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1 Introduction fabrication tolerance and optical alignment have limited the
n- practicality of this type of sensor. To overcome the toler-
ance problem, a special design has been proposed, which is
based onéaroviding complementary effects on the polariza-
tion staté>!® by using dual-quadrature reflections at each
corner of a square-shaped sensor. Unfortunately, with this
3-D design, the optical path is no longer completely closed
nd the sensor is susceptible to the influence of stray mag-
etic fields.

We describe a new design for a detachable OCS. In this

In the power industry, optical sensors are inherently adva
tageous over conventional measurement technitjfes.
Compared with conventional inductive type current trans-
formers, optical current sensdi®CS offer the advantages

of being lightweight, small size, well insulated, large band-

width, and immune to electromagnetic interference. An
OCS can, in general, be defined as a device that consists OF
an optical sensing element that measures the line integral o

the magnetic field along a closed optical loop around the | ; ; ;

ew design, the light beam undergoes only one total inter-
current to be measurethe Faraday effeg? Many Of_ _the nal reflection along the optical path. This can relax substan-
earlier proposed Faraday effect current sensors utilized op-jg\y the fabrication tolerance and optical alignment. An

tical fibers to provide the optical path around the eyperimental sensor has been tested and the results are re-
conducto®’ When an ordinary optical fiber is used, the ported.

sensitivity of the sensor is limited by the birefringence in-
duced in the fiber. In the worst case, the Faraday effect can
be quenched completely by the induced birefringéhce. 2 Principle of Operation of the Sensor

Furthermore, fiber-based OCSs are not detachable andgigre 1 shows the design of the sensor. The sensor is made
therefore, cannot be deployed or removed from the electri- o gniical flint glass and comprised of two separate parts: a
cal wire without line disconnection. The use of bulk-optic carefully cut L-shaped arm labeled sensing arm 1, and a
glass for current sensing can overcome these probiefhs. straight arm labeled sensing arm 2, to close the opening of
In bulk form, materials with higher Verdet constants can be ihe L-shaped arm. These two parts form a right-
used and annealed to minimize the residual linear birefrin- angled triangular structure with a semicircular opening for
gence. In addition, a bulk-optic glass OCS can be readily passing through the current-carrying conductor. As shown
designed into a detachable or clamp-on configuration thatin Fig. 1, the straight arm can be detached from the
makes it attractive in temporary monitoring of load current | .shaped arm to facilitate the placement of the current-
without power line disconnectiot. carrying conductor. A polarizing beamsplitt¢PBS is

To measure the Faraday effect with a bulk-optic glass placed at the base of the sensor to separate the input light
sensor, it is necessary to guide the input light beam aroundpeam into two orthogonal linearly polarized light beams,
the conductor in a closed loop. On any reflection surface, which are then launched into the two sensing arms, respec-
the light beam must undergo total internal reflection at the tively. The light beam that propagates along the L-shaped
critical angle. A small deviation from the critical angle can arm needs to reflect once at the reflection corner. To pre-
change the polarization state of the light beam substantially serve the state of polarization after reflection, the reflection
and give rise to nonuniformity in sensitivity:**By using a corner is cut to an angle such that the beam is reflected at
triangular-shaped design, an OCS with reflection anglesthe critical angle. Since the sensor sensitivity depends
within a few seconds from the critical angle has been strongly on the angle of reflection, a small deviation from
demonstrated! However, the stringent requirements on the the critical angle can severely affect the performance of the
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Fig. 1 Design of the Faraday effect current clamp showing detach-
able sensing arms.

sensor In the previous design of a bulk-glass sensor
based on critical angle reflectidfithe light beam needs to

be reflected at least twice within the sensor. Because the

angles of incidence of the two reflections are interdepen-
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dent, reflection corners of the glass must be polished to a o ‘

h|gh accuracy with an error less than a few seconds. This Fig. 2 Schgmatlc dlagra_lm of the sensor showmg relevant param-
creates great difficulty in the manufacturing process and 'S used in the analysis.

consequently increases the cost of the sensor. In this new

design, however, the angle of incidence at the reflection
corner can be controlled accurately by maneuvering the
point of incidence of the light beam to the sensor. The

tolerance on the reflection angle of the L-shaped arm can

therefore be significantly relaxed. This feature can be con-
sidered as the major advantage of this design.

According to the Faraday effect, the polarization azi-
muth of a linearly polarized light beam propagating inside
an optical element is rotated by an angledof under the
influence of a magnetic fieltH, generated by an electric
current. Thusbg is given by:

@szﬁHdL (1)

wherel is the length of the optical element subject to the
magnetic field and/ is the Verdet constant of the optical
glass.

