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Abstract: Condition monitoring of high voltage power lines through self-powered sensor systems
has become a priority for utilities with the aim of detecting potential problems, enhancing reliability
of the power transmission and distribution networks and mitigating the adverse impact of faults.
Energy harvesting from the magnetic field generated by the alternating current flowing through high
voltage lines can supply the monitoring systems with the required power to operate without relying on
hard-wiring or battery-based approaches. However, developing an energy harvester, which scavenges
the power from such a limited source of energy, requires detailed design considerations, which may
not result in a technically and economically optimal solution. This paper presents an innovative
simulation-based strategy to characterize an inductive electromagnetic energy harvester and the power
conditioning system. Performance requirements in terms of the harvested power and output voltage
range, or level of magnetic core saturation can be imposed. Different harvester configurations, which
satisfy the requirements, have been produced by the simulation models. The accuracy and efficiency of
this approach is verified with an experimental setup based on an energy harvester, which consists of
a Si-steel magnetic core and a power conditioning unit. For the worst-case scenario with a primary
current of 5 A, the maximum power extracted by the harvester can be as close as 165 mW, resulting in
a power density of 2.79 mW/cm?.

Keywords: energy harvesting; condition monitoring; inductive harvesting

1. Introduction

Condition monitoring of high-voltage power lines plays an important role in the design and
operation of electrical power networks, providing a comprehensive view of the state of the transmission
power systems or the electric grid infrastructure. The purpose of condition monitoring is twofold:
Firstly, it boosts revenue by reducing installation, maintenance and operating costs. This is especially
true when self-powered and autonomous sensors are used, which allow the utility shutdown to
be reduced, since battery-powered sensors have a fixed and limited lifespan. Secondly, condition
monitoring improves supply reliability since periodic inspections are required, although these are
usually carried out by less reliable, traditional, on-ground visual means. The significant advantages
condition monitoring brings to the grid operators, can however be outweighed by the operating
costs and maintenance requirements of monitoring sensors. Needless to say, this runs counter to the
reduction of the reinforcement and maintenance costs grid operators are seeking to achieve these
days. Finally, condition monitoring allows predictive rather than corrective maintenance to be done,
prolonging the useful life of the assets in the grid at the expense of increased risk of failure. This risk
can be mitigated by collecting accurate and real-time information about the performance and operating
condition of the grid.
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Energy harvesting as power source for condition monitoring is increasingly being investigated
as an attractive alternative to batteries, particularly in low power sensing applications. Likewise,
the advances in wireless network technologies and the reduction in power requirements of electronic
devices have paved the way to independent remote sensing nodes. These features have made condition
monitoring a viable reality.

In the literature, there is a broad range of different architectures for energy harvesting systems.
However, all of them have some blocks in common as depicted in Figure 1: (1) the energy harvester;
(2) the energy conditioner or power conditioning circuits; (3) the energy storage; and (4) the system to
be powered, which usually includes a microcontroller, sensors and communication peripherals, among
other components.
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Figure 1. Block diagram of an energy harvesting system.

