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Abstract. An analysis of an optical current transducer (OCT) consider-
ing in particular the influence of temperature induced variations in the
Verdet constant is presented. The analysis is supported by an experi-
mental evaluation of a prototype OCT over a range of operating tem-
peratures and current values and concludes with a laboratory demon-
stration of a temperature compensation scheme that improves the
measurement precision to better than 0.7%. © 1999 Society of Photo-Optical
Instrumentation Engineers. [S0091-3286(99)01910-8]
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1 Introduction

In the past 10 yr a great deal of research effort has b
devoted to developing optical fiber sensors for measurin
wide range of physical and chemical parameters.1–2 Within
the electricity industry, techniques for making voltage a
current measurements have been of particular interest, p
cipally for high voltage applications where substantial
ductions in insulation requirements can be obtained.

Generally optical current transducers~OCTs! and volt-
age transducers~OVTs! are polarimetric devices. The volt
age and current values to be measured are derived from
polarization rotation induced by either the electric field~in
the case of an OVT! or the magnetic field~in an OCT! in
the vicinity of a conductor. In most cases, exotic crystals
glasses3–12 ~e.g., TGG crystal or FR5 glass! are used as the
active component that induces the polarization rotati
The sensitivity of these materials is strongly influenced
the operating temperature of the device, however, thi
often overlooked. Here we evaluate the effect of tempe
ture variations on the performance of an OCT. The analy
is supported by an experimental demonstration of an O
over a range of operating temperatures and current val

2 Optical Current Measurement

The OCT determines the current flow in an electrical co
ductor by measuring the magnetic field density within t
vicinity of the conductor.3–12 This change in polarization
state is a function of the magnetic field strength, the int
action length and the Verdet constant of the material u
to construct the device. Within the electricity industr
OCTs can be used for metering or protection purposes
must meet the related specification for that task. Two ill
trative specifications are shown in Tables 1 and 2 and th
are used as a benchmark within the following analysis.
Opt. Eng. 38(10) 1699–1707 (October 1999) 0091-3286/99/$10.00
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The accuracy with which the current flow can be me
sured depends on the accuracy of the optical phase rota
measurement~the change in polarization state! and the con-
fidence that can be placed in the model relating this inf
mation to the current flow.

The several sources of error in the polarization rotat
measurement include electronic noise at the detector
intensity fluctuations. Vibration induced intensity fluctu
tions are considered elsewhere,5 here we are not concerne
in detail with the physical origins of this error, only wit
the measurement precision that can be attained.

The effectiveness of the model is determined by the
curacy with which the Verdet constant of the optical sen
material is known and since this varies with temperatu
the variation must be compensated to obtain the requ
measurement accuracy.

2.1 Temperature Sensitivity of the OCT

A host of different magneto-optic materials have been e
ployed as the sensing medium in OCTs. These include h
Verdet constant ferromagnetic and ferrimagnetic materi
such as yttrium iron garnet~YIG! and cadmium mangenes
telluride ~CdMnTe!, and low Verdet constant diamagnet
materials such as bismuth silicate~BSO! and even doped
silica optical fiber itself. These different magnetic materia
are classified according to their relative permeabilities~or
susceptibilities!, as shown in Table 3.

The amount of Faraday rotationu ~degrees! induced in
the OCT is denoted by

u5VBl, ~1!

where V is the Verdet constant of the sensing mediu
1699© 1999 Society of Photo-Optical Instrumentation Engineers
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Madden et al.: Temperature compensation for optical current sensors
expressed in deg/T m,B is the magnetic flux density in
Tesla andl is the interaction length~the length of the sens
ing material! measured in meters.

The Verdet constant is, however, a function of bo
wavelength and temperature.11,12The former dependency i
overcome by using a thermally stabilized light source;
latter is the focal point of this paper. From a review
Table 3 several points can be stated: the Verdet consta
materials are a function of their permeability, i.e., genera
the higher the permeability the higher the Verdet consta
as the permeability increases the temperature depend
of the Verdet constant increases as well. For these rea
an appropriate compromise with regard to the selection
magneto-optic medium was a paramagnetic material wh
for this paper, implies either TGG or Hoya FR-5 dop
glass.

