wo 2013/010599 A1 I 0N OO OO A0 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/010599 A1

24 January 2013 (24.01.2013) WIPO I PCT
(51) International Patent Classification: (74) Common Representative: ABB AG; GF-IP, Wallstadter
HOIF 5/02 (2006.01) GOIR 15/18 (2006.01) Str. 59, 68526 Laadenburg (DE).
(21) International Application Number: (81) Designated States (uniess otherwise indicated, for every
PCT/EP2012/001362 kind of national protection available). AE, AG, AL, AM,
22) Tt tional Filine Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(22) International Filing Date: 28 March 2012 (28.03.2012 CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
arc (28.03. ) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(25) Filing Language: English HR, HU, D, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
L. ) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(30) Priority Data: OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
PCT/EP2011/003554 16 July 2011 (16.07.2011) EP SE, SG, SK, SL, SM, ST, SV, 8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant (for all designated States except US): ABB AG . L
[DE/DE]; Kallstadter Str. 1, 68309 Mannheim (DE). (84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(72) Inventors; and GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(75) Inventors/Applicants (for US orly): HOZOIL, Adrian UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
[RO/DE]; Am Rheinauer See 17, 68219 Mannheim (DE). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DISSELNKOTTER, Rolf [DE/DE]; Weinbergstr. 75, DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
69256 Mauer (DE). LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
[Continued on next page]
(54) Title: ELECTRICAL DEVICE

32

\ %

34

Fig. 7

35

36

[Continued on next page]



WO 2013/010599 A1 AT 00N VAT 0 TR AR AR

SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, __
GW, ML, MR, NE, SN, TD, TG).

of inventorship (Rule 4.17(iv))

Declarations under Rule 4.17: Published:

— as to applicant’s entitlement to apply for and be granted with international search report (drt. 21(3))

a patent (Rule 4.17(ii))

(57) Abstract: The invention is related to an electrical device (30, 40) for measuring alternating current or current pulses which
comprises at least one coil (34, 42) of electrically conductive wire being wound around a non-magnetic carrier (10, 20, 26, 32,
50), whereas the non-magnetic carrier (10, 20, 26, 32, 50) is made of glass.



WO 2013/010599 PCT/EP2012/001362

Electrical device

Description

The invention relates to an electrical device for measuring alternating current or cur-
rent pulses which consists of a coil of wire preferably wound around a non-magnetic
carrier, which preferably has constant cross sectional area and which forms a closed
or almost closed loop. Such a device is commonly known as Rogowski Coil which is
widely used as device for measuring alternating current (AC) or current pulses. This
type of coil has many advantages over other types of current sensors, though there

are some disadvantages, too.

The Rogowski coils are typically constructed by applying an electrically conductive
wire on a non-magnetic and non-conductive carrier, which is commonly a plastic
based structure and forms a closed or almost closed loop, such that a kind of toroidal
coil of wire is formed, wherein the wire is arranged in a helix on a toroidal carrier so
that a toroidal coil is formed. The lead from one end of the coil may return through
the centre of the coil or close to centre of the coil to the other end, so that both
terminals are at the same end of the coil and so that the toroidal coil itself does not
form a closed loop, like in Fig. 7. The return wire may not be required in some appli-

cations.

The Rogowski coil belongs to the category of air-core coils since the carrier of the coil
is non-magnetic, i.e. its magnetic susceptibility is significantly smaller than one. The
carrier may be rigid or flexible and its shape may be toroidal or like an oval ring, but

other shapes are also possible. Additionally, the Rogowski coil may consist of one

CONFIRMATION COPY
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single coil, as exemplary shown in Fig. 7, or of an arrangement of multiple coils, as
exemplary shown in Fig. 8, in which case the shape of the coils may be straight or

curved.

When placed around a primary conductor carrying an electrical current, the Rogowski
coil generates a voltage proportional to the derivative of the current according to the
Ampere's law. The voltage is also proportional to the number of turns per unit length
and to the area of the turns. The area of one turn is equal to the area enclosed by
one single complete turn and is approximately equal to the cross section area of the

coil carrier.

