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(57) Abstract: A power harvester having a current transformer configured to be inductively coupled to a current conductor and a cir -
cuit for delivering power to a load. The transtormer core has two sections joined together and separable from one another at inter -
leaved portions, allowing the transformer to be installed around the current conductor. The circuit includes a rectifier coupled to the
transformer and a transistor coupled in series between the rectifier and a load. The transistor receives an output current from the rec-
tifier and provides power to the load. A resistor is coupled to the transistor and the load, and the transistor and resistor provide for
limiting of the power to the load over a wide range of the conductor line currents.
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INDUCTIVE POWER HARVESTER
WITH POWER LIMITING CAPABILITY

BACKGROUND

A power harvester is an essential component of power grid monitoring equipment.
Power grid monitoring is increasingly pursued by the power industry to improve grid
reliability and to reduce liability related to outages and failures. The power harvester can
be used to generate power from the existing utility grid infrastructure in order to provide
power to sensors and associated equipment for the grid monitoring.

The power harvester uses inductive transformation of electrical power. Inductive
transformers taking advantage of electromagnetic phenomena as described by Maxwell’s
equations. The most common implementation involves a transformer with a relatively
fixed efficiency and thus a constant ratio of input versus output power. In that case, the
delivered input (primary) power is automatically coupled to the demanded (secondary)
power and this constant ratio can extend from watt to megawatt.

Accordingly, a need exists for an improved power harvester, particularly one

providing relatively fixed power output over a wide range of primary line currents.

SUMMARY

A power harvester, consistent with the present invention, includes a transformer
having a core with an interleaved portion and a coil around the core, where the
transformer is configured to be inductively coupled to a current conductor. A rectifier is
coupled to the coil, and a transistor is coupled in series between the rectifier and a load.
The transistor receives an output current from the rectifier and provides power to the load.
A resistor is coupled to the transistor and the load, and the transistor and resistor provide
for limiting of the power to the load over a particular range of currents within the current

conductor.

BRIEF DESCRIPTION OF THE DRAWINGS
The accompanying drawings are incorporated in and constitute a part of this
specification and, together with the description, explain the advantages and principles of

the invention. In the drawings,
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FIG. 1 is a block diagram of a power harvester;

FIG. 2 is a circuit diagram for implementing the power harvester with current
sensing;

FIG. 3 is a circuit diagram for implementing the power harvester with voltage
sensing;

FIG. 4 is a side view of the transformer for the power harvester;

FIG. 5 is a top view of the transformer as assembled;

FIG. 6 1s a top view of the transformer as disassembled,;

FIG. 7 is a perspective view of the transformer core when comprised of U-shaped
and I-shaped portions as disassembled; and

FIG. 8 is a graph of output power for an exemplary implementation of the power

harvester.

DETAILED DESCRIPTION

Grid performance monitoring is increasingly desired by the power industry to
reduce the liability of outages and catastrophic failures. The processing and
communication of data gathered from the grid requires a modest amount of power on the
order of 10 watts for one such device. This amount of power is most conveniently
harvested inductively from a current carrying conductor.

Embodiments of the present invention address the challenge involving a more or
less fixed secondary power of approximately 10 watts, for example, to be transformed
over a large range of primary conductor currents that can vary from about 50 to 1000
amperes or even higher. The power harvester circuit maintains a relatively constant power
delivery over such a large current range. The transformation should be made efficient for
low line currents and should become increasingly less efficient for higher line currents.
An additional aspect involves power diversion to an auxiliary load for higher line currents
so that the required essential circuitry power stays as constant as possible. Other amounts
of relatively fixed output power can be generated depending upon, for example, the
components powered by the harvester circuit.

FIG. 1 is a block diagram of a power harvester. The power harvester includes a
transformer 12 and a power harvester circuit 20 providing power to a load 22.
Transformer 12 is situated around a primary line conductor 10 and inductively coupled to

it. Transformer 12 includes a core comprised of a first section 11 and second section 15.

2-
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The core includes a first coil 14 and a second coil 16 coupled together in series. The coils
14 and 16 can be implemented with an insulated electrical conductor, such as copper wire,
wrapped around portions of the core. Sections 11 and 15 are joined together at a first
interleaved portion 18 and a second interleaved portion 19. Power harvester circuit 20 is
electrically coupled to coils 14 and 16, receives current from the coils, and delivers a
relatively constant power to load 22.

