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|Object] A simple constitution together with an easy calibra-
tion of output by realizing a fast light intensity detection
method 1s realized without using the carrier signal.
[Solution] An optical sensor, including: a sensor to which
light from a light source 1s lead, and by which light intensity
of the light 1s modulated based on a physical value; light
receiving elements 61 and 62 receiving two elements of
divided light PA and PB having polarized waves which are
orthogonally crossing each other; a variable optical attenua-
tor operating light which 1s received by the light recerving
clements 61 and 62; and a variable amplifier operating output
signals from the light receiving elements 61 and 62, wherein
both a zero point of a sensor output and sensitivity are cali-
brated based on a light attenuation factor or an amplification
factor which 1s adjusted when a physical value 1s detected by
calculating a ratio between a sum and a difference of outputs
of the light receiving elements 61 and 62.
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OPTICAL SENSOR, OPTICAL CURRENT
SENSOR AND OPTICAL VOLTAGE SENSOR

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to optical sensors,
especially an optical current sensor and an optical voltage
sensor which can measure a wide range of current and voltage
from a DC to a high frequency AC.

[0003] 2. Description of the Related Art

[0004] Inrecentyears, developments and practical applica-
tions of an optical fiber AC sensor by using the Faraday eflfect
have been proposed (for example, see non-patent document 1;
Kurosawa “Development and Application of Optical Fiber
Current Sensor”, Journal of the Institute of Flectrostatics
Japan, vol. 28 No. 5 (p. 251-257), 2004). Along with the
development of the optical fiber AC sensor, it has been
expected to realize an optical fiber DC sensor that can be
applied to both a power electronics machine and a DC trans-
mission facility/DC substation equipment using the power
clectronics machine.

[0005] With respect to such a DC sensor, 1t 1s necessary to
detect not only a DC (component having zero frequency), but
also both a DC generated from superimposed components of
high frequency and a current having a short rise time (1 msec
or less, 1n some cases, 1 usec). However, with respect to these
necessities, there are problems such as an application of tech-
nologies developed for AC, a method of setting a zero point (a
method of setting an output O when a measured current 1s 0),
a method of adjusting the sensitivity (adjusting a reset value
ol the sensitivity of output) and moreover the stabilization of
set values. Regarding an intensity modulation type AC sensor,
as described 1n non-patent document 1, these problems have
been solved by using a method of calculating a degree of
modulation of a recerved signal.

[0006] However, 1t 1s not possible to apply the method of
calculating the degree of modulation to a DC. Therefore, for
example, a method of using a Sagnac interferometer which 1s
used 1n a fiber optic gyro (for example, see non-patent docu-
ment 2: M. Takahashi, et al. “Sagnac Interferometer-type
fiber-optic current sensor using single-mode fiber down
leads” Technical Digest of 16th International conference on
optical fiber sensor) and a method of using an optical hetero-
dyne (for example, see non-patent document 3: Kurosawa
“Study of Fundamental Characteristics of Photocurrent
Transformer using Optical Heterodyne Method”, volume
B117, No. 3 (p. 354-363), 1997, The Institute of Electrical
Engineers of Japan, Transactions on Power and Energy) are
currently developed. FIG. 8 1s a drawing which shows a
method described in non-patent document 2, and an outline of
the method 1s explained below.

[0007] Light emitted from a light source 1s converted to be
linear polarized light after passing through a coupler 1, a
depolarizer and a light polarizer. The linear polarized light 1s
divided into a pair of beams by a coupler 2, and the beams pass
into a loop fiber interferometer as incident light. The beams
rotate 1 opposite directions to each other 1nside a loop. The
pair ol the beams 1s propagated through a sensor fiber after
being converted to circularly polarized waves by a quarter-
wave plate. In this step, amagnetic field induce by a measured
current 1s applied to the sensor fiber, and a difference of
propagation velocities between the pair of the beams 1s
caused because of the Faraday effect. The pair of the beams
reaches light receving elements after being optically multi-
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plexed by the coupler 2, and a phase difference, in other
words, an imtensity difference of received light according to a
current 1s caused. Values of the current are calculated based
on this intensity difference of recerved light.