Since the voltage induced in the Rogowski coil is proportional to the rate of change of
current in the primary conductor, the output of the coil is typically connected to an
electronic device where the signal is integrated and eventually further processed in
order to provide an accurate signal that is proportional to the current flowing through

the primary conductor.

The Rogowski coil has many advantages compared to other types of current
measuring devices, the most notable being the excellent linearity due to its non-
magnetic core which is not prone to saturation effects. Thus, the Rogowski coil is
highly linear even when subjected to large currents, such as those used in electric
power transmission, welding, or pulsed power applications. Furthermore, since a
Rogowski coil has a non-magnetic core, it features very low inductance and can
respond both to slow- and fast-changing currents resulting in a particularly wide
frequency range of operation. A correctly formed Rogowski coil has winding turns
which are uniformly spaced and which have equal or almost equal area in order to be
largely immune to electromagnetic interference. A non-magnetic material designates
here any material whose magnetic susceptibility has a magnitude or value lower than

one.

Despite of the numerous advantages with the use of Rogowski coils mentioned
before, the accuracy and the reliability of the Rogowski coil strongly depends on the

accuracy and uniformity of the coil winding and of the area of the turns.

The quality of the winding again depends on the winding process and on the coil car-

rier employed while the area of the turns depends mainly on the coil carrier. The car-
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riers of Rogowski coils typically are manufactured using various types of plastic
based materials, thermosetting or thermoplastic. The plastic materials may contain
fillers such as glass fiber or silica particles in order to improve their mechanical and

dimensional properties.

However, for these plastic based materials it is very difficult to decrease the coeffi-
cient of thermal expansion below 25 ppm/K and additionally the coil carriers are sub-
ject to deformations caused by mold shrinkage and water absorption. The initial tol-
erances of plastic based coil carriers cannot be kept within tight limits and can hardly
come close to +/-0.05 mm. The moderate tolerances negatively impact the winding

process and may affect both the accuracy and the uniformity of the winding turns.

The drifts and deformations of plastic materials are often non-uniform due to anisot-
ropic properties which are induced by the preferential orientation of the polymer
molecules and/or glass fiber fillers during the molding process. Non-uniform deforma-
tions and non-uniform winding turns decrease the immunity of the Rogowski coil
against electromagnetic interference and pick-up of parasitic signals, and result in

degraded accuracy and reduced reliability.

The initial error caused by the tolerances of the carrier and the drift caused by the
thermal expansion of the carrier are typically too high for high accuracy applications
and have to be corrected, e.g. by means of the electronics conditioning the signal of
the Rogowski coil, whereas only the errors caused by uniform deformations can be
partly corrected. The errors caused by non-uniform deformations and non-uniform
winding cannot be reduced. Even in complex systems with sophisticated correction

means it is very difficult to ensure good accuracy over wide temperature ranges.

Hence it is an object of the claimed invention to provide an electrical device with a
carrier, in particular a Rogowski'coil, where the aforementioned problems are over-

come while the production is easy and favourable.

This object is achieved by an electrical device for measuring alternating current or
current pulses according to the features of claim 1. Further developments and advan-

tageous embodiments are disclosed in further claims and the description.
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The electrical device according to the invention comprises at least one coil of electri-
cally conductive wire being wound around a non-magnetic carrier, wherein the non-

magnetic carrier is made of glass.

In an advantageous embodiment of the invention the carrier of electrical device, in
particular a Rogowski coil, is made of glass by means of a process such as glass
molding or pressing. Furthermore, the glass material may consist mainly of silicon

dioxide mixed with other components such as Na,O, Ca0O, Al,O3, B;0;, etc.

Depending on the processing method employed, the glass material is formed after
being heated at a temperature which exceeds at least the glass transition tempera-
ture (Tg). Glass materials with lower Tg can thus be processed at lower tempera-

tures.

