPa). In the near future, Committee 318 will
need to consider the use of high-strength reinforcing steels
in the design of concrete structures. To increase the 80 ksi
(550 MPa) yield strength limitation on reinforcing steel re-
bar used in flexural members in concrete structures as re-
quired by the current ACI Code, a modification of the pro-
posed method by Mast is presented where flexural members
with grade-reinforcing steels of up to 120 ksi (830 MPa) are
considered (Mast et al., 2008; Mast, 2007). Figure 2 shows
the proposed modification and the ACI limitation.
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Figure 2. Elastic-plastic design relationship.

Throughout this paper, the authors present all numbers,
equations, and tables using English units with soft metric
conversions. The authors also propose increasing the yield
strength limit for high-strength steel reinforcing bars in flex-
ural members for tension only up to 120 ksi (830 MPa). A
comparative numerical beam example showing the use of
grade 60 (410), 75 (520), 100 (690), and 120 (830) tensile
reinforcement is presented. Other reinforcing steels in flex-
ural members, such as those used for compression and shear
strength, need to follow current recommendations for
strength as required by ACI 318. For reinforcing bars used
in compression, the limit of 80 ksi (550 MPa) is reasonable,
since the stress in the compression steel is controlled by the
ultimate compressive strain in the concrete, which is speci-
fied by ACI 318 as 0.003 for the flexural design of rein-
forced concrete members. For the flexural beams studied
here, concrete strengths up to 10,000 psi (70 MPa) were
considered. Additional physical testing of actual concrete
beams with high-strength reinforcement is needed for verifi-
cation purposes.

Tensile Steel Ratio

In 1963, the ACI 318 Code required all flexural members
to limit the tensile steel reinforcement ratio, p, to a maxi-
mum of 75 percent of the balanced steel ratio, p, (ACI Com-
mittee 318, 1963). This requirement remained in the ACI
Code for over 30 years. The current requirement for the
upper-bound limit on the amount of tensile strain reinforce-
ment was selected based on approximately 75 percent of the
balanced tensile steel ratio. Currently, the actual upper-
bound limit for the tensile steel ratio is 71.4 percent of the
balance steel ratio, which corresponds to a minimum strain
in the tensile steel of 0.004 (ACI Committee 318, 2014).
According to the ACI 318 Code, the lower-bound limit on
the amount of tensile steel reinforcement is provided by the
lower limit on the steel ratio. The minimum reinforcement
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ratio of 200/f, was based on flexural members having a min-
imum steel area of 0.5 percent of the strength cross-section,
assuming Grade 40 (280) steel reinforcement, where f, is
the yield strength of the reinforcement in units of psi. In
1995, the ACI 318 Code modified this requirement for con-
crete compressive strengths greater than approximately
5000 psi (35 MPa) (ACI Committee 318, 1995). The current
ACI requirement for the minimum steel ratio is presented in
Equation 1:

)

( 34/ 200 )
P min = Min
£oof

y

where, f.', the compressive strength of the concrete, and f,
both have units of psi.

Above concrete strengths of 4444 psi (30 MPa), the first
quantity governs; below that strength, the second quantity
governs. Based on the Whitney stress block for flexure, the
tensile steel ratio for flexural members can be calculated
Equation 2:

p= @)

where, A, is the area of the tensile steel reinforcement, and
b and d correspond to the beam width and beam depth from
the compression face to the tensile steel, respectively.

Based on the equilibrium, where the tension force in the
tensile steel reinforcement must be equal to the compression
force of the Whitney stress block for a singularly reinforced
concrete beam, the tensile steel ratio for flexural members
can be determined from Equation 3:

p=0.85 [5{ f; ]( ! \\ 3)

fy (e, te, )

where, B, is the ratio of the depth of the Whitney stress
block to the distance from the compression face to the neu-
tral axis; €, is the ultimate strain at the compression face of
the beam section; and, & is the strain in the tensile steel rein-
forcement.

From Equation 3, as the strain in the steel tensile rein-
forcement, g, increases beyond the strain at yield, g, the
steel ratio, p, decreases below p,. Figure 3 shows this in-
verse relationship, where the ratio p/p, is plotted versus ten-
sile steel strain for different grades of reinforcement
strength.
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Figure 3. Steel ratio per balanced ratio versus tensile steel strain.

Tensile Steel Strain

Ultimate strength design, now referred to as strength de-
sign, as a methodology was first introduced in the ACI Code
in 1963. Based on the balanced steel ratio, p,, for flexural
members, ACI beams were required to be under-reinforced,
meaning that when the strain in the concrete at the compres-
sion face reached 0.003, the strain in the tension steel, g,
had to be significantly above the strain at yield, &,. At a con-
crete strain of 0.003, this is the ultimate strain in the con-
crete, g,, according to the ACI Code. This condition requires
the tensile steel reinforcement to fail first and yield, prior to
the concrete at the compression face from crushing. As a
result, failure would be gradual where permanent defor-
mation in the tensile rebar would occur and accumulate,
prior to the failure of the concrete.

In 1995, the ACI 318 Code introduced into Appendix B
an alternative requirement that limited the maximum steel
ratio, Pmax, t0 @ minimum tensile strain in the reinforcement
at the nominal-moment strength for flexure (ACI Commit-
tee 318, 1995). Prior to this, the maximum steel ratio was
limited to a maximum of 75 percent of the balance steel
ratio. A tension-controlled member was defined such that
the tensile strain in the tension steel at nominal strength was
equal to a minimum of 0.005 or greater. This corresponded
to a resistance factor, ¢, of 0.90. For flexural members, the
tensile strain in the reinforcement was permitted to be as
low as 0.004. However, as the tensile steel strain decreased
from 0.005 to 0.004, the resistance factor for rectangular
beam sections decreased linearly from 0.90 to 0.82, respec-
tively. Flexural members with tensile strains equal to 0.004
to, but not including, 0.005 were referred to as transition-
zone members, not tension-controlled members. Figure 4
presents the ACI strain limits for reinforced concrete mem-
bers.
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Figure 4. ACI tensile strain limits for reinforced concrete
members.

Research supporting the change in the ACI 318 Code
from the steel ratio requirement to a tensile steel strain re-
quirement was based on studies using Grade 60 (410 MPa)
rebar. However, this approach was extended and permitted
for flexural members with Grade 75 (520) steel reinforce-
ment, despite the difference in the strains at yield. For
Grade 60 (410) steel reinforcement, the strain at yield is
0.00207. For Grade 75 (520) steel reinforcement, the strain
at yield is 0.00259. The change in the strain at yield corre-
sponds to a 25 percent increase in strain. In 2002, the ACI
318 Code made this alternative mandatory by moving Ap-
pendix B to the body of the ACI Code (ACI Committee
318, 2002). Thus, rather than designing flexural members
on the basis of the maximum steel ratio, pmax, this was re-
placed by limits placed on the tensile steel strain, &, in the
tension reinforcement.

While this approach is practical and feasible for Grade 60
(410) steel reinforcement (and was deemed acceptable for
Grade 75 (520) steel reinforcement), changes in strain limits
are needed to ensure the same level of structural safety, if
reinforcing steels with higher grades beyond 80 ksi
(550 MPa) are to be used in practice for the flexural design
of reinforced concrete members. Researchers have already
proposed modifying the strain limits for tension reinforce-
ment in flexural members (Mast et al., 2008; Shahrooz,
Reis, Wells, Miller, Harries, & Russell, 2010). Mast et al.
proposed modifying the existing strain limits for using
Grade 100 (690) steel reinforcement meeting the require-
ments of ASTM A1035/A1035M in flexural members
(2008). For Grade 100 (690) steel rebar, the strain at yield is
0.00345. This represents an increase in the strain at yield of
40 percent, in comparison to Grade 60 (410) steel reinforce-
ment. Not increasing the strain limits would decrease the
structural safety of the flexural member, potentially leading
to more failures. When using tensile steel reinforcement that
is Grade 100 (690), Mast el al. proposed increasing the

strain limit for compression controlled members from 0.002
to 0.004 and for tension controlled members from 0.005 to
0.009 (2008). Thus, the 0.004 minimum strain limit for a
flexure member would need to be increased to approximate-
ly 0.0065 for consistency. Similar results were reported by
Shahrooz et al. for future updates to the AASHTO LRFD
Bridge Design Specification (2010). For compression-
controlled members, a recommendation was made to in-
crease the strain limit from 0.002 to 0.004, which was the
same as proposed by Mast et al. For tension-controlled
members, a recommendation was made to increase the
strain limit from 0.005 to 0.008.

Since the ACI Code now requires a minimum strain in the
tensile reinforcement for flexural members, instead of cal-
culating a limiting steel ratio, a maximum strain in the ten-
sile reinforcement should also be adopted, rather than calcu-
lating a minimum steel ratio, which corresponds to a maxi-
mum strain in the tensile steel. By setting the minimum ACI
steel ratio, Equation 1, equal to the steel ratio, Equation 2,
the strain in the tensile steel, g, becomes the maximum
strain in the tensile steel, & max. Solving for & ., results in
Equations 4 and 5. For f.' less than or equal to 4444 psi (30
MPa), use Equation 4:

0.85

gt,max7 B1 &y

200 @)
For f' greater than 4444 psi (30 MPa), use Equation 5:

_0.85

- fle -

e~ T PiVEEL e, (5)
where, f.' is the concrete compressive strength in units of
psi; Bi is a function of the compressive strength of the con-
crete; and, ¢, is the ultimate strain in the concrete at the
compression face, which is equal to 0.003, according to ACI
318-14.

Equations 4 and 5 determine the ACI maximum strain in
the tensile steel reinforcement (see Figure 5). The ACI max-
imum strain in the tensile steel has three distinct segments
resulting from the change in the value of B; as concrete
compressive strength increases. The value for B, is a func-
tion of the compressive strength of the concrete. For f' less
than or equal to ,000 psi (28 MPa), B; equals 0.85. For f.'
greater than or equal to 8000 psi (55 MPa), B, equals 0.65.
For f.' between and including 4000 psi (28 MPa) and 8000
psi (55 MPa), B, varies linearly. A simple relationship for
the maximum strain in the tensile steel reinforcement may
be conservatively determined using Equation 6:

s‘,l“axzo.ooosz\/g (6)
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This is the proposed maximum strain in the tensile steel
and is also presented in Figure 5.
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Figure 5. Maximum tensile steel strain versus concrete
compressive strength.

Will future designers have to consider two different sets
of strain limits based on the use of normal- or high-strength
steel reinforcement for flexure? What about higher-strength
rebar with Grade 120 (830) or more? Perhaps a simpler,
more consistent method may be to modify the ACI relation-
ship for resistance factor, ¢, versus tensile steel strain, ¢,
and calculate a maximum tensile steel strain, & max.

Resistance Factor

Since 1963, the ACI 318 Code has defined the factored
nominal moment strength as the product of the resistance
factor and the nominal moment. In 2002, ACI 318 specified
the resistance factor, ¢, as a dependent function on tensile
strain, g, in steel reinforcement with a grade of 80 ksi (550
MPa) or less (ACI Committee 318, 2002). From the current
ACI 318 Code, Figure 6 shows the graph of resistance fac-
tor versus tensile strain in steel reinforcement (ACI Com-
mittee 318, 2014).
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Figure 6. ACI resistance factor versus tensile steel strain.

Using the recommendations proposed by Mast et al.
(2008) and Shahrooz et al. (2010) for high-strength steel
reinforcement with grade 100 (690) rebar, and superimpos-
ing this on Figure 6, the resulting graph is shown in Figure
7. But Figure 7 is congested and unnecessarily complicated.
One of the primary goals of using high-strength reinforce-
ment, compared to nominal-strength reinforcement, is to
reduce rebar congestion. Figure 7 may be significantly sim-
plified to a single relationship by plotting resistance factor
versus tensile steel strain, where the x-axis is also a function
of the grade of the rebar, f, in units of ksi. Figure 8 is the
resulting graph, calibrated for reinforcing steel for grades up
to and including 120 ksi (830 MPa).
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Figure 7. Resistance factor versus tensile steel strain for differing
grades of rebar.
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Figure 8. Proposed resistance factor versus tensile steel strain for
up to grade 120 (830).

Table 1 presents the tensile strain limit results of Figure 8
for differing grades of steel reinforcement. For comparison
purposes, the tensile strain limits in ACI 318-14 are also
presented in Table 1. Using this proposed approach for
grades of tensile steel reinforcement up to and including
Grade 120 (830), and including the proposed maximum
tensile strain, & max, from Equation 6, Figure 3 can be modi-
fied as shown in Figure 9.
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Table 1. Tensile steel strain member limits.

ACI / Rebar Grade | Tensile Strain Limit
. Transition .
Compression Zone for Tension
Controlled Controlled
Flexure

ACI318-14 0.0020 0.0040 0.0050
Grade 60 (410) 0.0021 0.0039 0.0051
Grade 75 (520) 0.0026 0.0049 0.0064
Grade 100 (690) 0.0035 0.0065 0.0085
Grade 120 (830) 0.0042 0.0078 0.0102

Ultimate Conerete Strain £, = 0.003

Tension Controlled
Members Transition Zone Members
Compression Confrolled
Members

0.00052T.

0.0085% L 0.0065% 1Ly 0.0035% Ly
Tensile Steel Strain =

Figure 9. Proposed tensile strain limits for reinforced concrete
members.

Comparative Numerical Design Example

Figure 10 shows how a singularly supported, reinforced
concrete beam with a span length of 25 feet (8m) was de-
signed for flexure. The beam was loaded with a uniformly
distributed live load of 2.0 k/ft. (30 kN/m) and a uniformly
distributed dead load of 1.2 k/ft. (18 kN/m), not including
weight of the beam itself. Gross beam dimensions were held
constant—the height of the beam was 26 in (0.65m); the
beam width was 14 in (0.35m); and, the depth from the
compression face to the neutral axis was 24 in (0.60m). The
beam was designed using four grades of tensile steel rein-
forcement. For design, the grades of tensile steel reinforce-
ment included 60 (410), 75 (520), 100 (690), and 120 (830).
Factoring the loads, the ultimate moment was determined to
be 398 k-ft. (540 kN/m). The compressive strength of the
concrete was 6000 psi (40 MPa), and the modulus of elastic-
ity of the steel reinforcement was 29,000 ksi (200 GPa).
Table 2 presents the resulting properties of the beam with
varying grades of tensile steel reinforcement.

Wiz, WnL T
YIIYINY HHU 11y
S PR S
| L L

Figure 10. Design example ofa flexural member with high-
strength reinforcement.

Table 2: Beam design properties for differing grades of rebar
reinforcement.

Grade of
Beam Tensile Steel
Property | Reinforcement,
ksi (MPa)
60 (410) 75 (520) 100 (690) | 120 (830)
Pmin 0.0039 0.0031 0.0023 0.0019
p 0.0140 0.0107 0.0079 0.0066
Prmax 0.0239 0.0191 0.0143 0.0120
Po 0.0377 0.0274 0.0178 0.0134
A,, in® 3.61 2.65 221
(mm?) 4.71(3040) (2330) (1710) (1430)
Tensile
rebars 6 #8 (#25) 6 #7 (#22) | 6 #6 (#19) | 5 #6 (#19)
& 0.0106 0.0112 0.0115 0.0115
Smin,
6=0.90 0.0051 0.0064 0.0085 0.0102
OM,,, k-ft.
(kNm) 467 (630) 449 (610) | 440 (600) | 440 (600)

Based on ACI 318-14, the maximum tensile strain in the
steel, per Equation 5, was 0.0464. Using the proposed equa-
tion, Equation 6, the maximum tensile strain in the steel was
0.0403. Compared to the beam with Grade 60 (410) steel
reinforcement, a decrease of 43.7 percent in the required
steel area was found for the beam with Grade 100 (690)
rebar. In comparison to using Grade 120 (830) rebar, the
decrease was 53.1 percent. Using rebar with high strength
resulted in a beam design that was far less congested than
using traditional normal-strength steel reinforcement.
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Conclusions

In recent years, steel reinforcement has been developed
with strengths greater than 80 ksi (550 MPa), which is the
strength limit for reinforced concrete structures, according
to ACI 318-14. In this paper, a proposed modification to the
modification by Mast et al. was presented, where flexural
members with tensile steel reinforcement of Grade 120
(830) were examined. A simple maximum tensile steel
strain-limit relationship was also proposed, based on the
minimum tensile steel ratio per ACI 318-14. Finally, a mod-
ification to the ACI Code for the resistance factor versus
tensile steel strain relationship was proposed, which allows
for rebar strength grades up to 120 ksi (830 MPa).