[0008] A system described above has a constitution 1n
which, in order to maintain the sensitivity and in order to
maintain the stability of output even if the intensity of
received light fluctuates, a carrier signal 1s generated by
modulating light by using a piezoelectric vibrator (PZT), and
the carrier 1s further modulated because of the Faraday ettect.
As such, 1t 1s possible to obtain a system output by demodu-
lating the carrier. In other words, 1n FIG. 8, a reference signal
generator, a vibrator activating portion and a piezoelectric
vibrator are provided in order to generate the modulated
signal.

[0009] Moreover, in order to improve the efficiency of
modulation, an appended fiber ({or example, approximately
100 m) 1s provided. Furthermore, 1n order to maintain the
depth of modulation so as to be a certain level, after extracting
second-harmonic waves and fourth-harmonic waves included
in the recerved signal, a ratio between second-harmonic
waves and fourth-harmonic waves 1s calculated and a signal
which 1s proportional to the ratio 1s output to a modulation
circuit 1n order to conduct a feedback operation. Regarding a
signal operation portion, 1t 1s necessary to provide a synchro-
nous detector and the like, which are rather complex compo-
nents.

[0010] In a case of using a Sagnac interferometer, 1t 1s
necessary to conduct modulation because 11 the modulation 1s
not conducted, the sensitivity of the system 1s theoretically
zero when a current 1s small. Moreover, 1n this case, 1n order
to maintain a measurement accuracy of the system, other than
modulation and demodulation, 1t 1s necessary to select optical
components such as a 4 plate, a polarizer and a depolarizer
which have high accuracy.

[0011] Asdescribed above, a Sagnac interferometer has the
tollowing problems.

1) A delicate and complex optical system 1s necessary.

11) A complex signal operation circuit 1s necessary.

111) It 1s difficult to improve aresponse speed because complex
operations such as generating the carrier signal and a modu-
lation and demodulation are conducted. In order to improve a
response speed, 1t 1s necessary to increase the frequency of the
carrier. However, 1n this case, the modulation power increases
and pressure on the signal operation circuit increases too.

SUMMARY OF THE INVENTION

[0012] Therelore, an object of the present invention 1s to
provide a simple constitution together with an easy adjust-
ment of zero point and an easy calibration of output by real-
1zing a light intensity detection method in which information
1s 1ndicated by using the intensity of a high speed (high
response speed, short rise time) received signal without using
the carrier signal.

[0013] In order to solve these problems, the mvention of
Claim 1 1s characterized by including: a sensor constituted
from an optical portion to which light from a light source 1s
lead, and by which the light intensity of the light 1s modulated
based on a physical value; a first light receiving element and
a second light recerving element receiving two elements of
divided light having polarized waves which are orthogonally
crossing each other; a variable optical attenuator operating
light which 1s received by the first and the second light receiv-
ing elements; and a variable amplifier operating output sig-
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nals from the first and the second light receiving elements,
wherein both a zero point and sensitivity of a sensor output
can be calibrated based on a light attenuation factor or an
amplification factor which 1s adjusted when a physical value
1s detected by calculating a ratio between a sum and a differ-
ence of outputs of the first and the second light receiving
clements.

[0014] Theinvention of Claim 2 1s characterized by includ-
ing: a sensor constituted from an optical portion to which light
from a light source 1s lead, and by which light intensity of the
light 1s modulated based on a physical value; a first light
receiving element and a second light recerving element
receiving two elements of divided light having polarized
waves which are orthogonally crossing each other; a third
light recerving element directly receiving light from the light
source; a variable optical attenuator operating both light
which 1s recetved by one of the first and the second light
receiving elements and light recetrved by the third light rece1v-
ing element; and a variable amplifier operating both an output
signal from one of the first and the second light receiving
clements and an output signal from the third light receiving
clement, wherein both a zero point and sensitivity of a sensor
output are calibrated based on a light attenuation factor or an
amplification factor which 1s adjusted when a physical value
1s detected by calculating a ratio between the output of the
third light recerving element and a difference between one of
the outputs from the first and second light recerving elements
and the third light receiving element.