Glass does not suffer from mold shrinkage and very good tolerances and surface
quality can be obtained. Furthermore, due to the high content of silicon dioxide, glass
is featuring excellent physical and chemical stability over very wide temperature
range. Its properties feature very low thermal drift, excellent aging withstand, no wa-
ter absorption, and good solvent resistance. The material is perfectly isotropic due to
its amorphous structure, resulting in excellent uniformity of its physical properties.
Many types of glasses are commercially available with different physical properties

such as different glass transition temperatures and coefficients of thermal expansion.

Best known, most widespread, and lowest cost is the soda-lime glass, which features
glass transition temperature of about 570°C and a coefficient of thermal expansion of
approximately 9 ppm/K. Significantly lower thermal expansion coefficient can be
achieved with other glass types, which may advantageously be used, such as boro-
silicate glass which is readily available with thermal expansion coefficient around 3

ppm/k and glass transition temperature around 525°C.

In a further embodiment, in order to enhance an easy and beneficial production of the
coil carriers preferably glass materials with low glass transition temperature, for ex-
ample between 200°C and 700°C, are used since their processing parameters result
in a remarkable increase of lifetime of molds and reduction of process time. The coef-
ficient of thermal expansion of such glass materials is typically between 2 ppm/K and

15 ppm/K, depending on ‘the particular composition of the material.
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Accordingly the coil carriers made of glass exhibit much lower tolerances, better uni-
formity, wider temperature range, and better stability than hitherto existing and pro-
duced plastic based counterparts. Excellent mechanical and chemical stability is en-
sured including low thermal drift, no long term deformations, no water absorption,
and solvent resistance. Moreover, glass materials are widely available and easy to

process at competitive cost compared to the plastic based counterparts.

The low tolerances and the uniform structure of the glass carrier make it possible to
achieve very uniform winding of the coil necessary to reach high accuracy and high

immunity against electromagnetic interference.

Electrical devices according to the invention, as for example Rogowski coils, con-
structed on glass carriers feature many benefits with respect to prior art coils based
on plastic materials. The most important benefits are

- excellent accuracy,

- excellent long-term stability,

- excellent immunity against electromagnetic interference,

- wide operation temperature range,

- no compensation of thermal drifts is needed, and

- about the same production efforts as compared to plastic based carriers.

According to a preferred embodiment the glass carrier of the electrical device, in par-
ticular the Rogowski coil, may be formed by traditional molding or pressing tech-
niques with tight tolerances down to +/-0.02 mm and with good surface finish, better

than typically achieved with plastic based materials.

Even better tolerances and surface finish can be achieved by employing precision
glass molding, a process that was recently developed for fabricating high accuracy

but low cost optical components.

Excellent tolerances in the order of +/-0.005 mm and surface roughness in the order
of 5 nm are achievable using precision glass molding, much better than with any

plastic based material.

Glasses with low glass transition temperature have been developed for precision
molding, featuring compositions to decrease the tendency for devitrification and to

reduce the reaction with mold materials within the molding temperature range. A wide
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choice of those glasses exists from various manufacturers and many are also suit-
able for fabricating coil carriers for electrical devices and in particular for Rogowski

coils.

Typical examples of precision molding glasses to be used for manufacturing coil carri-
ers are the P-SK57Q1 type from SCHOTT AG having a transition temperature of
439°C and a coefficient of thermal expansion of 8.9 ppm/K, or the L-PHL1 type from
Ohara Corporation having a transition temperature of 347°C and a coefficient of ther-

mal expansion of 10.5 ppm/K.

In a further embodiment the glass carrier of the electrical device and in particular of
the Rogowski coil may feature a closed path shape like a toroid or a ring. Various
shapes of the path are possible such as circular, oval, elliptic, rectangular, or rectan-

gular with rounded ends and/or rounded edges.

