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CHAPTER 1 SENSORS AND TRANSDUCERS

Various other techniques can be employed for electric field measurements with piezoelectric or
electrostrictive materials. The most common way is to bond an optical fibre to the material. The change
of the length of the fibre causes a phase shift in the transmitted light that can be measured with an
interferometer. The phase shift depends on aL, the wavelength of the light, A, the refraction index of the
fibre, n, and a factor, {, that accounts for the coupling between the sensor and the fibre:

6z£)\£anL (18)

Since for the measurement of magnetostriction similar methods are employed, reference is also made to
Section 1.2.10.

1.1.8.2 Piezoelectric Crystals with Optical Fibres

This type of sensor consists of a piezoelectric crystal with an optical fibre bonded to it. To measure e.g.
a voltage in a gas-insulated power appliance, the sensor is positioned somewhere between the
conductor and the housing and the orientation of the crystal is chosen such that it senses the electric
field associated with the voltage between conductor and housing. The phase shift induced by an electric
field of 100 V/m can be derived from Equs. 16 and 18 to about 0.004 radians for a 1 cm sensor and a 1
um laser.

Sa
Figure 23 [34]

Optical-fibre Sensor
The sensor for measuring a particular directional component of an electrical field comprises a piezoelectric body (4) and a glass
fibre (5a) which is rigidly connected to the piezoelectric body in a given length section. A crystal class and a crystallographic
orientation of the piczoelectric body is selected such that only the directional component of the electrical field which is parallel
to a given body axis () of the piezoelectric body causes a change in a length of the glass fibre by means of an inverse
piezoelectric effect. The change in length is measured interferometrically.

Simple polariser/analyser arrangements will not suffice to determine phase shifts of this magnitude
accurately. Usually interferometers of the Mach-Zehnder, Fabry-Perot or two-mode [31] type are used.
In the Mach-Zehnder arrangement coherent light from a laser is sent through two single-mode fibres
where the first one is bonded to the piezoelectric crystal and the second one serves as reference. In a
two-mode interferometer one needs only one dual-mode fibre. The two modes undergo different phase
shifts. An additional modulator (e.g. a piezoelectric crystal) serves to adjust the working point, ie. to
set the phase shift in the absence of a field (to e.g. /2).
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26 CHAPTER 1 SENSORS AND TRANSDUCERS

With the homodyne detection technique one compensates the phase shift due to the electric field and the
result is obtained from the magnitude of the compensating variable. In Mach-Zehnder interferometers
the compensation can be done either on the reference or the measurement path, in the two-mode
:nterferometer it is done in the measurement path. Because of the temperature dependence of the length
variation, measuring and compensating elements should be at a similar temperature.

The choice of the crystal depends on the application, e.g. whether one wants to employ the parallel or
the transverse effect. Fig. 23 [34] shows a disk-shaped sensor. To increase the observed phase shift one
simply has to wind the fibre a couple of extra times around the sensor. Though this is true for all
sensors, it is more obvious for disk-shaped ones. Tables about crystal classes suitable for different
sensor geometries are given in [34]. For the disk-shapes, polyvenylidenfluorid (PVDF), piezoelectric
ceramics Lithiumniobat and quartz are appropriate.

A special class of crystals, like, e.g. GaAs, allows the simultaneous measurement of all three
components of the electric field [35]. For some of these crystals the sensitivities differ according to the
orientation.

1.1.8.3 Piezoelectric Electroacoustic Sensors

Figure 24 [36]

Electrostatic Voltage Sensor
The sensor includes a surface acoustic wave oscillator with a surface acoustic wave propagating medium (1) and transmitting
and receiving transducers (2,3) coupled to the medium. A voltage collection member (10) vibrated with a constant frequency
faces the charging plate (16) to be measured. The oscillating signal is applied to the electrode (7) and thereby causes a
variation of the surface acoustic wave delay. Voltage is measured through the resulting variation of the oscillation frequency
which is obtained at the terminal (6).

Piezoelectric electroacoustic sensors transform an electric field into a change of the resonance
frequency of an oscillator. Such an oscillator comprises a transmitter and a receiver mounted spaced
apart on a piezoelectric plate and connected by a feedback line. Any length variation, aL/L, of the
piezoelectric material (e.g. MgNbTiZrPbO; or LiNbO;), which acts as delay means for surface acoustic
waves, leads to a frequency variation, Af/f. A device based on surface acoustic waves (SAW) is shown
in Fig. 24 [36].
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CHAPTER 1 SENSORS AND TRANSDUCERS 27

field and the To avoid problems that arise when a piezoelectric element is exposed to a DC field for a longer time
rometers (creep phenomenon), the DC voltage is modulated before being applied to the sensor. The circuitry to
1ode evaluate the frequency changes from the frequency modulated resonance signal may incorporate means
f the length ‘ to compensate for temperature drift. Over a voltage range from -1 kV to +1 kV a linear response of

about 1V/kV has been observed [36].

parallel or A more recent approach is based on Lamb waves that propagate within the sensor plate. For this

\se shift one purpose transmitter and receiver electrodes have counter-plate earth electrodes on the reverse side of

orall the sensor plate. Fig. 25 [37] shows an example of the response of this type of sensor at different

Yerent resonance frequencies. |
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Fractional frequency changes as a function of the applied electric field for a selected number of
Lamb modes and for the Rayleigh (surface) wave propagating in YX LiNbO; plates.