Regarding the energy sources and harvester, there are several alternatives that have been reported
in the literature. Wind power [1-4], solar energy [5,6] or hybrid wind/solar approaches [7] are used for
harvesting power not only in the range of uW and mW but also in medium power range (1-10 W) [7].
The energy harvester can be an anemometer [1], flexible piezoelectric devices [2] or small scale
wind turbines with an electrostatic converter [3,4] for the wind-based alternative, or solar panels for
solar-based energy harvesting [6] (pp. 1045-1046). Solar panels require, however, regular maintenance,
such as cleaning when they are covered with dust, snow or ice, since maximum performance is desired.
The mechanical energy of vibration can also be turned into electricity by using one of following
three approaches [8]: piezoelectric, electromagnetic, often modeled as an inductive spring mass
system [9] or electrostatic. The energy harvested from vibration can be improved by implementing
several strategies. For example, in [10] the authors describe an approach of a linear electromagnetic
vibration energy harvester with weak magnetic coupling in which the energy harvested is enhanced by
implementing the energy localization phenomenon. Likewise, a hybrid piezoelectric-electromagnetic
vibration energy harvester is introduced in [11]. In order to improve performance of the vibration
energy harvester, in [12] an approach based on an array of coupled levitated magnets is proposed.
This approach, which is based on the single levitated magnet design proposed in [13], combines the
benefits of nonlinearities and modal interactions. The use of nonlinearity to boost performance is
also considered in [14] where a nonlinear vibration energy harvester based on the concept of high
static low dynamic stiffness is proposed. In [15] with the aim of broadening the bandwidth of the
effective harvesting frequency, a multi-frequency energy harvester array consisting of three permanent
magnets, three sets of two-layer copper coils and a supported beam, is introduced. Broadening the
bandwidth is also a primary objective accomplished in the work presented in [16]. By using a series
of cantilevers with different lengths and resonance frequencies, they manage to widen the overall
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bandwidth, as well as to increase the generated power. In general, ambient vibrations are random
and the vibration spectra vary enormously for different applications, which makes the design of
vibration-based harvesters a challenging task. Energy contents in heat can also be scavenged by
using thermoelectric generators, which obtain the energy in the form of electricity when there is
a difference in temperature -Peltier-Seebeck effect-[17]. For instance, a thermoelectric generator can be
used for human body heat energy harvesting with the aim of powering wearable devices [18,19]. Radio
frequency-based harvesting approaches obtain the energy from radio waves. According to the RF
energy source being considered, there are two categories [20,21]: (i) RF signal from dedicated sources;
and (ii) RF energy from ambient sources, such as telecommunication towers and mobile devices,
in which wireless communication devices can act as RF sources to power their neighbouring devices.
The low power conversion efficiency of RF harvesting and the ultra-low voltages that are incident at
the receiver antenna constitute a formidable challenge that can limit its applicability [22]. Electric field
energy harvesting is another alternative presented in many papers in literature [23-27] based on the
principle that an energized conductor creates a radial electric field. The advantage of this technique is
that the energy can be harvested from a no-load AC power line without current flowing through it.
The electric field is always present around the high voltage power lines and it is stable and predictable
since the voltage is regulated. In general, the energy is obtained from the electric fields around the
power lines by using the principle of a capacitor divider. However, for the same amount of power,
the size of the electric-field-based harvester must be greater than that of the magnetic-field-based
alternative. The energy density obtained from a magnetic field is considerably higher compared to
an electric field [23]. In addition, the high voltage involved with electric fields, challenges the technical
feasibility of its implementation, increasing the associated cost: the installation of this type of harvesters
requires a major power shutdown since they are usually either attached under the line or coiled around
the cable [25]. The energy harvesting from the magnetic fields surrounding high-voltage lines has
received considerable attention in recent years. There are two approaches as a function of the way
the harvester is located [28-33]: (i) free-standing when the harvester is located in close proximity to
the conductor without enclosing it; and (ii) the current-transformer-based inductive harvester which
encloses the conductor to obtain maximum magnetic coupling [28]. Current transformers (CTs) are
generally used to measure AC amperage by sensing the magnetic field generated by the primary
current flowing in the conductor around which the CT is installed. However, CTs can also be used
for inductive energy harvesting. The performance of the inductive harvester greatly depends on the
magnetic core material characteristics, such as the magnetization curve, permeability, power losses and
saturation [29]. Although saturation is nearly always avoided, in [31] the authors revealed that for any
given core, regardless of the application, power harvest is maximized when the core is permitted to
saturate at a particular time window within the line cycle. An alternative approach is presented in [30],
where a miniaturized linear permanent magnet synchronous generator is utilized. The magnetic field
is first converted into mechanical vibration by using a permanent magnet and then the vibration energy
is turned into electricity by using a synchronous generator.

As far as the power and storage management circuit are concerned, power electronics are required
for several reasons. Firstly, high power extraction involves impedance matching between the energy
harvester, and the load, i.e., when the load impedance equals the complex conjugate of the source
impedance [28,29,32-35]. Secondly, some form of voltage regulation is essential owing to the fact
that the output current and voltage generated by the harvester do not usually match with the load
requirements. Finally, the intermittency of the energy source should not affect the continuous operation
of the system. Therefore, some form of energy storage is generally included. In [34] the impedance
matching is achieved by a compensating capacitor along with a buck-boost converter which assure
constant load impedance. The energy is stored in a rechargeable battery. In [36] the authors introduced
an adaptive approach, which achieves automatic power optimization by using a dc-dc converter
thereby maximizing the power stored in a battery. Other works have used dc-dc converters to achieve
maximum power transfer [37-39]. Batteries are the most frequent storage strategy for energy harvesting
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systems [5,34,36], Supercapacitors have also been used to buffer energy so that the system can operate
in a power outage [7,40-43]. The physical deterioration of the rechargeable batteries constitutes the
limiting factor of the lifetime of the energy harvester. The premature aging of the cells occurs when
the battery is subjected to repeated charge/discharge cycles. In order to prolong the lifetime of the
battery, in [44] is presented an implementation that uses a two-stage storage system consisting of
supercapacitors and a lithium rechargeable battery.