The cross section of the carrier can be oval like in Fig. 1, circular like in Fig. 2, or any
other suitable shape such as elliptic or rectangular with rounded ends and/or rounded
corners. The glass carrier may feature a groove for the return wire which is aimed to
make the electrical device and/or the Rogowski coil insensitive to magnetic fields
perpendicular to the path of the carrier. The cross-sensitivity would be null or zero if
the depth of the groove is such that the return wire passes through the centre of the
coil. However, the depth of the groove may be smaller in order to facilitate the fabri-
cation process of the carrier and/or the winding of the core. An example of toroidal
carrier provided with a groove for the return wire is shown in Fig. 5, where the groove
is applied to the carrier such that two symmetric lobes are obtained. However, other
implementations of the groove are possible and the groove may be applied from dif-
ferent directions, may have different profiles, or may have various depths. Such ex-

ample is shown in Fig. 6.

The path of the glass carrier may also be open, e.g. have one or more gaps, and/or
the Rogowski coil and/or electrical device may consist of multiple coils at which the

number of coils and their arrangement may vary.

Furthermore the electrical device, in particular a Rogowski coil, may feature either a

single layer winding or multiple layers for increased sensitivity. The multiple layers
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typically feature alternating winding directions in order to make the electrical device

insensitive to magnetic fields perpendicular to the path of the carrier.

Besides that the glass carrier may be covered with a thin polymer layer in order to
control the friction between the coil wire and the carrier and/or to improve the adhe-

sion of the wire to the carrier.

The electric device, in particular a Rogowski coil, described in this invention can be
partly or totally enclosed in an electrical shield in order to protect it from electrical in-
terferences. The electrical shield may be made from one or more pieces of conduc-
tive or semi-conductive material, which can be solid or flexible, where typical exam-
ples of materials employed are based on metals, plastics loaded with conductive fill-

ers, or plastics covered with one or more metallization layers.

The electric device and/or Rogowski coil can be used for a wide range of currents
and various applications like electrical power transmission and distribution, electrical
energy metering, AC motor control, or instrumentation. While the present invention
originates from the area of current sensors employed in electrical power transmission

and distribution, its area of application is much broader.

Moreover, a current sensor comprising an electrical device according to the invention
to be employed in electrical power transmission and distribution, in particular in elec-
trical power transmission and distribution stations or switchgears, or in electrical en-
ergy metering, is disclosed and claimed and is therefore explicitly included into the
claim of the present application and is consequently within the scope and the content

of disclosure.

These and further embodiments and improvements of the invention are subject mat-

ter of the sub-claims.

By means of an exemplary embodiment shown in the accompanied drawing the in-
vention itself, preferred embodiments and improvements of the invention and specific

advantages of the invention shall be explained and illustrated in more detail.

It is shown in

Fig. 1 a glass coil carrier with the shape of a toroid having an oval

cross section;



WO 2013/010599 PCT/EP2012/001362

Fig. 2 a glass coil carrier with a toroidal shape having a circular cross

section;

Fig. 3 a glass coil carrier with the shape like an elliptic ring where the

cross section of the coil may be of any suitable shape;

Fig. 4 a glass coil carrier with the shape like a rectangular ring
whereas the rectangular shape has rounded corners and where

the cross section of the coil may be of any suitable shape;

Fig. 5 a glass coil carrier with a toroidal shape having a groove for the

return wire, applied in the midplane of the carrier;

Fig. 6 a glass coil carrier with a toroidal shape having a groove for the

return wire;

Fig. 7 an electrical device according to the invention comprising a
glass carrier, a toroidal coil and a return wire, used as a

Rogowski coil;

Fig. 8 an electrical device according to the invention comprising an
assembly of four coils with straight glass carriers, wherein the
coils are uniformly and symmetrically arranged and wherein the

assembly is used as a Rogowski coil.

In the following the exemplary embodiments of the invention being displayed in the

drawings are described in more detail.