Results of a numerically reinforced concrete beam exam-
ple designed with differing grades of rebar indicated that
using higher-strength rebar, above the ACI limitation, re-
sulted in less flexural steel congestion within the cross-
section of the beam. According to this numerical example,
when compared to using Grade 60 (410) rebar, reductions of
23%, 44%, and 53% in steel area were determined when
using Grade 75 (520), 100 (690), and 120 (830) rebar, re-
spectively. When compared to using Grade 75 (520) rebar,
reductions of 27% and 39% in steel area was determined
when using Grade 100 (690) and 120 (830) rebar, respec-
tively. This is a significant reduction in flexural steel area,
which can lead to improved concrete placement around the
reinforcement in the field. Additional analysis and physical
testing verification is needed to allow for the use of high-
strength tensile steel reinforcement in flexural members of
concrete structures. From an analytical design perspective,
the use of high-strength reinforcement appears promising.
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GLOBAL NAVIGATION SATELLITE SYSTEM
SIGNAL MONITORING USING A
HIGH-GAIN PARABOLIC DISH SYSTEM

Curtis Cohenour, Ohio University

Abstract

In this study, the author developed a high-gain dish anten-
na system for monitoring GPS and other global navigation
satellite system (GNSS) signals. The system included a par-
abolic dish antenna, a rotator, and a graphical user interface
(GUI). The dish was lightweight with low wind loading, and
was installed without a substantial support structure. The
GUI controlled operation of the antenna, including calibra-
tion and tracking. The GUI was customizable and imple-
mented in MATLAB. A calibration routine eliminated the
need for precise angular installation of the mechanical com-
ponents. A five-parameter calibration model minimized
elevation and azimuth errors in tracking the satellites. The
calibration provided a transformation from the rotator refer-
ence frame to the true geodetic reference frame. The calibra-
tion was automatically performed by acquiring and tracking
satellites. The dish swept each tracked satellite in azimuth
and elevation to determine the exact satellite location in the
rotator frame.

The satellite ephemeris identified the geodetic location of
the satellite. Computation of calibration parameters were
computed using least squares, which minimized the error
between the transformed rotator coordinates and the true
satellite position. The system was able to record radio fre-
quency (RF) data or receiver data. RF data allowed the user
to directly observe the GPS codes. The high gain and low
noise provided receiver data with an extremely low carrier
phase noise. In addition, multipath was near zero for the
dish antenna. Receiver data could identify signal defor-
mation, satellite antenna gain, and phase patterns. The re-
sults, presented here, include an analysis of the tracking
error and the impact of the error on the measurements. The
experimental results show that the antenna system was able
to be quickly deployed and accurately aligned. Tracking
errors of up to two degrees did not impact phase measure-
ments, and GPS multipath errors were minimal.

Introduction

The global positioning system (GPS) is a space-based
system used for land and air navigation. A lesser-known but

important use of GPS is timing for banking transactions and
cellular communications. The GPS signal is spread spec-
trum and 30 dB below the noise floor. The receiver operates
by de-spreading the RF signal. Using a high-gain antenna
increases the signal-to-noise ratio such that the spread spec-
trum “chips” can be observed. Investigating the details of
the GPS signal requires low noise. The goal of this study
was to develop a lightweight, semi-portable high-gain an-
tenna. Because the antenna was semi-portable, alignment by
surveying was impractical. The antenna chosen was an alu-
minum frame covered with galvanized steel mesh (see Fig-
ure 1), as it was lightweight and had low wind loading. The
rotator was commercially available. The positioning system
was implemented as a MATLAB graphical user interface
(GUI) and specifically designed to facilitate alignment with
the satellite spatial reference frame.

{

Figure 1. Ahigh-gain parabolic dish system for tracking GNSS
satellites.

The literature describes other high-gain systems for track-
ing global navigation satellite system (GNSS) satellite vehi-
cles (SVs) (Wong, Phelts, Walter, & Enge, 2009; Gao,
Chen, Lo, De Lorenzo, Walter, & Enge, 2008; Usman,
Saleem, & Armitage, 2013; van Graas, Cohenour, Norris,
Vinande, Gunawardena, & Carroll, 2015). In Wong et al.
(2009), a 46m dish was used to collect RF data. The data
characterize signal deformation of GPS and wide-area aug-
mentation system (WAAS) satellites. A 1.8m dish (Gao et
al., 2008) was used to investigate the interoperability of
GPS and Compass-M1. A high-gain (13dBi) helical antenna
was developed by Usman et al. (2013).
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A solid 1.8m dish (van Graas et al., 2015) was used to
investigate GPS signals. The rotator on the solid dish had a
limited range in both azimuth and elevation. Mounting the
dish on a trailer provided mobility. For example, positioning
the dish under a forest canopy allowed the investigation of
multipath through foliage, while a D-TA RF recorder col-
lected data. In addition, van Grass et al. described experi-
ments using the subject of this paper. The system used in
this current study, and presented here, has the advantages of
being lightweight with low wind loading, inexpensive, and
high performance. The dish system consists of the dish and
rotator, the RF system, and the software system.

Figure 1 shows the dish installed at the Ohio University
Airport located in Albany, OH. An “H” stand anchored to
the ground with stakes and ratchet straps supported the an-
tenna. The Ohio University experimental local area aug-
mentation system (LAAS) facility housed the equipment.
The LAAS shelter contained the rotator control, RF compo-
nents, data collection, and control. Operation was currently
done onsite, but high-speed internet was available for re-
mote operation in the future. A mobile system like this or
the 1.8m dish in the study by van Grass et al. (2015) re-
quires a means of calibration to align the antenna in earth-
centered earth-fixed (ECEF) coordinates. Portable devices
such as a level and a compass can align the antenna to with-
in a few degrees but not to the precision required for satel-
lite tracking. Coordinate transformation and a method of
calibration using GPS satellites as truth is required to quick-
ly align the antenna in ECEF coordinates. A GPS receiver
was used to collect data for this study. The data from the
GPS receiver consisted of code minus carrier (CMC) and
carrier phase (CP) data. The data could define satellite an-
tenna gain and group delay patterns.

Rotator System

The dish was part of an FPDIM9KIT mesh dish kit. The
dish was 1.9m in diameter with a 6 mm mesh reflecting
surface, produced and sold by RF-Hamdesign in the Nether-
lands. The rotator was a Big RAS/HR Alpha-Spid from Al-
pha Radio in Edmonton, Alberta, Canada. The controller
was an MD-01 from Alpha, with a PS-01 power supply. The
controller had front panel buttons for moving the rotator and
programing. Communication of motion commands and rota-
tor positions were accomplished by an RS-232 serial link.
The dish was parabolic with an F/D ratio of 0.45. Figure 1
shows how three struts supported the feed horn. The Ant-
com G8 LHCP antenna was attached to a plate at the end of
the support struts. The plate spacing was originally designed
for a dB Systems cross-vee dipole. The Antcom antenna
was mounted on standoffs to provide the proper spacing
between the dish and the antenna phase centers.

The SPID BIG-RAS/HR rotator was able to rotate 720° in
azimuth, and 180° in elevation. The current software used
360° degrees of azimuth and an elevation from 0° to 90°.
This artificial azimuth restriction required the recording of
some SV passes in two segments. Improved cable manage-
ment would allow for an expanded range of azimuth mo-
tion, as passes recorded with this modification would be in
one segment. Alignment and calibration are critical for ac-
curate tracking of an SV. Alignment is the process of adjust-
ing the rotator so that it is plumb and oriented in azimuth.
Calibration is the process of tracking SVs and computing
the necessary parameters to convert the measured azimuth
and elevation of the rotator to ECEF coordinates. Alignment
consists of two steps. First, zero azimuth is established by
turning the rotator on the central support of the “H” stand.
The rotator azimuth is then set using a compass and com-
pensating for magnetic declination. In this case, the rotator
zero was true geodetic north. An accuracy of £10 is possi-
ble. Next, the rotator is leveled using a machinist level in
the north-south and east-west planes. The accuracy of this
method was +2°.

RF System

Figure 2 shows the RF system. Also shown in Figure 1 is
the Antcom Corporation Passive L1/L2 GPS (left-hand cir-
cularly polarized (LHCP) antenna P/N: G7L1L2-L-P-XS-1,
which was used as a feed horn. This was a special order
item with LHCP for use with a parabolic reflector. The Ant-
com G8 was a passive antenna, so a JCA Technology
JCA12-4189T amplifier with a gain of 45dB was mounted
at the feed horn. Twelve-volt power for the JCA amplifier
was provided via the feed line using a bias-tee located in the
equipment shelter. RF power was supplied to a GWInstek
GSP-730 spectrum analyzer via a mini-circuits ZAPD-2
power splitter (S1). Another splitter (S2) was used to pro-
vide RF to two NovAtel receivers, the monitor, and the data
collect. Each of these receivers was fitted with a direct cur-
rent (DC) block to eliminate receiver antenna power from
the RF circuit.

The monitor receiver was used for calibration and moni-
toring. The receiver was a PWRPAK-4E-L1L2W version
GPSCARD “L1L2W” “SPR02340052” “Euro4-1.02-222”
€2.140” “1.002” “2004/Jan/20” “11:00:47.” The signal-to-
noise ratio at the output of splitter S2 was much higher than
it would be using a non-directional antenna. The carrier-to-
noise ratio (CNR) of the receiver was limited to 52 dB-Hz.
To overcome this issue, a variable RF attenuator was used
to bring the CNR into the linear range of the NovAtel re-
ceiver. The receiver was programmed to output the Ameri-
can Standard Code for Information Interchange (ASCII)
range log at 1Hz, “Log RangeA OnTime 1.” The serial out-
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put was captured using the terminal program PuTTY and
written to a text file. The output file was read into
MATLAB, and the ASCII range message was used for cali-
bration and monitoring.

v AntCorJl G8 LHCP Spectrum
Mounted at Antenna Analyzer
-6 dB/-60 dB

m NovAtel

W Monitor

PuTTY

NovAtel m NovAtel

Pinwheel Data

10 MHz Clock

Septentrio

Log

Figure 2. RF system.

The data receiver had a custom software modification to
provide GPS L1 accumulated Doppler range (ADR) at 100
Hz. The receiver was a PWRPAK-4E-L1L2W100 version
GPSCARD “L1L2W100” “TPR00480113” “Euro4-1.00-
2227 “2.140S3” “1.002” “2003/Dec/11” “15:37:06.” The
binary log “Log Range OnTime .05” generated range data
including pseudo range (PR) on L1 (PR1), PR on L2 (PR2),
ADR on L1 (ADR1), and ADR on L2 (ADR2). The com-
mand “log GpsL1Adrb OnTime 0.01” generated the custom
100 Hz L1 ADR log. The output of the GpsL1Adrb log was
processed using a NovAtel supplied utility Pro-
cessGPSLIADR.exe. This utility combined the GpsL1Adrb
and the range logs into a custom 100Hz ADRI1 measure-
ment. The monitor and data receivers only tracked one valid
satellite and could not generate a position and time solution.
With no clock solution, the receiver operated in freewheel-
ing clock mode with clock errors in the range of 100 ms.
This was not an issue for the monitor receiver, but the large
constantly varying clock error interfered with the results of
the data receiver. To resolve this issue a Septentrio NV Po-
1aRxS™® receiver version vAB0201.AB0204.AA0101.100
was used as a clock source. The Septentrio receiver was
connected to a NovAtel GPS-600 pinwheel antenna and
generated a valid position and time solution. The Septentrio
had a 10 MHz clock output and was connected to the clock
input of the NovAtel data receiver. The commands
“ExternalClock Rubidium 10 MHz” and “ClockAdjust Dis-
able” set up the NovAtel clock input and disabled the clock
adjust. The resulting NovAtel clock was then fixed with a
constant error in the range of 100 ms. Some slowly varying
clock error from the Septentrio time solution remained in
the clock signal but was later removed in data processing.
This error was on the order of three meters or 10 ns.

Software System

The functionality of the software system used for moni-
toring the GPS signal, control of the dish, calibration, track-
ing, and other operations were tied to the dish controller and
the monitor receiver. The data from the data receiver will be
discussed later. The software system could be operated in
real time, while connected to the rotator or in simulated
mode. Simulated mode was used to test the software and
could be operated faster than real time. The dish control was
implemented in a MATLAB GUI composed of several in-
teractive windows. Figure 3 (left) shows the main control
window. This window includes buttons on the left for the
primary functions of the control software with status lights
on the right. The functions include starting and stopping the
GUI, Sweep, Calibrate, Track, Scan, Scan and Sweep, Set-
up, and Stop. There is also a button for antenna pattern, but
this function was not been implemented.

There were functions included for: Start GUI; Stop GUI;
start control; and, stop control. A red/green indicator to the
right of the Start GUI button indicated that the GUI was
running. The Stop GUI button also stopped the motion of
the rotator. The Sweep function swept the antenna +6° in
azimuth and £6° in elevation. The Calibrate button ran the
calibration routine with the intent of generating the parame-
ters necessary to convert the raw azimuth and elevation
from the rotator to true azimuth and elevation. The Track
button started the tracking of an SV. The Scan button
scanned the constellation, stopping for 10 seconds at each
SV. The Scan and Sweep function scanned the constella-
tion, but performed a sweep for each SV. This function was
used to collect calibration data. The Setup button provided a
means to set a variety of adjustable parameters. The Stop
button stopped the motion of the rotator.

Figure 3 (right) shows an interactive Sky Plot GUI. The
user may click on any location greater than the adjustable 5°
elevation mask angle to move the rotator. The antenna loca-
tion is shown as the red oval near SV pseudo random noise
(PRN) 16. The antenna locator was a 6° circle in free space
and appears as an oval in Figure 3 (right), because the hemi-
spherical sky distorts the planar projection. Clicking on an
open area of the sky plot will cause the antenna to move to
the selected position and clear the tracked SV. Clicking on
or near an SV, indicated by a black dot and a number, will
set the tracker to the SV and move the antenna to the de-
sired SV. The direction and speed of each SV was indicated
by a red arrow. Red dotted lines indicated the elevation
mask and the location of the rotator zero azimuth. In the
current version of the software, the rotator cannot cross the
rotator zero azimuth. The rotator zero azimuth was indicated
by the red dotted radial line at -10.9°.

20 INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 19, NUMBER 1, FALL/WINTER 2018



0

Start GUI

; Sv}eepj

o
=

J)

Track
Scan
Scn. Swp.
Ant. Patt.
Setup

Stop

(a) Main GUI control window.

SkyPlotGui

GPS and SBAS Skyplot

West ¢

(supplied by the user). The future position was computed
adding 1000s to the SOW and calling the TLE function a
second time. The future position was converted to azimuth
and elevation. The SV positions were plotted and labeled. A
red arrow was drawn from the SV position and its future
positon to indicate the direction and velocity of the SV in
azimuth and elevation.

Figure 4 shows how the azimuth/elevation/CNR GUI
display was tied to the monitor receiver. There are plots of
the azimuth vs. CNR and elevation vs. CNR. The L1 and L2
CNR and the tracked SV PRN are shown on the right. The
button Set Az0 and the value of Az0 are located between the
azimuth and elevation plots. The azimuth and elevation
plots show the results of the sweep function. The read circle
indicates the current measurement. The horizontal axis is
the calibrated rotator azimuth less the SV azimuth. When
the rotator sweeps, the CNR drops approximately with the
square of the angular error between the antenna and the SV.
Clicking on the azimuth graph stops all other rotator func-
tions and moves the antenna to the indicated azimuth. For
example, in Figure 4, clicking at +8° on the azimuth plot
would move the antenna to +8°. If the SV were at 60°, then
the rotator would move to a true azimuth of 68°. In this
case, the Az0 is 349.1°, so the rotator azimuth would go to
78.9° because there is a difference of 10.9 degrees between
the rotator zero and true north.

= |

AzEICnoui

(b) GUI sky plot.
Figure 3. GUI windows.

The satellite positions and velocities are determined using
the two-line elements (TLEs). The TLEs can be downloaded
from http://www.celestrak.com/NORAD/elements under
Navigation Satellites/GPS Operational (CelesTrak, 2016).
The GPS second of the week (SOW) is derived from the
system time with the coordinated universal time offset. The
function was called with the GPS SOW and returned the
location and velocity of all the SVs above the mask in earth-
centered earth-fixed coordinates. The position was convert-
ed to azimuth and elevation based on the user location

Azimuth Rotor-Sv (deg)

Set Az0 3491

Cro (4B/H2)
Crp (dB/H2)

0 8 6 4 2 0 2 4 6 & 10
Elevation Rotor-Sv (deg)

Figure 4. The interactive azimuth/elevation/CNR (AzEICNR) GUI
window.

In addition to monitoring the azimuth/elevation/CNR, the
GUI was used to set the rotator Az0. As noted above, if the
rotator is carefully leveled, the only unresolved error will be
Az0. The SV CNR peak was found by adjusting the azimuth
and elevation using the Azimuth /Elevation/CNR GUI (see
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again Figure 4). Once the peak was found, clicking the Set
Az0 button sets Az0. With the Az0 set, the Scan and Track
function could be used to collect calibration data. Additional
GUIs (not shown) include manual control, setup, and debug
information.

Calibration

Calibration defines the transformation from the rotator
azimuth and elevation to true azimuth and elevation. The
SVs were in the true coordinate system, while the rotator
coordinate system was unknown. The calibration was per-
formed by leveling the rotator and measuring the Az0 of the
rotator. The rotator zero could be set to true north or any
other convenient position. A rough calibration was per-
formed by finding an SV and clicking the Set Az0 button, as
described above. The system was then placed in Scan and
Sweep mode. This tracks the SVs one at a time and sweeps
both azimuth and elevation. Data were automatically col-
lected. Once all of the SVs had been scanned, the calibra-
tion was performed by pressing the Calibrate button (see
again Figure 3). Since some of the SV sweeps may not have
been centered, it was best to consider this a preliminary
calibration. Once the preliminary calibration was complet-
ed, the GUI was restarted to clear the data collection. The
scan and sweep could be run again for several passes and
the calibration repeated. This time, the sweeps would gener-
ally be centered and provide accurate SV locations for the
calibration. With practice, the total setup and calibration
time is about two hours.