Two materials, TGG and FR5 glass, were selected
evaluation since both have relatively high Verdet consta
and are widely available commercially. The Verdet co
stant of these materials was estimated from data supp
by the manufacturer and verified by experiment as5,11,12

VFR551,853,370/T21708.36 deg/T m atl5633 nm

VFR55429,242/T1628.3 deg/T m atl5850 nm
~2!

VTGG52,853,555/T22 833 deg/T m atl5633 nm

VTGG51,346,463/T21 225 deg/T m atl5850 nm

Table 1 Specification of performance for a class 0.1 current
transducer.

Percentage of rated operational
current level

5 20 100 120

Specified measurement accuracy (%) 0.4 0.2 0.1 0.1
1700 Optical Engineering, Vol. 38 No. 10, October 1999
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The variation of the preceding Verdet constants as
scribed here is displayed in Fig. 1 at two optical wav
lengths~633 and 850 nm! over a typical operational tem
perature range~250 to 350 K!.

Since the measurement relies on the magnetic field p
ducing a measurable polarization rotation, the material s
sitivity is a central consideration in the design of an OC
At any given temperature, TGG interrogated with a sou
wavelength of 633 nm has the highest Verdet constant
therefore it is reasonable to expect that this would be
optimum material choice. However, the variation in Verd
constant with temperature is also strongest in TGG at
operation wavelength and this may introduce errors t
negate the benefits of using this particular crystal a
wavelength combination. This is examined in more de
in the following sections.

2.2 Temperature Induced Error in Current
Measurements

A large amount of work has been published on tempera
compensation mechanisms for OCTs. Briefly, some
these mechanisms are as follows:

1. Direct variation of the polarization state of the lig
entering the sensor in such a manner as to oppose
thermal variation of the material Verdet constan
This was demonstrated using the natural tempera
dependence of a wave plate, positioned before
sensing material.8

2. Interferometric phase measurements of temperat
combined with an intensity modulation measureme
for the Faraday effect, have been used to simu

Table 2 Specification of transducer performance for protection
applications.

Percentage of rated operational
current level

5 100 2,000 10,000

Specified measurement accuracy (%) 2 1 5 10
Table 3 Magnetic classification of materials.

Magnetic Properties of Materials

Magnetic Class
(example material)

Permanent Magnetic Moments?

Relative
Permeability m r Temperature Dependence of m r

No Yes

Parallel? Antiparallel? Unequal Order?

Diamagnetic
(bismuth silicate, BSO)

— — — — ,1 Independent

Paramagnetic
(terbium gallium garnet, TGG)

x — — — .1 a
1

T

Ferromagnetic — x — — @1 Unique dependent on material
(up to the Curie temperature)

Antiferromagnetic — — x — @1 Unique dependent on material
(up to the Curie temperature)

Ferrimagnetic
(yttrium iron garnet, YIG)

— — — x @1 Unique dependent on material
(up to the Curie temperature)
 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms
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Madden et al.: Temperature compensation for optical current sensors
neously measure temperature and accurately comp
sate for its influence an OCT. This technique, whe
the temperature is measured over the same part of
sensing medium as the magneto-optic effect uses,
ables precise compensation for temperature even
the presence of temperature gradients across
material.9

3. One method favored by many researchers to comp
sate for light intensity effects on the OCT, and em
ployed by us, is to use a normalization algorith
given by

Output5
I ac

I dc
,

whereI ac andI dc are the ac and dc components of th
original OCT output signal. This normalization ha
also been used, in a modified form, to provide a me
sure of temperature compensation given by

Output5
I ac

11kIdc
,

where the termk can be introduced by appropriat
orientation of the input polariser with respect to th
Faraday medium crystal axis.6,10

4. A more fundamental approach to providing tempe
ture compensation is to use appropriate dopants d
ing the crystal growth of YIG, to attempt to matc
the temperature dependencies of the Verdet cons
and the material saturation magnetization, there
providing ‘‘natural’’ compensation for therma
effects7 and an inherently stable material temperatu
characteristic.