Fig. 1 represents a first embodiment of a glass carrier 10 according to the invention,
in particular to be employed in a Rogowski coil, with the form of a toroid having a
cross section 12 with the form which can be approximated by an oval or an ellipse.
The oval or elliptic cross section 12 is advantageous in some cases because it allows
reaching an elongated shape while ensuring good contact between the coil wire and

the glass carrier.
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In Fig. 2 a second embodiment of a glass carrier 14, in particular to be employed in a
Rogowski coil, with the form of a toroid and having a cross section 16 with the form of

a circle is shown.

Fig. 3 depicts a third embodiment of a glass carrier 18 according to the invention, in
particular to be employed in a Rogowski coil, which has the shape like an elliptic ring.
The elliptic or oval ring shape of the carrier 18 may be advantageous for selected
measuring applications. The cross section of the carrier 18 is not made visible in this

picture and may be of any suitable shape, e.g. circular or oval.

Fig. 4 represents a fourth embodiment of a glass carrier 19, in particular to be em-
ployed in a Rogowski coil, with the form of an approximately rectangular ring having
rounded corners where the cross section of the carrier may be of any suitable shape,

e.g. circular or oval.

In Fig. 5 a glass carrier 20 of a Rogowski coil is shown having a toroidal form,
wherein the glass carrier 20 is provided with a groove 22 for the return wire. In this
particular example, the groove is applied through the midplane of the carrier such
that two symmetric lobes are obtained in the cross-sectional area. The cross section
24 of the glass carrier has the form like an oval with a hollow resulting from the

groove 22, the deepest part of the hollow being approximately in centre of the oval.

Fig. 6 shows a different embodiment of a glass carrier 26 with a groove 28 applied
perpendicular to the midplane of the carrier. The depth of the groove 28 may take

any value between almost zero and up to approximately the midplane of the carrier.

In Fig: 7 an electrical device 30 according to the invention, in particular a Rogowski
coil, is shown having a toroidal glass carrier 32 provided with a toroidal coil 34 of
electrically conductive wire and /or an electrically conductive wire wound/arranged in
a helical manner around the toroidal glass carrier 32. The coil 34 is formed by a plu-
rality of winding turns 35 which are wound around the glass carrier 32 and is pro-
vided with a return wire 36 which is placed in a groove of the glass carrier 32, the
groove being not visible in this figure. The groove of the glass carrier 32 may be im-
plemented as shown in Fig. 5 or Fig. 6, but other implementations are also possible.
The electrical device 30 is provided with electrical terminals 38 for electrical connec-

tivity.
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Fig. 8 shows an assembly 40 of at least four identical coils 42, 44, 46, 48 electrically
connected in series using conductors 58 where the coils are wound on straight glass
carriers 50, 52, 54, 56 and where they are uniformly and symmetrically arranged, e g.
at one side of a square,,the assembly of coils 40 being used as a Rogowski coil. The
cross section of the carriers 50, 52, 54, 56 may be of any suitable shape, e.g. circular
or oval. The assembly of coils 40 is also provided with a return wire 60 and with elec-

trical terminals 62 for electrical connectivity.

Accordingly Fig. 7 and Fig. 8 represent each a tangible electrical device 30, 40 ac-
cording to the invention, in particular to be used as a Rogowski coil, wherein the elec-
trical device comprises at least one coil 34, 42, 44 of electrically conductive wire
wound around a glass carrier and is provided with a return wire 36, 60. The return
wire 36, 60 makes the electrical device 30, 40 insensitive to magnetic fields perpen-
dicular to the path of the electrical device 30, 40, however, it may not be required in

any application.

Furthermore, as already mentioned above, the dimensions of the coils depend on the
respective carriers which are provided as glass carriers since it has been found that
glass carriers have excellent dimensional and physical stability, i.e. such carriers
keep their dimensions independent from impacts such as temperature expansion,

water absorption, or aging.

Hence the subject matter of this invention is directed to the material and its properties
being provided for manufacture of carriers for electrical devices, such as coils, in par-

ticular for Rogowski coils.

