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ABSTRACT

For electric power transmission system, the electro-magnetic energy along the high

voltage transmission line can be collected by an energy harvester. This makes the

harvester a feasible candidate to power up the sensors deployed in power grids. In this

report, a design of magnetic induction based energy harvester is demonstrated with

the inclusion of derivations of formulas, discussions of chosen materials and steps of

creating geometry model using SolidWorks. Modeling and simulation of the energy

harvester using COMSOL and LTspice are also explained along with the analysis of

the results. In addition, cathodic protection of steel towers in power networks pow-

ered by the proposed energy harvester is investigated. In particular, the impressed

current cathodic protection method, its principles of operation, thermodynamic be-

havior and simulation approached are illustrated. Finally a system integration of

energy harvester and impressed current cathodic protection system that can not only

monitor the environment of power grid but also prevent corrosion in steel tower is

proposed.
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Chapter 1

Introduction

To maintain the normal operations of the electricity power system, a variety of perfor-

mance monitoring data are collected from sensors deployed within the infrastructure.

Consequently, stable and low-cost power supplies are required to power the corre-

sponding sensors. Furthermore, corrosion occurs on the steel tower supporting the

power transmission lines, which costs a substantial budget every year for repair. An

effective method that can prevent corrosion powered by the proposed harvester will

be discussed in this thesis.

1.1 Energy Harvester

An energy harvester is a device that acquires thermal, electromagnetic, wind or solar

energy from an external source to support electric devices. The energy source for

a harvester is typically natural, sufficient and sometimes redundant to make the

harvester low-cost and energy efficient.

In the past, a variety of energy harvesters have been demonstrated in a wide

range of applications. For example, a micro-power photovoltaic module was built to

provide electrical power to an autonomous gas sensor through an energy efficient solar

energy harvester[1]. He, et.al. demonstrated that a piezoelectric harvester containing

a cantilever beam and magnetic circuit can collect energy from alternating current

(AC) magnetic field emitting from a high voltage power line [2]. An auto-parametric

resonance vibration energy harvester based on resonant amplification was developed

by Yu et. al.[3]. Horowitz et. al. introduced a micro-machined acoustic energy

harvester producing a maximum output power density of 0.34 µW/cm2 at 149 dB
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Figure 1.1: Solar Panels (Reprinted from[7]).

acoustic input [4]. Also, a semi-flexible bimetal-based thermal energy harvester can

transfer thermal gradients into electricity, with an output power of 13.46 µW per

device from a 60◦ C thermal source [5]. On the other hand, a maximum of 3.99

mW output power can be produced by a wearable thermal energy harvester powered

by human foot of an adult standing on room temperature ground[6]. Dias et. al.

presented a thermoelectric a solar energy harvester based on a solar panel to power a

multi-sensor system for agriculture[8]. A schematic of such solar panel is illustrated

in Figure 1.1[7].

Figure 1.2 [9] shows a piezoelectric energy harvester that utilizes the basic piezo-

electric beam for powering circuits or sensors. It can be applied to a cardiac pacemaker[10],

or even a bicycle[11] to make them self-powered. Another example is the auto-

parametric energy harvester that contains a pendulum and an excited oscillator at its

low-frequency vibration [12]. In addition, Aldraihem and Baz presented a harvester

consisting a dynamic magnifier between the piezoelectric element and moving base to

improve the strain of the piezo-element and increase the output power of the energy

harvester[13]. An electromechanical energy harvester with a magnet held by a spring

can produce a normalized power density of 1.7 µW/(m/s2)s2cm3 at a resonance fre-

quency of 112.25Hz [14]. The schematic of the electromechanical energy harvester

with a magnet is shown in Figure 1.3.
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Figure 1.2: A piezoelectric energy harvester example (Reprinted from [9]).

In this thesis, we investigate the energy harvester that is suitable for providing

stable power to performance monitoring sensors and steel tower corrosion prevention

system. One candidate of such energy harvester would be a solar energy harvester.

However, the performance of a solar energy harvester relies heavily on the weather.

Such harvesters do not function at its full capacity during cloudy and rainy days, thus

is unsuitable for desired applications. On the other hand, a magnetic induction based

harvester provides constant energy to power sensors and batteries as long as there is

steady and sufficient AC flowing through the conductor of a high voltage transmission

line. As Figure 1.4 shows, the magnetic induction based energy harvester or energy

coupler is placed on the high-voltage transmission line. The AC flowing through the

conductor generates an inductive voltage on the terminals of the coils in the energy

harvester and will be converted to DC by the rectifier installed in the harvester. The

output DC will then be used as the energy source for the sensors and corrosion pro-

tection.
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Figure 1.3: Schematic diagram of magnetic induction energy harvester (Reprinted
from [14]).

Figure 1.4: Schematic diagram for magnetic induction harvester.

1.2 Cathodic Corrosion Protection

Corrosion of the industrial infrastructures costs over one trillion dollars (6.2 percent

of GDP) in the US according to the National Association of Corrosion Engineers

(NACE) report [15]. More specifically, BC Hydro spends 530,000 dollars yearly on

repairing the corroded steel towers. Evidently, corrosion protection is of key interests

for BC Hydro to manage their infrastructure.
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(a) Corroded ship propeller [16] (b) Corroded pipelines [17]

Figure 1.5: Examples of corrosive metals.

Figure 1.6: An example of coating using zinc (Reprinted from [18]).

When corrosion occurs, it will reduce strength and other properties of the struc-

ture. This is exemplified in Figure 1.5 for corroded ship propellers (a) and pipelines

(b).

One approach to prevent corrosion is to apply coating on the surface of the metal

as illustrated by Figure 1.6. It includes two steps of coatings, zinc is first coated due

to its relative stable property, and a finish coating is applied to get a better exterior

[18].

For structures such as oil pipes, gas transport tubes, and marine facilities, cathodic

protection is a solution to metallic corrosion prevention. The metallic structure is

set as a cathode in an electrochemical cell in cathodic protection so that it can be

protected through further steps. Figure 1.7 illustrates the chemical reactions on the

metal when corrosion takes place, the anode part will lose electrons and ions while the

hydrogen is generated on the cathode part. Further, oxides of irons will be generated
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Figure 1.7: Chemical reactions on metal when corrosion occurs.

on the anode part which makes the metal rusty.

Figure 1.8: Schematic diagram of sacrificial anode cathodic protection system.
(Reprinted form [16])

There are two main methods for cathodic protection. One is simply connecting

an anode with the structure in the electrolyte as illustrated in Figure 1.8, forming

an electrochemical cell along with the cathode part. When the metal chosen for

the anode is much more active than the cathode, it will lose electrons due to the

potential difference between the electrode and metal. Consequently, the electrons

will flow across the cable to the cathode to fill in the cathode. In this process, the

anode, also named as the sacrificial anode, loses electrons and ions to the cathode
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and requires the replacement of anode every period.

The other type of cathodic protection is called Impressed Current Cathodic Pro-

tection(ICCP). It contains anodes connecting to a rectifier to convert AC to DC.

The anode can be made from a variety of materials including graphite, silicon cast

iron, platinum, magnesium, etc. It is connected to the positive port of the rectifi-

er, while the structure to be protected is connected to the negative port. The DC

power provides a voltage higher than the sacrificial anode system to imitate a much

stronger anode that impresses current from the anode to the cathode. This makes

the potential between anode and cathode larger than that of corrosive reaction on

the structure. Consequently, the cathode will be protected. Compared to the former

approach, ICCP makes the lifetime of the protected structure significantly longer. In

addition, the installation process is simple since it only requires the settings around

the anodes, backfill and the connection to the rectifier. It is worth mentioning that

ICCP system requires constant monitoring in order to adjust the input current based

on the potential of surface, salinity of the sea water or humidity of the earth.