This paper presents a simulation-based strategy for characterizing a CT-based inductive
electromagnetic energy harvesting system, in terms of the core material through its magnetization
curve, number of turns in the secondary winding, magnetic path length and cross-sectional area of the
core, copper cross section of the winding, primary current, length of the copper wire, load resistance
and compensating capacitor, inter alia. This work introduces a new energy harvester design strategy
aiming at extracting the maximum power from a high voltage line. An experimental setup with different
configurations validates this strategy. The MATLAB/Simulink tool is used for modeling the energy
harvesting system and for data visualization. The system is able to accurately estimate the matching
impedance, the optimal dimensions of the coil and the power harvested for different primary current
conditions and different loads. As a result, a rapid prototype design is developed.

The remainder of this paper is organized as follows. In Section 2 the CT-based energy harvesting system
model is introduced. The linear and non-linear behavior of the model is analyzed and the Simulink-based
electrical model is defined. By using an electrical model, Section 3 deals with the simulation-based
characterization of an inductive electromagnetic energy harvester. Section 4 introduces the prototype of the
harvester used for model validation purposes. Finally, some conclusions are drawn in Section 5.

2. CT-based Energy Harvesting System Model

In this section, an electrical circuit model of the inductive electromagnetic harvester based on the
electromagnetic theory and the equivalent circuit of a current transformer is presented. As stated in the
introductory section, CTs are generally used to measure line currents in electric power systems. This is
done by sensing the magnetic field generated by the current. In that context, the main purpose of CT is
to translate the primary current in a high voltage power line into the secondary current whose value is
directly proportional to the primary current and inversely proportional to the number of turns in the
secondary winding. However, current transformers can also be used as energy harvesters to power
electronics attached to the power line for condition monitoring purposes. In fact, a CT is a preferred
device to harvest power in the grid nowadays. There are several reasons for this assumption. Firstly,
the current-transformer-based inductive harvester encloses the conductor to obtain maximum magnetic
coupling. As a result, the power density of this type of energy harvester is relatively high and maximum
amount of power can be extracted from the magnetic field. Secondly, the installation of this type
of CT-based harvesters does not require a major power shutdown, provided a split magnetic core is
used. Thirdly, the CT is galvanically isolated from the high voltage power line. Therefore, in principle
a malfunction of the CT does not degrade the reliability of the monitored system. Finally, the CT tolerates
harsh operating conditions without degradation in performance.

2.1. Equivalent Electrical Circuit of the Energy Harvester

Figure 2 shows the equivalent circuit of a current transformer along with rectified-based power
conforming circuitry and compensating capacitor. This MATLAB/Simulink-based model is used to
simulate the performance of a CT as an energy harvester. The CT mainly consists of an ideal transformer
and a nonlinear inductor. The primary winding is energized with an alternating current with peak
value I, which generates the magnetic field, H, and the flux density B inside the core. This induces
a voltage in the secondary winding and, when a resistive load is connected to the harvester, the current
flowing through it is proportional to the primary current, provided the core is not in hard saturation.
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Figure 2. Equivalent electrical circuit of a CT-based electromagnetic energy harvester.

In Figure 2, Rg, the secondary leakage resistance, represents the power loss of the secondary winding.
The magnetic flux losses of secondary windings are represented by the leakage inductance Ls. If the
magnetic core has high permeability, most of the mutual linkage flux is confined to the core. The leakage
flux can be assumed proportional to the current producing it and it depends on the geometry of the
winding and core. Therefore, it can be assumed that the leakage inductance, Ls, is constant accounting for
the voltage drop induced by the leakage flux. Finally, Cy, is used to compensate the inductive behaviour
of the harvester aiming to harvest the maximum power available at low primary current, the startup
primary current, at which the available power is limited.