Figure 5 shows the azimuth and elevation for the calibra-
tion performed May 31, 2013. The blue lines indicate the
rotator sweeps, while the red circles indicate the true SV
position. The objective was to find model parameters that
created the best fit.

,E?D 14 14 T
<) 80 Rotator Position ||
P 60 O True SV Position [T
g 40 3 ES - T

g 5 i Lo N
R % £ 3

M 0 50 100 150 200 250 300 350

Azimuth (deg)

Figure 5. Azimuth and elevation for calibration data collected on
May 31, 2016 with multiple sweeps for each SV, and the true SV
location. The antenna travel between sweeps is not plotted.

Figure 6 (left) shows how, for each SV observation, the
first step was to determine the location of the peak in the
CNR curve. The blue dots show the elevation data collected.
The red curve is a parabola fitted to the data. The peak was

found for the rotator data and indicated by the large blue
dot. The true SV position is plotted as a red dot. The data
are plotted as the SV elevation less the rotator elevation.
This compensates for the moving SV.
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Figure 6. Identifying the peak in the CNR versus elevation curve
and residual errors.

The process was repeated for each observation, which
included both elevation and azimuth. The results, in this
example, were a set of 23 azimuth/elevation pairs in the
rotator frame. In addition, there were 23 true azimuth/
elevation pairs from the TLEs. Ordinary least squares (OLS)
(Golub & van Loan, 1996) was used to find the best model
parameters that fit the rotator data to the true SV position
data. Figure 6 (right) shows the results for the five parame-
ter models: the circles show the errors for each observation;

22 INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 19, NUMBER 1, FALL/WINTER 2018



one outlier is not shown. The dotted oval is the standard
deviation of the residuals including the outlier. The azimuth
standard deviation was 0.2°, while the elevation standard
deviation was 0.5°. The five-parameter model was mathe-
matically correct and used direction cosine matrices to ro-
tate the dish line of sight (LOS) to the true reference system.
The antenna LOS may be offset from the moving end of the
rotator. The rotator rotation was known. The alignment of
the fixed end of the rotator in the true coordinate system
was unknown. In the five-parameter model, these values
were computed and used to correctly point the antenna.

Table 1 lists the reference frames used in the five-
parameter model. The antenna LOS was V* = [1 0 0],
where the superscript “T” indicates the transpose. V' is in
the antenna reference frame, the A-frame. There was likely
some misalignment between the A-frame and the moving
end of the rotator, which was defined as the B-frame. The
rotator had azimuth and elevation angles that defined the
relationship of the moving end of the rotator with respect to
the stationary end of the rotator. The B-frame was the mov-
ing end of the rotator and the R-frame was the stationary
end of the rotator. The satellites were by definition in the
navigation frame. There will be misalignment between the
stationary end of the rotator (R-frame) and the navigation
frame or N-frame. Table 1 provides a summary of the refer-
ence frames. Converting the antenna LOS from the A-frame
to the N-frame required a series of coordinate frame rota-
tions. The rotation matrix was defined in the navigation
literature (Titterton & Weston, 2004) for the conversion
from the aircraft body to the navigation coordinate system.
This is given by Equation 1:

Table 1. Reference frames for the five-parameter calibration.

Reference System Symbol
Antenna A
Rotator Body (Moving End) B
Rotator (Stationary End) R
Navigation N

C i =1 (0) (1)

where, © is a column vector of the three rotational angles—
roll, pitch, and yaw;

[¢1 [ roll
. (9)21 0 }=} pitch } is defined in Titterton & Weston
2004); and, C° i 3x3
v | Lu/yaj( ); an s a

transformation matrix.

Table 2 summarizes the rotational parameters. The anten-
na LOS is a unit vector in the X* direction. The rotation wrt
to the moving end of the rotator is given by ®°. The two
components of ® are calibrated parameters. The rotation of
LOS vector in the B-frame to the R-frame is given by @ .
O contains the elevation and azimuth angles of the rotator.
The misalignment of the rotator with respect to the naviga-
tion frame is contained in ®". Examination of the source
column in Table 2 shows five calibrated parameters: 6°, v/,
#", 8", " The azimuth and elevation of the rotator, param-
eters OF, WR, are known.

Table 2. Rotational parameters for the five-parameter calibration model.

Rotation Source Symbol Description
o7 Calibration & Elevation of Antenna LOS with the moving end of the rotator
e’ = } 6’ }
v’ ] Calibration WP Azimuth (Left / Right) with the moving end of the rotator
rol Rotator o Rotator Elevation
0" = I 6" }
Ly ! | Rotator e Rotator Azimuth
o Calibration o Roll of the fixed end of the rotator with the True Reference Frame
4
N | N |
& =10 Calibration & Roll of the fixed end of the rotator with the True Reference Frame
lv"]
Calibration w" Roll of the fixed end of the rotator with the True Reference Frame
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Equation 2 converts the antenna LOS vector in the A-
frame to a vector in the N-frame, as defined in Table 1 using
the parameters from Table 2.

v'=cyccir’ @)

where, M
VA::OI
o]

"

cl=f,,0"

)

[0

cr=t 0"

LWJ

(")

c, = fRI 0" I

v

Data Processing

In this paper, the authors present three primary goals for
data processing: to examine the multipath errors, to measure
the phase noise, and to investigate how dish misalignment
impacts the measurements. Range data were collected at
20 Hz, and ADR1 data were collected at 100 Hz. An exter-
nal clock was used to limit clock errors in the data collec-
tion receiver. Data processing for all files proceeded as fol-
lows: first, the binary range data were parsed, extracting
20 Hz for the PR1, PR2, ADR1, ADR2, PRN, and GPS
SOW. Next, data from the 100 Hz GpsL1Adr log were ex-
tracted and consisted of ADRI1, SOW, and PRN. The data
were trimmed to remove transients during acquisition and
loss of signal. There were two time bases involved, 20 Hz
and 100 Hz, and two ADR1 measurements.

Figure 7 (right) shows the ionosphere delay free (IF)
CMC (Kaplan, 1996) was computed for the 20 Hz data. The
SV passed through 0° rotator azimuth, requiring the rotator
to reposition. Figure 7 (right) also shows a small gap of
5.2 minutes in the data at hour 21.7. The carrier phase ambi-
guity changed when the SV was reacquired. The change in
carrier phase ambiguity was removed from the data in Fig-
ure 7. Figure 7 (left) shows that there was an approximate
0.6m dip in the CMC due to tropospheric delay, which var-
ied with SV elevation.
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Figure 7. SV elevation and 20Hz IF CMC for SV17, using data
collected on June 24, 2016.

Figure 8 plots range data for SV17 on June 24, 2016.
Note that there was a large offset between the two curves.
This was due to the large clock offset in the data receiver.
The range offset was 2,925,000m or 9.8 ms. The data re-
ceiver had a stabilized clock input, but there was no mecha-
nism for the receiver to compute a time solution. Figure 9
shows how this was corrected by removing a 10th-order
polynomial from the data. The true location of the SV was
extracted from the National Geospatial-Intelligence Agency
(NGA) Antenna Phase Center files in SP3 format (Hilla,
2010; National Geospatial, FTP, 2016). The SP3 data con-
tained the satellite position and the satellite clock at
15-minute intervals. The clock values were synchronized
with GPS time. Overall accuracy of the NGA orbit data was
given with respect to International GNSS Service (IGS)
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orbit data and was 7.1 cm 3D RMS for orbit data ((National
Geospatial, GPS, 2016). The true SV position and clock
were interpolated onto the time scales using the MATLAB
interpl function and the “spline” option. The true range was
computed by subtracting the origin in ECEF from the true
SV position and taking the norm. The true range was offset
by the SP3 clock adjust such that it matched the pseudo-
range.
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Figure 8. True range and PR1 data for SV17 on June 24, 2016.

Removing a 10th-order polynomial from the 100 Hz
ADRI yielded a corrected ADR1 (ADRI1C). Figure 9 (right)
shows a plot of the 100 Hz ADRIC data. The remaining
errors were attributable to the clock solution error in the
Septentrio receiver. The phase noise was calculated using
Equation 3 by taking the time difference of the 100 Hz
ADRIC from Figure 9 (right).

AADRIC = ADRIC, - ADRIC, 3)

1

where, #+1 and ¢, are consecutive samples of ADRIC.

Figure 10 (left) shows the results, with the probability
density function (PDF) shown in Figure 10 (right). One
final question remained: did the dish pointing accuracy im-
pact the results? Pointing errors are caused by calibration
errors, positioning errors, and TLE errors. To answer this
question, a dither signal was introduced to purposely offset
the antenna, and the results examined. Using the five-
parameter model, the standard deviation of the residuals was
0.162° for azimuth and 0.176° for elevation. Azimuth and
elevation errors of 0.5° could be expected. The positioning
dead band was 0.1°, based on data collected while tracking
an SV. The TLE errors were similar to almanac errors
(Kelso, 2007) and on the order of 10 km. The range to the
SV was 20 to 25 million meters; dividing by 10 km and

using the small angle approximation for the sine, the error
was 0.03°. The time was verified using the debug display
and accurate to within one second. The SV moved about
4000 m/sec, which resulted in a time sync error of 0.01°.
Thus, the TLE error was essentially zero, compared to the
other errors. The total tracking error was less than 1°.
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0.2

0.15

0.1 ‘
0.05 o n h ‘ \L\ h{ Jhu‘u | ‘ L
okl | l | i

-0.05 | .u

B 1

0.1

-0.15

-0.2

100 Hz ADRC1 High Pass (m)

-0.25

17 18 19 20 21 2 23 2
Hour of the Day

(b) After removal of polynomial curve fit for SV17.
Figure 9. Data from June 24, 2016.

To determine the impact of antenna misalignment, a tem-
porary modification was made to the rotator GUI to insert
dither into the dish pointing system. As the SV was tracked,
a dither signal of +2° max was placed on the azimuth and
elevation of the dish, as shown in Figure 11. Here, the dither
signal was scaled for presentation. Each step of the dither
signal was 5s long. The dither was keyed to GPS time to
facilitate time registration with the data during processing.
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Figure 10. Data from June 24, 2016.

OLS (Gao et al., 2008) was used to fit the dither to the
data using Equation 4:

éfzgf*"chm*“sz “)
where, @, is the 100 Hz corrected ADR, ADRIC; D, is
the azimuth dither degrees; Dy, is the elevation dither in
degrees; a; and a, are unknowns in the OLS solution and
have units of m/deg; and, @ ; is the modeled @, with dither
impacts removed. The values of a; and a;, are found by min-
imizing @ ;. That is, @, = 0. Table 3 gives the results of the
misalignment (or dither) test. With a; and a, set to zero, the
@, was the same as ADRIC, and the standard deviation
was 0.027 526 189m. With a; and a, set to the values in

Table 3, minimizing the dither corrected ADRIC, @ ; the
standard deviation was 0.027 516 169m. The difference was
0.020um. The conclusion is that dish misalignment of +2°
has no impact on ADRIC.
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Figure 11. Data collected to determine the impact of antenna
misalignment. Dither signals are £2° maximum. The dither was
keyed to GPS SOW to eliminate issues in time registration of the
dither and the data. The magnitude of the dither signal is not to
scale.

Table 3. OLS solution results for the misalignment (dither) test.

Az. EL
Multiplier Multiplier -
Case m/deg m/deg Standard Deviation
o [2%)
No Comp. 0 0 0.027 526 189
OLS values 0.000 641 0.000 400 0.027 516 169
Conclusions

The performance of the lightweight dish and associated
RF and control components were evaluated. Performance in
multipath, phase noise, pointing accuracy, and calibration
were investigated. Multipath performance for the system
was 30 c¢cm for [F CMC and +20 cm for L1 ADR. Phase
noise was £3 mm for L1 at 100 Hz. An improved calibra-
tion model was developed and tested. The model accurately
accounted for errors in the antenna LOS with respect to the
rotator and alignment of the rotator in the navigation coordi-
nates. Results of the calibration were an azimuth residual
standard deviation 0.2°, while the elevation residual stand-
ard deviation was 0.5°. The pointing accuracy of the dish
was +1°. An evaluation of the dish performance showed that
there was no L1 ADR error for dish pointing errors of up to
+2°,
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Data for several SVs were collected. All of the SVs were
Block Type IIR or IIR-M running on rubidium clocks. The
phase noise was £0.4 cm for all SVs except PRNS 28 and
21. PRN 28 was £0.6 cm. PRN 21 was known to have phase
noise spikes. The underlying phase noise was +0.4cm, while
the spikes were £1.5 cm. The research presented here was
completed in August, 2015. Since that time, the system has
been used to study phase anomalies in the GPS Satellite
Vehicle Number 63, which broadcast as pseudo random
noise code 1 (see Ramesh, Ugazio, & van Graas, 2007). The
solid dish (see van Graas et al.,, 2015) using the same
software with an alternate rotator will be used for pulsar
measurements. Finally, the software is being applied to an
alternate antenna system to perform low-frequency WWVB
measurements on CubeSats (n.d.). The system presented
here is easily deployable and can be used with an RF data
recorder or a GPS receiver. Because a mobile or semi-
mobile system is difficult to mechanically align in ECEF
coordinates, a calibration means is provided. The calibration
method is quick and accurate. The system provides low-
noise GPS data for analysis of signal deformation, satellite
antenna gain and phase measurement, and multipath investi-
gations.
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DESIGN AND CYCLIC ELASTOPLASTIC ANALYSIS OF
GRADED THIN-WALLED STEEL TUBULAR COLUMNS
WITH ENHANCED STRENGTH AND DUCTILITY

Qusay Al-Kaseasbeh, University of North Dakota; Iraj H.P. Mamaghani, University of North Dakota

Abstract

Thin-walled steel-stiffened box columns are widely used
as cantilever bridge piers, due to their structural efficiency,
attractive appearance, high earthquake resistance, and po-
tential for concrete infilling. However, local buckling, glob-
al buckling, or a combination of both is usually the main
reason for significant strength reduction in these columns,
which eventually leads to their collapse. In this study, the
authors investigated the behavior of thin-walled steel-
stiffened box columns with uniform (B) and graded thick-
nesses (GB) under constant axial and cyclic lateral loading.
A GB column with size and volume of material equivalent
to the uniform B column was analyzed under constant axial
and cyclic lateral loading.

The analysis was carried out using a finite element model
(FEM), which considers both material and geometric non-
linearities. The accuracy of the employed FEM was validat-
ed based on experimental results available in the literature.
The GB column showed superior strength and ductility per-
formance (i.e., an improvement of 24% in the ultimate
strength was achieved using the GB column, as compared to
its counterpart B column). Buckling behavior of the B col-
umn was captured relatively well by the FEM employed.
Local buckling behavior was delayed and less severe in the
case of the GB column, as compared to its counterpart B
column. Moreover, the dissipated energy of the GB column
was higher and exhibited higher ductility than that of the B
column. Finally, the cyclic behavior of the B column was
greatly improved with the longitudinal stiffeners.

Introduction

In severe seismic regions, civil engineering structures are
exposed to increased earthquake risk. Their integrity is al-
ways threatened by extreme uncertainties of severe earth-
quakes (Miller, 1998; Mahin, 1998; Nakashima, Inoue, &
Tada,1998; Al-Kaseasbeh, Lin, Wang, Azarmi, & Qi, 2018;
Al-Kaseasbeh, 2015). Thin-walled steel-stiffened box col-
umns are widely used in modern buildings, offshore plat-
forms, elevated storage tanks, transmission towers, and in
wind turbines. Additionally, they can be used as cantilever
bridge piers in seismic regions, due to their structural effi-

ciency, aesthetic attractive appearance, high earthquake
resistance, and potential for concrete infilling (Ucak &
Tsopelas, 2014). Compared to their counterparts of rein-
forced concrete, thin-walled steel-stiffened box columns are
more efficient, due to their light weight, high strength, duc-
tility, and ease and speed of construction, especially when
limited construction space is available (Yang, Zhao, Sun, &
Zhao, 2017; Mamaghani, 1996). Thin-walled steel-stiffened
box columns are susceptible to a significant loss of strength
and ductility under severe earthquakes (e.g., the 1995 Kobe
earthquake, the 2008 Sichuan earthquake, and the 2011 East
Japan earthquake) (Ucak & Tsopelas, 2014). Thin-walled
steel-stiffened box columns experience excessive local
buckling and then collapse, due to severe ecarthquakes
(Bruneau, 1998). As a result, conventional uniform thin-
walled steel-stiffened box columns have been extensively
investigated in the past few decades.