As illustrated in Figure 1.9, ICCP is frequently adopted to protect a steel tower by

making it as the cathode in an electrochemical cell connected to the rectifier with a

cable and anodes with an electrolyte. Also, with a similar design, cathodic protection

can be feasible and cost friendly by harvesting energy from the transmission line [19].
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Figure 1.9: Model for impressed current cathodic protection for steel tower.

To summarize, in our system, we choose ICCP for corrosion protection, the energy

is collected from the high voltage transmission line through an energy harvester and

converted into DC power by a rectifier circuit. The proposed harvester can be used

for powering wireless sensors and protecting the corrosion that may happen on steel

structures in the electric power grid.

1.3 Thesis Outline

The outline of this project report is listed below:

Chapter 2 Introduce the basic principle of magnetic induction and the design for

energy harvester.

Chapter 3 Demonstrate the principle of impressed current corrosion protection method,

the thermodynamics theory of electrochemical cells and how to determine the

number of anodes.

Chapter 4 Numerical implementing methods for creating geometry model and setup

for simulation both in energy harvester and corrosion protection.
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Chapter 5 Results analysis for induced voltage and current density from energy

harvester.

Chapter 6 Results analysis for impressed current corrosion protection.

Chapter 7 Conclusion and future work.
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Chapter 2

Energy Harvesters Based on

Magnetic Induction

Among all energy harvesters, magnetic induction energy harvester is advantageous for

its stable power provision, relatively low cost, and simple installation. In this chapter,

principles of magnetic induction harvesting are explained. In addition, rectification

circuits used for converting the harvested inductive voltage are demonstrated with

simulation.

2.1 Basics of Magnetic Induced Energy Harvester

A magnetic induced energy harvester consists a current transformer and an AC-

DC converter. The current transformer is used for generating induced voltage from

alternating magnetic field around the high-voltage transmission line. At the terminals

of its coils, the current lags 90◦ phase behind the applied voltage as shown in Figure

2.1.

When a transmission line carries AC, an alternating magnetic field is created

around the conductor. Therefore, the generated AC induced voltage at the terminals

of the conductor can be analyzed as a series LR circuit shown in Figure 2.2. Here the

impedance Z can be expressed as: Z = R + jXL = R + jωL, XL is the reactance of

the coil, R is the resistance, ω = 2πf is the angular frequency of the AC source, f is

the frequency, and L is the inductance.

The total voltage(V) at coil terminals can be expressed by using a vector triangle:

V 2 = V 2
L + V 2

R, where VR and VL are the voltages on the resistor R and coil L,
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Figure 2.1: Voltage leads current by 90◦ in phase in AC circuit. (Blue curve represents
voltage of the coil, green curve represents current of the coil).

Figure 2.2: Series LR combination

respectively. By simple substitution, we obtain: V = I
√
R2 +X2

L, where I is the

current flowing through the series LR circuit.

Inductance is used to describe how the coil react to the alternating current flow-

ing through it. From the magnetic circuit shown in Figure 2.3, inductance can be

described as:

L = N
dφ

di
(2.1)

where N is the number of turns of the coil, φ is the flux the current creates, i is the

current that goes through the conductor.

The induced voltage at the terminals of the coil can be expressed as:

V = L
di

dt
(2.2)
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Figure 2.3: Magnetic circuit (Reprinted from [20]).

Figure 2.4: AC current going through the wire while a rectangular coil located beside
it.

Based on the Faraday’s law, the amount of induced AC voltage generated on

the coil terminals depends on the relative permeability of the medium, the current

flowing through the conductor, the distance between the coil and the conductor, and

the size of the coil. As shown in Figure 2.4, the harvester can be modelled as a

rectangular coil located next to a current-carrying wire. Here the distance between

rectangular coil and the straight wire is s, the width and length of coil are d and

w, respectively. µ0 is the permeability of free space, µr is the relative permeability

of medium, and i = Ip sin (ωt) is the AC current source with Ip the peak value

of the input current source. The magnetic flux in the coil can be calculated by:

φ =
∫ s+d
s

µ0µri
2πr

wdr = µ0µrwi
2π

ln(1 + d
s
). The output voltage at the terminals of the
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Figure 2.5: The structure of the magnetic core for energy harvester.

coils can be obtained by substituting magnetic flux expression into induced voltage

expression below,

V = −N
d(µ0µrwi

2π
ln(1 + d

s
))

dt
(2.3)

= −Nµ0µrw

2π
ln(1 +

d

s
)ωIp cos (ωt)

Since the root mean square value of Ip cos (ωt) is the same as i = Ip sin (ωt), the

root mean square value voltage at the terminals of the coils should be:

Vrms = Nµ0µrwfIln(1 +
d

s
) (2.4)

According to Eq.(2.4), a multi-turns coil can be used for harvesting energy from

an AC current carrying conductor. To hold the coil and increase the medium perme-

ability, a hollow cylinder magnetic core should be applied as shown in Figure 2.5. In

addition, a core gap is designed to make energy harvester much easier to install on

the high voltage transmission line.

In practice, the impact of the core gap to the effective permeability must be taken

into consideration. Given the inner Di and outer diameter Do of the hollow cylinder

in Figure 2.5, the core gap length can be calculated as[21]:

Lcg =
π(Do −Di)

ln(D0

Di
)
− Lm (2.5)
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Figure 2.6: Fringing flux happens at core gap.

where Lm is the mean length of the magnetic path of the magnetic core, Lcg is core

gap length.

It is worth mentioning that, the effective core gap length is much wider than the

actual gap due to the effect of fringing flux (c.f.Figure 2.6). Therefore, the effective

permeability µe of magnetic core can be described as[22]:,

µe =
C

1
Ag
Lcg

+(0.241+ 1
π
ln b
Lcg

)P
+ C

µr

(2.6)

where C = Lm
Ag

, Ag is the cross-section area of the magnetic core, P = 2(h + w) and

b=πDi
2

.

Figure 2.7 illustrates a 3D model of energy harvester based on the rectangular

coil. As shown, a magnetic core wounded by multi-turns coil is placed on the cable.

When the AC flows through the conductor, the open circuit output induced voltage

on the terminals of the coil V follows Eq. (2.3), and Vrms follows Eq.(2.4).

A more practical simulation of the energy harvester will be introduced in Ch.4

and Ch.5, the simulation result is compared with the ideal case in Ch.5.

2.2 Magnetic Materials

2.2.1 Magnetic properties

Magnetic core is a key issue for magnetic induced energy harvester since the property

of the material determines the performance of the harvesting efficiency. Materials

with high permeability, low loss and high ductility are suitable for magnetic induced
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Figure 2.7: Energy harvester structure contains an ACSR cable going through a
magnetic core wounded by multi-turns coil.

energy harvesters. Normally, magnetic materials can be grouped on susceptibility χ,

which can be expressed as:

χ =
M

H
(2.7)

Here M is the magnetization, H is the magnetic field, both in units of amperes per

meter.

Materials such as gold, silver, copper and beryllium with χ ≤ 0 are called diamag-

netic materials. Diamagnetism is a property of some magnetic material’s response

to the magnetic field that is similar to paramagnetism and ferromagnetism but at

a smaller magnitude. Since the susceptibility of diamagnetic material is negative,

the induced magnetic field created in the material will be repelled by the external

magnetic field.

Paramagnetic materials have a positive and small susceptibility χ. Its internal

magnetic field aligns to the external magnetic field. Materials such as aluminum,

molybdenum, titanium and platinum are paramagnetic materials.

Ferromagnetic materials are popularly used almost everywhere for its outstanding

properties that allow magnetic induction based devices work effectively. Ferromag-

netic materials, including nickel and iron, have much larger susceptibility and perme-

ability. They are used for engineering devices such as electric motors, transformers

that require high sensitivity to the electromagnetic field.
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The relative permeability of the ferromagnetic materials is not a function of mag-

netic field strength as oppose to that of the paramagnetic materials. However, it can

be expressed by a hysteresis curve that measures the magnetic induction B(Tesla)

as a function of magnetic field strength H(amp/m). Hysteresis in the ferromagnetic

material is a phenomenon that the magnetic dipoles are aligned by the magnetic field

and remain in the arrangement even after removing the external magnetic field.

