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One of the major bottlenecks of the traditional current transformer en-
ergy harvester (CTEH) is the instable output induced by the wide-range
variations of the current in transmission lines. In this work, a novel
CTEH capable of generating a stable output is demonstrated by using
a core fabricated with saturable magnetic material. The stable output
of the CTEH is enabled by the constant voltage-time product in its sat-
urable characteristic. The proposed CTEH is implemented with a re-
sistive load representing the load of electronic devices. When the cur-
rent in the primary side of the CTEH’s increases from 1 to 1000 A,
the maximum power on the load can reach about 0.5 W, demonstrating
the feasibility of using the CTEH with the saturable magnetic core as a
quasi-stable power supply.

Introduction: The rapid increase in the number of industrial wireless
sensor nodes demands new power supply options. For the in-situ moni-
toring of high-voltage transmission lines, common power supplies, such
as solar energy [1], wind energy, battery or laser energy [2], are known
to have insufficient stability and sustainability. In comparison, it is more
reasonable to generate power from the current transmitted in the high-
voltage transmission lines, namely the current transformer (CT) princi-
ple. However, the output power of CT is often either too low or saturated,
as a result of the wide range of transmitted current between a few am-
peres to thousands of amperes. The low output power may not be enough
to supply energy to the electronic devices, while the surplus power must
be consumed in order to avoid the damage of electronics devices. Es-
pecially, when the short-term surge current presents in the transmission
lines, the CT’s magnetic core might be saturated, overheated and even
burned. One way to desaturate the magnetic core under high current is
to use a bleeder circuit on the CT’s secondary side [3], for example, a sta-
ble power output of 0.65 W is realized when the CT primary side current
is in the range of 17 to 500 A. Furthermore, CT with multiple secondary
side taps and short-circuiting taps implemented with electronic switches
is shown to be effective in avoiding the saturation of CT magnetic core in
a wide current range and supply sufficient energy [4]. Similarly, a desat-
uration controller [5] might be used to harvest energy from power line,
where energy harvesting efficiency is improved by 13.7%. In addition, a
traditional CT might be implemented with an air gap cutting structure in
the CT magnetic core [6], enabling 10-W output power with transmitted
current between 100 and 1000 A. As an alternative approach, a capaci-
tance compensation circuit can be utilized to desaturate the CT magnetic
core and harvest energy effectively [7]. The CT energy harvester, after
optimizing the parameters, can increase the output power and work in a
wide range of current in the transmission line. In fact, for a CT with pre-
defined physical parameters, its maximum harvesting power is directly
proportional to the square of the primary current [8]. Therefore, with
the increase in the transmitted current, the energy harvested by the CT’s
secondary side will increase correspondingly.

Despite the excellent energy-harvesting capability in the unsaturated
state, most of the CT energy harvesters can yet not harvest energy effec-
tively when its core is saturated. In addition, it is not possible to avoid
the damage caused by the surge of large current in the transmission line.
Consequently, these harvesters may suffer from serious heating problems
under the high current condition for a long time.

In this work, a CT energy harvester (CTEH)-based saturable magnetic
core is proposed, capable of generate stable output power in the large
current range of the transmission line. The main novelty of this work
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Fig. 1 CTEH circuit. CTEH, current transformer energy harvester.

core material. Meanwhile, the narrow magnetic hysteresis of the material
made it possible to generate the much low loss. The working principle,
design, and first characterization results of the CTEH are presented in
this paper.

Operating principle of CTEH: The saturable magnetic material refers to
the materials with very high relative permeability (up to 10°) and small
coercive, giving rise to a quasi-rectangular shaped hysteresis loop. The
common saturable magnetic materials mainly include the Cobalt-based
material, Permalloy and Supermendur. A CTEH processed with those
magnetic materials is shown in Figure 1.

Generally, the primary side of CT is the transmission line, equivalent
to one turn, and its secondary side is designed to N turns, wound around
those ring-shaped magnetic materials. When the primary side current
ip(?) is transmitted, according to Ampere’s circuital theorem, the sec-
ondary side current i(f) is generated and its induced voltage is denoted
as vs(7). Then after rectified bridge and filter C, the output voltage U, is
obtained to supply energy to load R . During this period, the hysteresis
processing of the saturable core is shown in Figure 2.

In the magnetization curve, the point b is the saturated magnetic flux
density denoted as B, and the corresponding field intensity is Hs The
remanence is denoted as B, (shown in point a in the figure), and the co-
ercive force is denoted as H,. Taking the quasi-rectangular shaped hys-
teresis loop of Cobalt-based as an example, the saturated magnetic flux
density of point ¢ is almost equal to that of point b, which is about 0.55
Tesla, and the rate of B, and B; is above 0.85.

When i#,(#) increases from zero to the value of i, the magnetization
changes from the point a’ to the point b on the curve. In this process, the
flux density B is changed from —B; to B, so the induction voltage vy(?) is
generated in the secondary winding of the CTEH. When i,(#) continues
to increase to the value of ik, the magnetization curve increases from
points b to c. In this process, the magnetic core remains saturated, and
the variation of magnetic flux density from points b to ¢ is zero. As
a result, vy(¢) is decreased to zero. Furthermore, when i,(f) decreases
from i, to zero, the magnetization curve moves from points ¢ to a. The
variation of magnetic flux density at these two points is equal to (Bs—B;),
less than 0.15, and then vy(7) should be small, approximately zero. As
the negative half cycle of the magnetization begins, the magnetic core is
released from the saturation state and a negative voltage is induced. The
shaded area in Figure 2 represents the period of time when vy(¢) can be
generated in the secondary winding of the CTEH.