All these techniques have their particular merits, howev
we believe that the method demonstrated in this paper
ables an appropriate compromise between the comple
of signal processing involved and the simplicity of sens
configuration and assembly.

2.3 Temperature Induced Error in Current
Measurements

An initial assessment of the impact of temperature variat
can be obtained by evaluating the difference between
Verdet constant atT1 and the Verdet constant atT11dT

~wheredT represents a small error in temperature! for any
given material and wavelength combination. This is sho

Fig. 1 Variation in Verdet constants of TGG and FR5 glass with
temperature.
Downloaded from SPIE Digital Library on 09 Dec 2009
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in Figs. 2 and 3 where, for illustration purposes,dT was set
to 0.5 and 1°C. In all cases, it was assumed that the in
vidual constantsa and b are accurately known, i.e., no
additional errors are introduced as a result of errors in th
constants, although in practice this is unlikely to be the c
since the coefficients are themselves derived from exp
ment and are therefore subject to experimental error.

Figures 2 and 3 reveal several interesting features.
suming that there are no other sources of error, knowle
of the local temperature with 1°C accuracy enables
thermally induced variation in Verdet constant to be co
pensated for with sufficient accuracy to construct protect
class instruments using any of the preceding materi
Class 0.1 metering devices, on the other hand, canno
produced with any of these materials, even when the dev
operating temperature is known to better than 0.5°C. O
the entire range of operational temperatures, metering
formance can be achieved only when sensor temperatu
known to within 0.1°C~not shown!.

The sensor with the best performance~i.e., it is least
affected by temperature errors! is that constructed using
FR5 glass and interrogated with an operational wavelen
of 850 nm. Figure 1 shows that this FR5 glass has

Fig. 2 Error in Verdet constant (TGG).

Fig. 3 Error in Verdet constant (FR5).
1701Optical Engineering, Vol. 38 No. 10, October 1999
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Madden et al.: Temperature compensation for optical current sensors
lowest Verdet constant of all of the material/waveleng
combinations. It is therefore likely that it would have be
rejected in favor of one of the other device combinatio
The material and wavelength most likely to be selec
from sensitivity considerations is TGG, using a sour
wavelength of 633 nm, which provides the poorest
sponse to errors in the temperature measurement. TGG
sors require a temperature recovery precision of aro
0.1°C ~not shown! to achieve class 0.1 current meterin
specification.

2.3.1 Indirect recovery of sensor crystal
temperature

The variation in Verdet constant with temperature is w
known. Consequently several methods for determining
local temperature of the sensor have been investigated
these, the use of two independent interrogation wavelen
was considered to be potentially desirable since this met
ensures that the exact crystal temperature will be recov
~to within the limits of the measurement process!. The
means for deriving the crystal temperature can be sum
rized as follows.

The optical rotation induced by the current within th
conductor is measured at two operating wavelengths g
erating two related simultaneous equations:

u15Bl~a1 /T1b1!, u25Bl~a2 /T1b2!. ~3!

The operating temperature can be recovered by first sol
these equations, thus:

T5~u1a22u2a1!/~u2b12u1b2!, ~4!

and this value is used to determine the magnetic field
rounding the conductor~and hence the current flowin
through the conductor!:

Bl5u1 /$@a1~b12b2u1 /u2!#/@~2a11a2u1 /u2!1b1#%.
~5!

The procedure is relatively simple to implement but su
cessful operation requires accurate knowledge of the ph
rotation anglesu1 and u2 and the coefficientsa and b
~which must be determined experimentally!. Errors in ei-
ther of these can seriously degrade the measurement
formance.

To illustrate the sensitivity of the measurement to ph
recovery errors in particular, the accuracy of the tempe
ture recovery procedure using the two wavelength inte
gation scheme is illustrated in the following figures for e
amples where:

1. The current is assumed constant around a nom
working value ~1000 A! and the temperature i
cycled,

2. The temperature is maintained at 300 K and the c
rent is cycled.

In both cases, it has been assumed that the polariza
rotation can be recovered with a precision of up to 1
m deg. This level of performance is broadly compatib
with a metering class OCT~more details will be given
1702 Optical Engineering, Vol. 38 No. 10, October 1999
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later! and therefore represents the operation of an optimi
version of the presented system. The operation of an O
rated at 1000 A is considered. The associated magn
field at this current value has been calculated, for the
bar geometry used to experimentally assess the sensor13 to
be 4.04 mT. The magnetic field strength in a working e
vironment is likely to be slightly higher than this but of th
same order of magnitude, therefore the general trends
are obtained in the following analysis will be valid.