Figure 2.8: Hysteresis loop (Reprinted from [23]).

A hysteresis loop is illustrated with its processes in Figure 2.8, where magnetiza-

tion saturates at point ‘a’. The magnetic induction B will fall to point ‘b’ with the

decrease of H. The distance between point ‘b’ and the origin is called ‘remanence’.

The distance from point ‘c’ to ‘f ’ is twice as coercivity, which describes the amount

of magnetic field strength need to reduce the magnetization of the ferromagnetic ma-

terial. To measure and plot the hysteresis loop, magnetic flux can be recorded with

a varying magnetic induction by using tool such as B-H analyzer.

2.2.2 Mu-Metal

The material chosen for magnetic core of the magnetic induction energy harvester is

called Mu-Metal, named after its high permeability, low coercivity, and high ductility.

It is sensitive to the external field and widely used for transformers. A Mu-metal is

a nickel-iron alloy that contains 77 percent nickel, 16 percent iron, 5 percent molyb-

denum and chromium [24]. Nowadays there are Mu-metals containing more portion

of nickel and molybdenum but less portion of iron and copper to increase the per-

meability. According to Figure 2.10, the coercivity and remanence of Mu-metal are
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small and the hysteresis loop is much ‘thinner’than most of other magnetic material-

s’ hysteresis loop. This implies that mu-metal is much more sensitive to the external

magnetic field among magnetic materials, making it a perfect material for magnetic

induction. In addition, the core gap applied in the energy harvester compromises the

effective permeability of the core. This can be compensated by applying Mu-metal

with over 100,000 permeability.

Figure 2.9: Mu-metal toroidal core (Reprinted from [25]).
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Figure 2.10: Hysteresis loop of mu-metal which shows low coercivity that is suitable
for electric motors or transformers (Reprinted from [26]).
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2.3 AC-DC Converter

Another part of the energy harvester is the AC-DC converter designed to convert AC

induced power into a proper DC voltage for powering sensors and corrosion protec-

tion. Rectifiers are used in energy harvester for converting the AC induced voltage

to DC voltage. This process is called rectification. Rectifiers have various types,

including solid state diodes, vacuum diodes, mercury-arc value, selenium and silicon

semiconductor rectifiers, etc [27].

Rectifier circuits can be divided into half-wave rectification and full-wave recti-

fication. Since the full-wave rectification can be more effective, it is tested as an

example.

Full wave rectifier can convert an alternating current into a unidirectional output

to make full use of both half-wave from one period of input sine wave and to increase

the average output power. For example, a full-wave rectification circuit containing

four diodes set as bridge configuration input by a 60Hz, 5V peak AC voltage source

is shown in Figure 2.12. The output voltage of full-wave rectifier can be simulated by

LTspice, which is given in Figure 2.11.

Figure 2.11: The output of full wave rectifier supplied by a 60Hz AC source.
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Figure 2.12: Full-wave rectifier circuit created by LTpice.[28]

Based on the full-wave rectification, voltage doubler is a rectifier that converts the

input AC voltage to output twice in magnitude in the ideal case. In practice, due to

the load resistance, the rate of output DC voltage over the peak value of AC input

voltage are smaller than two.

Delon circuit is introduced as shown in Figure 2.13. Different from the full-wave

rectifier, the diodes in Delon circuits are connected in series, along with two capacitors

in bridge which is called doubler. A test simulation of Delon circuit is done by LTspice

with 60Hz, 5V amplitude AC input set for V1. The result for both input voltage(Vi)

and output voltage(Vo) are displayed and compared in Figure 2.14.

Figure 2.13: Delon circuit.
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Figure 2.14: The output at point VO of Delon circuit (red curve) compared with the
result tested at point Vi as labeled in Figure 2.13.

The output voltage of Delon circuit can be expressed as a form of input peak

voltage and voltage drop of the diodes: V0 = 2Vi − 2VD.

It can be indicated from Figure 2.14 that the output of the circuit rises from 0V

to about 4.1V in about 20ms, the output becomes stable after that. The ratio of

the output voltage to the root mean square value of the input is only 1.186 due to

the considerable forward voltage drop of diodes. Therefore, a voltage quadruapler is

tested since the low ratio may not be enough for powering sensors.

Figure 2.15: Voltage quadrupler circuit.

Figure 2.15 illustrates the circuit of voltage quadrupler that combines two dou-
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blers, that provides quadruple output as input with respect to the ground.

Figure 2.16: Output and input voltage diagram from 5V amplitude AC source that
going through a voltage quadrupler.

Figure 2.16 shows the test result for voltage quadrupler with input 5V AC voltage

that produces a DC output at about 9V that is only almost twice as input. Obviously,

both voltage doubler of Delon circuit and voltage quadrupler output have considerable

losses. The main reason is that the voltage drop caused by the diodes, each silicon

diode will cause 0.7V voltage drop. In addition, the dissipated energy heats up the

energy harvester constantly and reduces the service life of the device. To avoid the

diode voltage drop, active diode consisting a MOSFET and a comparator shown in

Figure 2.17 is introduced for its lower turn-on voltage compared to the junction based

diode used in voltage multiplier mentioned before[29][30][31].
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Figure 2.17: Active diode (Reprinted from [32]).

The main loss of active diode is caused by the resistive and conductive loss of

the PMOS and the power consumed by the comparator [32]. PMOS is p-channel

MOSFET(metal-oxide-semiconductor field-effect transistor) that contains n-type sub-

strate, while NMOS(n-channel MOSFET) contains a p-type substrate. Compared to

the voltage drop of junction based diode, the conductive voltage drop is much small-

er. Choosing a low power cost comparator can make the active diode superior to the

diode. From Figure 2.17, when the voltage of the cathode is higher than the anode,

the comparator can outputs a low voltage to turn on the PMOS. Similarly, the PMOS

is turned off when the voltage of the anode is higher than the cathode. This behavior

of the active diode makes the cutting negative input process in rectifier much more

efficient.
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Figure 2.18: Schematic of the active diode voltage doubler (Reprinted from [33]).

Figure 2.18 illustrates the schematic of an active diode voltage doubler to increase

the efficiency of the rectifier for an energy harvester. The drain port of one PMOS

and the source port of the other PMOS are connected to the input voltage, while the

rest ports of the two PMOS are connected to capacitors. A positive output along

with a negative output can be tested as shown in Figure 2.18, the output voltage

will be the difference between positive and negative output. Therefore, the output

voltage applied to the load can obtain nearly twice as input. The test result of positive

voltage output is given in Figure 2.19.
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Figure 2.19: Voltage outputs of active diode voltage doubler given a 5V, 60Hz AC
input.

In Figure 2.19, both positive (green line) and negative (blue line) output results

are plotted. The output DC voltage applied on the 1,000Ω load is 8.32V with an

AC-DC converter efficiency of 60.94 percent. This is much more efficient than the

voltage doubler of Delon circuit with output no more than 5V peak. The efficiency

of converter can be calculated by:

η =
Pout
Pin

=

V 2
out

RL

1
T

∫ T
0
vin(t)iin(t)dt

(2.8)

where Pout, Pin are output and input average power. In addition, an AC-DC converter

that uses two NMOS for its bidirectional current conductive ability was presented [34],

and was improved by Dayal et al. by using a NMOS and PMOS pair to avoid the

requirement of floating gate drivers[35]. Similar to the active diode voltage doubler, a

bidirectional switch connecting the drain of NMOS to the source of PMOS is applied

in the converter shown in Figure 2.20.