FIGS. 2 and 3 are circuit diagrams for implementing power harvester circuit 20 in
two configurations, current sensing and voltage sensing. As shown in FIGS. 2 and 3,
circuit 20 includes a rectifier, implemented as a diode bridge 24, coupled in parallel with
transformer 12. Transformer 12 is inductively coupled to primary line conductor 10
having a line current /ine. A depletion transistor 26 has a drain terminal coupled to and
receiving a current signal /4 from diode bridge 24, a source terminal providing power to
load 22, and a gate terminal coupled to a variable resistor (potentiometer) Rp. In the
current sensing configuration of FIG. 2, the source terminal of transistor 26 is coupled in
series with a sense resistor Rs and load 22, and variable resistor Rp is coupled in parallel
with sense resistor Rs. In the voltage sensing configuration of FIG. 3, the source terminal
of transistor 26 is coupled in series with load 22, and variable resistor Rp is coupled in
parallel with load 22. Power harvester circuit 20 is configured to force the transformer
core (sections 11 and 15) into saturation in order to provide for limiting the power output
to load 22 over a wide range of line currents Jiine. Also, this particular configuration of the
power harvester can provide for a relatively low cost solution to harvesting power from a
primary current conductor.

Transistor 26 can be simply implemented with a depletion N-channel MOSFET.
The depletion MOSFET is normally conducting with a very small drain-source channel
resistance, typically less than 0.1 Q, so that the power harvester will always provide some
power at startup and low line currents /iine. For larger line currents /iine, the corresponding
gate-source voltage Vs increase of transistor 26 will increase the drain-source channel
resistance and limit the power delivered to the load. In this case, the sense resistor Rs =
1.5 Q and the potentiometer Rp = 10 kQ. The load can be any component capable of being
powered by the harvester circuit. Examples of load devices include sensors for smart grid
monitoring. The load may also contain a parallel capacitor of for instance 5 mF to reduce

voltage ripple over the load. The load may furthermore contain a parallel high wattage
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zener diode of for instance 15 V to clamp the load voltage during for instance extreme
high line current fault events.

Transformer 12 has an improved core via interleaving of sections 11 and 15, as
illustrated in the perspective view of FIG 1. In particular, the interleaving reduces the
undesirable reluctance increase from the air gap between sections 11 and 15 when joined

together. It can be shown that the reluctance is multiplied by a factor M when an air gap g

is created in a flux path of length / and relative core permeability u;-

2
M=1+( —1) T‘g

For example, when a small air gap of g = 50 pum is created in a continuous core of
length /= 0.5 meter with relative permeability x» = 5000, the reluctance is doubled. The
increased reluctance reduces the power delivering capability at low line currents.
Interleaving as described below reduces reluctance and increases power delivering
capability at low line currents.

FIG. 4 is a side view of transformer 12 for the power harvester. FIGS. 5 and 6 are
top views of transformer 12 as assembled and disassembled, respectively. Section 11 is
coupled with section 15 via interleaved portions 18 and 19. As shown in FIGS. 5 and 6,
interleaved portion 18 includes leaf packages on sections 11 and 15. In particular,
protrusions 30 on section 11 are interleaved with protrusions 31 on section 15.
Interleaved portion 19 can be configured in the same or a similar way as interleaved
portion 18. The interleaved portions preferably have 5-7 leaf packages, and the example
shown in FIGS. 4-6 has five leaf packages. Instead of having two interleaved portions, the
transformer core can have one interleaved portion and another non-interleaved portion
such as a planar interface. Although interleaved portions 18 and 19 are shown with
rectangular shaped protrusions, they can have other configurations such as tapered
protrusions. With such interleaving, an imaginary closed flux line running along the core
will not have to cross a perpendicular core-gap interface. Instead, the flux line may flow
crossing the non-perpendicular interface between leaf packs. The net effect is a reduced
reluctance compared to the non-interleaved case.

FIG. 7 is a perspective view of the transformer core when comprised of U-shaped

and I-shaped portions as disassembled. This exemplary implementation uses U-shaped

-
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portions to provide for the protrusions 30 and 31, and uses I-shaped portions 32 and 33 to
space apart the U-shaped portions so that the protrusions 30 and 31 can form leaf packets
for the interleaved portions. Each of the U-shaped and I-shaped portions can be composed
of a single sheet of material or multiple sheets laminated or otherwise held together.