The results of these calculations are displayed grap
cally in Figs. 4 and 5. Clearly there is a significant diffe
ence between the operation of the TGG based sensor
the sensor made using FR5 glass. The rate of chang
Verdet constant with temperature is insufficiently differe
in the case of the TGG sensor between the two waveleng
of 850 and 633 nm to enable the temperature to be ac
rately recovered. On the other hand, the FR5 based se
recovers the temperature very accurately despite the
that it has a significantly lower Verdet constant. Note th
the TGG sensor performance was calculated assumin
device length of 2.5 cm as opposed to a device length of
cm for the FR5 sensor. This does significantly bias t
calculation against the TGG device, however, the diffe
ences in device sizes reflects the practical differences
device construction~fuller details are given later!. To com-
plete the investigation, the operation of both sensors o
the entire working range of current values must be e

Fig. 4 Precision of temperature recovery process at full load current
(1000 A) polarization rotation recovered with a precision 100 m deg.

Fig. 5 Precision of temperature recovery process as a function of
applied current.
 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



Madden et al.: Temperature compensation for optical current sensors
Table 4 Performance specification of OCT, temperature error compensated to 0.1°C.

TGG:633—2.5 cm TGG:850—2.5 cm FR5:633—10 cm FR5:850—10 cm TGG:543—2.5 cm

Approximate rotation at 1000 A 0.707 deg 0.345 deg 1.89 deg 0.85 deg 1.05 deg

Protection

Precision of phase 625 350 1750 820 950

Recovery (m deg)

Metering

Precision of phase 115 57 320 160 170

Recovery (m deg)
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mated. At low current values, the errors in the phase rec
ery become increasingly more significant~as the polariza-
tion rotation is reduced! and hence the errors in th
temperature recovery become more significant. Figure
shows the performance of both sensors over a range
currents from 1 to 100 A.

Earlier it was shown that to meet the specification f
protection systems, the temperature of the sensor
should be known to better than 1°C. The required accur
for metering performance was significantly more stringe
~0.1°C being required in the case of the TGG senso!.
Clearly, none of the preceding sensor combinations h
sufficient precision to meet this specification over the en
range of current values, the errors become increasin
more significant at low current values. The overall conc
sion therefore is that a direct temperature measurem
using a method that is not influenced by the current fl
within the conductor, is the most appropriate solution.

3 Current Measurement Characteristics

The specifications outlined in Table 1 describe operatio
requirements for OCT devices. As already demonstra
temperature induced variations in the Verdet constant of
sensor material during the measurement process have a
nificant bearing on the overall performance. However,
primary consideration in the measurement process is
accuracy with which the induced polarization rotation c
be recovered. To determine the relative significance
these two error contributions and to derive an OCT des
a numerical evaluation of the OCT operation was p
formed using Matlab. Often the influence of two simult
neously varying parameters can be evalua

Fig. 6 Calculated OCT performance: TGG sensor, 5 cm.
Downloaded from SPIE Digital Library on 09 Dec 2009
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analytically,14–19however, in this case, the nonlinear vari
tion of the Verdet constant with temperature prevents
solution from being readily derived. Several examples
provided to illustrate the application of the model to th
problem and a detailed breakdown of the performance o
number of devices is summarized in Table 3 and Table 4
Sec. 3.1.

In all of the following examples it is assumed that th
polarization rotation can be recovered with a precision
100m deg. The practicalities of achieving this performan
are commented on in Sec. 4, note, however, that even w
this level, the measurement errors are very significant
low currents. The predicted performance of a sensor m
from a 5 cmlength of TGG crystal is shown in Fig. 6.