In this PMOS and NMOS pair configuration, there are totaly four cases for both

positive half cycle input and negative half cycle. For positive half cycle:

1. When both of the NMOS and PMOS is ’ON’, the inductor current increases.

2. When NMOS is ’ON’, PMOS is ’OFF’, the current can flows through the body
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diode of PMOS and NMOS, which make the total switch ’ON’, the inductor

current increases.

3. When NMOS is ’OFF’, PMOS is ’ON’, current is blocked by the body diode of

the NMOS, the total switch is ’ON’. Therefore, the diode D1 is forward biased,

the current will charge the C2.

4. When both of the MOSFETS are ’OFF’, similarly to the former case, C2 will

be charged.

For negative half cycle:

1. When both of the NMOS and PMOS is ’ON’, the inductor current increases

but in the opposite direction.

2. When NMOS is ’OFF’, PMOS is ’ON’, the current can flows through the body

diode of PMOS and NMOS, which make the total switch ’ON’, the inductor

current increases.

3. When NMOS is ’ON’, PMOS is ’OFF’, current is blocked by the body diode of

the PMOS, the total switch is ’ON’. Therefore, the diode D2 is forward biased,

the current will charge the C3.

4. When both of the MOSFETS are ’OFF’, similarly to the former case, C3 will

be charged.

Therefore, in the ideal case, the voltage applied on the C1 will be twice as the peak

value of the input AC voltage.

Figure 2.20: Circuit diagram of split capacitor ([35]).
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Figure 2.21: Positive voltage output of active diode voltage doubler given a 5V, 60Hz
AC input.

From Figure 2.21, the applied DC voltage on 1,000Ω load reached roughly 7.88V

along with 72.01 percent rectifier efficiency calculated from Eq.(2.19).
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Chapter 3

Impressed Current Cathodic

Protection

After the DC voltage is harvested from the high voltage transmission line, it is ready

to be utilized directly to power up monitor devices. In addition, the induced current

can be applied for corrosion prevention for steel tower based on impressed current

cathodic protection method. In this chapter, the principles of the electrochemical

cell, thermodynamics of electrochemical reaction and the setting of anodes in IC-

CP(Impressed current cathodic protection) system are demonstrated.

3.1 Thermodynamics of electrochemical reaction

3.1.1 Basic of electrochemical cell

Impressed current cathodic protection method is widely used for protecting metallic

structures such as pipelines, storage tanks and ship hulls that are buried in the elec-

trolyte (soil or sea water). The schematic of impressed current cathodic protection

is illustrated in Figure 3.1. The anode is connected to the positive port of convert-

er, while the cathode is connected to the negative port, letting the converter output

push the current to the anode and then to the cathode through the electrolyte. This

current will be much stronger than the corrosion current flow as shown in Figure 1.8.

Hence, the corrosion will be prevented. In a practical ICCP system, the converters

are often designed to be regulated by a variable resistor to make the output current

suitable for variable conditions. Compared to sacrificial anode system, the impressed

current system can protect the surface of the metallic structure with more uniform
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Figure 3.1: ICCP schematic diagram.

potential distribution while consuming less fuel [36]. However, the cost of installing

the ICCP system is much higher.

From Figure 3.1 the basic idea of corrosion protection is based on an electrochemi-

cal cell. The two basic electrochemical reactions are oxidation and reduction reaction,

such as:

Fe++ + 2e− → Fe

Cu++ + 2e− → Cu

Fe→ Fe++ + 2e−

Cu→ Cu++ + 2e−

The first two reactions are reduction that electrons are accepted by ions, and the last

two are oxidation that atoms lose electrons.

Note that reduction and oxidation reaction coexist, the situation that both re-

actions reach a dynamic balance is called equilibrium. If the potential is below the

equilibrium potential, the reduction will dominant. Consequently, the metal is stable.

However, if the potential is above the equilibrium potential, the metal will be oxidized

since the oxidation reaction is dominant.

The electrode is part of the electrochemical reaction that acts as an electrical
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conductor between the electrolyte and metal. One of the electrodes is called anode

where oxidation reaction takes place while the reaction on the other electrode called

cathode is reduction. The potential of electrode can be tested between electrode

and the electrolyte which depends on the transfer of electrons and ions across the

interface.

Since there are two electrodes in an electrochemical cell, a reference electrode

should be defined for half-cell reactions. A common way to study half-cell reaction

is at a standard temperature below 25◦ C, an effective concentration 1 mol/L, an air

pressure of 1 atm, using pure species and selecting standard hydrogen electrode as a

reference. The standard potential for reduction reactions are listed in Table 3.1.

In addition, there are a variety of reference electrodes used in industry listed in

Table 3.2:
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Table 3.1: Standard potential of some species

Electrode Electrode reactions

Au+/Au +1,68

O2/H2O +1,23

Pt++/Pt +1,19

Ag+/Ag +0,79

Fe+++/Fe +0,770

Cu+/Cu +0,522

Cu++/Cu +0.340

H+/H2 +0.00

Pb−−/Pb -0.126

Sn−−/Sn -0.136

Ni−−/Ni -0.23

Co++/Co -0.277

Fe++/Fe -0,44

Zn++/Zn -0,763

Cr+++/Cr -0,913

Ti+++/T i -1,630

Al+++/Al -1,66

Mg++/Mg -2,363

Na+/Na -2,71
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Table 3.2: Electrode potential of reference electrode vs S.H.E

Reference electrode Potential (V) vs Standard hydro-
gen electrode

Standard Hydrogen Electrode
(SHE)

0

Saturated Calomel Electrode
(SCE)

+0.241

Copper/Copper Sulfate (CSE) +0.314

Silver Chloride Electrode (SCE) +0.197

Mercury/Mercurous Sulfate Elec-
trode (saturated in K2SO4)

+0.654

Most commonly used reference electrode are saturated calomel electrode (CSE)

and silver chloride electrode (SCE) in an aqueous environment. However, when mea-

suring structures like storage tanks, oil tubes that are buried under the earth, cop-

per/copper sulfate (Cu/CuSO4) half cell as reference electrode is preferred. Figure

3.2 shows the diagram of the copper/copper sulfate electrode, the copper is connected

to the copper sulfate solution with a copper wire, the electrochemical elements in this

electrode is Cu2+/Cu .

Figure 3.2: Copper/Copper sulfate reference electrode (Reprinted from [37]).



33

3.1.2 Butler-Volmer Equation

Nernst Equation [38] shows how the reduction potential is affected by the thermody-

namic properties of the spices that involved in the chemical reaction in the electro-

chemical cell:

Ered = E0 +
RT

nF
ln
Ox

Red
(3.1)

where E0 is the standard potential, R is universal gas constant (8.314J/Kmol), F

is Faraday constant (96, 585C/mol), n is the number of transfer electrons, T is the

temperature. Ox and Red represent the thermodynamic activity of the spices.

According to Nernst equation, when the equilibrium is reached, the net exchange

current i0 is zero,

i0 = ia + ic = 0 (3.2)

where ia is anodic current, ic is cathodic current. In addition, at equilibrium according

to Faraday’s law:

kred = kox =
j0
nF

(3.3)

j0 is called exchange current density that the rate of both of the reactions are at

equilibrium.

Consider the reaction rate constant of forward reaction and backward reaction,

kf and kb, respectively. The net of reaction Rnet can be:

Rnet = kredCox − koxCred

= vred − vox (3.4)

where v is the reaction rate of the redox reaction, C is the concentration of Cox

or Cred ions. The current can be defined as:

i = nFAv (3.5)

where A is the surface area of the electrode.