2.2. Linear and Nonlinear Behavior of the Energy Harvester Model.

Considering that the harvester is based on an ideal CT, the current flowing through the secondary
winding can be evaluated by using the amp turn equation:

Npl, = Nl )

where Ng is the number of turns in the secondary winding and Np = 1 for the CT in Figure 2. Hence,
the maximum total secondary current, I, can be expressed as:

Iy
I =Is+ 1y, = N )
S

where I, is the magnetizing current, whose instantaneous value can be written as:

imlt) = ¢ [ o0 ©
m

While the magnetic core is not saturated, i.e., I, & 0, the harvested current going to the load,
I;, is only determined by the primary current divided by Ns. The magnetic core, however, exhibits
nonlinear behavior, which in Figure 2 is represented by Ly, a nonlinear inductor that plays the role of
the CT magnetization inductance. Ly, can be modelled by using the magnetization curve of the core,
i.e., the magnetic flux density versus magnetic field strength characteristic, the core cross sectional
area, A, ffs the magnetic core path length, I, ffs and Ns. These parameters are used in the Simscape
model of the non-linear inductor, which can be specified with varying levels of nonlinearity [45].
Figure 3 shows the magnetization curve, also called B-H curve, of the nonlinear inductor in Figure 2.
H and B correspond with the magnetic field strength and the magnetic flux density, respectively.
The nonlinear behaviour of the CT is represented by the B-H curve, which in turn constitutes the
magnetization curve of the core. In the linear region of the magnetization curve when the relative
permeability is constant, L, can be express by using Equation (4):

PAg N2
Ly = % @)
eff
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where pjg is the permeability of free space, i.e., 47 x 10~7 H/m, and r is the relative permeability,
which depends on the core material and can be estimated from the magnetization curve (see Figure 3).
The specific values for the rest of parameters are given in Section 4 for the proposed harvester in
this paper.
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Figure 3. Magnetization curve of the non-linear inductor.

For a core material with high permeability, the magnetizing inductance takes a high value and the
harvester works as an ideal CT. This is the ideal CT operation that takes place in the linear region of
the B-H curve where the core is not saturated, and the entire transformer current is delivered to the
load. This is also the working region for a CT-based primary current measurement device, where the
primary current can be estimated by measuring the secondary current, since they are proportional to
each other. When the core is operating in the knee or in the flat tail regions in the B-H curve, the core is
said to be saturated. Uncontrolled core saturation can bring about detrimental effects as stated below.

According to Faraday’s law, the voltage developed by the core is proportional to the time derivative
of B. A sinusoidal AC current flowing through the primary conductor generates a time-varying magnetic
field around the wire, and through the magnetic core the magnetic field is turned into a time-varying
magnetic flux density (B(t)). Voltage is induced across the terminals of the secondary winding when
the magnetic flux (P(t)) crosses the loops in the secondary winding. If B(t) is uniform over and
perpendicular to the area A of the coil, the voltage induced in a Ns-turn winding can be expressed by:

®)

da(t) dB(t) d(uoyrip(t)) _ potrNsAeff d(ip(t))
2ny dt

where i,(t) = [ycos(wt + @) is the sinusoidal AC current through the primary conductor and 27r is the
circumference of the circle in which the magnetic field is calculated. This value can be considered the
magnetic path length, l.¢, for a toroidal core. Then, Equation (5) can be expressed as:

os(t) = i]—mwl,,sin(wtﬂo) = Lyl sin(wt + @) ©)

From Equation (5), B(t) can be derived as follows:

1
BO) = §oi [wto )
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where f vs(t)dt is the applied volt-seconds. Saturation is caused by excessive applied volt-seconds,
which places constraints on the magnetic flux density. This imposes limitations on the voltage applied
to the nonlinear inductor, which clearly affects the allowed load voltage. In equation 7, it can be seen
that saturation can also be prevented by increasing the core cross-sectional area or the number of turns
in the secondary.

One of the negative effects of core saturation occurs when the operating point in the B-H curve of
the core is in the flat tail regions where B takes a constant value regardless of the variation in H and
time (see Figure 3). As a result, the voltage induced across the terminals of the secondary winding is
close to zero. In this case, virtually no current would be delivered to the load. In other words, when
the core is operating in saturation, there is no energy harvested and power is only transferred into the
load for a portion of the periodic cycle where the core is not saturated. The period of time when the
core is able to transfer power can be referred as transfer window [31]. In [31] authors prove that for
any given magnetic core, power extracted is maximized when the core is allowed to go into saturation
in a part of the periodic cycle. The level of core saturation is not fixed at one operating point during
harvesting operation since the core goes in and out of magnetic saturation thereby covering the entire
unsaturated regions of the B-H curve along the way. Another negative effect of a saturated core is
related to the evaluation of the capacitor used to compensate the inductive impedance inserted by the
harvester. The maximum power extracted in the transfer window occurs if the load impedance is the
complex conjugate of the source impedance. However, a direct impedance compensation is sometimes
unfeasible for inductive electromagnetic energy harvesters, where a limited range of voltage values is
required by the dc-dc regulator, which may impose the value of the load resistance. To compensate for
the inductive impedance of the harvester, a series capacitor is connected at the output of the harvester
(see Figure 2). Under core saturation, the magnetization inductance inevitably varies with time, thereby
making it difficult to calculate the compensating capacitor. Finally, for a split core, the magnetostriction
effect in saturation will cause noise and physical vibration, which will result in installation damage
and performance deterioration. Clearly, core saturation significantly complicates an analytical model
that could be used to guide the process of core characterization for maximum power extraction.