For our sensor shown in Fig. 2, after propagating along

the respective sensing arms, the two beams together make

up a closed optical loop. The magnetic field generated by
the currentl; in the internal conductor can rotate the po-
larization azimuths of the two light beams propagating in-
side sensing arms 1 and 2 Wy, and ®,,, respectively,
with:

_ A

1

2

and

®2
22V,

o ©)

q)Zl:Vf H21d|2:
I2

whereH; and H,; are the magnetic fields along the two
sensing arms, respectively, andl, are the corresponding
optical path lengths, ang,; and ¢, are the angles sub-
tended by the two arms, as shown in Fig. 2. Figure 3 illus-
trates the magnetic fields generated by the cudrgandl ,
around the sensing arms, where the trajectory “ABC” rep-
resents the optical path along sensing arm 1, and the trajec-
tory “AC” represents the optical path along sensing arm 2.
It should be noted that the Faraday rotation anglgegand
®,, are complementary to each other. The sum of these
two angles is equal t¥l;.

On the other hand, the Faraday rotation angles produced
by the current , in the external conductor are given by

‘1)12:VJ‘I Hdly (4)
and
‘1’22:VJ| Hodl, )

for sensing arms 1 and 2, respectively, whilrg andH,,
are the corresponding magnetic fields. The patghown in
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Fig. 3 Optical paths for the calculation of the Faraday rotation
angles produced by the currents /; and /5.

Fig. 3 is a virtual common path shared by both sensing
arms for the magnetic field generated gy According to
Ampere’s circuital law, we have

(I)12:q)22:V|2_Vfl Haxdls (6)
3

whereH s, is the magnetic field produced by along the
pathl;.

After transversing along the two sensing arms, the two
light beams pass through two analyzers that have their
transmission axes set at 45 deg with respect to the polariza
tion axes of the input light beams, respectively. As shown
in Fig. 3, the magnetic fields generatediqyand|, add up
in sensing arm 1 and cancel each other in sensing arm
The output signals from the analyzd®s and P, are given

by

2

ko

Pl: P01CO§( 4 + CI)11+(I)12)

Po1 .
7[1—5m2((1>11+<1312)] 7

and
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P2: P020032 4 +(I)22_q)21)

_ Po2 .
—7[1_5'n2(q)22_q)21)]a 8

wherePy, andP, are the optical powers of the two beams.
Two Faraday rotation signalS; and S, can be derived
from P, and P, by using the conventional ac/dc signal
recovery technique

P,—P
S]_:l—ldczsin 2(@1:["@12) (9)
P1dc
and
P,—P
Sy=——L =sin 2Dy Dyy), (10
Pch

whereP4. and P4 are the dc components of the signals
P, and P,, respectively. Under the conditions ®(;
+®d,,)<1 and 2(P,,— P,;) <1, we can obtain the current
I, by simply subtractings, from S;:
8281_8252(q)11+¢)21):2V|1, (11)
which gives a sensitivity of \2.

It can be seen from Fig. 3 that the internal field gives
rise to Faraday rotation angles of opposite directions in the
two sensing arms. This is because the light beams in the
two sensing arms travel in opposite directions with respect
to the direction of the magnetic field. On the other hand, the
external field gives rise to identical Faraday rotation angles
of the same direction in both sensing arms. This explains
why in our design the signals from the two sensing arms,
namelyS; andS,, must be subtracted from each other to
cancel out the effects due to the external field. This prin-
ciple differs markedly from that used in conventional clos-
ed loop designs where the internal field rotates the polariza-
tion angle of the light beam continuously in the same
direction along the entire optical loop.

Equation(11) shows that the sensor is insensitive to any
stray magnetic field. It should be pointed out that Edl)
is valid only under the ideal situation where the whole op-
tical loop is inside the sensing glass and there exists negli-

gible birefringence in the glass. In practice, however, a
small part of the optical loop is inside the PBS and another
part is exposed to air at the exit of the sensor, as shown by
the pathsd,, d,, anddj in Fig. 2. As a result, the sensi-
tivity of the sensor may show some dependence on the
position of the current-carrying conductor within the opti-
cal loop, as well as on the external field. With these imper-
fections taken into account, the total Faraday rotation angle
becomes

al-‘r (£ %]
2

cbs(l— )wl, (12

where«; and a, are the angles subtended by the paths in
air and the PBS with respect to the internal conductor, re-
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Fig. 4 Computer simulation results showing (a) the sensitivity of the
sensor as a function of the location of the conductor placed inside
the semicircular hole of the sensor, and (b) the sensor response due
to an external conductor placed at a distance within 30 mm around
the sensor.