The net current is the sum of the current of both forward and backward reaction,

thus, the current can also be expressed in another form:

io = ia − ic = nFA(kredCox − koxCred) (3.6)

Noting that the rate constant of the reaction is effected by the applied voltage E
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on the electrode:

kox = k0exp(
−αnF
RT

η) (3.7)

kred = k0exp(
(1− α)nF

RT
η) (3.8)

where k0 is the standard rate constant of reaction when the applied voltage E is

equilibrium voltage Eeq, α is transfer coefficient.

By substituting Eq.(3.7) and Eq.(3.8) into Eq.(3.6), the current of reaction is:

io = nFA(k0exp(
(1− α)nF

RT
η)Cox − k0exp(

−αnF
RT

η)Cred) (3.9)

For i0 = nFAk0C, the equation will be:

io = i0(exp(
−αnF
RT

η)− exp((1− α)nF

RT
η) (3.10)

Eq.(3.10) is called Butler-Volmer equation which describes the relationship of

current and the voltage applied to the electrode in the electrochemical cell. The

current density can be expressed as:

jo = j0(exp(
−αnF
RT

η)− exp((1− α)nF

RT
η) (3.11)

In most cases, the reverse reaction can be ignored if the over-potential is large

enough, and only one direction of reaction is needed for study. Therefore, for a large

enough negative over-potential, the cathodic current density can be denoted as:

jo = j0exp(
−αnF
RT

η) (3.12)

For a large positive over-potential, the anodic current density is:

jo = j0exp(
(1− α)nF

RT
η) (3.13)

Equation (3.12) and (3.13) are called Tafel equation.

At a room temperature of 25◦ C or 298.15K, Tafel equation becomes:

Ered = E0
red +

0.05916

z
ln
Ox

Red
(3.14)
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Choose anodic current density for example, Tafel equation can be described as:

lnj = lnj0 + βα · η (3.15)

or

η = βα · ln
j

j0
(3.16)

where βα= (1−α)nF
RT

is the slope, η is over potential, j is the current density, j0 is

exchange current density.

Similarly, for cathodic current density, Tafel equation becomes:

η = βc · ln
j

j0
(3.17)

where βc = −αnF
RT

, which implies that βa + βc = 1

Figure 3.3: Tafel plot demonstrates the exchange current density and Tafel slope
(Reprinted from [39]).
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Figure 3.4: Tafel slope that shows the anodic and cathodic currents relation-
ship.(Reprinted from [40])

Figure 3.3 shows Tafel slope in a unit of mV/dec and the exchange current density

in logarithm form. Anodic current density becomes linear when over-potential is large

enough. When over-potential is small, the reverse current density can’t be ignored

resulting in the curve both in anodic current and cathodic current as shown in Figure

3.4. Another form of Tafel equation can be derived as:

η =
−RT

2.303(1− α)nF
log10j0 +

RT

2.303(1− α)nF
log10j (3.18)

Among several parameters in Tafel equation and Butler-Volmer equation, charge

transfer coefficients need to be tested. A conventional way is to fit an empirical equa-

tion to voltage curves [41][42]. An improved method based on integral characteristics

of experimental fuel polarization curves which allows an estimation of both anod-

ic and cathodic transfer coefficients is also provided[43]. Table 3.3 listed exchange

current density of several species in 1 mol/kg, H2SO4

Nie’s group did a research on the soil from a coast city located in north china [45],

the chemical composition of the soil sample is shown in Table 3.4.

Polarization curves are fitted in order to obtain the parameters shown in Table

3.5. Ecorr is the corrosion potential, ba and bc are anodic and cathodic Tafel slope,
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Table 3.3: Exchange current density [44]

Metal I0(A/cm
2)

Pt 10−2

Rd, Rh 10−4

Fe, Au 10−6

Ni, Ag, Cu 10−7

Sn, Al 10−10

Zn 10−11

Pb, Hg 10−13

Table 3.4: Tested concentration of ions in soil [45]

NO−
3 Cl− SO2−

4 CO2−
3 HCO−

3 pH

0.06 1.14 0.16 0 0.02 8.8

respectively, Icorr is the corrosion potential.

3.2 Setting of Anodes

The requirement of current density on the surface of the protected structure can be

obtained from Appendix C, and the coating efficiency or corrosion situation should

be taken into consideration. The total current It needed can be [46]:

It = η · i · A (3.19)

where η is the coating efficiency, i is the current density required for protection, A is

the total surface area of the structure.

Due to the weather and geography conditions, soil in British Columbia is normally

moisty and sticky for most of the days. The soil resistivity is about 2,000 (ohms-cm)

according to Table 3.6. The surface area of the structure or device ready to be

protected. Several equations are provided as the method to decide the settings for
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Table 3.5: Thermodynamic parameters of tested soil [31]

T/◦C 20 30 40 50 60 70

Ecorr(mV )/SCE -722 -711 -695 -707 -706 -694

ba(mv/dec) 901 455 290 142 185 164

bc(mv/dec) 96 101 116 135 142 202

Icorr(µA/cm
2) 15.9 16.9 28.2 32.4 54.1 69.2

Table 3.6: Corrosivity of steel buried in soil [47]

Soil resistivity (ohm-
cm)

Corrosivity

0-2000 Severe

2000-10000 Mild to severe

10000-30000 Mild

30000+ Not likely

anodes. First, the number of anodes needed to satisfied manufactures limitation is[46]:

N =
I

A1I1
(3.20)

where A1 is anode surface area, I1 is recommended maximum current density

output.

Number of anodes needed to meet maximum ground-bed resistance requirements

are [46]:

N =
ρK

LRa−Pρ
S

(3.21)

whereRa is the anode resistance, ρ is the resistivity of soil, K is anode shape factor,

P is the paralleling factor, S is the center to center space between anode and backfill

columns. Parameters K, P and S and can be obtained from Appendix C. The number

of anodes will be decided by the maximum number of the results from Eq.(3.20) and

Eq.(3.21). Substitute the number of the anodes N into Eq.(3.21) to calculate the

resistance, the output voltage requirement can be calculated by Eq.(3.22), where 1.5
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is a factor that takes aging of the system into consideration.

Vrec = I ·RT · 1.5 (3.22)

Figure 3.5 gives two examples of anodes that are used for ICCP system including

graphite and magnesium anode. Graphite anodes are chosen for the reason that they

won’t release toxic as stainless steel or decay as fast as aluminum [48], while having

a good electric conductivity. Magnesium anodes can be popular for its negative

properties among lots of metals while eliminating the extreme expensive negative

metals, such as gold. Apart from these two types, polymer anodes such as carbon

fiber reinforced polymer anode shows a balanced performance both electrically and

mechanically with a service life of 12 years [49]. Carbon fiber reinforced polymer also

be proved the ability to strengthen the corroded RC beam and sustain a high current

density [50].

(a) Graphite anode (Reprinted from [51])
(b) Magnesium anodes (Reprinted from
[52])

Figure 3.5: Anodes that used for corrosion protection in sacrificial anode system or
impressed current corrosion protection system.
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Chapter 4

Implementation Methods

The simulation for the model of the energy harvester and ICCP of cathodic corrosion

protection can be achieved by COMSOL Multiphysics, in this chapter the methods

for building models, settings for simulation will be introduced step by step.

4.1 Building geometry by SolidWorks

The geometry function in COMSOL provides tools that are enough to draw 2D model,

when it comes to a 3D complicated geometry, CAD software is much more operable

than COMSOL. SolidWorks gives solution for 3D design, simulation, electrical de-

sign, data management and so on, which is chosen for building a 3D steel structure

for corrosion protection simulation in COMSOL. The geometry or mesh result in

SolidWorks can be imported into COMSOL for further study. To build a structure

as shown in Figure 4.1, the following steps should be done:

1. Locate the ‘top plane’ as the work plane, right click the ‘top plane’ to open a

3D sketch. Then draw the basic line of the structure.

2. To make the lines become a 3D structure, build a ‘structure member’ from ‘in-

sert’, ‘weldment’, for chosen lines. There are several kinds of structure member

that are based on standards all over the world.