According to Ampere’s circuital theorem, the magnetic field intensity
His H =k x i,, where k is determined by the ratio of the number of the
winding turns to the length of the effective magnetic path. When H is
noted as Hj, i, is defined as the saturated current i;;. When the magnetic
core of CT is determined, H; is the fixed value and so is i;;. As shown
in Figure 2, the variation of current i, is trivial regardless the change of
value of 7,(#). Therefore, the saturated time #; can be obtained.

ip(#) is expressed as i,(f) = ippk xsin(2mf x ¢), and f'is the line fre-
quency. When the current value is i, the corresponding time ¢, can be
expressed as follows:

is the CT’s easiness of saturation and high capability of power genera- 1 ) i
tion enabled by the extremely high relative permeability of the magnetic fi = - arcsin <ip—pk> M
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Fig. 2 Operating principle of CTEH

It can be concluded from Equation (1) that #; decreases with the in-
crease of i,(f). And with the decrease in i, (¥), the saturated time increases
to #, shown as Figure 2.

The secondary side induces voltage vy(¢) of CTEH as follows:

v(t) = —N x AB x S/At ©)

For the CTEH with the saturable magnetic core, the value Af is the
time when v,(7) is generated before the magnetic core is saturated and
equal to #; or £, in Figure 2. AB equal to 2B, is a fixed value, that is, 1.1
Tesla for the Cobalt-based material. N, the CT’s secondary side turns N,
and S, the CT’s magnetic core sectional area, are both defined value.

The voltage second product A is defined as: A = v(f) x At. Thatis

A=v(t)x At =—N x2B; xS 3)

Therefore, A can be fixed. Furthermore, if T is the period for the
transmission line current, the output average voltage U, in Figure 1 is
equal to 2A/T. That means, the CTEH can supply stable output voltage
U, for electronic devices, independent of the variation of the CT primary
side current iy(). That is

U, =—4N x B, x S/T “
Materials and methods: According to the scheme illustrated in Figure 1,

the prototype for the experiment and verification is built as shown in
Figure 3. The CTEH is a ring-shaped saturable core winded with coils,
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Fig. 4 Voltage and current waveforms of CT primary side and secondary
side

and it is installed around the transmission line. The CTEH magnetic
core is fabricated with a Cobalt-based material 6025 Z from VAC Com-
pany, with the model number E4030W543. The transmission line current
ranged from 1 to 1000 A and is generated by the current source of model
SDDL-3000A. Observing and recording waveforms are achieved by the
oscilloscope of model LeCroy’s HDO4054. The voltage second product
of the magnetic core is a constant and will be integrated by the oscillo-
scope.

The CTEH primary side has one turn while the secondary side has 90
turns. Ry, is 220 © and C is 220 uF.

The voltage and current waveforms of the CTEH primary and the sec-
ondary are shown in Figure 4. The ratio of #,(#) is 1V/500 A according to
Rogowski probe calibration, and the ratio of is(#) is 1 V/1 A measured by
connecting 1 Ohm resistance in series. When the transmission line cur-
rent i () is about 25 A excited by the current source, the CT’s secondary
side peak voltage vs(?) is about 5 V, while the current ig(?) is rectified and
fed through a constant load Ry connected to the capacitor C in Figure 1.
The capacitor C can smooth and filter the output voltage U, then output
power is Uy?/Ry..

Results and discussions: In Figure 4, between time #;, and time ¢, part of
ip(#) is transformed to i(f) by CTEH. When i(f) charges up the capacitor
C, the voltage vy(?) is generated and rectified, forming the output voltage
U,. The time period from #,’ to #, is corresponding to the magnetization
process from point b’ to point a’ in Figure 2. The variation of magnetic
field AB ( = By — B) is so small that the induced voltage vy(?) is very
low and the is(¥) is almost negligible.

In order to investigate the CTEH capacity in the range of the large
current variation, the Cobalt-based magnetic core is replaced by a Su-
permendur core in Figure 1, which size is 46 mm x 36 mm x 6.5 mm,
and other parameters are not changed. When the current 7,(7) is varied
from 1 to 1000 A, the experimental results are shown in Figure 5.

When the CTEH is loaded with a pure resistive load R, without the
capacitor C, the output voltage U, (mV) (left y-axis in Figure 5) can be
stably settled down to about 900 mV while the current i,(f) increases
from 150 to 1000 A. The continuous and relatively stable output voltage
can be described by Equation (4). Subsequently, Ry is set to 15 k2 and
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Fig. 5 CTEH with the primary current changing in a large range

connected with the shunt capacitor C to form the filter, the output voltage
U, (V) (right y-axis in Figure 5) can be stabilized to a value of around
15 V. When Ry is set to 220 Q as the low power load, U, (right y-axis
in Figure 5) can be stabilized to a value of about 10 V, giving rise to a
power output of 0.5 W.

Conclusion: This paper proposes a novel CTEH based on a saturable
magnetic core, which can generate stable output power in the wide-
range current of the transmission line. The stable output power of the
CTEH is illustrated by the constant voltage—time product with its sat-
urable magnetization characteristic and proved by the experiment with
the resistive load in the primary side current of the CTEH’s increasing
from 1 to 1000 A. Also, the maximum power on the load can reach about
0.5 W.
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