spectively, as shown in Fig. 2. We present in Fi(p)4he

AD=———VIy, (13

where 8, and 3, are the angles subtended by the paths in
air and the PBS with respect to the external conductor,
respectively, as shown in Fig. 2. HeteD, is the error
Faraday rotation signal induced by an external field. With
the dimensions of the sensor shown in Fig. 5, the external
conductor is assumed to be placed at positions within
30 mm from the sensor. The sensor response to the external
field as a function of the location of the conductor is shown
in Fig. 4(b). It can be seen from Fig.(d) that the nearer the
external conductor is placed to the PBS or to the exits of
the sensing arms, the more severe is the effect. In the worst
case, where the external conductor is closest to the PBS, an
error of 3.5% can be introduced.

3 Experiments and Results

The experimental set-up of the sensor is shown schemati-
cally in Fig. 5. Both the L-shaped ari25x52 mm and

the straight arm{106x12 mm) of the sensor were made of
SF-6 flint glass, which had been annealed to eliminate in-
trinsic birefringence. The radius of the semicircular open-
ing was 30 mm. According to the glass supplier, the angle
at the reflection corner was polished to the critical angle,
33°4442', with an error less than fifteen seconds. It should
be emphasized, however, that such a high precision in the
cutting angle was unnecessary. A light beam from a 2 mw
He-Ne laser, at 632.8 nm, was launched into a PBS. The
PBS separated the input light into two orthogonal linearly
polarized beams, which were then launched into the two
sensing arms of the sensor, respectively. The He-Ne laser
was mounted on a rotatable translation stage so that both
the angle of incidence and the entry point of the light beam
could be adjusted precisely. To ensure that the light beam
was reflected at the critical angle at the corner of the
L-shaped arm, the position of the laser was adjusted con-
tinuously until the light beam refracted from the corner just
vanished. Care was taken to avoid the angle of incidence
from going below or beyond the critical angle, since reflec-
tion at an angle other than the critical angle can result in an
alteration of the incident polarization state, and thus affect

sensor response as a function of the location of the internalthe sensitivity of the sensor severéfy.

conductor(assuming zero diamejetakingd;=d;=2 mm

After traveling through the respective sensing arms, the

and d,=5mm (the values of the experimental set-up two beams passed through two analyzers that had their po-
shown in Fig. 5. The origin of thex-y coordinate system in  larization axes set at 45 deg with respect to the axes of the
the computer simulation is set at the center of the semicir- PBS. The output beams from the analyzers were detected
cular opening of the L-shaped arm. It can be seen from Fig. and processed by two identical signalprocessing units,
4(a) that the sensitivity of the sensor depends on the loca- Which consisted of a PIN photodiode, a transimpedance
tion of the current-carrying conductor. The sensitivity de- amplifier (A), a low-pass filtefLPF), and a subtractor. The
creases gradually as the conductor is moved toward theSignal processing unit separated the signal into its ac and dc
PBS. The sensitivity can drop by3%. Normally, an ac- components, which were then recorded by two FLUKE
curacy of less than 5% is acceptable for fault monitoring digital multimeters(DMM). The signalsS; and S,, as
and protection purposes in the power indugthe accuracy ~ given in Eqs(9) and(10), respectively, were calculated by
of most conventional current clamps is within this range dividing the ac component over the dc component of the
In practice, the worst sensitivity location can be avoided by respective output signals. The sigralwas calculated in
shaping the opening of the L-shaped arm of the sensor inaccordance with Eq11). As the signalsS;, and S, were
such a way that the conductor cannot be placed near thedetected by two separate signal processing units, any varia-
PBS. tion in the light intensities due to the polarization depen-
The effect of an external field on the sensor response candence of the PBS did not affect the result. The ac/dc
be calculated by method employed in our sensor gives the same sensitivity
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Laser

Fig. 5 Experimental set-up of the Faraday effect current sensor. The distances indicated in the dia-
gram are measured in millimeter.