3. However, the structure member provided are all hollow, it would be problematic

when it is removed from the whole model to obtain the interface of the structure

in COMSOL. Therefore, a customized ‘structure member’ can be created and

save it in the default structure member library path for choosing.
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Figure 4.1: Steel structure that is 2-meters height and 1-meter width built by Solid-
Works.

4. Combine the whole structure after setting the structure member and trim the

sharp boundaries of the structure.

For the steps of building the 3D structure for energy harvester in SolidWorks, the steps

are shown in Appendix D, while the 2D-axisymmetric model for energy harvester can

be directly built in COMSOL.

4.2 Simulation Energy Harvester in COMSOL Mul-

tiphysics

COMSOL Multiphysics provides various kinds of modules that can be used for sim-

ulating complicated multi-physics models.

There are seven basic steps for simulating in COMSOL:

1. A ‘model wizard’ can help choose a specify model including 3D, 2D, 2D-axisymmetric,

1D-axisymmetric, 1D and 0D. The energy harvester can be built as 3D mod-

el or a 2D-axisymmetric model under a ‘Magnetic and Electric Fields’(mef)

from ‘AC/DC’ module, ‘mef’ can be used to solve situation contains excita-

tion sources such as current or voltage, and then produce results which will be
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Figure 4.2: The geometry structure of 2D-axisymmetric model for energy harvester
including air, ACSR conductor, coil and the magnetic core.

explained in the post processing part.

The AC source exists in the high voltage transmission line, the frequency do-

main for the study is chosen since it can compute the response of a given input

harmonic excitation for a certain frequency.

2. COMSOL provides tools to built diversified geometry. Geometry can also be

imported into COMSOL simply by the import function from the geometry sec-

tion located in ‘Home’ toolbar.

Benefiting from this feature, geometry files created by AutoCAD, SolidWorks,

SolidEdge and can be directly imported to COMSOL and recognized as sol-

id. For 3D structure created in SolidWorks, magnetic core, coils, and con-

ductor should be covered by an air block as the practical environment. For

2D-axisymmetric version energy harvester model, COMSOL geometry tool is

enough to draw the geometry as shown in Figure 4.2. The ACSR conductor

can be simplified into a concentric cylinder model shown in Figure 4.3.
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(a) ACSR conductor (Reprinted form [53]) (b) Simplified ACSR conductor cross-section

Figure 4.3: Cross-section of ACSR conductor.

However, the 2D-axisymmetric model is limited by the dimensions making the

core gap impossible to be modelled. The problem can be solved by replacing

the relative permeability of magnetic core into effective permeability that takes

the fringing flux effect caused by core gap into consideration.

3. Add material from ‘Material’ button on the ‘Home’ toolbar, then the material

library is displayed. Choosing nickel steel Mu-metal 80 percent Ni for the core,

aluminum for the conductor, copper for the coil and air for the rest part of the

model.

The properties of copper coil are varied by the type of AWG, here AWG20

is chosen for simulation, properties of AWG are listed in Table 4.1, that are

defined at room temperature, DC or AC that lower than or equal to 60Hz.

Table 4.1: Properties of AWG20 [54]

Diameters Cross section Area Resistance

0.032 inch or 0.812 m-

m

0.518mm2 33.31Ω/km

4. On the physics toolbar, one can define the physic conditions by domain, bound-

ary, edges, and points. After creating the magnetic field and electrical field

model, some default settings for the model automatically includes magnetic

insulation of the exterior surface, ampere’s law that covered the whole model.

The excitation source of the magnetic induction energy harvester is AC. For the
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frequency of the current, it can be defined in the study section. The input of

the conductor can be set by creating a new ‘magnetic insulation’ that contains

only the conductor terminal domains. Select ‘Terminal’ and ‘Ground’ for each

terminal.

To set the coil domain, create a new physics ‘Magnetic Field’, and select ‘Sin-

gle turn coil’ for the coil domain with no excitation source. Then add ‘Gauge

Fixing for A-field’ for ‘mef’.

In the setting windows for ‘mef’, select ‘In-plane vector potential’ in compo-

nents. And select ‘Out-plane vector potential’ for ‘mf ’.

5. The geometry will further be divided into sub-domains for the need to convert

the geometry entity into discretized numerical entity. Therefore the process can

be operated numerically.

6. COMSOL provides several solvers for computing the program including MUMP-

S, PARDISO, and SPOOLES. All the three solvers will help solve finite element

problems and provide same results [55], here PARDISO solver is chosen for its

advantage in speed and the ability to make use of ‘out of core’ function to re-

duce the requirement for RAM.

Set the frequency 60Hz and compute, the information for the model can be

checked from log window.

Figure 4.4: Window for setting the frequency domain for energy harvester simulation.

7. After running the simulation successfully, a set of data results is obtained for the

model. Right click the ‘Result’ and choose ‘2D plot group’ which will create

a blank expression for plot the model on 2D surface, thus, choose ‘inductive

current density r-direction’ or ‘inductive current density z direction’, the final
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result of inductive current density in the coil will be plotted on the right hand

window.

4.3 Simulation ICCP in COMSOL Multiphysics

1. Setting up the model for impressed current cathodic protection model requires

the electrochemistry module, ‘Secondary current distribution’ is chosen for it

can measure the situation that over potential is important, the relation between

over potential and charge transfer can be expressed by Butler-Volmer equation

and Tafel equation which is introduced in Chapter 3.

Before go on to the next step, the basic idea of current distribution in electro-

chemistry model in COMSOL should be clear. As in an electrochemical cell,

current density and potential are to be solved in both electrode and electrolyte,

thus, assume a metallic conductor that is chosen as electrode, the relation be-

tween current density and voltage will be:

is = −σs∇φs (4.1)

Equation (4.1) is derived from ohm’s law, where is(A/m
2) is the current density

vector in the electrode, σs(S/m) is the conductivity in the electrode, φs is the

electric potential.

Similarly, in the electrolyte, derived from ohms law:

il = −σl∇φl (4.2)

where il(A/m
2) is the current density vector in the electrolyte, σl is the con-

ductivity of the electrolyte, φl is the electric potential.

At the interface, the over potential of the cell is η = E − Eeq and can be

described as the form of electric potential:

η = φs − φl − Eeq (4.3)

Based on Butler-Volmer equation, the current density can be expressed as a

function of charge transfer coefficient, temperature, exchange current density



46

and over potential:

jloc = j0(exp(
αanFη

RT
)− exp(−αcnFη

RT
)) (4.4)

where jloc is the local current density, j0 is the exchange current density, βa and

βc is the anodic and cathodic charge transfer coefficient, respectively.

2. The geometry of the structure is created by SolidWorks and imported into

COMSOL which steps are similar to energy harvester model. In addition, a

surrounding electrolyte should be created for covering the structure. Thus, a

cylinder is simply created by COMSOL as the electrolyte. However, the elec-

trolyte will be finite as it is limited in a cylinder, by applying ‘infinite elemen-

t’ function on the exterior boundaries of the cylinder, the electrolyte becomes

infinite.

As in the corrosion model, the interface of electrode and electrolyte is the ele-

ment for measuring. The geometry imported from SolidWorks is solid, it should

be processed to be hollow, thus, the ‘difference’ function in ‘Boolean and par-

titions’ button from geometry toolbar is used to remove the structure from the

whole model. The final geometry results for the further process are the elec-

trolyte, the interfaces of the anodes and protected structure, since the interface

between electrolyte and electrode is the one need to be analyzed. Figure 4.5

illustrates the corrosion model including the structure and the electrolyte.
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Figure 4.5: Imported geometry structure for ICCP including steel structure, anode
and electrolyte.