The protection specification requires an accuracy of b
ter than 2% at a current value of 5% of the nominal fu
load ~i.e., in this case, 50 A!. Clearly the precision of the
preceding sensor is sufficient to meet this requirement.
metering applications the accuracy should be 0.4% at
50 A current. Again all of the TGG characteristics a
within this value, but only at the 633 nm interrogatio
wavelength. Additionally, for metering requirements, th
OCT should be accurate to 0.2% at 20% of the full lo
current ~200 A! and 0.1% at full load current. Figure 7
shows that compensating for temperature to 0.2°C is
sufficient to enable this goal to be reached.

Although it is possible to construct sensors with lon
~several centimeters! optical paths using samples of FR
glass where a multiple pass geometry can be employed,
is not as readily achieved with TGG based sensors beca
the material itself is not widely available in adequate
sized blanks. Even if it was possible to source the TGG

Fig. 7 Calculated OCT performance: TGG sensor, 5 cm.
1703Optical Engineering, Vol. 38 No. 10, October 1999
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Madden et al.: Temperature compensation for optical current sensors
this form, it is likely to be cost prohibitive. A realistic
working length for the TGG sensor is therefore around
cm and this reduction in length degrades the overall per
mance. To meet the metering specification, the tempera
compensation must be performed with the local tempe
ture known to 0.1°C and then it can only be achieved w
the operating wavelength of 633 nm, as shown in Fig. 8

The same analysis was also carried out for the FR5 g
based sensor and is displayed in Figs. 9 and 10. In this c
however, the optical path length was set to 10 cm since
represents the path length of devices currently under t
The FR5 based sensor can be seen to meet the perform
requirements for metering with a temperature measurem
precision of 0.35°C. The surprising feature is, howev
that the specification is only reached at the operatio
wavelength of 850 nm, where the Verdet constant is s
nificantly lower.

3.1 Devices for Protection Applications

The performance of protection devices is considera
easier to meet than that of metering devices, enabling
precision in polarization recovery to be significantly r
laxed. An analysis similar to that already carried out w
repeated with the specific aim of determining the sen
specifications for protection applications. These findin
along with a summary of the sensor analysis for meter
applications are summarized in Table 4. In addition to
wavelengths that are of present interest~633 and 850 nm!

Fig. 8 Calculated OCT performance: TGG sensor, 2.5 cm.

Fig. 9 Calculated OCT performance: FR5 sensor, 10 cm.
1704 Optical Engineering, Vol. 38 No. 10, October 1999
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the operation of a device interrogated with a 543 nm sou
is also listed. Such devices are not readily obtainable at
moment but vertical cavity surface emitting laser~VCSEL!
laser diodes with suitable output powers at low drive cu
rents~several milliwatts at a 10 mA drive! are under devel-
opment for display applications and these should be av
able in the near future.

Table 4 summarizes the precision with which the pola
ization rotation of the light traveling through the OCT mu
be recovered to construct devices with the required ac
racy to meet protection and metering specifications. T
main difference between the performances of the lis
schemes lies simply in the fact that wavelength/mate
combinations that produce large phase shifts in respons
the applied magnetic field require a lower phase measu
ment precision. Clearly for all cases, very precise measu
ments of optical polarization rotation are required to obta
the desired performances. These precision levels mus
translated to accuracy performances in real devices. T
all forms of potential offset and drift will have to be eng
neered out to better than the precision levels quoted ear

3.2 Detector Signal to Noise Performance

During the measurement process, the polarization rota
induced within the OCT crystal is converted to intensity b
the analyzing polarizer and it is this intensity level that
measured to determine the current level. A key limitin
factor will therefore be the electronic noise level present
the optical detector. The significance of the electronic no
level is described in the following analysis.