as the difference-over-sum method, which is also a com-  In the first experiment, a 20-mm-diam conductor, which
mon method in retrieving the Faraday rotation signal. Al- carried 1000A current, was placed at position A within the
though the latter method can give improved rejection to optical loop. The sensor response to the 50-Hz applied cur-
common-mode noise in the signal, e.g., fluctuations in the rent was measured and the results obtained are presented in
light intensity, its optical hardware is more complex and Fig. 6. As shown in Fig. 6, the signal varied linearly with
expensive. the applied current. The sensitivity was measured to be
When the sensor is operated as a current clamp, the(4.45+0.06)x 10" ° rad/A, which agrees well with the cal-
straight arm of the sensor can be removed and refitted toculated value ¥=4.46x 10" ° rad/A, given that the Verdet
the L-shaped arm as illustrated in Fig. 1. The straight arm constant for SF-6 glass is 2.230° rad/A’
should be in good contact with the L-shaped arm. Accord- e next placed the conductor at different positions, as
ing to our calculation, a separation of 1 mm between the jngicated in Fig. 5. For each position, a fixed current of

sensing arms near the PBS results in a decrease of sensitiviggpa was applied to the conductor and the sensor sensi-
ity by ~1%, which compares favorably with a previous

designt! where an air gap of less than 0.33mm between
two sensing parts must be maintained for the same perfor-

mance. The relatively low tolerance in the previous design 0.05
is due to the fact that an air gap can upset the critical angle 0.045
reflection. In our present design, however, the opening - 0.04 1
mechanism does not affect the angle of reflection in the & 0.035 7
L-shaped arm, and hence, the tolerance can be much re- 3 0.03 1
laxed. 3 0025 1
As already mentioned, the optical paths made up by the 5 0.02
two beams do not form a perfectly closed optical loop. As £ 0.015 -
a result, the sensor response depends on both the locations “ 0.01 |
of the internal current and the external field. A series of 0.005
experiments were performed to measure the significance of 0 . . .
such dependence and confirm the sensor sensitivity. In the 0 200 400 600 800 1000

experiments, two positions of placing the internal current
and four positions of placing the external current were
tested, as indicated by positions A, B, C, D, E, and F in Fig. Fig. 6 Sensor output as a function of applied current placed at po-
5. sition A within the optical loop (Fig. 5).

Current (A)
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Table 1 Current sensitivities measured by placing a 1000A current-carrying conductor at positions A,

B, C, D, E, and F, as indicated in Fig. 5.

Current Error to the measurement

Position of sensitivity of the Calculated
conductor (X105 rad/A) internal current errors

A 4.45 0.2% 0.5%

B 4.41 1.1% 0.8%

C 0.05 1.1% 1.1%

D 0.06 1.3% 1.2%

E 0.07 1.6% 1.5%

F 0.02 0.5% 0.5%

tivity was measured. To eliminate fluctuations due to the Acknowledgments

instability of the current source, a number of measurements
were taken for each position over a time period of five
minutes. The average values of the measurements and th
calculated values are tabulated in Table 1.

As shown in Table 1, the current sensitivities measured
at positions A and B are 4.4510°° rad/A and 4.41
X 107° rad/A, respectively, which deviate from the value
of 2V by 0.2% and 1.1%, respectively. As expected, the
sensitivity drops at position B near the PBS. The experi- 2.
mental results agree reasonably well with the calculated
values 0.5%position A) and 0.8%position B), which take 3.
into account the finite size of the conductor. As mentioned
before, the semicircular opening of the L-shaped sensing 4.
arm can be reshaped to avoid the internal conductor being
placed too close to the PBS. It should be possible to
achieve a sensitivity uniformity better than 1%.

The sensitivities measured at positions C, D, E, and F 6
are 0.05<10°° rad/A, 0.06<10°° rad/A, 0.0 10 ° 7

8
9

1.

rad/A, and 0.0Xx10 ° rad/A, respectively. The corre-

sponding contributions to the sensitivity of measuring the
internal current are 1.1%, 1.3%, 1.6%, and 0.5%, which
again agree well with the calculated values. As expected,

the largest response due to the external field was obtainedg.

at position E, which was closest to the PBS, whereas the
weakest response was obtained at position F, which was
farthest from the sensor. In practice, an external conductor

is seldom located next to the sensor, and the influence from12.

the external field can be kept at a negligible level.

13.

4 Conclusion
A novel design of a detachable Faraday effect current sen-

sor has been described. The sensor consists of two separate>
Faraday rotation sensing arms for guiding two separate 1s.

light beams to form an approximately closed optical loop.
With this new arrangement, the fabrication tolerance on the ;
sensor can be relaxed significantly. We have built and
tested an experimental sensor to confirm the expected per-

14.
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