Many experimental and numerical analyses have been
conducted to improve the strength and ductile behavior of
the thin-walled steel-stiffened box columns under axial and
cyclic lateral loading (Yang et al., 2017; Ucak & Tsopelas,
2014). A numerical study was also conducted to investigate
factors that affect strength and ductility capacities of unstiff-
ened box sections (Usami & Ge, 1998). The ultimate
strength of thin-walled steel-stiffened box columns depends
on the width-to-thickness ratio parameter, R and the slen-
derness ratio parameter, A, (Kwon, Kim, & Hancock, 2007).
In general, local buckling is affected by R, of the column,
while A controls the global buckling of the column
(Bruneau, 1998; Fukumoto, 2004; Usami, & Ge, 1998).
Experimental and analytical investigations on the effective-
ness of retrofitting the stiffened box cross sections were
carried out by a number of researchers (Kwon, Kim, &
Hancock, 2007; Goto, Wang, & Obata, 1998; Mamaghani,
2008). The study concluded that all retrofit schemes, includ-
ing diaphragms, longitudinal stiffeners, corner reinforce-
ment, inner cruciform plates, corner plates, and concrete
infill, improve column strength and ductility (Susantha,
Aoki, Kumano, & Yamamoto, 2005). Setting diaphragms in
short distances along a column’s height delays the occur-
rence of local buckling (Ge, Gao, & Usami, 2000). New
thin-walled corrugated and cellular steel columns demon-
strate superior performance in strength, ductility, and post-
buckling behavior under constant axial and cyclic lateral
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loading (Ucak & Tsopelas, 2014). Columns with tapered
plates improved the ultimate strength and ductility of steel
bridge piers (Mamaghani & Packer, 2002; Mamaghani,
2005).

In this current study, a tested uniform thin-walled steel-
stiffened box column (B) was numerically studied under
constant axial and cyclic lateral loading. The comparison
between the obtained results from the FE analysis and the
experiment confirmed the validity of the FE analysis. Then,
a GB column with size and volume of material equivalent to
a B column was proposed to improve the strength, ductility,
and post-buckling behavior of B columns. The results indi-
cated that an improvement of 24% in the ultimate strength
could be achieved using the GB columns. The GB column
delays the occurrence of local buckling. Moreover, it was
concluded that local buckling is less severe in the case of
the GB column, as compared to its counterpart B column.
The dissipated energy of the graded-thickness steel tubular
columns was higher and also exhibited higher ductility. The
main reason for the improved behavior of the GB columns
was their ability to eliminate the severity of local buckling
near the column base, where buckling usually occurs.

Finite Element Analysis

There is no doubt that full-scale testing results in better
insight into understanding a structure’s behavior; however,
physical experimentation is expensive, and time consuming.
For this study, then, finite element analysis was conducted
on the thin-walled steel-stiffened box columns cyclic behav-

Under constant axial and cyclic lateral loading, local
buckling usually occurs near the column’s base (Nishikawa
et al., 1998). Figure 1 shows, for purposes of this study, that
beam element B31 was employed for the upper part of the
column (4-2b), and a four-node shell element S4R with
reduced integration was used for the lower part of the col-
umn (2b). S4R elements are able to accurately model the
local buckling effect. All elements needed for this study
were available in the ABAQUS library (Hibbit, Karlsson, &
Sorensen, 2014). The interface between S4R and B31 ele-
ments was modeled using multi-point constraint (MPC).
The column was fixed at its base and subjected to a constant
axial load (P) and cyclic lateral displacement at the top. For
computational efficiency, the bottom half of the lower part
(b) was divided into 26 S4R elements, while the remaining
height (b) was only divided into 14 S4R elements. The up-
per part of the column (height of 4-2b) was divided into 14
elements. The mesh divisions presented above were deter-
mined by trial and error. Such mesh sizes give accurate re-
sults without increasing the computational time. The initial
geometrical imperfection and residual stresses were not ac-
counted for in the FE analysis, as their effect was not meas-
ured for the tested column (Nishikawa et al.,1998). Moreo-
ver, neither initial geometrical imperfection nor residual
stresses had a significant influence on overall cyclic behav-
ior after the first half-cycle (Ge, Gao, & Usami, 2000;
Takaku, Fukumoto, & Aoki, 2004; Hibbit, Karlsson, &
Sorensen, 2014). Table 1 lists the geometrical properties of
the analyzed columns.

Table 1. Geometrical and material properties of the B column.

ior using ABAQUS software (Hibbit, Karlsson, & Sorensen, Properties B Column * GB Column
2014'). The FEM 'takes into account both material ansi geo- Steel Material SM490 SM490
metric nonlinearities. The key design parameters considered
in this practical design of thin-walled steel box columns h (mm) 3403 3403
were R, and A (Mamaghani & Packer, 2002). R, is con- b (mm) 900 900
cerned with the loca} buckling behavior of thin-walled st'eel 1/t (mm) 9 11.25/9/7.75
box columns, while A controls the global buckling
(Fukumoto, 2004; Usami & Ge, 1998). These parameters byt (mm) 80/6 80/6
are defined by Equations 1 and 2, respectively: (ns +1) x1 4x225 4x225
A 0.26 0.26
b 1 o R, 0.56 0.56
R, =—— [3(1-v})—= M !
" tar E H, (KN) 1039 1039
oy (mm) 13.8 13.8
2h1 |o P/o, A, 0.122 0.122
PRI @) -
r 2V E o, (MPa) 378.6 378.6
o, (MPa) 630 630
Where, h is col}lmn height; r is the radius Qf gyratioq; Gy @s E (GPa) 206 206
yield stress; E is Young’s modulus; v is Poisson’s ratio; b is
cross-sectional width; n is the number of subpanels of each 4 0.3 03
plate; and, 7 is plate thickness. *Reported in (Nishikawa ct al., 1998)
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Figure 1. B column model.
Cyclic Loading Program

Figure 1(d) illustrates how displacement-controlled unidi-
rectional cyclic loading was adopted as a lateral loading
program. At the top of the column, a combination of quasi-
static cyclic lateral loading and a constant axial load (P) was
applied throughout the loading history. The displacement
amplitude of the cyclic displacement was increased as a
multiple of the yield displacement, d,, which is defined by
Equation 3:

5, = 3)

where, Hy = (o, — P/A) Z/h is lateral yield load, and 4, &,
El, and Z are the cross-sectional area, height, bending stiff-
ness, and section modulus, respectively, of the B column
(Goto, Kumar, & Kawanishi, 2010).

Table 1 lists the lateral yield load and yield displacement
of the tested column. All of the analyzed columns were as-
sumed to be made of carbon steel SS400 (JIS, 2012), equiv-
alent to ASTM A36 (ASTM, 2014).

Thin-Walled Steel-stiffened Box Columns
with Graded Thickness

Uniform B columns suffer premature buckling behavior
(local buckling, global buckling, or a combination of both),
near the column base, under constant axial and cyclic lateral
loading (see Figure 1). This buckling behavior makes these
columns unable to utilize their full strength and ductility. To
overcome these shortcomings, graded-thickness stiffened
box columns (GB) were used as alternatives for the counter-
part conventional uniform B columns. Column height and
width were kept the same for both B and GB columns. The
GB column was divided into three segments of constant
cross sections. The first and second segments had a height
equal to the width (b) of the box section from the base. The
third segment had a height of /4-2b. Figure 2 shows that a
thicker cross section (#,=1.25¢) was used along the first seg-
ment, and the original thickness (#,= ¢) was kept for the sec-
ond segment. Finally, the remaining material volume was
distributed on the third segment with #,=0.86¢. These config-
urations of graded-thickness sections were chosen based on
which achieved the better behavior. Table 1 shows material
and geometrical properties of the B and GB columns. As
seen in Table 1, the same material and geometrical proper-
ties (except for the plate thickness) were used for both B
and GB columns.

lp 1T 1
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C C 1T 1
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v A\ )
B B T 1
— A-A —
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' , b L1 1
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(a) Column. (b) Graded-thickness sections.

Figure 2. GB column model.
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Comparison of Numerical and
Experimental Results: Hysteresis Curves
of B Columns

The numerical results of the thin-walled steel-stiffened
box columns’ cyclic behavior were compared to the experi-
mental results obtained by the Public Works Research Insti-
tute (PWRI) of Japan (Nishikawa et al., 1998). Figure 3(a)
shows the normalized lateral load versus lateral displace-
ment hysteresis curves of the B column obtained from the
FE analysis and experiment. Also in this figure, H, and 8,
denote the lateral yield load and yield displacement, respec-
tively. The comparison of the hysteresis curves of the B
column showed reasonable agreement with the experimental
results. This indicates that FE analysis, using kinematic
hardening material behavior, can provide reasonable accura-
cy in describing material behavior with regard to local buck-
ling of thin-walled steel-stiffened box columns. At the end
of the FE analysis, the buckling shape of the B column [see
Figure 4(b)] was compared to the experimental buckling
shape [see Figure 4(a)] (Nishikawa et al., 1998). In the ex-
periment, the flange suffered from inward local buckling,
while the web buckled outward above the base of the col-
umn. The buckling shape was predicted relatively well by
the adopted FEM. However, the outward buckling of the
web in the analysis was not as prominent as in the experi-
ment.

Effect of Longitudinal Stiffeners on B
Column Behavior

Figure 5 compares the effect of the longitudinal stiffeners
on the lateral load and lateral displacement of the analyzed
B columns with and without longitudinal stiffeners. The
results indicate that cyclic behavior of the B column is
greatly enhanced with the longitudinal stiffeners. For exam-
ple, the normalized lateral versus lateral displacement of the
B column with longitudinal stiffeners was H,,./H, = 1.41,
while the H,,,/H, = 0.65 for the B column without the lon-
gitudinal stiffeners. Figure 4 shows that local buckling was
more severe for the B column without longitudinal stiffen-
ers [see Figure 4(d)] as compared to the B column with lon-
gitudinal stiffeners [see Figure 4(b)]. Obviously, longitudi-
nal stiffeners prevent severe local buckling of the B column.

Hysteresis Curves of B and GB Columns

From Figure 3(a), a comparison of the FE analysis and the
experimental results indicate that the FEM is able to predict
the nonlinear structural behavior with reasonable accuracy.
Using the validated FEM, a comparison study was per-

formed between the behavior of the B and GB columns un-
der the same loading conditions. Figure 3(b) compares the
hysteretic behavior of B and GB columns obtained from the
FE analysis. The normalized ultimate strength (H,,,/H,) and
normalized maximum displacement (8,/d,) of the GB col-
umn were greater than the B column by 24% and 32%, re-
spectively. In the case of the B column, the buckling started
when the displacement was between 26, and 39,. A drop of
36% of the ultimate strength (i.e., H,./H, = 1.33 observed
at & = +2.288,) occurred at & = +43,. As the displacement
increased, the column strength decreased at a fast rate to
14% of its maximum strength by the end of the analysis. By
contrast, the GB column showed its H,./H, at § = +33,,
which indicated that the local buckling occurred between
33y, and 46,. Only a 9% drop of the H,,../H, takes place at
8 = +49,, while the residual strength of the GB column was
25% of'its H,,.,/H, at § = +80,.

S

§ L5

-1.5 — Analysis
====Experiment

/5,

(a) Experiment versus analysis.

— B Column
====GB Column

/5,

(b) B column versus GB column.

Figure 3. Comparison of lateral load versus lateral displacement
hysteresis curves.
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This comparison showed the superiority of the GB col-
umn and delay of local buckling occurrence in the GB col-
umn compared to the B column. The final buckling shape of
the GB column [see Figure 4(c)] was compared to the B
column [see Figure 4(b)] at the end of the analysis. The
comparison showed that buckling was less severe in the
case of the GB column, when compared to its counterpart B
column. The main reason for the improved behavior of the
GB columns was their ability to eliminate severe local buck-
ling near the base of the column where the buckling usually

occurs.

(a) *Experiment. (b) B column with stiffeners.

(c) BG column.

(d) B column without stiffeners.

Figure 4. Buckling shapes of columns.
(*reported in Nishikawa et al., 1998)

Energy Absorption Capacity

Dissipated energy was an objective indicator of the ine-
lastic cyclic behavior of the structures. Accordingly, the
energy absorption capacity of the column was evaluated
under cyclic behavior. Normalized energy absorption, E, is
defined this way (Mamaghani, Shen, Mizuno, & Usami,

1995). In Equation 4, E; is energy absorption in the i-th half-
cycle and # is the number of half-cycles (one half-cycle is
defined from any zero-lateral load to the subsequent zero-
lateral load). Figure 6(a) shows a comparison of the normal-
ized cumulative energy absorption versus the number of
half-cycles obtained from the analysis and experiment of the
B column. The normalized energy absorption curves versus
the number of half-cycles obtained from the analysis fit very
close with the experimental results. Figure 3(b) shows that
the strength of the GB columns decreases in a controlled
rate from cycle to cycle compared to the B column, which
was expected to dissipate more energy than the B column
under cyclic lateral loading. As an alternative method, the
area under lateral load versus lateral displacement curves
was calculated. Figure 6(b) shows that the dissipated energy
of the GB column was higher than the B column, which was
expected to experience higher ductility in the case of the GB
column.

- -1.5 =B Column with Stiffeners

==== B Column without Stiffeners

/5,

Figure 5. Effect of longitudinal stiffeners.

,
PR (4)
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Conclusions

In this study, the authors carried out an FE analysis to
evaluate the cyclic behavior of a conventional B column
with a uniform cross section. In addition, a GB column with
size and volume of material equivalent to a B column was
introduced to improve the strength, ductility, and post-
buckling behavior. First, the validity of the employed FEM
was verified using the B column experimental results re-
ported in the literature. The reasonable agreement between
the FE analysis and experimental results confirms that the
employed FEM can be used to capture structural behavior
with taking into account the local buckling behavior of thin-
walled steel-stiffened box columns. The GB column of
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graded section showed superior strength and ductility per-
formance (i.e., an improvement of 24% in the ultimate
strength was achieved using the GB columns). Buckling
behavior of the B columns was captured relatively well by
the FEM. The GB column delays the occurrence of local
buckling and local buckling was less severe in the case of
the GB column when compared to its counterpart B column.
Moreover, the dissipated energy of the GB columns was
higher and exhibited higher ductility. Finally, the cyclic
behavior of the B column was greatly improved with longi-
tudinal stiffeners.
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(b) B column versus GB column.

Figure 6. Energy absorption capacity.
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A SIMPLIFIED ALGORITHM FOR AUTOMATED
ROTATION CORRECTION OF SCANNED
DISTORTION GRID TARGETS

Martin P. Jones, Missouri State University; Kevin M. Hubbard, Missouri State University; Nebil Buyurgan, Missouri State University

Abstract

Common flatbed scanners have been utilized by research-
ers for the dimensional measurement of a wide variety of
objects. Although not the most accurate measurement tool,
flatbed scanners are convenient and can be calibrated to
achieve the required accuracy for many applications. In this
paper, the authors describe a general method for calibrating
flatbed scanners using a 151 x 151 dot distortion grid target
with details about its key algorithm of rotation correction.
This algorithm also enables the generation of a theoretical
grid of points that can be compared to the dots’ centroids
obtained by scanning. By calculating the distance between
the theoretical grid and scanned centroids, a novel 8-bit
grayscale distortion map of the scanned image was ob-
tained. The map showed periodic distortion across the scan-
ning bed.

Introduction

It has been over 60 years since the first digital image of a
photograph was generated from a scanner invented by re-
searchers at the National Institute of Standards and Technol-
ogy (NIST). That image spawned many other imaging tech-
nologies, such as satellite imaging, packaging bar codes,
medical imaging, and desktop publishing (NIST, 2007).
Flatbed scanners are commonly used for desktop publishing
but have also been used by other researchers for the dimen-
sional measurement of a wide variety of objects (Jones, Cal-
lahan, & Bruce, 2011; Kee, & Ratnam, 2009; Korin, Lar-
rainzar, & Ipina, 2008; Miriello & Crisci, 2006; Ng, 2008;
Paliwal, Borhan, & Jayas, 2004; Van Dalen, 2004; Wang,
Zeng, Wang, Li, Xu, & Yao, 2016; Zalocha &
Kasperkiewicz, 2005).

In this paper, the authors describe the basis of a simplified
method to calibrate common flatbed scanners that can ena-
ble the convenient dimensional measurement of such ob-
jects. While the common flatbed scanner might not be the
most accurate scanner for dimensional measurement, its
cost and availability make it an attractive tool for an engi-
neer or scientist needing a quick but sufficiently accurate
measurement of an object. A scanner calibration method to
assess accuracy should be low-cost and straightforward to

interpret. While the authors used a relatively high-cost
(~$1500) distortion target etched on glass for this project,
similar lower-cost (<$300) targets could be used instead for
practical applications. Adequate distortion targets can be
printed onto plastic sheets at minimal costs, if a high-quality
printer is available (Elaksher & Ali, 2018). As will be de-
scribed, a novel grayscale distortion map was created to
assist in the straightforward interpretation of calibration
data.

Calibration of the dimensional precision and accuracy of
flatbed scanners can be performed using distortion grid tar-
gets and scale rulers (Jones, Callahan, & Bruce, 2012; Kan-
gasraasio & Hemming, 2009; Poliakow, Poliakov, Fedoto-
va, L. A., & Tsvetkov, 2007; Zheng, Ou, & Yang, 2014).
Both the targets and rulers have calibration marks fabricated
from etched chromium on glass plates. A common distor-
tion grid target consists of an array of equally spaced chro-
mium dots. If the scanned dots’ positions appear to vary
from their expected positions, then local stretching or con-
traction (distortion) of the image can be quantified and
measurement error assigned. The first step in determining
image distortion is to verify that the centroid of every im-
aged dot can be mapped to its corresponding physical dot on
the glass plate. Such verification becomes problematic when
the distortion grid target is unavoidably tilted at some un-
known angle relative to the axis of the scanning bed. This
tilt problem is similar to a more complicated tilt problem
encountered by researchers while performing genetic anal-
yses using microarray grids (Giannakeas, Kalatzis, Tsipour-
as, & Fotiadis, 2016; Morris, Wang, & Liu, 2007; Shao,
Yang, Zhang, Zhou, & Luo, 2013). In this paper, the authors
describe a simplified algorithm for distortion grid rotation
correction of tilt that is related to a correction algorithm
developed by the authors. The simplification was enabled
by the symmetry of the selected distortion grid target com-
pared to geometrical complexities of microarray grids.