The output of the sensor is proportional to:

Vsensor}Poptcos2 ~451u!1Voffset, ~6!

where u is the optical phase rotation induced under t
influence of the applied magnetic field,Popt is the optical
power at the receiver, andVoffset represents dc offsets tha
might arise through thermal drift in the electronic comp
nents or linear birefringence in the optics. This influence
ignored for the time being but must be addressed in
development of a fully operational sensor. The angular b
of 45 deg accounts for the orientation of the polarizers, th
the output of the detector is a voltage signal, which can
described as:

Fig. 10 Calculated OCT performance: FR5 sensor, 10 cm.
 to 159.226.100.225. Terms of Use:  http://spiedl.org/terms



Madden et al.: Temperature compensation for optical current sensors
Table 5 OCT receiver noise performance specification. Temperature induced error is compensated to
0.1°C. The noise voltage represents the minimum resolvable voltage increment required to recover the
rotation in polarization state.

TGG:633—2.5 cm TGG:850—2.5 cm FR5:633—10 cm FR5:850—10 cm TGG:543—2.5 cm

Vac at 1000 A 148 mV 72 mV 340 mV 178 mV 219 mV

Protection

Receiver noise voltage 130 mV 73 mV 366 mV 171 mV 198 mV

Metering

Receiver noise voltage 24 mV 12 mV 67 mV 33 mV 36 mV
t
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cise
tive
Vout5~V/2!@12 sin ~2u!#, ~7!

i.e., there is a dc bias voltage ofV/2 and an ac componen
of the signal~which contains the current information! de-
scribed byV sin (2u)/2. If the calculated levels of precisio
of required phase recovery for the measurement of the
tical rotation are inserted into the preceding equation, t
the required noise floor can be calculated for a speci
bias voltage level.

The output of the present sensor is biased around a
value of 6 V, i.e., the ac component of the signal is d
scribed by:

Vac56 sin ~2u! V . ~8!

Hence the voltage swing at 1000 A and the required no
current can be calculated for each sensor. These are l
in Table 5. The rotation of polarization state has been c
culated assuming a 2.5 cm length of crystal for the TG
sensor and a 10 cm active sensor length for the FR5 se
operating at 290 K.

Examining Tables 4 and 5 gives a clear illustration
the scale of the measurement problem. In essence, the s
phase rotations that are observed at low current values
strict the operation of the device to the extent that a v
high SNR must be achieved at the receiver to meet
specification for metering or protection. To alleviate som
of this burden on the detector electronics, the optical ro
tion over the operational range can be increased. T
means that either sensors with longer interaction lengths
materials with higher Verdet constants are required.

At the moment, the most promising candidate for a p
tection device of those examined earlier in the paper is
manufactured from FR5 glass, with a 10 cm optical p
length, temperature compensated to 0.1°C and interrog
with a source wavelength of 633 nm. In this instance, s
sors with sufficient precision to produce practical devic
can be realized with receiver noise levels in the region
500 mV. The increase in Verdet constant, that can be
tained by shifting the wavelength of operation to shor
wavelengths, e.g., around 540 nm where LED and VCS
sources are becoming available will improve the perf
mance of the TGG sensor to a level comparable to tha
the FR5 sensor. Although the sensitivity of TGG to te
perature drifts is higher at this wavelength, compensa
the sensor to account for temperature changes of aro
0.1°C will be sufficient to meet the operational requir
ments.
Downloaded from SPIE Digital Library on 09 Dec 2009
-

c

d

r

ll
-

r

t

d

f

d

Note that the preceding calculations assume that the
noise sources, including vibration effects, are reduced
the below levels quoted earlier. In practice, this may
difficult to achieve. To implement the vibration compens
tion scheme, however, two counter propagating lig
sources are used.5 This has the net effect of doubling th
optical interaction length and this will, in turn, relax th
operational specification of the sensor.

In the preceding illustration, the departure from a line
model at high operational currents was ignored. This w
have the most significant impact on protection devic
where the device may be driven outside the sinuso
range of its characteristics. This represents an additio
complication that can be resolved with appropriate proce
ing but that does add to the complexity of the demodulat
system. However, the alternative of placing greater
mands on the detector electronics is extremely difficult,
already illustrated. Note also that the preceding analysis
assumed that a noise floor, in millivolts, takes into acco
all sources of noise—including vibration effects.