[0015] It 1s possible to obtain an optical current sensor by
applying the principle of the Faraday effect to the above-
described inventions of Claims 1 and 2 (invention of Claim 3),
and 1t 1s possible to obtain an optical voltage sensor by apply-
ing the principle of Pockels effect to the above-described
inventions of Claims 1 and 2 (invention of Claim 4).

[0016] In accordance with the present mvention, a light
intensity detection method 1n which information 1s indicated
by using the itensity of a high speed (high response speed,
short rise time) received signal without using the carrier sig-
nal 1s realized. Therefore, a significantly simple constitution
together with an easy adjustment of zero point and an easy
calibration of output by realizing 1s achieved. As a result, an
advantage 1s obtained in which it 1s possible to measure a
wide range of current and voltage from a DC to a high fre-
quency AC.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG.11s adrawing which explains a principle of the
present invention.

[0018] FIG. 2 1s a drawing which explains a relationship
among P ,, P, and 0, of FIG. 1.

[0019] FIG. 3 1sablock diagram showing one embodiment
of the present invention.

[0020] FIG. 415 a block diagram showing another embodi-
ment of the present invention.

[0021] FIG. 5 15 a block diagram which can be applied to
both FIGS. 3 and 4.

[0022] FIG. 6 1s adrawing showing a system constitution of
a two-signal method.

[0023] FIG.71sadrawing showing a system constitution of
a one-signal method.

[0024] FIG. 8 15 a block diagram showing a Sagnac inter-
ferometer as a conventional example.
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DETAILED DESCRIPTION OF THE INVENTION

[0025] FIG. 1 1s a drawing which shows a principle consti-
tution of the present invention.

[0026] InFIG. 1,1 1salight source, 21s a beam splitter, 3 1s
a light polarizer, 4 1s a Faraday cell, 5 1s an analyser, and 61-63
are light receiving elements such as photodiodes (PD).
[0027] Now, a separation ratio of the beam splitter 21s R, a
transmission eificiency regarding a quantity of light 1s m, a
length of the Faraday cell 4 1s L, a Faraday rotation angle 1s 0,
a Verdet constant 1s V and an intensity of a magnetic field
generated by a current I 1s H. Followings are defined.

28,1<<t/2, 0,=VHL=VI (1)

Quantity of lightP ,, P, and P, which reach the light receiving
clements 61-63 are shown by using the following equations.

P 7 S (1-R)(1/2)Po(1+20) (2)
Pp=n ™" n2"ng*(1-R)(1/2)Py(1-205) (3)
Pp=n*Ng*R*F (4)

In an 1deal case, the following equations are applied.

R=0 (3)

N1~ N2 N4 Mz~ 1 (6)
[0028] Therelore, the following equations are obtained by
applying equations (5) and (6) to equations (2)-(4).

P =(1/2)Py(1+20) (7)

Pp=(1/2)Py(1-20.) (8)

P =0 (9)

(1) Two-Signals Method

[0029] This 1s a method which uses both signals P , and P,.
Here, equation (7)+equation (8) 1s obtained as follows.
P +P»=P, (10)
P ~Pp=P,*20,. (11)

Therefore, a degree of modulation M, 1s shown as follows.
Mo=(P 4~FPp)/(P 4+FPp)=20 (12)

FIG. 2 shows a relationship among P ,, P, and 0.