In this paper a MATLAB/Simulink-based simulation model is implemented to characterize the
energy harvester in terms of several parameters: (i) the minimum power required by the monitoring
system; (ii) the load resistance to keep the core operating within the transfer window for the designed
voltage range; (iii) the compensating capacitor to extract maximum power when the startup primary
current flows through the primary conductor; (iv) the number of turns in the secondary; and (v)
the maximum level of core saturation. This latter parameter cannot be obtained directly from the
model. Two related parameters can be considered and measured to estimate the level of saturation,
namely: (i) the Total Harmonic Distortion (THD) of the induced voltage in the secondary winding or
the secondary current; and (ii) the deviation of the current in the secondary winding from the ideal
value based on the current source behavior, i.e., value I, in Figure 2. The benefits of letting the core go
into soft saturation should outweigh the negative impact of saturation. Hence, the operating range of
the core should not be beyond the onset of the knee region in Figure 3. This value is calculated by
limiting the level of THD for the secondary current to a particular value, critical THD, which will
depend on the harvester configuration.

2.3. Saturation Characterization

Figure 4 shows the experimental setup used to explore the relationship between the THD and the
magnetic core saturation. The waveforms for currents involved are also depicted. For this experimental
setup, the THD has been calculated for the load current.

When the magnetic core is not saturated or in soft saturation (Figure 4b) the magnetizing current,
Iim lags 90° the total secondary current, I, on account of the resistive load connected for the harvester.
In soft saturation, the time-varying value of the magnetizing inductance makes I}, different from zero,
which causes the distortion of the load current. By calculating the THD of the load current, the level of
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core saturation can be estimated. When the core goes through the knee region in the magnetizing curve
towards deeper saturation, still without reaching hard saturation where B(t) = Bsat and the inductive
voltage equals zero, Ijoaq is virtually zero during a period of time within the line cycle. This leads to
more distortion of 5,4, as can be seen in Figure 4c. Consequently, the THD value of Ijy,4, can be taken
as an indicator of core saturation. This value will be used as an additional requirement to determine
the load resistance and the compensating capacitor values for maximum power extraction purposes.
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Figure 4. (a) Experimental setup for saturation characterization. (b,c) Saturated waveforms.

3. Simulation-Based Characterization of the Inductive Electromagnetic Energy Harvester

As stated above, the process of characterization of an inductive electromagnetic energy harvester is
not straightforward, on account of the number of variables involved. In Section 2, these variables have
been introduced: THD as an indicator of the saturation level, primary current (I,), number of turns in
the secondary winding (Ng), load resistance (R ), compensating capacitor (Cy ), core cross-sectional
area, core magnetic path length and the core magnetization curve, inter alia. The key aim consists in
defining the relationship between the output power and the aforementioned variables. In literature,
the relationship among some of them has been determined through analytical models. However,
these analytical models have to be combined with the power management circuits required for power
conforming and voltage regulation. In this section, this relationship is defined by implementing
a simulation approach based on the circuit depicted in Figure 2. To gain a clear insight about the
influence of the compensating capacitor, two models are used: Model 1, which includes the resistive
load and rectifier; and Model 2 with a resistive load, rectifier and compensating capacitor. Figure 3
represents the B-H curve of the non-linear inductor used in both models and the cross-sectional area
Acf and the magnetic path length lg correspond to the values of the core used in the prototype of
the harvester shown in Table 3. It is important to remember that the energy harvester is modeled by
an ideal transformer, the nonlinear inductor, and the secondary leakage resistance and inductance.

3.1. Model 1. Simulation with an Energy Harvester with Rectifier and Resistive Load Without Reactive Power
Compensation.

This model is used to evaluate the amount of power that can be extracted by a harvester with
rectifier and resistive load (see Figure 2). The purpose of this model is twofold: (i) to find out the
minimum value of the primary current for a particular power value, the startup primary current,



Sensors 2020, 20, 647 90f17

so that the harvester can scavenge the rated power for the monitoring system; (ii) to evaluate the range
of load resistance values which make the harvester operate either within the linear region or in the
knee region of the magnetization curve.