Table 4.2: Parameters defined in Definition toolbar

Parameters Value

Soil resistivity 0.05 S/m

Exchange current den-
sity

10−6A/m2

Impressed current Calculate in chapter 6

Cathodic tafel slope 96 mV/dec

3. (a) Choose the electrolyte domain of the model, locate the ‘Electrolyte 1’ section,

set the electrolyte conductivity as ‘user defined’, type ‘sigma’ in the next

blank.

(b) Locate ‘Initial Values 1’ and type ‘0.5’ in the electrolyte potential for ini-

tial setting.

(c) Locate the ‘Electrolyte Electrode Boundary Interface 1’ and set the exter-

nal electric potential in boundary condition section 0 V.

(d) In the sub path of ‘Electrolyte-Electrode Boundary Interface 1’, the ‘Elec-

trode Reaction 1’ is used to set kinetic parameters for the electrochemical
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Figure 4.6: Interface window for setting the physics parameters.

cell. Locate the ‘Electrode Kinetics’ section, choose ‘Butler-Volmer’ as

the kinetics expression type and then type in the parameters as exchange

current density, anodic transfer coefficient, cathodic transfer coefficient.

(e) Locate the ‘Electrolyte current 1’ section for typing the current that will

be add on the electrodes generated from rectifier.

4. Click ‘Build All’ in ‘Mesh 1’ and mesh the whole model.

5. After finishing the mesh, run the study directly.

6. The cathode part of the results can be shown by ‘selection’ function that selects

only cathode domains of results and plots them. The 1D potential distribution

can be plotted by selecting a certain edge of the steel structure with ‘1D plot’.

All the results will be displayed in Chapter 6. The computer used for simulation

of 2D axisymmetric energy harvester model and ICCP model has 1.7 GHz Intel

Core i5, 4 GB 1333MHz DDR3 RAM.
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Chapter 5

Analysis of Simulation Results of

Energy Harvester

In this chapter, results of output induced voltage is calculated by MATLAB, COM-

SOL and LTspice.

5.1 Output Induced Voltage of Energy Harvester

Based on Eq.(2.4), the induced voltage can be calculated when several parameters

such as core width (d), core length (w), number of turns of the coil (N), the inner

and outer distance of the core Di and D0 are defined respectively and the root mean

square value of current flowing through the conductor are calculated. When the core

gap is 1 mm, the effective permeability µe is derived, and the relation between N

and induced voltage (V) can be computed. As a comparison, the energy harvester

is also simulated in COMSOL to obtain a numerical solution, the simulation results

of magnetic flux density are shown in Figure 5.1 (2D-axisymmetric) and Figure 5.2

(3D), and the induced current density (A/m2) is shown in Figure 5.3. In Figure 5.1

and 5.2, a 50 mm height, 5 mm width, 71.6 mm outer diameter and 61.6 mm inner

diameter magnetic core winded by coils is placed on a simplified ACSR conductor, the

distance between the conductor and the outer edge of the coil is 7 mm. The magnetic

flux density decreases as the distance away from the conductor becomes larger. In

Figure 5.3, the induced current density on z-axis is plotted, the intensity of the

current density shows opposite sign which indicates opposite current flow directions

that forms a circuit, the slight difference between the maximum intensity of both
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sides current density is caused by the different distances away from the conductor.

As shown in Figure 5.2, the 2D model does not include core gap while in practice

such core gap will lead to a considerable reluctance. To take this effect into account,

the effective permeability about 361 for Mu-metal (calculated from Eq.(2.6)) should

be applied in COMSOL.

Then the induced voltage is calculated by Vin = jin ·A ·Z, where jin is the induced

current density, A is the cross-section area of the coil, Z is the impedance of the coil,

and then compared with the ideal case, the results are illustrated in Figure 5.4. The

main reason that the result of COMSOL simulation is much smaller than the ideal

case is caused by loss of heat from the coil and magnetic core. In the ideal case, the

conductor is an ideal wire, while in the COMSOL, a simplified ACSR conductor is

applied in COMSOL which contributes much loss in aluminum and steel making the

current flow through the conductor much smaller.

Figure 5.1: The magnetic flux density (T).
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Figure 5.2: 3D plot of magnetic flux density (T).

Figure 5.3: Induced current density in the coil.
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Figure 5.4: The induced voltage generated in the coil vs the number of turns of coil
(N). (Core width (d) is 5mm, core length (w) is 50mm, I = 65A.)

After zoom in the inductive current density with both r-axis and z-axis as illus-

trated in Figure 5.5, it is noticed that the current density at the corners of the coil is

much more higher than the other part.

Figure 5.5: Zoom in view of induced current density in the coil
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5.2 Rectification Result of DC Output Voltage

According to Appendix B, the supply input voltage for the chosen temperature sen-

sors is 2.5V-5.5V, split-capacitor and voltage doubler with active diode are tested in

LTspice with input 2.694V AC source with N=140 is chosen, parameters of energy

harvester are listed in Table 5.1.

Table 5.1: Parameters of energy harvester for supplying sensors

Parameters Value

W (core length) 50mm

D (core width) 5mm

N (number turns of

coil)

140

Do (outer diameter) 71.6mm

Di (inner diameter) 61.6mm

The simulation result of output voltage of split capacitor and voltage doubler

with active diode with 2.694V input and 1k Ω load resistor is shown in Figure 5.6 and

Figure 5.7. It takes about 0.8s to achieve an output 3.6V for a split capacitor, the

output of voltage doubler with active diode can be roughly 4V since positive output is

about 2V and negative output is about 2V, both of the output are stable and enough

for supplying temperature sensors according to Appendix B.

Figure 5.6: Output voltage of split capacitor for 2.694V input, 1k Ω load resistor.
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Figure 5.7: Output voltage of voltage doubler with active diode for 2.694V input, 1k
Ω load resistor.

Figure 5.8: Output voltage of split-capacitor and voltage doubler with active diode
vs. Resistance of the load.
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Figure 5.9: Output power of split-capacitor and voltage doubler with active diode vs.
Resistance of the load.

From Figure 5.8 and Figure 5.9, the output voltage of voltage doubler with active

diode is much larger than that of split capacitor until the resistance of load is as much

as 4.5k Ω. When it comes to a low resistance load (under 500 Ω), the output wave

of voltage doubler fluctuates much more than that of split capacitor as illustrated in

Figure 5.10, even though the output voltage is much higher, split capacitor can be

stable for application.

For powering low resistance load devices, increasing the number of turns of coil,

the width and height of the core can make the device to generate sufficient output

voltage of split capacitor enough for supply voltage and avoid the fluctuation. When

the device is loaded with resistance over 1kΩ, both of the AC-DC converters are

suitable as long as output voltage is high enough.
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Figure 5.10: Output voltage of split capacitor (left) and voltage doubler with active
diode (right) for 2.694V input, 100 Ω load resistor.



57

Chapter 6

Analysis for ICCP Simulation

Results

The induced current from energy harvester can also drive the protective current for

corrosion prevention. In this Chapter, the simulation results of ICCP in COMSOL

that illustrate the distribution of potential and local current density of the surface of

the cathode is provided.

6.1 Simulation result for ICCP

For the structure built in Chapter 4.1, the requirement for impressed current can be

calculated by Eq.(3.19) when the surface area of the structure is known. Assume the

structure is not coated, the impressed current density needed for protection can be

obtained from Appendix C, ir=1.5mA/ft2:

It = η · ir · A = 1.5mA/ft2 · 5.45m2 = 0.088A (6.1)

The number of anodes that satisfy the manufactures’ requirement can be calcu-

lated from Eq.(3.20). Based on Eq.(3.21), the number of anodes that meet the ground

bed resistance requirements are:

N =
I

A1I1
N = ρ

K

L(Ra − ρP
S

)
<1 (6.2)

Thus, the total number of anodes needed for the created steel structure is one for

2.8 ft2 surface area anode.



58

Figure 6.1: Potential vs copper/copper sulfate electrode on the surface of the cathode.