[0030] Inother words, in an 1deal situation, 1t 1s possible to
maintain accuracy by outputting the degree of modulation M,
as a sensor output. However, 1n a practical case, ,, M, Nz,MN 4
N z=1. Therefore, the degree of modulation M, 1s obtained as

tollows by applying R=0 based on the above-described equa-
tions (2) and (3).

M,=(P ;~Pp)/(P 4+Pp)={n 4(1+20)-np(1-207) }/{n ,
(1+265)+Mmp(1-267) | (13)

Therefore, 1t 1s clearly understood that M,=20. unless
N4 5

[0031] Therefore, 1t1s not possible to maintain the accuracy
of the sensor output if M, 1s directly calculated as shown 1n
equation (12). The following equations are obtained by mul-
tiplying coelficients G , and G, and the amount of light P , and
P radiated on the light recerving elements 61 and 62.

P,=G P, (14)

Pp'=GpPp (15)
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The degree of modulation M, 1s obtained as follows by apply-
ing P, and P of the above-described equation (13).

Mo={G M4(1+205)-Ggnz(1-205) {1 G M (1+205)+
Gpna(1-205) ] (16)

[0032] Now, anequation G M ,=G.15 ... (17)1s applied to
(16), and the following equation 1s obtained.

M, =26 (18)

It 1s possible to adjust G, and G4 so as to have M,=0 11 0 =0

(2) One-Signal Method

[0033] This method 1s a method in which one signal 1s used.
Here, for example, P , 1s used and the following equation (7)
shows P .

P =(1/2)Py(14+20%) (7)

[0034] P./2 1s subtracted from the above-described equa-
tion (7) in order to obtain the degree of modulation M, .

M1:PA—PD/2=6F (19)

[0035] According to the above-described equation, 1n an
ideal status, it 1s possible to maintain the accuracy by using
the degree of modulation M, as the sensor output. However,
in practical cases, 1,.,n-,.n,#1. Therefore, when R=0, the
degree of modulation M, 1s obtained as follows based on the
above-described equation (2).

M= Mo F(12)Po(1+205)-(1/2)Py=(1/2)
Py Mmom(14205)-1} (20)

[0036] In the above-described the equation, it 1s clear that
M, =0, unless m,n-.M ,=1. Therefore, 1t 1s not possible to
maintain accuracy of the sensor output even if M, shown by
the equation (19) 1s calculated. Theretfore, the amount of light
P , radiating on the light recetving element 61 1s multiplied by
a coellicient G ,, and moreover, a reference signal P, which
has a proportional relationship with P, 1s applied 1n order to
take account of the difficulty of stabilizing a light source in
regular cases. In this case, the amount of light P, radiating on
the light recerving element 63 1s multiplied by a coetlicient
G, as well. That 1s, as follows.

P,/=G P, (21)
Pr=GgrPg (22)
[0037] The degree of modulation M1 1s obtained by apply-

ing the above-described equations (2) and (4) to the equations
(21) and (22).

G 1 —R)1/2 23
" { A1 Al )(1/2) }/GRUITFRRPG (23)

P{](l + 29;:) — Gﬁﬂlﬂﬁﬁp{)
={Gan2na(l = R)(1/2)(1 + 20F) — Gryr R}/ Grjr R

Now, the following equation 1s applied to the equation (23).
(1/2)G Mo 4(1-R)=GgngR=K (24)
M, ={2K0 +(K-K)}/K=20 (25)

It 1s possible to adjust G, and G so as to have M, =011 0 .~0

[0038] It 1s necessary to take account of conditions as fol-
lows 1n order to constitute an apparatus with characteristics
including: an intensity detection method having a simple
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constitution; functions of setting zero point and adjusting
sensitivity; stabilization of set value; quick response; and the

like.

1) A value of the received light signal 1s determined based on
both an intensity of the light source and a transmission etfi-
ciency ol an optical path from the light source to the light
receiving elements. These parameters are not determined
when the apparatus 1s assembled but are respectively different
with regard to the optical systems.