Figure 5 shows the output power (Figure 5a), the THD of the secondary current, Is, (Figure 5b),
the load current (Figure 5c) and the load voltage (Figure 5d) as a function of the primary current,
ranging from 5 A to 20 A at a step size of 1 A, the load resistance which takes values from 2 ) to 200 ()
in 1-Q) steps and the number of turns in the secondary, N.
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Sensors 2020, 20, 647 10 of 17

From the Figure 5 some conclusions can be drawn. As far as the output power is concerned,
when the core is at the onset of saturation, e.g. the THD is less than 5 %, the output power is directly
proportional to the quadratic value of the primary current, and the harvested current is only determined
by the primary current. This output power has been worked out by multiplying the rectified load
current and the rectified load voltage. The same applies for the load resistance: the larger the load
resistance the greater the power extracted, provided the THD is below a certain value, which depends
on the number of turns of the secondary winding. When the number of turns increases, the point
of maximum power output is obtained for increasing values of the load resistance. In other words,
saturation is achieved earlier as the number of turns decreases (see Figure 5b). This is to be expected
because the magnetic flux density, B(t), is inversely proportional to the number of turns and directly
proportional to the volt-seconds accumulated in the core as stated in equation 7. The volt-seconds
allowed by the core before entering into saturation are a function of saturation flux density level, Bsat,
the effective cross sectional area, Aeff and Ns: the fewer the number of turns, the sooner Bsat is reached
for the same amount of volt-seconds. As for the load current (Figure 5c), when the core is operating
in the linear region, the current delivered to the load increases with decreasing number of turns.
However, when the core goes into saturation, the magnetizing current increases thereby reducing the
current delivered to the load. Finally, Figure 5d shows that the load voltage is linearly increased under
non-saturation conditions for increasing value of the load resistance. In this scenario, the harvester is
working as a current source, which is able to develop any arbitrary voltage required to sustain the
current into the load. Conversely, when the core enters into saturation, the load voltage increase is no
longer linear due to the fact that some of the harvested current is lost in the magnetizing inductance.

Although Figure 5 shows a valuable insight into the complex relationship among the different
variables, finding the right values for these variables, which characterize the harvester in order to
comply with the system requirements, needs a more comprehensive analysis of the data generated in the
simulation step. The value, or range of values, of these parameters will depend on the application and/or
the system to be powered. The number of different possibilities makes the harvester characterization
an arduous and time-consuming process.

To prove the effectiveness of the strategy presented in this paper, a set of requirements is established
and the harvester configurations which satisfy the requirements are depicted in more easily readable
form. Table 1 shows the possible harvester configurations. It has been assumed, that the power required
for the system ranges from 150 mW to 600 mW, the primary current takes values between 5 A and 15 A,
the voltage window at the input of the system ranges from 1 V t0 3.3 V, e.g. a dc-dc regulator could place
this limit, the THD should be below 7% to allow the core to enter the onset of the knee region or soft
saturation, and for Ns = 200 turns

Table 1. Harvester configurations for a particular/specific set of requirements.

I(A)  RL(Y)  Vigaa(V) L1pad(mA) THD (%) Power (mW)

12 65 3.21 49.42 6.3 158
12 70 3.44 49.15 5.6 169
13 60 3.24 54.08 6.8 175
13 65 3.49 53.81 5.8 188
14 50 2.95 59.04 6.5 174
14 55 3.23 58.76 5.8 189
15 40 2.56 64.05 6.3 164
15 45 2.86 63.74 6.6 182
15 50 3.17 63.45 6.9 201
15 55 3.47 63.16 5 219

From Table 1 one definite conclusion can be reached: the minimum required power cannot be
obtained with the startup primary current of 5 A. The same conclusion can be drawn for Ns = 154 and
91 turns. As a result, reactive power compensation should be included.
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3.2. Model 2. Simulation with an Energy Harvester with Rectifier and Reactive Power Compensation

Model 2 allows the compensating capacitor to be evaluated for maximum power transfer. When
there is reactive power compensation, the energy harvester will provide more power to the load.
This produces an undesirable side-effect on the harvester: higher power will increase voltage in
the magnetizing inductance thereby increasing the magnetizing current and leading the core into
saturation with smaller primary current. This fact can be observed in Figure 6, which represents the
output power, the load voltage, the THD and the load current as a function of the load resistance and
the compensating capacitor, C;, with values ranging from 5 to 25 pF. For the simulation, Ns equals
200 turns, with the primary current being 5 A, since it is the worst case scenario.