Section 11 is separable from section 15 via interleaved portions 18 and 19,
allowing for transformer 12 to be assembled around a primary line conductor in the field,
for example. The transformer core can be implemented with, for example, laminated
sheets of high permeability transformer steel. Although transformer 12 is shown having a
U-shaped portions and I-shaped portions, other configurations are possible. One particular
embodiment of the transformer for a 10 W, 12 V case has a 50/50/5 combination, meaning
50 turns and 50 sheets of 14 mil thickness steel with 5 sub-laminates, providing a
transformer core cross-sectional area of about 8 cm?.

In an exemplary implementation of the power harvester, the potentiometer Rp was
adjusted so that the desired power level was obtained for a particular line current as shown
in FIG. 8. Power limiting is clearly visible with the delivered load power close to 10 W
over a large line current range. The total power coming directly from the transformer will
always increase with increasing line current, but for the load power some slight power
reduction is visible for high line currents. The reduction is a result of the core operating in
the linear regime during a shorter time because the fraction of time when the core is

saturated during a (50/60 Hz) cycle increases at higher line currents.
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CLAIMS
1. A power harvester, comprising:

a transformer having a core and a coil around the core, wherein the core has an
interleaved portion and the transformer is configured to be inductively coupled to a current
conductor;

a rectifier coupled to the coil;

a transistor coupled in series between the rectifier and a load, wherein the
transistor receives an output current from the rectifier and provides power to the load; and

a resistor coupled to the transistor and the load,

wherein the transistor and resistor provide for limiting of the power to the load

over a particular range of currents within the current conductor.

2. The power harvester of claim 1, wherein the rectifier comprises a diode bridge.
3. The power harvester of claim 1, wherein the transistor comprises a depletion
transistor.

4. The power harvester of claim 1, wherein the resistor is coupled in series between

the transistor and the load.

5 The power harvester of claim 1, wherein the load contains a parallel capacitor.

6 The power harvester of claim 1, wherein the load contains a parallel zener diode.
7. The power harvester of claim 1, wherein the resistor is coupled in parallel with the
load.

8. The power harvester of claim 1, wherein the core comprises a first section and a

second section, and the first section is separable from the second section at the interleaved

portion.

0. The power harvester of claim 1, wherein core comprises laminated steel sheets.
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10.  The power harvester of claim 1, wherein the coil is around the interleaved portion.

11. The power harvester of claim 1, wherein the interleaved portion is comprised of

rectangular shaped protrusions.

12. A power harvester, comprising:

a transformer configured to be inductively coupled to a current conductor and
having a core and a coil around the core, wherein the core has first and second sections,
first and second interleaved portions, and the first section is separable from the second
section at the first and second interleaved portions;

a rectifier coupled to the coil;

a transistor coupled in series between the rectifier and a load, wherein the
transistor receives an output current from the rectifier and provides power to the load; and

a resistor coupled to the transistor and the load,

wherein the transistor and resistor provide for limiting of the power to the load

over a particular range of currents within the current conductor.

13. The power harvester of claim 12, wherein the rectifier comprises a diode bridge.
14. The power harvester of claim 12, wherein the transistor comprises a depletion
transistor.

15.  The power harvester of claim 12, wherein the resistor is coupled in series between

the transistor and the load.

16. The power harvester of claim 12, wherein the resistor is coupled in parallel with
the load.

17. The power harvester of claim 12, wherein the load contains a parallel capacitor.
18.  The power harvester of claim 12, wherein the load contains a parallel zener diode.
19.  The power harvester of claim 12, wherein core comprises laminated steel sheets.

-7-
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20.  The power harvester of claim 12, wherein the coil comprises a first coil of
insulated wire around a first part of the core and a second coil of insulated wire around a
second part of the core opposite the first part, and the first coil is coupled in series with the

second coil.

21.  The power harvester of claim 20, wherein the first coil is around the first

interleaved portion, and the second coil is around the second interleaved portion.

22.  The power harvester of claim 12, wherein the first and second sections are each

comprised of U-shaped portions and I-shaped portions.

23.  The power harvester of claim 12, wherein the first and second interleaved portions

are each comprised of rectangular shaped protrusions.