The present invention also comprises any combination of preferred embodiments as
well as individual features and developments provided they do not exclude each

other.
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Reference List

first embodiment of a glass carrier
oval cross section
second embodiment of a glass carrier
circular cross section
third embodiment of a glass carrier
fourth embodiment of a glass carrier
fifth embodiment of a glass carrier
groove for the return wire
oval cross section with hollow resulting from the groove
sixth embodiment of a glass carrier
groove for the return wire
electrical device according to the invention (Rogowski Coil)
glass carrier
toroidal coil
winding turns
return wire
electrical terminals
electrical device according to the invention comprising an assembly of
coils
,44, 46, 48 coils
, 52,54, 56 straight glass carriers
conductor
return wire

electrical terminals
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Claims

Electrical device (30, 40) for measuring alternating current or current pulses
which comprises at least one coil (34, 42) of electrically conductive wire being
wound around a non-magnetic carrier (10, 20, 26, 32, 50),

characterized in that

the non-magnetic carrier (10, 20, 26, 32, 50) is made of glass.

Device according to claim 1, characterized in that at least one coil of wire (34)
being wound around a non-magnetic carrier (10, 14, 20, 26, 32) is formed like a

toroid or like an approximately oval or elliptic ring.

Device according to claim 1, characterized in that an assembly of at least two
coils is provided, wherein the coils (42, 44, 46, 48) being electrically connected
in series and wherein each coil (42, 44, 46, 48) is wound on a non-magnetic
carrier (50, 52, 54, 56), and wherein the coils (42, 44, 46, 48) are symmetrically

arranged such that they form a closed or almost closed loop.

Device according to one of the preceding claims 1 to 3, characterized in that,
the non-magnetic carrier (10, 20, 26, 32, 50) is made of glass with a low glass

transition temperature.

Device according to one of the preceding claims 1 to 4, characterized in that
the glass transition temperature of the glass material for the non-magnetic car-
rier (10, 20, 26, 32, 50) is between 200°C and 700°C

Device according to one of the preceding claims, characterized in that the non-
magnetic carrier (10, 20, 26, 32, 50) is made of silicon dioxide mixed with other

ingredients.

Device according to claim 6 where the non-magnetic carrier (10, 20, 26, 32, 50)

is made of soda-lime glass or borosilicate glass.
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Device according to one of the preceding claims where the non-magnetic carrier
(10, 20, 26, 32, 50) is manufactured employing a glass molding or glass press-

ing process.

Device according to one of the preceding claims 1 to 7, characterized in that the
non-magnetic carrier (10, 20, 26, 32, 50) is manufactured employing a precision

glass molding process or is made of precision molding glass.

Device according to one of the preceding claims, characterized in that a return
wire (36, 60) is lead from one end of the coil (34) or assembly of coils (40) to the
other end of the coil (34) or assembly of coils (40), so that both wire terminals

are at the same end of the coil (34) or assembly of coils (40).

Device according to one of the preceding claims, characterized in that a groove
(22, 28) is provided in the non-magnetic carrier (20, 26, 32) such that the return
wire (36) can be located in the groove (22, 28).

Device according to claim 11, characterized in that the groove (22, 28) passes

trough the centre or close to the centre or centre axis of the coil (34).

Device according to one of the preceding claims, characterized in that the non-

magnetic carrier (10, 20, 26, 32, 50) is covered with a polymer layer.

Device according to one of the preceding claims, characterized in that the elec-
trical coil (34) or assembly of coils (40) is partly or totally enclosed in an electri-
cal shield which comprises one or more pieces of conductive or semi-

conductive material.

Device according to claim 14, characterized in that the electrical shield com-
prises or consists of metal, plastic loaded with conductive fillers, or plastic cov-

ered with one or more metallization layers.

Current sensor comprising an electrical device (30, 40) according to any of the
preceding claims to be employed in electrical power transmission and distribu-

tion or in electrical energy metering.
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