11) Because it 1s necessary to apply a single mode fiber with a
small core diameter between the light source and an optical
fiber current element, the quantity of light radiated on sensor
clements 1s easily affected from small differences of the opti-
cal systems. On the other hand, it 1s possible to apply a
multi-mode fiber with a large diameter for transmitting the
light to the light receiving element after passing through the
analyser which 1s arranged very close to the sensor element.
Therefore, 1f difficulties are compared between stabilization
of the quantity of light radiated on the sensor element and
stabilization of transmission efliciency of the light to the light
receiving element after passing through the analyser, stabili-
zation of the quantity of light radiated on the sensor element
1s more difficult than the later one.

[0039] Based on the above-described studies, 1t 1s under-
stood that the following 1s effective for constituting a DC
detection apparatus using intensity modulation.

a) The optical system and the signal operation system are
arranged and adjusted in a manner 1n which values of the
signals are adjusted by using optical or electrical methods 1n
order to calibrate the output so as to be zero when the mea-
sured current 1s zero.

b) The optical system and the signal operation system are
arranged and adjusted 1n order to prevent fluctuation of the
output with regard to the quantity of light radiated on the
sensor elements.

[0040] Therefore, 1n the present mvention, the following
solutions are applied. FIG. 3 1s a drawing which shows a
constitution of an embodiment of the present invention. FIG.
3 shows an example of a basic constitution of signal operation
which can adjust the coelficients G ,, G5 and G so as to
satisty the equation (17) of the two-signal method.

[0041] For example, the quantity of hight P, and P,
obtained by dividing the sensor output light into two elements
having polarized waves which are orthogonally crossing each
other, 1s respectively lead to the light receiving elements (PD)
61 and 62 via a variable optical attenuators (A1T) 71 and 72.
Variable amplifiers (G) 91 and 82 are mserted with regard to
the output signals from the light recerving elements (PD). It
should be noted that 91 1s a subtractor, 92 1s an adder, 10 1s a
divider (DIV).

[0042] Inthe adjustment method, (1)1n a state 1n which the
measured current=0, (2) attenuation factors o , and o, of ATT
71 and 72 or amplification factors g , and g, of G81 and 82 are
adjusted so as to set the output S=0. In accordance with such
a method, the equation (17) 1s satisfied. In other words,

G N, =Gz . .. (17) 1s satisfied. The following equations
should be noted.
G =048 (26)
Gp=C3pgp (27)

It should be noted that 1t 1s not necessary to adjust all of
d 052, and g, 1 order to satisty (17), (26) and (27). It 1s
possible to adjust at least one of 4 parameters.
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[0043] FIG. 4 1s a drawing which shows a constitution of
another embodiment of the present invention. FIG. 4 shows
an example of a basic constitution of a signal operation which
can adjust the coetficients G ,, G, and G so as to satisiy the
equation (24) of the one-signal method.

[0044] For example, both a reference beam P, and one of
the quantity of light P , and P, obtained by dividing the sensor
output light into two elements having polarized waves which
are orthogonally crossing each other, are lead to the light
receiving elements (PD) 61 and 63 via variable optical attenu-
ators (ATT) 71 and 73. Variable amplifiers (G) 81 and 83 are
inserted with regard to the output signals from the light
receiving elements (PD). It should be noted that 11 15 a low-
pass filter (LPF) for canceling effects which are caused 11 AC
clements such as a ripple are included 1n the reference signal.
[0045] The adjustment method 1s the same as FIG. 3. In the
adjustment method, (1) 1 a state in which the measured
current=0, (2) attenuation factors o , and o, of AT'T 71 and 73
or amplification factors g , and g of G81 and 83 are adjusted
s0 as to set the output S=0. In accordance with such a method,
the equation (24) 1s satisfied. In other words, the following
equation 1s satisfied.

(172)G Mo (1-R)=GgnpR=K (24)
Here, the following should be noted.