Power (mW) Vload (V)

2 ) = 7 ’
8 i N .
N D
D | ) I
y ///é/ 100 300 .
‘JU %
Y=RL (ohms) Y=RL (ohms) \0 . T X=CL(uF)
THD (%) Tload (mA)
- e o
< s E
g 2 !
B 2
Q o “
15 °
% 0
Y=RL (ohms) % \ b Y=RL (ohms) ) o ©

X=CL(uF) X= CL(uF)

0 s 0 5

Figure 6. Power, THD, Vj,4 and Ijo,q as a function of Ry and CL for Ip =5 A and Ns = 200.

Figure 6 gives a basic insight into the relationships among the different variables considered for
the harvester characterization and allows their values to be narrowed down. For instance, for values of
CL greater than 20 uF the output power plummets since there is no impedance matching. As for the
resistive load, for values greater than 100 (), the THD values clearly indicate that the magnetic core is
likely to be saturated, although there is a region in the THD curve with low level of THD for values of
RL greater than 200 Q). Again, a more comprehensive analysis is necessary to come up with the best
harvester configuration for a set of particular requirements imposed. For Model 2 similar requirements
as those in Model 1 are established, namely: the power ranges from 150 mW to 600 mW, the primary
current equals 5A, the voltage window at the input of the system ranges from 1 V to 3.3 V, the THD
should be below 9% and Ns = 200 turns. Table 2 shows the possible harvester configurations.
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Table 2. Harvester configurations for specific requirements.

Cp(uF) RL(QY) Vicad(V)  Ijpag(mA) THD (%) Power (mW)

12 47 2.66 56.72 79 151.25
12 37 2.35 63.76 72 150.43
13 39 2.48 63.61 7.5 157.80
13 41 2.60 63.48 7.8 165.22
14 31 2.16 69.76 8.7 150.89

To harvest more than 150 mW, for the startup primary current, the compensating capacitor should
take values between 12 and 14 pF with the corresponding load resistance. The pairs of Cp, and Ry,
to some extent could be regarded as the matching impedance for the harvester for a certain level of
core saturation.

4. Verification of the Model Accuracy. Experimental Results and Energy Harvester Prototype

The accuracy of the models proposed is verified by developing a prototype of the harvester.
The simulation results are compared with the measurements obtained by different configurations of
the prototype. Figure 7 shows the circuit schematic diagram of the harvester.

Figure 7. Circuit schematic diagram of the prototype of the harvester.

The energy harvester consists of a CT with a Si-steel magnetic core characterized by the B-H curve
shown in Figure 3. The CT used is of window-type in which the primary winding consists of the high
power line passing through the window in a split magnetic core. Therefore, the primary winding is
not an integral part of the CT. The prototype harvester has the characteristics listed in Table 3.

Table 3. Harvester parameters.

Parameter Value Unit
Core material Silicon steel
Magnetic path length (leff) 19.70 cm
Cross-sectional area (Aeff) 312 mm?
Core window area 1000 mm?
Weight 0.420 Kg
Ns 200, 154, 91 turns
Winding wire diameter 1 mm
Average length per turn 80 mm
Maximum height 25 mm
Saturation magnetic flux density, Bsat 1.7 T

The choice of the material and size of the core relies on several variables. Firstly, the power
capability of the core in terms of the amount of power harvested as a function of the primary current
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i.e., mW per A in I,. Secondly, the core window area should provide sufficient space for the primary
wire and the secondary winding. Thirdly, the core should have a high saturation flux density, Bsat.
The higher Bsat the greater the amount of power that can be extracted since more magnetic energy can
be collected by the core. Finally, transmission line operating requirements have to be complied with.
A bulky core, for instance, may increase the sag of the transmission line. Two core materials have been
considered: ferrite and grain oriented Si-steel material. The final choice of the core material and size
was made by using the magnetization curves in the nonlinear inductor in Figure 2 and by simulating
them for power comparison purposes. The grain oriented Si-steel was the best option due to the
reduction in the size and weight of the magnetic core for the same harvested power. This comparative
study has not been included because it is beyond the scope of this paper.

The secondary of the CT has been designed to provide several winding configurations with 91,
154 and 200 turns. Furthermore, a capacitor bank and a potentiometer have been included for resistive
load and compensating capacitor definition aiming at simulating different loading conditions. The wire
size for the secondary winding is chosen taking into consideration the power losses, which depends on
how much current is being drawn from the winding, the length of the wire and the wire resistivity.