Calibration Method

The calibration distortion target consisted of a 151 x 151
chromium-etched dot array on a glass plate (Edmund Optics
stock #62-207). Each dot was 0.500 + 0.002 mm in diameter
and spaced 1.000 = 0.001 mm from other dots. The overall
accuracy was + 0.002 mm. Scanning was performed using
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an HP Scanjet N6310 desktop scanner. Figure 1 shows the
upper left corner of the target scanned at 300 dots-per-inch
(dpi) and with an 8-bit grayscale resolution.
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y-axis (head direction)
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Figure 1. Scan ofa grid target.

Figure 1 further illustrates some key aspects of a typical
scan. Although the array is tilted clockwise only about 0.38°
with respect to the x-axis, even such a small angle of tilt
results in the incorrect mapping of the scanned dots. Incor-
rect mapping can also result from dots that have noncircular
images and/or images that are too small to be detected. The
red arrow points to a scanned dot that has such a noncircular
shape. This non-circularity is probably due to various elec-
tronic and mechanical noise sources, since the dot image
becomes circular when rescanned without repositioning the
target. While it is possible to minimize such noise using
filtering techniques (Weyori & Boateng, 2013), this calibra-
tion method does not require it. Figure 2 illustrates the over-
all calibration method that includes the “Rotation Correc-
tion” algorithm.

o e e 1
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I o Set Size e
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Figure 2. Flowchart of the calibration method.

Starting in the lower left corner of the figure, the target
can be scanned at various pixel resolutions from 300 to
2400 dpi using software supplied by the scanner manufac-
turer. Higher resolutions require longer scan times. The cali-
bration scan resolution selected should be the same as the

scan resolution that will be used to measure an object. Next,
the scanned image file is imported into Imagel] software,
which is available as a free download from the National
Institutes of Health (NIH, 2018). Within this software, the
user selects the image processing properties of “Threshold,”
“Circularity,” and “Size.” The threshold level chosen deter-
mines at what 8-bit grayscale value a pixel is part of a dot.
The grayscale used assigns 0 as black (no reflection) and
256 as white (complete reflection). The calibration method
used by the authors in this study assumed a default thresh-
old value of 180. This means that any pixel with a grayscale
value of 180 or less was considered part of the actual dot
and assigned a grayscale value of 0. The threshold can also
be lowered or increased by the user as needed. The software
method of centroid calculation used a simple average of the
x and y coordinates of all pixels that met the threshold crite-
ria of being part of a dot.

The circularity property was chosen to allow noncircular
imaged dots to be counted as an imaged dot. Circularity
values are defined within Imagel] software to range from
0.00 (infinitely elongated) to 1.00 (perfect circle). A range
of 0.50 to 1.00 circularity was chosen by the authors for the
current method. The size property is the range chosen to
discriminate between an actual dot and local grayscale vari-
ations, due to electronic noise, dust, etc. The size range sets
the limits on the expected area of an imaged dot based on
the pixel size of the scan resolution. Ideally, the image area
of a 0.5 mm diameter dot scanned at 300 dpi should be
about 27 pixels. The size range of 13 to 52 pixels was cho-
sen for this study.

Once the image properties have been chosen, the centroid
coordinates of each of the imaged 22,801 dots (151 x 151)
are searched for using the “Analyze Particles” command
within the Imagel software. If all 22,801 centroids are
found, then a list of their coordinates is sent to Excel to cor-
rect for any tilt of the target relative to the scan axis. If the
particle analysis identifies less than 22,801 centroids, then
the grayscale threshold is increased incrementally until all
centroids are identified. Increasing the threshold will in-
crease the apparent size of an imaged dot. For example, the
dot indicated by the arrow in Figure 1 might have an unac-
ceptable size and circularity at a threshold of 180, but be
acceptable at a threshold of 190. This is because more of the
whiter pixels would be counted as part of the dot. If the par-
ticle analysis identifies more than 22,801 centroids, then the
threshold is decreased incrementally until only the actual
dot centroids are identified. Regardless of what threshold is
ultimately successful, it is recommended to use that thresh-
old when measuring objects post calibration. Otherwise, as
noted earlier, the size and shape of the imaged object might
be less accurate and unacceptable.
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Tilt Problem

Once all of the centroids’ coordinates have been obtained,
they must be mapped so that each coordinate pair (x, y) can
be identified with its corresponding physical dot on the tar-
get. The list order should be in the form of an ordered array
so that it can be mathematically addressable for distortion
analysis. For example, an ordered array could start with the
upper left dot of the target, then go to the next dot down,
and so on (150 times) until the lower left dot of the grid
target is reached. This would represent the left column of
dots in the grid. This order would then repeat for the next
column until the lower right dot of the grid is reached. How-
ever, the centroids’ coordinates generated by Imagel are
often listed in random order. The randomness of the list is a
function of the tilt angle, which is intrinsically random, for
reasons that will be explained next. For example, Figure 3
shows that the first seven centroids’ coordinates of the first
column of dots might be listed in the correct order going
from upper left (UL) to lower left (LL), but the eighth cen-
troid’s coordinates listed might correspond to the eighth dot
of the second column instead of the expected first column
(i.e., column skipping).

UL x-scanner axis _ UR

60

grid axig

correct order until here

4

i scanner head

list skips to next column y-direction

LL

v LR

Figure 3. Example of a grid-tilt problem.

The list skip is dependent on the position of the next dot
relative to the x-direction. Figure 3 further shows that the
distance of point 8' in the x-direction is less than that of
point 8. The reverse is true for points 7 and 7'. Therefore,
the list is sorted in the order that gives the next dot closest in
the x-direction. As the tilt angle (0) decreases, the point at
which the list skips to the second column occurs further
down the first column. If 6 = 0, then there is no list skip to
the second column. Using basic trigonometry and the spac-
ing of the dots on the target, the largest tilt that can be al-
lowed for skipping not to occur is about 0.191°. Thus, skip-
ping randomizes the list of centroid coordinates and must be
corrected. Therefore, high-precision mechanical alignment

or, as developed in this study, a mathematically ordered
array will be needed. In Figure 3, 6 was chosen to be about
5°, which is much greater than the angle of tilt that is typi-
cally present. This large angle was used to clearly show how
the list order of the centroids’ coordinates could skip rows.

In practice and with moderate care, 0 is typically within +
0.5°. Some of this tilt is due to the sliding of the glass target
on the scanner’s glass platen when the scanner’s cover is
lowered onto the target during a scan. In the current study,
alignment fixtures were devised to minimize the amount of
target sliding and minimize the distortion of both target and
platen that can be induced by fixture pressures. However, as
with any mechanical system, there will be some misalign-
ment (tilt) of the scanning axis with respect to the platen
axis during manufacture. Also, there will be some scanning
error in locating the true centroids. Therefore, a reverse tilt
(rotation) correction algorithm was developed to enable
proper sorting and identification of the list of the dot cen-
troids’ coordinates.

Rotation Correction Algorithm

The purpose of the rotation algorithm is to sort the cen-
troids into an ordered array. Figure 2 shows that the list of
centroid coordinate pairs was transferred from Imagel to
Excel in order to be sorted in the process box labeled
“Rotation Correction” and to enable mathematical analysis
of the distortion present in a scanned image. The sorting of
the coordinate pairs was accomplished by rotating all of the
pairs mathematically so that the grid axis and the scanner
axis were correctly aligned (i.e., 6 = 0°). The following
eight steps provide an overview of the rotation correction
algorithm.

1. Locate the grid’s center:

The coordinates of the grid’s center, defined as C, are
located by computing the average x coordinate, x ,
and the average y coordinate, ¥ , of all centroids us-
ing Equations 1 and 2:

IR (1

X =

2. @

y =

where, n = 22,801 (number of grid dots).
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2. Calculate the distance of dots from center:

The distance from each dot’s centroid to the grid’s
center can be calculated using the well-known dis-
tance formula. However, this would unnecessarily
apply a square root, resulting in longer computation
times. For the purposes of the algorithm, the distance

squared, d, of every dot’s centroid from the grid’s

center can be used in place of distance. The distance
squared is given by Equation 3:

dP=(v-x) +(7-») 3)

3. Sort the distance:

Sort d] from maximum value to minimum value.
The four maximum values correspond to the four
corner dots of the grid and then define those as 4. ,
where m = 1, 2, 3, and 4. Define the corresponding

coordinate pairs as x,,, V.

4. Identify the corner dots:

Figure 3 shows the designation of the four corner
dots as upper left (UL), upper right (UR), lower left
(LL), and lower right (LR). The following logic was
used to identify which coordinate pairs x,,, y,, corre-
sponded to each corner dot.

Ifx-x,>0andy -y, >0,then UL dot

4

Ifx —x,<0andy -y, >0,then UR dot

Ifx -x,>0andy -y <0,then LL dot

4

Ifx —x,<0andy -y, <0, then LR dot

The coordinates of the corner dots was defined as:

X for UL dot

UL? yl/[_
X, Vyr for UR dot

X for LL dot

LL’yLL

X for LR dot

LR’ yLR
5. Calculate 6:

The angle of tilt, 6, can be approximately calculated
using the coordinates of the corner dots and the coor-
dinates of the grid center. Figure 4 depicts a tilted
grid relative to the scanner axes and ten measures of
0 (i.e., 8, thru 8,9).

UL scanner x-axis

scanner y-axis

Figure 4. Ten measures of the tilt angle (0).

Note that Figure 4 uses the left-handed Cartesian coordi-
nate system that is common in 2D computer graphics. Ten
measures of 6 were used to calculate the average measured
tilt angle, o . This average tilt angle was used to minimize
the error in determining 6. Due to image distortion and reso-
lution limitations of the scanner, there will likely be some
error in the location of the four corners and center of the
grid. While it is possible to use more measures of 6 than
depicted in Figure 4, these ten measures of 6 were found to
provide the necessary accuracy to successfully perform the
algorithm over a wide range of 0 (clockwise and counter-
clockwise) and scanner resolutions. Equation 4-13 provide
the calculations for the ten measures of 0:

0 - erT (4)
6, = 90° —tan “7} )
eQOt{)} e
e ] 0
o T e (10)
oot 2 an
6, - 45HF)} (12)
o, - 45t{yy} (13)
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6. Determine the direction of tilt:

The previous measurement of o gives the approxi-
mate magnitude of the tilt, 6, between the scanner
axes and the grid. Its direction must still be deter-
mined so that all of the centroids’ coordinates can be
mathematically rotated in the opposite direction in
order to align with the scanner axes (i.e., 6 = 0°).
Figures 3 and 4 depict a clockwise (CW) value of 0.
Therefore, a counterclockwise (CCW) rotation of o
would be needed for alignment. Similarly, a counter-
clockwise © would need a clockwise rotation of o
for alignment. The logic for determining the direction
of 0 is given as follows:

P

If }“7'”> 0, then 0 is CW
Xur T Xur

1f 2= o then g is CCW
X - X

UL UR

7. Rotational correction of tilt:

To mathematically rotate all centroids so that the grid
axis and the scanner axis are correctly aligned (i.e.,
0 = 0°), the rotation matrix equations, given as Equa-
tions 14 and 15 were used for the CW tilt directions:

x; = xicos¢9_+ y,sin 19_ (14)

y = —x,sinf + y,c056_ (15)

where, x y and x;, y; are the rotated and original centroid
coordinates of each dot (i = 1 to 22,801), respectively.

Note that the rotated coordinates maintain their original
index number, i, so that each centroid can later be mapped
to its original coordinates. This mapping is essential to the
overall purpose of distortion analysis of scanners. Research
has shown that the amount of distortion of a scanned object
can vary depending on its location on the scanner’s glass
platen (Elaksher & Ali, 2018; Jones, Callahan, & Bruce,
2012). The user will want to select an area of low distortion
based on the original coordinates to achieve the highest ac-
curacy of the measurement of the object. Similarly, Equa-
tions 16 and 17 may be used to correct for CCW tilt:

x,=x,co86 — y sin0 (16)

y; = x,sinf + yicosé’_ (17)

8. Sort and reorder:

Each x,.y, coordinate pair, along with its corre-
sponding original index number, i, is then sorted in

ascending order according to the x, coordinate val-

ue. Next, the first 151 x, -sorted coordinate pairs,
along with their corresponding original index num-
bers, are sorted in ascending order according to the

v, coordinate value. Therefore, the first column of
centroids of the rotated grid is identified. This sorting
method is then repeated 150 more times so that all
centroids of the rotated grid are sorted in a mathemat-
ically addressable order. Each centroid is then reas-
signed to its original coordinates (x;, ;) by associa-
tion with its corresponding original index number.

Results and Discussion

The rotation correction algorithm was applied to scans
having several angles of tilt between +45° and -45°. The
scanning resolution was also varied from 300 dpi to 2400
dpi. In all cases, the algorithm correctly sorted the 22,801
target grid centroids into ordered arrays. The ordered arrays
retained their original centroids’ coordinates relative to the
scanner bed, thus enabling a novel approach to distortion
analysis. An example of the novel distortion analysis is now
given by comparing the positions of centroids obtained from
the scanned distortion grid target with the theoretical posi-
tions of the centroids of a distortion-free grid image. An
ordered array of theoretical centroids can be mathematically
generated, based on the nominal dot spacing of the target
grid and the selected scanning resolution. The details of this
procedure are beyond the scope of this paper and will be
described more appropriately in future work. However, the
basic approach is to generate a theoretical grid of centroids
and then rotate and translate them until they have the best fit
with the centroids obtained from scanning the target. Simul-
taneously, the centroids obtained from scanning must be
scaled independently along the x and y axes, as observed in
previous research (Elaksher & Ali, 2018; Wyatt & Nave,
2017). The best-fit criterion is set to minimize the average
distance between theoretical centroids and the correspond-
ing centroids obtained from scanning. The minimization is
accomplished using the “Solver” function within Excel by
iteratively changing the tilt angle and center coordinates of
the theoretical grid, while iteratively changing the x and y
direction scale factors of the centroids’ coordinates obtained
from scanning. Figure 5 shows an 8-bit grayscale represen-
tation of the variation of the 22,801 distances between theo-
retical centroids and the corresponding centroids obtained
by scanning at 300 dpi resolution starting at the top of the
glass bed.
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Figure 5. Grayscale map of distances between theoretical
centroids and centroids obtained by scanning.

The average distance between the theoretical centroids
and the centroids obtained from scanning was about
0.08 mm. Since the centroids should ideally be 1 mm apart,
the average error was, then, about 8%. The greatest amount
of error in distance was about 22.8% and the least amount
of error was about 0.007%. The 8-bit grayscale in Figure 5
assigns the greatest error as completely black and least error
as completely white. The high average error was expected
for two main reasons. First, at a scan resolution of 300 dpi,
an 8% error in the 1 mm dot distance is equivalent to an
error of less than one pixel. Therefore, the average error in
distance between the theoretical and scanned centroids is
within the scanning resolution used. While higher resolu-
tions were used (up to 2400 dpi), the 300 dpi scan data is
presented in this paper to demonstrate the ability of the rota-
tion correction algorithm to successfully sort the centroids
obtained at low resolutions.

The second reason for the high average error was likely
related to the periodic variation in the mechanical move-
ment of the scanner head induced by gear rotation (Jones,
Callahan, & Bruce, 2012; Wyatt & Nave, 2017). This peri-
odic variation can be seen in the waviness of the grayscale
of Figure 5. While previous research has shown similar
waviness in scanning error (distortion) using line plots, this
is the first published representation of distortion in flatbed
scanned images using a two-dimensional grayscale plot. As
is the case for most measurement error, one might expect
the scanning error to be normally distributed about the nom-

inal value. However, the waviness shown in the grayscale of
Figure 5 suggests a pattern in the error and, therefore, it
would not have a normal distribution. Figure 6 shows the
distribution of the error of the 22,801 distances between
theoretical centroids and corresponding centroids obtained
by scanning at 300 dpi resolution.

Error between Theoretical and Scanned Centroids (percent)
0.0 5.0 10.0 15.0 20.0 25.0
l l I 1 1 1

800+

7001

6009

500

4004

Frequency

3004

200+

100

1} T T
.00 .50 1.00 1.50 2.00 2.50
Error between Theoretical and Scanned Centroids (pixels)

Figure 6. Distribution of distance error between theoretical cen-
troids and centroids obtained by scanning.