WO 2016/148981 PCT/US2016/021350

1/5

22
|
»  LOAD

i
POWER
HARVESTER
CIRCUIT

FIG. 1




WO 2016/148981 PCT/US2016/021350

2/5
10—, 5 #
P
Iline 7
19 A i
ANV e
- 2
CW
RS
IRl5
FIG. 2 LOAD  |—22
e 90
b /
Iline 7 |
19 A i
| \VAR
Iy ¥
IAVARYANS
S ] 96
29
\ oW
LOAD
R
FIG. 3 p




WO 2016/148981 PCT/US2016/021350

3/5
14 18 412
11— "
RN
16 \19
FI1G. 4
14 18 30 412
I
I // v |
31=’/ 7 15
RS i
11 [ 7
J1G. 5
12
14 30 31
N\ /l
| ” E\; | /{ [
11—t | f \\| | \\ | 15
' |

FIG. 6



WO 2016/148981 PCT/US2016/021350

4/5

JI1G. 7



WO 2016/148981 PCT/US2016/021350

5/5

20 i i i i i i i

19

5 load 16 [Q ] -

H H H H H H H
GO 100 200 300 400 500 800 700 800

line current | A ]

total power [W] =t l0ad power [W]

FIG. 8



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2016/021350

A. CLASSIFICATION OF SUBJECT MATTER
HO2N 11/00(2006.01)i, H02J 50/10(2016.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HO2N 11/00; HO2M 3/335; AGIN 1/378, HO2M 7/217, HOIF 17/06, HO1F 27/24, HO2M 7/12; HO1L 41/00;, H02J 50/10

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
eKOMPASS(KIPO internal) & keywords: harvester, transformer, rectifier, transistor, resistor, core, interleave

C. DOCUMENTS CONSIDERED TO BE RELEVANT

13 March 2014

See paragraphs 3648, claim 1, and figures 1-2.

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 4048605 A (SAMUEL C. MCCOLLUM) 13 September 1977 1-23
See column 3, lines 28-59, claim 1, and figure 2.
Y US 2013-0301304 A1 (SATOSHI MURAKAMI et al.) 14 November 2013 1-23
See paragraphs 21, 40-49, claim 1, and figure 6.
A US 2013-0170264 Al (DEEPAKRAJ M. DIVAN et al.) 04 July 2013 1-23
See paragraphs 28-29, 40, claim 1, and figure 2.
A WO 2007-121265 A1 (FERRO SOLUTIONS, INC. et al.) 25 October 2007 1-23
See paragraph 70, and figure 6.
A US 2014-0071722 A1 (AGENCY FOR SCIENCE, TECHNOLOGY AND RESEARCH) 1-23

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priotity claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"0" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory undetlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" documentof particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search
08 June 2016 (08.06.2016)

Date of mailing of the international search report

09 June 2016 (09.06.2016)

Name and mailing address of the ISA/KR
International Application Division
& Korean Intellectual Property Office
X 189 Cheongsa-ro, Seo-gu, Daejeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

PARK, Hye Lyun

Telephone No. +82-42-481-3463

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT International application No.

Information on patent family members PCT/US2016/021350

Patent document Publication Patent family Publication

cited in search report date member(s) date

US 4048605 A 13/09/1977 None

US 2013-0301304 Al 14/11/2013 CN 103339844 A 02/10/2013
DE 112011104839 Tb 07/11/2013
US 9065341 B2 23/06/2015
WO 2012-105112 Al 09/08/2012

US 2013-0170264 Al 04/07/2013 US 8953349 B2 10/02/2015
WO 2012-015942 Al 02/02/2012

WO 2007-121265 Al 25/10/2007 EP 2011165 Al 07/01/2009
US 2007-0282378 Al 06/12/2007
US 2008-0211491 Al 04/09/2008
US 2010-0253089 Al 07/10/2010
US 7808236 Bl 05/10/2010
US 7952349 B2 31/05/2011

US 2014-0071722 Al 13/03/2014 None

Form PCT/ISA/210 (patent family annex) (January 2015)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - claims
	Page 8 - claims
	Page 9 - claims
	Page 10 - drawings
	Page 11 - drawings
	Page 12 - drawings
	Page 13 - drawings
	Page 14 - drawings
	Page 15 - wo-search-report
	Page 16 - wo-search-report