G =048 4 (28)

Gr=0ggr (29)

It should be noted that 1t 1s not necessary to adjust all of
d ,,C0p,2, and g, 1n order to satisty (24), (28) and (29). It 1s
possible to adjust at least one of 4 parameters.

[0046] FIG. 5 shows an example of a circuit which can be
applied to both FIG. 3 and FIG. 4.

[0047] Inthis case, one ofthe signals P and P, (here,P ,)1s
lead to the upper side of the circuit and P, or Py 1s selectively
lead to the lower side of the circuit. Two switches SW are
respectively provided at positions shown in the drawing.
Therefore, 11 the signal P, 1s lead to the lower side of the
circuit and the switch SW 1s turned on, 1t 1s possible to obtain
a circuit shown 1n FIG. 3. Moreover, 1 the signal P, 1s lead to
the lower side of the circuit and the switch SW 1s turned on,
and 1t 1s possible to obtain a circuit shown 1n FIG. 4.

[0048] FIGS. 6 and 7 show an overall constitution including
the above-described sensor optical system and the above-
described signal operation system.

[0049] FIG. 6 shows an example of the two-signal method,
and FIG. 7 shows an example of the one-signal method. In
FIG. 6, (a) 1s a transmission type, and (b) 1s a retlection type.
InFIG. 7, (a) 1s a transmission type, (b) 1s aretlection type (1),
and (c) 1s a reflection type (2). Their functions and effects are
the same as described above. Therefore, an explanation 1s
omitted. It should be noted that, in FIG. 6 (o) and FIG. 7 (b)
and (c), a reference numeral 12 1s a mirror, 13 1s a polarizer/
analyser (including functions of both a polarizer and an
analyser).

[0050] It should be noted that 1n the above description, the
current sensor 1s mainly explained. However, the present
invention can provide an optical voltage sensor by applying
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Pockels effect in place of the Faraday effect. Therefore, it 1s
possible to provide an optical sensor which detects physical
values 1including current and voltage by applying the present
invention.

1. An optical sensor, comprising:

a sensor constituted from an optical portion to which light
from a light source 1s lead, and by which light intensity
of the light 1s modulated based on a physical value;

a first light recerving element and a second light receiving
clement receving two elements of divided light having
polarized waves which are orthogonally crossing each
other;

a variable optical attenuator operating light which 1s
received by the first and the second light receiving ele-
ments; and

a variable amplifier operating output signals from the first
and the second light receiving elements, wherein

both a zero point and sensitivity of a sensor output are
calibrated based on a light attenuation factor or an ampli-
fication factor which i1s adjusted when a physical value 1s
detected by calculating a ratio between a sum and a
difference of outputs of the first and the second light
receiving elements.

2. An optical sensor, comprising:

a sensor constituted from an optical portion to which light
from a light source 1s lead, and by which light intensity
of the light 1s modulated based on a physical value;

a first light receiving element and a second light receiving,
clement recerving two elements of divided light having
polarized waves which are orthogonally crossing each
other;

a third light recerving element directly receiving light from
the light source;

a variable optical attenuator operating both light which 1s
received by one of the first and the second light recerving
clements and light received by the third light receiving
element; and

a variable amplifier operating both an output signal from
one of the first and the second light recerving elements
and an output signal from the third light receiving ele-
ment, wherein

both a zero point and sensitivity of a sensor output are
calibrated based on a light attenuation factor or an ampli-
fication factor which i1s adjusted when a physical value 1s
detected by calculating a ratio between the output of the
third light recerving element and a difference between
one of the outputs from the first and second light receiv-
ing elements and the third light recerving element.

3. An optical sensor according to claim 1, wherein the

optical sensor uses a Faraday effect.

4. An optical sensor according to claim 1, wherein the

optical sensor uses Pockels effect.

5. An optical sensor according to claim 2, wherein the

optical sensor uses a Faraday etlect.

6. An optical sensor according to claim 2, wherein the

optical sensor uses Pockels ettect.
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