Several harvester configurations have been tested and verified. Regarding the energy harvester
based on Model 1, the estimated and measured power along with the relative error for different values
of Ns, RL and Ip are evaluated and represented in Figure 8. The power is calculated by measuring
the voltage drop and the current flowing across the load resistance. Then, both measured values
are multiplied to obtain the harvested power. Under non-saturation conditions, which corresponds
with the linear section in the curves in Figure 8, the harvester is ideally operating as a current source
developing any arbitrary voltage required to sustain the current into the load. Considering the wire
and the rectifier losses, it can be assumed that the power follows a quadratic relationship with respect to
the primary current. For increasing values of RL, the core enters into saturation and the power increase
is no longer linear on account of the lost current through the magnetization inductance. This fact is
more apparent when the number of turns in the secondary is reduced, as can be seen in Figure 8 for
Ns =91 turns. It can also be seen that the maximum relative error of the simulated power is always
less than 7%, which confirms the reasonable accuracy of Model 1 for characterization purposes.
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Figure 8. Verification of Model 1 accuracy.
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As far as Model 2 is concerned, Figure 9 shows the measured and simulated power as a function
of Ry, Cp for Ng =200 and [, =5 A.
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Figure 9. Verification of Model 2 accuracy.

The power is calculated in the same way as that used in Model 1 and the same conclusions can be
reached regarding the influence of the core saturation upon the output power. However, for a startup
current of 5 A when reactive power compensation is achieved, the output power obtained is larger than
that of Model 1. This power critically depends on the value of the compensating capacitor. For example,
for C, = 30 pF, the output power is lower than in the cases when Cy, = 10 uF and Cp, = 16.9 pF. This fact
was seen in Figure 6, which showed that for values of Cy, greater than 20 uF the output power sharply
decreases. Hence, the output power is very sensitive to the value of Cy, which depends on the value of
the magnetizing inductance, L. The latter exhibits great variability under core saturation in both the
knee region and in deeper saturation, which hinders the ability of the model to better estimate the
compensating capacitor under such conditions. This is the reason behind the increase in the relative
error for Cp, = 30 uF. According to the relative error range, Model 2 is reasonably precise, allowing the
range of potential capacitor values to be estimated for maximum power extraction.

In order to assess the performance of the proposed inductive electromagnetic energy harvester
for high voltage power lines, the common standards of power per unit of magnetic core volume, i.e.,
power density, and power per unit of the primary current can be used. However, for comparison
purposes the power density in mW/cm? is more suitable, since most works in the literature utilize this
parameter. For the worst case scenario, at the startup current of 5 A, the harvested power density can
reach 2.79 mW/cm?3. Therefore, the harvester proposed in this paper outperforms other approaches
to electromagnetic inductive energy harvesters [32,33]. In [37] the power density for a primary
current of 60A is equal to 45.96 mW/cm3. Finally, in [29] considering a primary current of5 A and for
a nanocrystalline core, the power density reaches 7.82 mW/cm? and for a ferrite core 1.97 mW/cm?3.
High permeability of nanocrystalline cores account for their best power density, although at the
expense of cost and, most importantly, nanocrystalline cores cannot be easily split because of poor
mechanical integrity.

5. Conclusions

In this paper, simulation-based characterization of inductive electromagnetic energy harvesters
has been analyzed for two different harvester models. Conflicting design goals, such as maximizing
the output power while limiting the output voltage levels and keeping the magnetic core at the
onset of saturation, have been simultaneously addressed. Furthermore, an additional insight into
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the relationship among the different parameters involved in the harvester design process, has been
provided. With an eye to potential applications, an experimental estimation technique has been
developed, such that the variables influencing the performance of any electromagnetic energy harvester
can be evaluated from arbitrary values of output power, primary current, output voltage range and
level of core saturation, to name but a few. Two significant contributions have been made in the work
presented in this paper: (i) by using a simple MATLAB/Simulink electrical circuit based on a current
transformer, an inductive electromagnetic energy harvester can be rapidly deployed; (ii) the level
of magnetic core saturation has been estimated and controlled through the evaluation of the total
harmonic distortion of the secondary current. The performance of the estimation technique has been
experimentally validated by creating a prototype for the harvester, which consists of a Si-steel magnetic
core and a power conditioning unit. For the worst case scenario with a startup current of 5A, and
for a secondary winding of 200 turns, achieving reactive power compensation, the maximum power
extracted by the harvester can be as close as 165 mW, which represents a power density of 2.79 mW/cm3.
The results obtained confirm that the proposed simulation strategy is accurate in predicting the
behavior of the harvester for different operating points and under several loading conditions.
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