The histogram of Figure 6 was generated using IBM
SPSS Statistics software, which also was used to overlay a
best-fit normal distribution onto the histogram in order to
show the obvious deviation from normality of the centroid
measurement error. This is supported by applying the soft-
ware’s Kolmogorov-Smirnov test for normality, which re-
jected the null hypothesis. Therefore, it was assumed that
the mechanical movement of the scanner head was the
source of error pattern, which drove the distribution to be
non-normal. To investigate the above assumption, the
x-coordinates and the y-coordinates of the centroids were
analyzed independently. It was predicted that the
x-coordinates obtained from scanning would show less error
relative to the theoretical x-coordinates than that of the error
in the y-coordinates. While there will be some unintended
mechanical movement (jitter) along the x-direction (parallel
to head) during a scan, it was expected that there would be
more mechanical jitter along the y-axis (parallel to head
travel), since the intended mechanical movement is much
greater.
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Therefore, it was predicted that the grayscale waviness in
Figure 5 would not be present for x-coordinates. Figure 7
shows an 8-bit grayscale representation of the variation of
the 22,801 distances between theoretical x-coordinates and
the corresponding x-coordinates of centroids obtained by
scanning at 300 dpi resolution.

(0,0) X — axis (parallel to scanning head)

y — axis (scanning direction)

150’'mm

Figure 7. Grayscale map of distances between theoretical
x-coordinates of centroids and those obtained by scanning.

Visually, the grayscale map of Figure 7 shows some wav-
iness, but the pattern is much different than the one shown
in Figure 5. The waviness in Figure 7 seems to run along the
x-axis and has a longer periodicity than the waviness along
the y-axis in Figure 5. Quantitatively, the average error rep-
resented in Figure 7 is about 4.91%, whereas for Figure 5 it
is 7.91%. A smaller error represented in Figure 7 was ex-
pected, since it is basically the x-component of the error in
Figure 5. It was expected that the y-component of the error
represented in Figure 5 would be larger than the
x-component, since the y-axis was the intended (gear-
driven) direction of motion. Figure 8 shows an 8-bit gray-
scale representation of the variation of the 22,801 distances
between theoretical y-coordinates and the corresponding
y-coordinates of centroids obtained by scanning at 300 dpi
resolution.

Visually, Figure 8 more closely resembles the pattern in
Figure 5 than does Figure 7. The y-component of the error
seems to be dominating the error represented in Figure 5.
Quantitatively, the average error represented in Figure 7
(x-component) is about 4.91%, whereas for Figure 8§
(y-component) it is 5.31%. These two averages are signifi-

cantly different, as supported by the rejection of the null
hypothesis in the Wilcoxon Signed Rank test (via SPSS) of
the x-component and y-component error. Therefore, the
y-component (Figure 8) of error mostly contributes to the
average error in distance between the theoretical centroids
and those obtained during scanning.

(0,0) X — axis (parallel to scanning head) 150 mm

y —axis (scanning direction)

150'mm

Figure 8. Grayscale map of distances between theoretical
y-coordinates of centroids and those obtained by scanning.

The purpose of this paper was to give details of the rota-
tion correction algorithm, how it works in the scanner cali-
bration method, and to give an example of distortion analy-
sis based on the novel grayscale map made possible by the
high precision of the rotation correction algorithm. The
grayscale distortion map will be a useful tool in future re-
search directed at understanding and minimizing distortion
in scanned images. Minimization of distortion could be
achieved by scaling the scanned image point-by-point based
on the grayscale distortion map. However, the repeatability
of these maps must be assessed first. Some examples of
questions that have not yet been investigated: Will the dis-
tortion pattern change at higher scanning resolutions, in
different locations of the scanning bed, and with different
brands/models of scanners?

Conclusions

The rotation correction algorithm was demonstrated to be
successful over a wide range of target tilt angles and scan-
ner resolutions. This enabled a distortion analysis to be per-
formed at a short 1 mm grid spacing with an average meas-
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urement error of less than 1 pixel. It also enabled a novel
grayscale map of scanner image distortion to be generated
that revealed a periodic error in locating the grid points of
the target. This map will be a useful tool for engineers in
selecting and quantifying areas of low distortion in order to
improve the accuracy of dimensional measurements using
flatbed scanners. The periodic error was greater parallel to
the scanning direction compared to perpendicular to it. The
source of periodic error was attributed to mechanical jitter
of the scanning head as it travels, although research is need-
ed to confirm this. It is possible that the periodic error was
affected by using a method of centroid calculation based on
the simple average of the coordinates of all pixels that met
the threshold criteria. Another method, available in the soft-
ware, uses a weighted average (based on pixel brightness)
of the coordinates of all pixels that met the threshold crite-
ria. Perhaps that method would reduce the average measure-
ment error. Future research should also investigate other
methods of centroid calculation, such as those employed by
Deshpande (2016).

Further research will also be needed to determine how the
periodic error changes at higher scanning resolutions and at
different locations on the glass bed. It is proposed that the
periodic error could be minimized by locally adjusting the x
and y direction scale factors at various points in the grid.
The adjustments will be guided by examining the grayscale
distortion map, which was made possible by the high-
precision rotation correction algorithm. No attempt has been
made to minimize the execution time of the algorithm,
which takes about ten minutes to complete on a common
desktop computer. Execution time might be reduced by us-
ing fewer measures of the tilt angle, 6, as given by Equa-
tions 4-13, while still achieving the required accuracy need-
ed for successful sorting of the centroids into an ordered
array.
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Abstract

Introduction of renewable energy and smart grid applica-
tions to an existing conventional electrical power systems
curriculum in the Engineering Technology Department at
Sam Houston State University has positively impacted stu-
dents, faculty, and the university community and promoted
the adoption of sustainable, reliable, flexible, and better-
quality energy technologies. In this paper, the authors pre-
sent the development of a novel power systems curriculum
with an emphasis on renewable energy and smart grid tech-
nologies for a new junior-level power and machinery class
in the Electronics and Computer Engineering Technology
(ECET) BS degree program. Teaching modules covered
include: 1) stand-alone home energy production; 2) grid-tied
home energy production using an inverter; and, 3) a large-
scale energy storage system for the implementation of a
basic smart grid. The results of the new curriculum are very
promising in terms of increasing student interest and enthu-
siasm for modern electrical power systems that are integrat-
ed into a smart grid through a state-of-the-art data acquisi-
tion and instrumentation system. One of the major industrial
partners and employers of ECET graduates, Quanta Ser-
vices Inc., provided strong support for the department and
the program and expressed hope that universities would
provide companies like theirs with graduates having up-to-
date competencies in next-generation electrical transmis-
sion, distribution, and procurement areas.

Introduction

Fossil fuel power plants have been major sources of elec-
trical power for the conventional grid; however, aging infra-
structure, coupled with a rising demand for reliable and sta-
ble electricity, and environmental concerns regarding the
industry’s carbon footprint have made it crucial for the grid
to transform its existing and outdated infrastructure into a
next-generation smart grid enhanced with distributed gener-
ation (DG). DG is the electricity generated from multiple
renewable energy resources, such as wind, solar, hydrogen
fuel cell, micro-combined heat power generators, small-
scale micro-hydro turbine generators, and diesel power units
(Celeita, Justo, Mwasilu, Lee, & Jung, 2013; El-Khattam, &

Salama, 2004; Celeita, Hernandez, Ramos, Penafiel,
Rangel, & Bernal, 2016; Cardenas, Gemoets, Ablanedo
Rosas, & Sarfi, 2014; Uludag, Lui, Ren, & Nabhrstedt,
2016).

A smart grid is an intelligent, adaptive-balancing, self-
monitoring power grid that accepts any source of fuel and
transforms it into a consumer’s end use with minimum hu-
man intervention and maximum reliability (Cardenas et al.,
2014; Uludag et al., 2016; Luo, Shi, & Tu, 2014; Wadghule,
2013). In addition, the smart grid allows for the optimiza-
tion of renewable energy use and minimizes the cumulative
carbon footprint. Synchronization of all operating power
plants introduces new challenges, due to their various infra-
structure and operating characteristics. DG is an emerging
approach to providing electric power in the heart of the
power system, but this approach depends on the installation
and operation of a portfolio of small-sized, compact, and
clean electric power generating units at or near electrical
loads (Yong, Ramachandaramurthy, Tan, & Mithulanan-
than, 2015; Sandeep & Saurabh, 2018). The DG of electrici-
ty integrates with renewable energy technologies such as
photovoltaic (PV) arrays, wind turbines, micro-hydro tur-
bines, tidal units, biogas systems, and hydrogen fuel cell
units (Sandeep & Saurabh, 2018).

The implementation of DG sources on a conventional grid
may result in many advantages, such as providing high effi-
ciency and reducing the carbon footprint, reducing transmis-
sion and distribution losses, supporting the local grid, and
enhancing system stability. However, application of individ-
ual DG may also cause as many additional issues as it may
solve, and there are research problems to be solved in the
grid-tied operation of conventional and DG fields (Sandeep
& Saurabh, 2018; Khodayar & Wu, 2015; Jerin, Prabaharan,
Kumar, Palanisamy, Umashankar, & Siano, 2018). When
the grid includes DG sources, the term “smart grid” be-
comes an umbrella to refer to new technologies that address
today’s electrical grid challenges associated with grid relia-
bility and reactive maintenance, smooth integration of re-
newables, and disturbance detection that may arise from any
section of the grid, from an inverter failure from a large PV
farm to a tree branch short circuit of the alternating current
(AC) transmission line on the grid (Khodayar & Wu, 2015;
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Jerin et al., 2018; Fang, Misra, Xue, & Yang, 2012). A com-
bination of smart micro grids is expected to modify the con-
ventional electrical power system, thereby enhancing relia-
bility, accessibility, flexibility and power quality (Sandeep
& Saurabh, 2018; Khodayar & Wu, 2015; Jerin et al., 2018;
Fang, Misra, Xue, & Yang, 2012).

The increasing importance of renewable energy sources in
smart grid technologies also requires additional workforce
and engineers, in many cases beginning with undergraduate
students. This will require learning what a smart grid is and
how it functions, as well as the integration of major renewa-
ble energy sources such as solar and wind energy systems to
the existing grid (Fang et al., 2012; Justo, Mwasilu, Lee, &
Jung, 2013; Jennings, 2009). An example of a program,
which would coincide with courses such as solar and wind
energy systems, is already being implemented into under-
graduate curricula at the University of Alaska Anchorage
(Belu & Cioca, 2016). For a student to gain a solid under-
standing of the smart grid, a multidisciplinary course cover-
ing various aspects is essential (Justo et al., 2013; Jennings,
2009; Belu & Cioca, 2016; Dumitru & Gligor, 2014). An-
other undergraduate junior-level course on smart grids that
covers grid fundamentals, system structure, major compo-
nents, analysis, system operation and management, has been
offered successfully (Jennings, 2009; Belu & Cioca, 2016;
Dumitru & Gligor, 2014).

It is imperative that future engineers and technical manag-
ers have up-to-date knowledge of the electrical grid system
that they will be working on. The curriculum covered at
three institutions that focus on power electronics and specif-
ically the smart grid, benefits everyone involved in the mod-
ern electrical power industry (Jennings, 2009; Belu & Cio-
ca, 2016). In this paper, the authors report results of a sum-
mer faculty and student team research and development
award that was funded for developing a new curriculum to
strengthen the electrical power class as requested by indus-
trial advisory board members from electrical power indus-
tries. The curriculum included development of the following
teaching modules in smart grid technologies: 1) stand-alone
home energy production; 2) grid-tied home energy produc-
tion using an inverter; and, 3) a large-scale energy storage
for the implementation of a basic smart grid using a com-
mercially available state-of-the-art power system data ac-
quisition module.

Smart Grid Project Implementation

A smart grid technology training system developed by
Festo Corporation was used in this study (Festo, Home,
2017; Festo, Smart, 2017). Undergraduate research students
established a test bench with a PV panel emulator for the

implementation of standalone and grid-tied home energy
production (HEP); Figure 1 shows the Festo power systems
training workbench. Students also established the same sys-
tem by actual PV modules connected to the grid-tied HEP
instrumentation system. This scheme provided understand-
ing of the necessary fundamentals for further inclusion of
multiple energy generation sources developed for a small-
scale smart grid system during various operating times and
demand (Festo, Smart, 2017; Reka & Dragicevic, 2018;
Qadrdan, Jenkins, & Wu, 2018). The test bench used in this
study was a standalone PV system that included a solar pan-
el emulator, a battery, a DC-to-DC converter, a boost chop-
per, an LC filter, and a single-phase PWM inverter. Figure 2
shows the low-voltage data acquisition and control
(LVDAC) instrumentation module allowed for real time
measurement and monitoring of voltage, current, power,
power factor, phase shift, and other meter settings. The
LVDAC module is an effective tool for precise data acquisi-
tion and analysis. Various controls within each function of
the LVDAC module and the four-quadrant dynamometer
are available, such as a solar power inverter, solar panel
emulator, HEP window, phasor analyzer, oscilloscope, etc.
The Smart Grid Technologies Training System in Figure 1
includes the following modules:

e A resistive load bank used to simulate loads at the
user end of an energy system similar to resistive
loads at residential buildings.

e A data acquisition and control interface (DACI) for
the monitoring of various types of data in an experi-
ment. It may also be used to control aspects of an
experiment when used with the LVDAC software.

e A low-frequency transformer for isolation between
the DC and AC sides of a power system, when gal-
vanic isolation is required and the DC-to-DC con-
verter is not used and to achieve the voltage measure-
ments necessary for proper operation.

e IGBT chopper/inverter to boost the DC voltage to the
necessary DC bus voltage for inversion to AC. This
can also be used as a buck chopper, which reduces
voltage to meet the DC bus needs. This module al-
lows electrical power flow in either direction.

e Filtering inductors/capacitors to smooth out the cur-
rent waveform on the AC side of the system. The
capacitors improve power factor and keep constant
voltage.

e AC power network interface to provide AC power
from the inverter that can be used to operate a load,
or as a means to inject power back to the AC power
network.

e A four-quadrant dynamometer power supply with
many functions available to generate power when
simulating PVs and other renewable resources.
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e A lead-acid battery pack to serve as a power source
as well as a bank for power storage when being im-
plemented in a smart grid.

e A power supply to provide 3-phase power and an AC
voltage of 24V to the system units.

Figure 1. FESTO Smart Grid Technology Training System and
students working on the smart grid curriculum. Reprinted with
permission.

Project 1: Standalone Home Energy Production (HEP)

The standalone HEP project demonstrated the power flow
from the source to the AC load, with the excess power
charging the battery. Figure 3 shows how the students ini-

tially set up a battery-powered circuit connected to the boost
chopper, single-phase PWM inverter, filtering inductors,
and a resistive load. This enabled students to calculate the
power efficiency of the system (86.6%) using a measured
load power of 109.8W and a battery power of 126.8W. The
load power was increased to demonstrate its effects on the
voltage values from the DC bus, load, battery, and duty cy-
cle. Figure 4 shows how the load voltage decreased and the
load current increased as the load power increased. DC bus
voltage and battery voltage remained relatively constant.
The duty cycle increased from 77% to 79% as load power
increased. Power generation was switched from the battery
to a solar panel emulator implemented by the Festo four-
quadrant dynamometer. The array was set up to have seven
PV panels in series and thirty-eight PV panels in parallel.
This setup produced a voltage of 67.9V, a current of 4.0A,
and a power rating of about 271W.
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Figure 2. Example of the LVDAC-EMS software interface used in
the project. Reprinted with permission.

Figure 5 illustrates how excess power can be utilized to
recharge the battery bank while simultaneously operating a
load. When the battery is not being recharged, the PV emu-
lator fully supplies power to the load under high solar irradi-
ance. When solar irradiance drops below about 810 W/m?,
the battery is used to supplement power that is needed by
the load.

Project 2: Grid-Tied HEP Using a Solar Power Inverter
without a DC-to-DC Converter

Figure 6 shows the small-scale generation of electrical
power from solar PV panels in which the active and reactive
power flow direction was tested under different polarities of
each respective current command and their consequential
effects on power to and from the grid. Figures 7(a)-(d) out-
line the power readings when the active and reactive current
commands were set with different polarities in the LVDAC
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HEP and the single-phase grid-tied inverter function was
used. Figures 7(a) and 7(d) show that, when the active cur-
rent command is positive, active power is injected into the
local AC power network. Figures 7(b) and 7(c) show that
the active current command is negative when power is with-
drawn from the local AC power network into the single-
phase grid-tied inverter. Power is converted to DC voltage
and charges the battery. When the reactive current com-
mand is positive, reactive power is injected into the single-
phase grid-tied inverter. When the reactive current com-
mand is negative, reactive power is injected into the local
AC power network. The next part of this project demon-
strated that a low-frequency transformer could be used to
isolate the DC side from the AC side, if this were required
in a real-world application. The transformer not only pro-
vides isolation from the DC and AC sides of the system but
allows for a lower DC input voltage that is stepped up on
the AC side to meet local AC power network requirements.
Figure 8 shows that the solar irradiance of the PV emulator
was increased in intervals of 100 W/m? from an initial value
of 300 W/m? to 1000 W/m?. The DC voltage remained con-
stant in this situation, and the output power continued to
increase. This was a result of the transformer being used on
the AC side of the system, adjusting the output voltage to
that of the AC power network and the MPPT keeping the
active current command set to deliver the maximum power
to the network.

Solar panel emulator
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Figure 3. Standalone energy production circuit diagram.
Reprinted with permission.
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Input/Output Power and Output Currentas a
function of Solar Irradiance
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Figure 8. Input/output power and output current as a function of
solar irradiance.