Excerpted with permission from the Journal of Applied Physics. Copyright 1958 American Insitute of

Physics. ‘
nd transmitting |
stant frequency 1.1.8.4 Electrostrictive Sensors ‘
causes a | |
don frequency The quadratic field dependence of the electrostrictive effect allows the amplification and frequency ‘

| shifting of the signal to be measured when a DC and one or more AC fields [32], [38] are 1
ance superimposed. When the electrical field E = Epc + E,, cos wt + Eg cos Qt is squared, a DC term and
ated spaced frequency mixed terms with frequencies Q, ®, ©+Q, 2Q and 2w arise and cause length variations at ‘
/L, of the these frequencies, e.g. |
rface acoustic
AW) is shown (%)m =2ME,.E cos 0t (19)
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28 CHAPTER 1 SENSORS AND TRANSDUCERS

Measurements of low frequency, Q, fields with piezoelectric materials suffer from a noise spectrum with 1.2

a 1/f characteristic. In order avoid this noise one applies a high frequency electric field, E,, and

measures the phase shift at w=Q. Figure 26 [32] shows the strain on the crystal at the frequencies 121 1

»=Q as a function of the carrier amplitude E_. The other application is the measurement of weak

fields. According to Equation 19 the phase shift can be amplified by a strong DC or AC bias field. Tihelmos
moveme

With an optical fiber attached to a 150 mm crystal, a 1um laser and fields of 10* V/m and 100 V/m a method i

phase shift of about 3-10 radians can be expected. The analysis of the phase shift is done with ithia

interferometers as for piezoelectric crystals. conductc

In an investigation [38] of two materials that exhibit the electrostrictive effect, barium-doped lead In the sa
zirconate titanate (Ba :PZT) and a lead magnesium niobate/lead titanate( PMN)-based ferroelectric measurel
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CHAPTER 1 SENSORS AND TRANSDUCERS

1.2 CURRENT SENSORS

1.2.1 Principles

The most fundamental way to measure an electrical current is based on its very definition, i.e. the
movement of charge carriers. One “simply” counts the number of charge carriers per unit time. This
method is used for currents of charged particle beams (an application not covered by this book), e.g.
with a Faraday cup. In most applications, however, one is concerned with much higher currents in
conductors, e.g. wires, where one wants to measure currents without interrupting them.

In the same way as voltage measurements can be performed as current measurements, current
measurements can be performed as voltage measurements. Ohm’s law gives the relation between the
current flowing through a resistor (of known resistance) and the resulting voltage drop. This method is
mainly used for high currents (Sect. 1.2.3) and in computerised measuring systems with ADCs.

The oldest method to measure direct current exploits the Lorentz force, i.e. the force acting on charged
particles in a magnetic field (Section 1.2.6). Electric currents give rise to magnetic fields on their own
such that most magnetic field sensors can be used as current sensors. The sensors described in Sections
1.2.7 to Section 1.2.13 respond to the magnetic field, i.e. to different field related phenomena. Hall
elements (Section 1.2.7) and semiconductor magnetoresistances (Section 1.2.8) sense the Lorentz
force. With magnetooptical and magnetostrictive sensors changes of optical properties or of the
dimension of the sensors are observed (Sections 1.2.9 and 1.2.10). Magnetic resonance probes (Section
1.2.11) respond to the field dependent energy splitting of electron or nuclear energy levels. SQUIDS
(Section 1.2.12) sense the magnetic flux. Section 1.2.13 covers various other magnetic field sensors like
ferromagnetic sensors that are magnetised by magnetic fields and where this magnetisation leads to
different observable effects. Alternating magnetic fields due to alternating currents cause variations of
the magnetic flux. Inductive sensors, e.g. coils with or without magnetic cores, are described in Section
1.2.14.

The use of SI units leads to a minor inconvenience when dealing with magnetic fields. Magnetic fields
are represented by the field vector H, its dimension is A/m. Some equations, however, are expressed in
terms of the magnetic flux density B, givenin Tesla, I T=1V's m (the conversion to Gaussian CGS
units is as follows: 1 A/m = 47-10% Oe and 1 T = 10* G). Whereas in the Gaussian CGS system B and
H are identical in vacuum, in the SI system they are related through the vacuum magnetic permeability
w, (i, = 47107 Vs/Am):

b o]

B -y, (20)
Because of the identity of B and H in vacuum in the Gaussian CGS system, also B is frequently referred
to as magnetic field. For magnetic field responsive current sensors the external magnetic field due to the
current to be measured is the primary input. Therefore all magnetic flux densities cited in this text refer,

unless explicitly otherwise stated, to the vacuum magnetic flux density, which is related to the magnetic
field through equation 20.