Since the voltage produced for powering the sensors is not suitable to support the

corrosion protection system, the parameters for the energy harvester is re-designed

and the result can be simulated in COMSOL and PSpice. The output voltage should

reach the value calculated from Eq.(3.22). The calculation for parameters of energy

harvester for ICCP won’t be introduced since the steps are the same as for powering

sensors.

Figure 6.1 shows the ICCP result of potential vs. copper/copper sulfate electrode

on the interface between the structure and electrolyte, which ranges from 0.57 to

0.65V. This is a relatively low uniform potential that prevents corrosion on the steel

structure.
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Figure 6.2 plots the potential at one edge of the structure that is close to the

anode on y-axis. The potential ranges from 0.58V-0.645V.

Figure 6.2: 1D plot of an edge potential on the structure near the anode.
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Figure 6.3 illustrates the local current density on the surface of the steel structure

ranging from -0.4 mA/m2 to -2.06mA/m2. The model shows a negative value of local

current density that is a sum of both corrosion current density and the impressed

current density, noting that the corrosion current is coming from the structure to the

electrolyte which is positive. Therefore, the corrosion is prevented in this case.

Figure 6.3: Local current density of the structure surface.
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Chapter 7

Conclusion and Future Work

7.1 Summarization

A magnetic induction based energy harvester is developed for collecting the energy

from high voltage transmission conductor. By applying formulas of the effective per-

meability of the magnetic core includes core gap, the induced voltage at the terminals

of the coil can be calculated based on Faraday’s law, while the induced current can

be expressed by applying AC circuit theory. Two AC-DC converters are tested given

the AC induced voltage input, voltage doubler with active diode works better with

resistor below about 4,500 Ω, split capacitor can be much more stable when load

resistance is under 500 Ω. In addition, steel structure located in the power grid can

be protected from corrosion by impressed current powered from the energy harvester.

The principle of electrochemical cell is studied through Butler-Volmer equation that

illustrates the thermodynamics of ions and electrons both in electrode and electrolyte.

After the methods of computing parameters needed for impressed current corrosion

protection system is obtained, the number of anodes can be determined as well [47].

To verify the solution, numerical simulation is implemented, by building geometry for

both the energy harvester and corrosion protection model in SolidWorks, COMSOL

can add multi-physics environments to the imported geometry.

In summary, the energy harvester designed in this thesis can be an effective tool

for collecting energy created by magnetic induction with an acceptable efficiency

since the strong AC going through the conductor, the high permeability magnetic

core material and the choosing of converter while supporting the impressed current

corrosion protection system for steel tower.



62

7.2 Future Work

Although the 2D-axisymmetric model is built and ran for simulating the energy har-

vester successfully, the 3D model is simulated with failure because of the shortage of

the computer even though the model is parted into 1
32

. Therefore, an optimization

method should be established to make the program run smoothly.

The soil can be sampled directly from different areas in BC and studied the resis-

tivity, Tafel slope, since the offshore area is much different from inland, the difference

should be considered which will affect the design of energy harvester.
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Appendix A

Mu-Metal Properties for Toroidal

Core

Table A.1: AC magnetic properties, 60Hz [56]

Thickness µ40G µ200G µ2000G

inch mm

0.025 0.635 35000 40000 55000

0.014 0.356 55000 65000 95000

0.006 0.152 65000 85000 135000

0.02 0.051 70000 90000 220000

Table A.2: Mu-metel material [56]

Carbon 0.02% Nickel 80.00%

Manganese 0.50% Molybdenum 4.20%

Silicon 0.35% Iron Balanced
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Appendix B

Datasheets of Several Temperature

Sensors
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Figure B.1: TMP007 Infrared Thermopile Sensor with Integrated Math Engine
(Reprinted from [57])
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Figure B.2: TMP006/B Infrared Thermopile Sensor in Chip-Scale Package (Reprinted
from [58])
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Figure B.3: Low power digital temperature sensor with SMBus/Two-Wire serial in-
terface in SOT563 (Reprinted from [59])
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Appendix C

Parameters for Analysis Cathodic

Protection

Table C.1: Tested current density for cathodic corrosion on uncoated steel [60]

Environment Current density (mA/sq ft)

Neutral soil% 0.5-1.5

Well aerated neutral soil 2-3

Wet soil 1-6

Highly acidic soil 3-15

Soil supporting active sulfate-
reducing bacteria

6-42

Heated soil 3-25

Stationary fresh water 1-6

Moving fresh water containing
dissolved oxygen

5-15

Seawater 3-10
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Table C.2: Shape function K for ICCP while L is effective anode length, d is anode
backfill length[61]

L/d K L/d K

5 0.0140 14 0.0194

6 0.0150 16 0.0201

7 0.0158 20 0.0213

8 0.0165 25 0.0224

9 0.0171 30 0.0234

10 0.0177 35 0.0242

12 0.0186 40 0.0249

Table C.4: Weight and dimensions for high silicon chromium bear cast iron anodes[62]

Anode weight (l-

b)

Anode dimen-

sions (in)

Anode surface

size (in)

Package area (sq

ft)

12 1*60 1.4 10*84

44 2*60 2.6 10*84

60 2*60 2.8 10*84

110 3*60 4.0 10*84
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Table C.3: Anode paralleling number for various number of anodes set in parallel[61]

N P N P

2 0.00261 14 0.00168

3 0.00289 16 0.00155

4 0.00283 18 0.00145

5 0.00268 20 0.00135

6 0.00252 22 0.00128

7 0.00237 24 0.00121

8 0.00224 26 0.00114

9 0.00212 28 0.00109

10 0.00201 30 0.00104

12 0.00182
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Appendix D

Steps for Building 3D Energy

Harvester Model in COMSOL

A 3D geometry model can be built in SolidWorks by the following steps:

1. Draw a circle for the cross section of ASCR cable on top plane, and extrude

the circle by typing the length of the cable. The length should not be too long

which will create too many elements, or too short that can compare to the

length of the magnetic core. A length that is three to four times the length of

the magnetic core is fine for simulation.

2. Set a new script on right plane and draw a rectangular cross section for magnetic

core, the outer boundary will be 50.8mm away from the z-axis, then use rotate

to let rectangle rotate around the z-axis. The finished core is shown in Figure

D.1 below.

3. Cut the core gap for the core on the top plane script if needed. Choose the core

geometry and create an offset surface for it. The distance between the offset

surface and the surface of the core is set for 1mm for the reason the coil should

not be too far away form the core and the distance will not make the mesh for

simulation too burdensome.

4. Locate the top plane and create a new script, draw two straight lines contin-

uously on the radius direction, one start from the center of the circle to the

middle of the width of the core, the other start from the middle of the core to

an end point. The length of the second line should be longer than the half of

the length of core.
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Figure D.1: A geometry for magnetic core is created after rotating a rectangle

5. Set the second line drawn in step 4 as a constructive line, draw an arc with radius

from z-axis to the half width of the core and set it as path. The orientation

for constructive line is twist along the path and set the turns 50, the result is

shown in Figure D.2 below.

Figure D.2: Constructive line twist around the path

6. Using fillet to trim the edge of core when offset surface is shown in order to

make the coil created in the next step not too sharp to mesh before simulation.

Choose both the offset surface and the twisted surface, then use intersection

curve to obtain the intersection curves wounding around the offset surface.
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Figure D.3: Initial circle as cross section of coil for sweep

Figure D.4: Coil is generated after sweep along path

7. Then draw a circle centered on the start point of the intersection curve as shown

in Figure D.3 and use sweep to let the circle goes through the intersection curve

in order to get the coil geometry shown in Figure D.4.

8. Hide the offset surface and color the coil and the core, the final structure result

in Figure D.5 can be imported to COMSOL directly.
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Figure D.5: Final result of geometry of energy harvester
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