Figure 8 further shows that the input power is greater than
the output power. This was due to losses through the invert-
er and filtering inductors. As the irradiance level increased,
the input power, output power, and output current all steadi-
ly increased as well. Figure 9 (left) shows the variables
Vinpcs louwac, and Vouac at a solar irradiance level of
500 W/m?, and Figure 9 (right) shows measurements at a
solar irradiance level of 1000 W/m”. While the Voutac Te-
mained constant, the MPPT varied the active current com-
mand with the use of the P&O algorithm to determine and
operate the PV emulator at the maximum power point. Fig-
ure 9 (right) shows that, before balancing out, the amplitude
of the I, ac line visibly increases and decreases while at-
tempting to determine the operating point.

Project 3: Large-Scale Energy Storage to Implement a
Smart Grid with Electrical Vehicles (EVs)

Widespread use of grid-tied inverters and batteries allows
for additional storage of large amounts of energy that can be
fed to the AC grid when a demand exists. One of the best
practices of this project is for plug-in vehicles (PEVs) and
plug-in hybrid electric vehicles (PHEVs) that will enable

large-scale energy storage in a smart grid system (Qadrdan,
Jenkins, & Wu, 2018; Zahedi, 2018). In this experiment, the
authors studied a set of daytime and nighttime cycles, meas-
uring the power demand and home energy consumption
from the grid, both with and without the use of energy stor-
age. The circuit diagram in Figure 10 shows how daytime
and nighttime cycles were simulated with the use of resis-
tive loads. Daytime demands are higher than nighttime;
therefore, to demonstrate this fact, all of the parallel-
connected resistive loads were switched on to achieve a low
-resistance load of 57 ohms. After five minutes for the day-
time cycle, a nighttime demand was simulated by increasing
the resistance to 240 ohms. This case can be updated further
when charging PEVs and PHEVs at night. Table 1 shows
that, without energy storage, the nighttime demand for pow-
er was about four times less than that of the daytime de-
mand.

Single-phaze FY e
DC bus Ingla-phaze FIM Inventar

Figure 10. Large-scale energy storage circuit diagram. Reprinted
with permission.

Figure 9. Oscilloscope measurements at solar irradiance levels of 500 W/m? and 1000 W/m”.
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Table 1. Daytime/nighttime cycle power measurements without
energy storage.

Power and energy measurements Daytime | Nighttime

Home power demand (active power at
the AC side of the single-phase grid-tied
inverter), Pyiqg (W)

257.9 67.83

Battery power (power at the DC side of
the single-phase grid-tied inverter), Pgatr. 3.1 3.1
(W)

Home energy consumption (energy which
the grid supplied to the home during the
simulated daytime/nighttime cycle), Egyiq
(Wh)

30.1

Table 2 shows measurements of power demand and con-
sumption from the grid was then explored for times when an
energy storage device is used, instead of relying on immedi-
ate power generation from the grid at the time of demand. In
this part of the procedure, the battery was charged by the
grid during the nighttime cycle when the power demand
from the grid was lower. The charged battery then supplied
power to the grid during the daytime cycle to lower the
power demand from the generation sources.

Table 2. Daytime/nighttime cycle power measurements with energy
storage.

Power and energy measurements Daytime | Nighttime
Home power demand (active power at

the AC side of the single-phase grid-tied 192.7 192.4
inverter), Pgrig (W)

Battery power (power at the DC side of

the single-phase grid-tied inverter), Pgarr. 87.8 -89.1

(W)

Energy exchange at the battery after the
simulated daytime interval), Egatr. pay 7.8
(Wh)

Home energy consumption (energy which
the grid supplied to the home during the

simulated daytime/nighttime cycle), Eg;iq 44.52
(Wh)

Energy exchange at the battery after the

simulated daytime/nighttime interval, 0.7

E BATT.,.DAY/NIGHT (Wh)

Learning Outcomes of the Electrical
Power and Machinery Course

The students were expected to gain foundational
knowledge of standalone and grid-tied energy production
using power system operation, battery storage, and energy
conversion techniques in conventional and alternative ener-
gy systems. Through the course of the laboratory projects,
students became familiar with the components used in grid-
tied and standalone energy systems, such as a boost chop-
per, single-phase inverter/rectifier, and transformer for use
of voltage isolation, insulated DC-to-DC converter, DACI,
and the LVDAC system software by Festo. Upon comple-
tion of the course, students were expected to achieve the
following outcomes that would also enhance the program’s
data-collection and assessment efforts aligned with ABET-
ETAC criteria:

e Apply the theory of electrical machines—motors-
generators-transformers—to the practical industrial
settings with appropriate drives and controls.

e Learn the theory of single-phase and three-phase
electrical power, stationary and rotating electrical
machines operating on DC/AC, and their relevant
control systems.

e  Establish the concepts of electrical power production,
transmission, application, and control relating to in-
dustrial and commercial settings.

e Learn fundamentals of the National Electric Code
and Electrical Safety Rules.

e Apply creativity in the design of components and
systems based on specified requirements and known
design techniques.

e Design and carry out experiments and tests, analyze
and interpret data, and make iterative improvements
by using safe and technically correct laboratory
methods.

e Collaborate with each other in laboratory settings to
work effectively in teams.

Conclusions

An undergraduate summer research project at SHSU pro-
duced an effective teaching curriculum with laboratory pro-
jects in the area of smart grid electrical power systems. A
new junior-level class on electrical power and machinery
would be offered in the 2018-19 academic year with the
laboratories described in this paper. The teaching modules
covered were: 1) stand-alone home energy production;
2) grid-tied home energy production using an inverter; and,
3) large-scale energy storage for the implementation of a
basic smart grid. The results of the new curriculum were
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very promising in terms of increasing student interest and
enthusiasm about modern electrical power systems integrat-
ed into a smart grid through a state-of-the art data acquisi-
tion and instrumentation system. The authors also reported
the work of undergraduate students on smart grids to inves-
tigate and implement self-healing from power quality is-
sues, providing efficient energy management, incorporating
smart metering, and integration of distributed power genera-
tion, renewable energy resources including solar, wind, and
hydrogen fuel cell and power storage units.
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EVALUATION OF SEISMIC DESIGN AND BUCKLING
STRENGTH OF LIQUID-FILLED STEEL
CYLINDRICAL TANKS

Wiriyachai Roopkumdee, University of North Dakota; Iraj Mamaghani, University of North Dakota

Abstract

In this paper, the authors develop practical seismic design
equations for estimating the buckling strength of liquid-
filled cylindrical tanks subjected to ecarthquake loads. A
pseudo-equilibrium path criterion was used to evaluate
buckling strength, and finite element analysis was per-
formed using ANSYS. The modeling method, appropriate
element types, and necessary number of elements to use in
subsequent numerical analyses are recommended. Charac-
teristics of earthquake excitations play an important role in
buckling strength of liquid-filled steel cylindrical tanks.
Based on an extensive parametric study, seismic design
equations, and design curves representing the interactions of
D/t and H/D ratios for the cylindrical tanks of various ge-
ometries subjected to El Centro 1940, Parkfield 2004, and
Northridge 1994 earthquakes are presented and discussed.
Results revealed that the D/t ratio is an important parametric
factor in the seismic buckling strength of a liquid-filled cy-
lindrical tank. The dynamic buckling capacity of the tank
decreased significantly when the D/t ratio increased. An
increase in the H/D ratio also seemed to have a negative
effect on the seismic buckling strength; however, its effect
was less significant compared to the D/t ratio.

Introduction

Liquid storage tanks are subjected to horizontal and verti-
cal ground accelerations during the earthquakes. Damages
to petroleum storage tanks were reported due to the earth-
quakes of 1933 Long Beach, 1952 Kern County, 1964 Alas-
ka, 1971 San Fernando, 1979 Imperial Valley, 1983 Coal-
inga, 1989 Loma Prieta, 1992 Landers, 1994 Northridge,
and 1995 Kobe (Cooper & Wachholz, 1999). The American
Lifelines Alliance (2005) reported that the failure modes
occurred due to steel storage tanks. In this current study, the
authors were interested in the shell buckling mode of liquid-
filled cylindrical tanks subjected to the horizontal earth-
quake accelerations. The hydrodynamic behavior of liquid-
filled cylindrical tanks when subjected to earthquakes can
be separated into two types (Housner, 1963). First, impul-
sive mass, a mass of water is rigidly attached to the tank at
the proper height. Second, convective mass, the horizontal
accelerations from the tank excite a mass of water into os-

cillations. Veletsos and Yang (1977) reported that liquid-
filled cylindrical tanks have a cantilever beam mode when
the tanks are subjected to horizontal excitation. Housner
(1963), Haroun and Housner (1981), and Veletsos and Yang
(1977) reported that, when the horizontal excitations were
applied to the liquid-filled cylindrical tank, a cantilever-
beam mode was detected. From past earthquakes, recorded
data show that tanks filled with liquid are more prone to
suffering damage (American, 2005).

Sezen et al. (2008) used ANSYS to study liquefied gas-
structure interaction and a simplified model of three tanks in
Turkey that experienced an earthquake on August 17, 1999;
they reported that shear and bending moments are overesti-
mated if the fluid is modeled as a single rigid mass. Virella
et al. (2006) presented the critical value of peak ground ac-
celeration (PGA) for conical roof tanks subjected to hori-
zontal acceleration using ABAQUS finite element analysis
software, where the critical values of PGA for cylindrical
tanks filled with liquid up to 90% of the height of the tanks
were between 0.25g and 0.35g. The nature of the dynamic
buckling response can be estimated using the deformations
and stresses around the critical level of the earthquake exci-
tation (Djermane, Zaoui, Labbaci, & Hammadi, 2014).

Djermane et al. (2014) and Virella et al. (2006) used
Budiansky and Roth (1962) to conduct the pseudo-
equilibrium path to find a significant increase rate of the
deformation. This significant increase rate of deformation
can be used to indicate the dynamic buckling of the steel
cylindrical tanks. Kazaz et al. (2006) conducted a numerical
simulation of a reinforced concrete load-bearing structural
wall model subjected to effective earthquake forces. Many
other studies have looked at the seismic behavior of liquid-
filled steel cylindrical tanks. However, little effort has been
devoted to investigating the interactive effects of D/t and
H/D ratios on seismic buckling capacities when the liquid-
filled steel cylindrical tanks are subjected to different
earthquake excitations.

In this current study, finite element method (FEM) was
used to investigate the effects of D/t and H/D ratios of the
liquid-filled steel cylindrical tanks when different character-
istics of earthquake loads are applied to the tanks. The struc-
ture response to the base excitation was modeled using the
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concept of effective earthquake forces; therefore, accelera-
tion input was to create an acceleration field acting on all
the nodes of the model. In addition, the time steps were di-
vided such that they would be small enough to accurately
capture the periods of oscillations.

Modeling of Cylindrical Tanks

Five geometric configurations of the cylindrical tanks
were analyzed with height-to-diameter (H/D) ratios of 0.43,
0.67, 1.00, 1.46, and 2.41, and diameter-to-thickness (D/t)
ratios 0of 910, 1013, 1216, 1612, and 2130, in order to inves-
tigate the buckling behaviors of various sizes of cylindrical
tanks. Table 1 and Figure 1 illustrate the geometries of the
cylindrical tanks. Figure 2 shows the FEA modeling of
model A.

Table 1. Geometries of the cylindrical tanks.

was applied to every node of the cylindrical tanks. There-
fore, the structural response to the base excitation was mod-
eled using the concept of effective earthquake forces
(Chopra, 2011), as illustrated in Figure 3.

T
<

0.000 2,000 4.000(m)

1.000 3.000

Figure 2. FEA modeling of model A.
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Figure 1. Cylindrical tank geometry.

The material for all cylindrical storage tanks was steel
with a modulus of elasticity, E, equal to 200 GPa, a Pois-
son’s ratio, v, of 0.3, and a mass density, p, or 7850 kg/m3.
Bilinear isotropic hardening of the steel was included with
the yield stress of 345 MPa and the tangent modulus of
13.79 GPa. The liquid used to fill the cylindrical tanks was
water with a bulk modulus of 2068.4 MPa and a mass densi-
ty of 1000 kg/m’. For FEA modeling, all cylindrical tanks
were considered fixed at the base and free on the top. The
histogram of earthquake excitation, in terms of acceleration,

Stationary base

» i, (1)
Figure 3. Ground excitation and effective earthquake forces.

ANSYS was used for all computations. SHELL181 ele-
ment was used as the element for the steel cylindrical tanks.
SOLID186 element was used as the element for the water
inside the cylindrical tanks. SHELL181 is a four-node ele-
ment with six degrees of freedom at each node (translation
in x, y, and z directions, and rotation about the x, y, and z
axes). SOLID186 is a higher order 3-D solid 20-node ele-
ment having three degrees of freedom per node that exhibits
quadratic displacement behavior (ANSYS, 2009). The ele-
ments of SHELL181 for models A, B, C, D, and E were
modeled with 4174, 5513, 8838, 7941, and 7198 elements,
respectively. The elements of SOLID186 for models A, B,
C, D, and E were modeled with 850, 941, 1180, 1021, and
978 elements, respectively.

Damping Ratios

Rayleigh Damping is a procedure of classical damping,
which is used in the ANSYS computer program. For sim-
plicity and numerical efficiency, damping was assumed as
Rayleigh mass proportional damping, as given by Equations
1 and 2:
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where, g is mass coefficient and (, is critical damping ratio.

For the steel structure, the critical damping ratio is gener-
ally between 2% and 3% (Djermane et al., 2014). In this
study, a value of 2% was adopted. This mass coefficient (a)
was to be inputted into the transient analysis to indicate the
damping ratio of the structure. Table 2 shows the mass coef-

ficients of each model.

Table 2. First natural frequencies and mass coefficients of the

tanks filled with water up to 90% height.
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S & S o o o o
w [¥] (= o [ o w .

S
=

0 2 4 6 8 10 12 14 16 18
Time (s)

Figure 4. Accelerogram of north-south component of the El Centro
earthquake, 1940.

Model First Natural Frequency Mass Coefficient
(Hz) (a0)
A 4.259 1.070
B 1.993 0.501
C 2.293 0.576
D 1.824 0.458
E 2.070 0.520

Nonlinear Seismic Analysis

The transient dynamic analysis can be used in FEM to
study the dynamic behavior of a structure when it is subject-
ed to time-dependent loading. Inertia and damping effects
were considered for the transient dynamic analysis. The
equation of motion, Equation 3, was solved by the transient
structure simulation in ANSYS.

v (i} + (€] + (K Ju) - {F,) @

where, [M] is the mass matrix; [C] is the damping matrix;
[K] is the stiffness matrix; {ii} is the nodal acceleration vec-

tor; {u} is the nodal velocity vector; {u} is nodal displace-
ment; {f{,} is the load vector; and, # is time.

Data sets of earthquake loads for El Centro 1940, Park-
field 2004, and Northridge 1994 were collected from the
United States Geological Survey (Index, 2014). Numerical
values of these earthquakes are in units of g. Figures 4-6
show the accelerations due to gravity for the El Centro,
Parkfield, and Northridge earthquakes, respectively.
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Figure 5. Accelerogram of north-south component of the Parkfield

earthquake, 2004.
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Figure 6. Accelerogram of north-south component of the
Northridge earthquake, 1994.

Pseudo-Equilibrium Paths

El Centro Earthquake:

The Budiansky and Roth criterion (1962) was used to
generate pseudo-equilibrium paths in this study. Buckling
instability occurred when a small increase in the pulse inten-
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sity caused a strong increase in the rate of deflection. There- 1.0
fore, different analyses of the structure for several loads 09
(PGAs) had to be constructed. The node that provided maxi- 0.8
mum displacement of each model was used to find the pseu- '

do-equilibrium path. For example, Figure 7 shows that node 0.7
2638 had a maximum displacement when PGA was 0.7g. w 0.6
Figure 8 illustrates the pseudo-equilibrium paths and the < 05

Model B

¥

dynamic buckling values of models A and C. The dynamic E 0.4 PGA=0.55g
buckling values of models A and C were 0.72g and 0.56g, 03
respectively. Figure 9 illustrates the pseudo-equilibrium )
paths and the dynamic buckling values of model B. The 0.2
dynamic buckling value of model B was 0.55g. Figure 10 0.1
illustrates the pseudo-equilibrium paths and the dynamic 0.0
buckling values of models D and E. The dynamic buckling 0.00 0.02 0.04 0.06
values of models D and E were 0.15g and 0.075g, respec- ;
. . ) ; Nodal displacement, UY (m)
tively. Transient response curves, in terms of nodal dis-
placement with an increase in PGA, were also observed in Figure 9. Pseudo-equilibrium path for models A and C.
this study. Figure 11 shows a significant jump in the nodal
displacement of model C, which indicated that the structure 0.45
was unstable for PGA = 0.6g. 0.40 Model D
0.35
__ 030
2025 PGA=0.15g
< \
o 0.20 <
% 015 e ModelE
0.10 .
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Node 2638 0000 10,000 ) ‘_I Figure 10. Pseudo-equilibrium paths for models D and E.
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Figure 7. Deformation of model C subjected to the El Centro __ 0.006
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o Figure 11. Transient response for model C.
Figure 8. Pseudo-equilibrium paths for model B.
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Parkfield Earthquake:

The Parkfield earthquake was chosen to be one of the
applied loads for studying the dynamic buckling strength of
liquid-filled steel cylindrical tanks when the tanks were ap-
plied different characteristics of earthquake loads. Nodes
that gave the maximum displacement to the steel cylindrical
tanks when they were subjected to the Parkfield earthquake
were nodes 2623, 2876, 5580, 1076, and 1436 for models A,
B, C, D, and E, respectively. Figure 12 illustrates the pseudo
-equilibrium path and the dynamic buckling value of model
A. The dynamic buckling value of model A was 1.30g. Fig-
ure 13 illustrates the pseudo-equilibrium paths and the dy-
namic buckling values of models C and D. The dynamic
buckling values of models C and D were 0.88g and 0.40g,
respectively. Figure 14 illustrates the pseudo-equilibrium
path and the dynamic buckling value of model B. The dy-
namic buckling value of model B was 1.20g. Figure 15 il-
lustrates the pseudo-equilibrium path and the dynamic buck-
ling value of model E. The dynamic buckling value of mod-
el E was 0.33g.