3.3 Comparison with Experimental Data

To assess the general validity of the preceding analysis
results were compared with an experimental investigat
carried out within the laboratory. Two variations of th
OCT are currently undergoing development, an FR5 ba
sensor~which enables a total optical path length of 10 c
to be obtained using a multipass geometrical arrangem!
and TGG based sensor~with a total optical path length o
1.5 cm!. The TGG sensor is presently being used to eva
ate the performance of a temperature compensation sch
using a thermocouple to determine the TGG crystal te
perature. The results from this experiment, as the app
current level was cycled from 1 to 1000 A, were used
gauge the performance of the model.

The precision of the phase recovery was estimated fr
the receiver SNR, which at an applied current level of 10
A was determined to be around 200. Since the optical
tation at this level is estimated to be around 0.2 deg,
measurement precision was estimated to be approxima
one hundredth of this value, around 0.001 deg. Figure
shows that over the measurement range, the model and
periment are in good agreement.

4 Experimental Evaluation of OCT Temperature
Compensation Scheme

The analysis presented in Sec. 3 demonstrated that pre
temperature compensation is required to enable effec
1705Optical Engineering, Vol. 38 No. 10, October 1999
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Madden et al.: Temperature compensation for optical current sensors
operation of OCT devices. Additionally it was reported th
indirect recovery of temperature by interrogating the dev
at two separate wavelengths was not likely to be effect
at low current levels. Therefore it was concluded tha
means of directly measuring the temperature used to c
pensate the sensor output was required. The operating
ciple was proved in the first instance using a thermocou
to provide the temperature information.

To obtain accurate and reliable measurements of
TGG crystal temperature, a thermocouple was moun
within the sensor housing in close proximity to the sens
material. Figure 12 schematically illustrates the electro
section of the temperature compensation scheme im
mented. The output of the thermocouple was amplified a
fed into an analogue to digital convertor~ADC!, the output
of which was then used as an input address for an ele
cally programmable read-only memory~EPROM! look-up
table containing the compensation characteristics for
optical material used. The digital to analogue conver
~DAC! generates the required conversion signal, which
multiplied with the OCT output signal to produce a com
pensated output.

4.1 Experimental Evaluation

Figure 13 shows the arrangement used to control the t
perature of the current sensor unit. The TGG current sen
was located within a polytetrafluoroethylene~PTFE! box
and an aluminum heat sink placed over the sensor to a
with the heat transfer mechanism. Two Peltier thermoel
tric elements were placed between the heat sink and
upper tray containing coolant during the temperature
cling tests. The use of the coolant~a combination of dry ice

Fig. 11 Experimental current measurement using TGG sensor.

Fig. 12 Functional specification of the direct measure temperature
compensation scheme.
1706 Optical Engineering, Vol. 38 No. 10, October 1999
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and methylated spirit! enabled stable temperature cond
tions to be achieved at temperatures down to220°C.

The output of the OCT was measured at a constant c
rent level of 1000 A while the temperature was cycled fro
220 to 100°C. The variation in the output signal from th
OCT transducer was then used to construct the tempera
compensation look-up curve to be stored within t
EPROM. Temperature cycles were then repeated and
look-up table used to correct the OCT output for tempe
ture fluctuations. Figure 14 shows the actual sensor ou
along with the compensated signal. The change in sen
output over the tested temperature range has been red
from 618%, uncompensated, to60.7% with compensa-
tion.

5 Conclusions

This paper has described in detail the performance of
OCT considering the influence of electronic noise of t
measurement performance. It was shown that tempera
compensation to within 1°C is, in principle, sufficient fo
protection class devices to be realized, however, pract
sensors are likely to require a greater degree of tempera
compensation. To operate a metering class device ef
tively, the temperature of the sensor must be known
within 0.1°C. The analysis is supported by an experimen
evaluation that shows good agreement with the theoret
predictions.

Fig. 13 Experimental arrangement for temperature control of the
sensor environment.

Fig. 14 Comparison between the direct and compensated sensor
outputs.
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Madden et al.: Temperature compensation for optical current sensors
A temperature compensation scheme based on a d
temperature measurement and a digital look-up table
constructed and evaluated in the laboratory. This met
was shown to reduce temperature induced errors from 2
less than 1%. Further improvements are anticipated as
engineering of the system is refined.
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