3.0

Model A

PGA=1.30g

"‘

0.0

0.000 0.002 0.004
Nodal displacement, UY (m)

Figure 12. Pseudo-equilibrium path for models C and D.

Northridge Earthquake:

The FEM results using the El Centro and Parkfield earth-
quakes indicated that the dynamic buckling capacities de-
creased when D/t ratios increased; however, the effect of the
H/D ratio could not be simplified. Thus, the Northridge
earthquake was included in this study to interpret the uncer-
tain effect of the H/D ratio. Figure 16 illustrates the pseudo-
equilibrium paths and the dynamic buckling values of mod-
els A and C. The dynamic buckling values of models A and
C were 1.34g and 0.70g, respectively.
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Figure 13. Pseudo-equilibrium paths for model A.
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Figure 14. Pseudo-equilibrium path for model B.
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Figure 15. Pseudo-equilibrium path for model E.
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Figure 16. Pseudo-equilibrium paths for models A and C.

Figure 17 illustrates the pseudo-equilibrium path and the
dynamic buckling value of model B. The dynamic buckling
values of model B was 0.63g. Figure 18 illustrates the pseu-
do-equilibrium paths and the dynamic buckling values of
models D and E. The dynamic buckling values of models D
and E were 0.21g and 0.20g, respectively. Figure 19 illus-
trates the significant jumps from transient response curves
for model D.
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Figure 17. Pseudo-equilibrium path for model B.

Estimated Design Equation

To estimate the interaction effects of the H/D and D/t
ratios on the seismic buckling strengths of the steel cylindri-
cal tanks, a nonlinear regression analysis was adopted to
estimate a design equation. From the El Centro, Parkfield,
and Northridge earthquake cases, the design equation can be
estimated as shown in Equation 4:
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Figure 18. Pseudo-equilibrium paths for models D and E.
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Figure 19. Transient response for model D.

PGA = —0.28375In(H /D)-2.93(10)(D /1)’ @

+1.23015; R°=0.7018

From Equation 4, the D/t ratio had a significant negative
effect on the dynamic buckling capacity. If the D/t ratio
increased, the dynamic buckling capacity would significant-
ly decrease. An increase in the H/D ratio also showed a neg-
ative effect on dynamic buckling capacity; however, when
the H/D ratio increased, the buckling capacities would de-
crease at a diminishing rate. Equation 4 was estimated from
geometries of the tanks based on this study. Therefore, the
estimated design equation may have to be reinvestigated if
the dimension of the steel cylindrical tank is not one cov-
ered in this study.
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Conclusions

In this study, the authors evaluated the seismic buckling
capacities of liquid-fill steel cylindrical tanks using various
sizes of the steel cylindrical tanks. The interaction effects of
D/t and H/D ratios on the dynamic buckling were investigat-
ed, and estimated design equations were proposed. Results
showed that the D/t ratio is an important parametric factor
of the seismic buckling strength of liquid-filled cylindrical
tanks. The dynamic buckling capacity of the tanks de-
creased significantly when the D/t ratio increased. An in-
crease in the H/D ratio also seemed to have a negative effect
on the seismic buckling strength; however, its effect was
less significant when compared to the D/t ratio.
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DESIGN AND ANALYSIS OF AU
AND ITO THZ ANTENNAS

Sai Dittakavi, Northern Illinois University, Ibrahim M. Abdel-Motaleb Northern Illinois University

Abstract

The terahertz gap is defined as the range from of frequen-
cies between 0.3 THz and 3 THz, or wavelengths between
1000 and 100 pm. THz frequencies can be used in medical
imaging, security, communications, scientific instrumenta-
tions, and military applications. Because THz radiation is
non-ionizing, it is safe for use in medical applications. To
realize the full advantages of THz radiation, efficient anten-
nas or detectors need to be designed. In this study, the au-
thors designed bow-tie antennas using gold (Au) and Indi-
um Tin Oxide (ITO) on silica. The antennas were analyzed
using the finite element, multi-physics program, COMSOL.
Au was used for its low resistivity and ITO was used for its
ability to vertically integrate with optical devices. The bow-
tie antenna is composed of two triangles facing each other at
the apex, with a nanometer-gap between them. This gap acts
as a capacitor. The absorption of THz radiation results in the
creation of an electric field across the gap. The dimensions
of the antenna were changed and the electric field across the
gap was calculated.

As expected, the results showed that the electric field in-
creased with a decrease in the gap dimension. Hence, the
minimum size of the gap is related to the critical dimension
of the fabrication process. The results also showed that the
electric field increased with metal thickness. This can be
attributed to the decrease of the antenna’s resistance as met-
al thickness increased. On the other hand, the width dimen-
sion seemed not to substantially affect the output field. This
may be because the width only affects the magnetic field
and does not affect the electric field measured across the
gap. The increase in the length of the antenna, L, resulted in
a decrease in the peak frequency, fy. This is because fj is
proportional to 1/L. Therefore, by combining several anten-
nas with different lengths, a THz detector with a wider
range of frequency detection can be built. The behavior of
the ITO antennas was similar to the Au antenna, but with
lower field values. This can be attributed to the high resis-
tivity of ITO compared with Au.

Introduction

The terahertz region is sandwiched between the micro-
wave and the infra-red regions. The THz spectrum offers
many applications in engineering, such as medical imaging,

security, communications, scientific instrumentations, and
military applications (Sabaawi, Tsimenidis, & Sherif, 2013).
This range is also known as the sub-mm wave range, since
its wavelength falls between 1 mm and 0.1 mm (Wu,
Cheng, Djerafi, & Hong, 2012). The antennas used in this
study were bow-tie antennas, where a bow-tie-shaped metal
was deposited on top of a dielectric substrate. The perfor-
mance of the antenna was mainly affected by the dielectric
strength of the substrate. Low-dielectric substrates, such as
silica, have been used to build THz antennas, and their per-
formance has been reported in the literature
(Chattopadhyay, Reck, Jung-Kubiak, Lee, Siles, Chahat,
Cooper, Schlecht, Alonso-delPino, & Mehdi, 2014; Llom-
bart, Lee, Alonso-delPino, Chattopadhyay, Jung-Kubiak,
Jofre, & Mehdi, 2013; Hou, Xiong, Hong, Goh, & Chen,
2012).

The metal used to build THz antennas is normally gold
(Au). Gold is chosen because it is biocompatible and has a
very high conductivity. On the other hand, Au is opaque in
the optical spectrum. Hence, vertical integration with opti-
cal/optoelectronic devices may be adversely affected. Using
a transparent metal may provide the advantage of vertical
integration with optical devices. Indium-Tin-Oxide (ITO)
can provide this advantage, if used as a metal for the anten-
na. ITO is a transparent, wide bandgap, degenerate semicon-
ductor, with very high conductivity. Therefore, ITO can act
as a metal. In this study, a bow-tie nano-antenna made of
ITO on silica was designed and analyzed using finite ele-
ment numerical analysis in the THz range. Silica can have
dielectric constants as low as 2.03, if not lower. For compar-
ison, a similar antenna using Au on silica was also designed
and analyzed using the same numerical analysis. The wide
bandgap of ITO allows almost all infrared and visible light
photons to be transmitted through. To the best knowledge of
the authors, there is no publication of a similar THz antenna
having been built using ITO on silica.

Analysis

The COMSOL multi-physics program was used to con-
duct the study. The bow-tie antenna shape has previously
been studied by many research groups (Wu, Le-Wei, & Liu,
Geometric, 2010; Wu, Le-Wei, & Liu, Gold, 2010;
Sabaawi, Tsimenidis, & Sherif, 2012) and was shown to
exhibit enhanced performance. Figure 1 shows that this an-
tenna is basically two triangles with a nano-gap between the
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vertices. The antenna has 16 um length, 9 pm width, 1pm
thickness, and a 100-nm gap between the two apexes. Fig-
ure 2 shows the simulation geometry with the various
boundaries used in the COMSOL simulation. Also shown in
Figure 2 is how the antenna is placed on top of a 20-um
silica substrate. On the top of the antenna, a 20-um column
of air was placed. To avoid reflections from the boundaries,
a perfectly matched layer (PML) with a thickness of 10 um
was used on the top and under the bottom of the model
(Hou et al., 2012). The antenna was illuminated vertically
by an electromagnetic wave using COMSOL’s feature port
that applied 1 V/m magnitude propagating in the
Z-direction. The port was excited with an electric source
placed 20 pm above the antenna metal and just below the
upper PML layer.

(a) Geometry of the bow-tie antenna used in this study.

(b) COMSOL simulation of the electric field
showing the highest intensity across the gap.

Figure 1. The bow-tie antenna.

ZOuNI

Dielctric
Substrate

Figure 2. A3-D view of the geometry and domains simulated in
COMSOL with a perfectly matched layer (PML) on the top and at
the bottom.

The dielectric constant was obtained for the metal from
the Drude model, given by Equation 1 (Ordal, Long, Bell,
Bell, Alexander, & Ward, 1983):

s(o)=c¢ -t (1)

where, &, represents the contribution of the bound electrons
to the relative dielectric constant; o, is the plasma frequen-
cy; and, o, is the damping frequency.

The dielectric parameter is a complex value, since it de-
pends on the frequency (see again Equation 1). COMSOL
uses Equation 1 to obtain the complex dielectric value at
different frequencies (Gonzalez, Alda, Simon, Ginn, &
Boreman, 2009). As noted earlier, in order to eliminate re-
flection, PMLs were used. The PML is not a boundary con-
dition but rather an additional domain that absorbs incident
waves without producing reflections. The captured electric
field at the gap was the output of the nano-antenna. In
COMSOL, Maxwell’s equations (Equation 2) were used to
obtain the electric field:

voulh

(V- E)—k,e,E =0 ®)
where, |, is the relative permeability; ¢, is the relative die-
lectric constant; ky is the wave number equal to (w/c); ® is
the radial frequency; and, c is the speed of light.

The gap between the two triangles of the bow-tie dipole
antenna affects the performance of the antenna. The electric
field is created at gap of the antenna due to Coulomb’s field.
In this case, the gap acts as a capacitor (Sabaawi, Tsi-
menidis, & Sherif, 2012). Therefore, the gap dimension
affects the antenna’s performance, as will be explained lat-
er.
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Results and Discussion

To ensure that the current simulation was correct, the re-
sults of simulations for the bow-tie Au/silica antenna pub-
lished by Sabaawi, Tsimenidis, Sherif (2012) were com-
pared with the simulation in this current study. In this simu-
lation, the conductivity of Au was taken to be 45.6x10° S/m
and the dielectric constant equal to the complex value
-8.49+1.62j. For silica, the dielectric constant was assumed
to be 2.03, and the resonant frequency was 5.57 THz. Figure
3(a) shows the published results; Figure 3(b) shows the re-
sults of this current study. As can be seen from the figures,
the current simulation results are almost identical to the
published results. The match between the two results pro-
vides the necessary confidence in the reliability of the cur-
rent analysis and results.
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Figure 3. Antenna output.

Next, ITO and Au antennas on silica substrates were ana-
lyzed. For ITO, the conductivity was taken to be 1.3x10* S/
m and the dielectric constant to be 3.37+0.01j. The two an-
tennas were simulated using gap spacings of 100, 200, 300,
400, and 500 nm. The results showed that the electric field
increased with the decrease of the gap separation. Figure 4

(a) shows the electric field as a function of the gap separa-
tion for the Au/silica antenna, and Figure 4(b) shows the
same results for the ITO/silica antenna. The two figures
show also that the resonant frequency does not change with
the gap separation. This is because the resonant frequency is
independent of this gap dimension. The highest electrical
field was found to be at 100 nm and the lowest at 500 nm.
The maximum electric field strength can be obtained at the
minimum gap dimension, which was determined by the
minimum line-width of the fabrication process used. The
increase of the field with the decrease of the gap can be at-
tributed to the fact that the electric field is the potential over
the gap distance; consequently, as the gap decreased, the
electric field strength increased.
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Figure 4. Electric Field as a function of the gap separation.

The antennas’ performance was then analyzed for differ-
ent metal thicknesses, but with the original width, length,
and gap dimensions. The simulation was done using thick-
nesses of 0.2, 0.5, 1, 3, and 5 um. Figure 5(a) shows the
results of the study for the Au antenna, and Figure 5(b) for
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the ITO antenna. For both antennas, a higher thickness re-
sulted in a higher output field. The skin depth for the metals
was found to have no effect, since it was found to be much
smaller than the minimum thickness used. The resonant
frequencies of the Au and ITO antennas were the same, in-
dicating that this frequency is independent of the metal’s
thickness. Therefore, the increase in the electric field with
the thickness might be attributed to the increase of the
metal’s conductance.
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Figure 5. Electric Field as a function of the thickness.

The investigation next focused on the effect of the width
dimension on the antenna’s response. The antennas were
simulated with widths of 2, 4, 9, 10, and 12 um. Figure 6(a)
shows the results for the Au antenna, while Figure 6(b)
shows the results for the ITO antenna. The two figures show
that the electric field strength was almost invariant with the
width. This can be attributed to the fact that the applied
electromagnetic wave has the magnetic field parallel to the
width and the electric field parallel to the length. This
means that the width dimension affects only the magnetic

field, and the length dimension only affects the electric
field. Therefore, the electric field stays constant with the
width variation. Figure 6(a) shows the electric field as a
function of the width dimension for the Au/silica antenna
(left), and Figure 6(b) shows the same for the ITO/silica
antenna (right). The impact of the length on the output elec-
tric field was also investigated. The antennas were simulat-
ed using lengths of 25 pm, 20 pm, 16 pm, 12 pm, and 8 um,
as shown in Figure 7.
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Figure 6. Electric Field as a function of the width dimension.

In an antenna, there may exist multiple peaks, since these
antennas resonate at frequencies fo/nz, fo/n, £y, nfp, nzfo, where
n is an integer and fj is the fundamental frequency. The reso-
nant frequency, in this case, can be obtained from Equation 3:

c

fom ———
2-L-yJe,, )

where, c is the speed of light; L is the length of the antenna;
and, &, 1s the effective dielectric constant at fj.
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Figure 7. Electric Field as a function of the length.

Using a dielectric constant of 2.03 for the silica and a
length of 16 pum, the resonant frequencies obtained using
Equation 3 were found to be 6.58 THz. This fundamental
resonant frequency is not shown, because it lies outside the
simulation range for this study, which was from
0.3-5.0 THz. However, a secondary resonant frequency
would be f,/2=3.29 THz. Figure 4 shows that this value was
in full agreement with the value obtained from the simula-
tion. Equation 3 also shows that the resonant frequency does
not depend on the width, but rather on the length. Figure 7
(a) shows the simulation results for the Au antenna, and
Figure 7(b) shows the results for the ITO antenna with dif-
ferent lengths. The simulation results show that the resonant
frequency depends on the length. The results further show
that the resonant frequencies for both antennas were about
2.1 THz, 2.63 THz, 3.29 THz, and 4.38 THz, for the lengths
25 um, 20 pm, 16 um, and 12 pum, respectively. For the
length 8 pum, the resonant frequency was 6.58 THz, which
lies outside the simulation range.

The results given in Figures 3-7 indicate that the electric
field for Au antennas was higher than that for the ITO an-
tennas. The reason for this can be attributed to the high con-
ductivity of Au (45.6x10° S/m) compared to that of ITO
(1.3x10* S/m). The value of the electric field and the voltage
across the gap were proportional to the accumulated charge
density generated by the absorption of the incident wave.
The voltage across the gap, as well as the electric field, in-
creased if the antenna’s internal resistance decreased.
Therefore, it was believed that high metal conductivity con-
tributes to an increase in the electric field.

Conclusions

Au/silica and ITO/silica bow-tie antennas were success-
fully designed and analyzed using different dimensions.
ITO antennas can be used for vertical integration of optical
and optoelectronic devices. Au/silica antennas can provide
higher outputs. This study showed that these antennas can
be used as bandpass filters, allowing the detection of a nar-
row band of signals. Using an integrated array, the output
strength can be increased several-fold. Assuming the area of
each antenna to be 50 um x 50 pm, one can place an array
of 40,000 antennas in one cm?, increasing the field by the
same value. For space exploration, the antenna array can be
in square meters. The array can detect wideband signals if it
is composed of antennas with different lengths. The change
in length will shift the resonant frequency, resulting in a
wider range of detection. In this study, the authors focused
only on a normal application of the electromagnetic waves.
However, by changing the incident angles, the antenna’s
response can be expected to change. Such a study may ex-
plore other properties of bow-tie antennas that were not
explored in this study.
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