The relation between an electric current I and the resulting magnetic field is given by Maxwell’s
equations. The line integral of the magnetic field H along a path s that encloses a conductor carrying a
current I is:

fHdE:I (21)
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30 CHAPTER 1 SENSORS AND TRANSDUCERS

The strength of the magnetic field at a distance r from a conductor is:

1
H = B (22)

Cf. page 150
Inside a coil with n windings per length ¢ that carry a current I, the magnetic field is given by:

Hi= L] (23)

When a magnetic material is placed in a magnetic field H, it becomes magnetised with a magnetisation
M:
M=(u-NH=vH (24)

where u = (M + H) /H is the magnetic permeability and x, = . - 1 the magnetic susceptibility.
Ferromagnetic materials have high susceptibilities x (e.g. Fe = 10*). x is much smaller for paramagnetic
(x> 0) and ( < 0) diamagnetic substances. Susceptibility and the permeability of ferromagnetic
materials depend on both the field strength and previous magnetisation (hysteresis). The relation
between M and H is linear only at lower magnetic fields, at higher field strengths M saturates. Because
of this most current sensors that use ferromagnetic cores are operated as zero field detectors, i.e. as
current comparators. A feedback circuit provides a compensating current to cancel the magnetic field.

When a ferromagnetic substance is exposed to a magnetic field H, the resulting magnetic flux density
B, inside the material exceeds B, the value in the vacuum. This is due to the magnetisation of the
substance. The enhancement corresponds to the permeability p:

B, = W, (H + M) =p, p A= p B, (25)

Another important quantity in this context is the magnetic flux, ®. The variation of the magnetic flux is
mainly used in the context of induction (Section 1.2.14). The flux is defined as the integral of the
magnetic flux density B over a surface S, e.g. the area enclosed by the winding of a coil:

¢=f§d3 (26)
S

The unit for the flux is Weber (Wb), 1 Wb=1Vs.

In various applications a sensor is placed in a gap of an annular magnetic core that surrounds a current

carrying conductor to enhance the magnetic field at the sensor. Because of the flux conservation the

magnetic field in the gap, H,, of an annular core (magnetic permeability i, radius r, gap width d) is:
ul/

H-__#BlL
9 du-1)+2nr (27)

Cf. page 150
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There are two asymptotic cases, in both cases H, is greater than the field in the absence of the magnetic
core (cf. Equation 22): '
- d << 1/u, the second term in the denominator of Equation 27 dominates and the field
in the gap is amplified by a factor y;
- d g >> r (for highly permeable iron cores p is > 1000), the first term in the denominator
dominates and the magnetic field is amplified by a factor 2m-r/d.

One advantage of magnetic cores arises from the fact that external magnetic fields cancel in the integral
around the closed loop (cf. Equation 21). When weak currents are to be measured, either form of
amplification or shielding is mandatory to eliminate the influence of the earth’s magnetic field (about
20 A/m). At strong magnetic fields, however, saturation of the core occurs.
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32 CHAPTER 1 SENSORS AND TRANSDUCERS

1.2.2 Charge Integration

To perform a simple current measurement by charge integration, one can monitor the slope of the
voltage across a capacitor while it is charged or discharged by the current to be measured. In the circuit
shown in Figure 27 [39] the collected charge is used to control a transistor.

Figure 27 [39]

Measuring Device for very Low Currents
Electric charges, the flux of which constitues the current to be measured, are collected on the conducting electrode (10) which is
connected to the insulateed gate (16) of a FET and a conducting layer (18). The charges on the electrode are compensated by
the injection of charge carriers from the semiconducting zone (14) through a thin insulating layer (22). This is done by
accelerating the charge carriers in the semiconducting zone (14) such that they can pass the insulating layer (22). The frequency
and the duration of the accelerating periods depends on the current through the FET.
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CHAPTER 1 SENSORS AND TRANSDUCERS

1.2.3 Shunts

e
e circuit

Figure 28 [40

Current Transformer
For the measurement of transient, rapidly varying short-cireuit currents, etc., in particular in gas-insulated, metal-encapsulated
switch-gear a current transformer is mounted in at least one power line (11). The current transformer has a length of thin-walled
tubing (22) which conducts {ransient short-circuit currents occurring in the power line (11) and whose external diameter is
equal to the external diameter of the power line (11). The voltage drop along a line at the surface of the length of tubing (22) is

10) which is
used as a measure of the transient short-circuit current.

1sated by

by

1e frequency
It is a well-known technique to determine the (high) current that flows through a conductor from a
measurement of the voltage drop across a resistor (current shunt). However, at high frequencies the
thickness of the shunt is crucial: its resistance corresponds to the ohmic resistance only if its thickness is
equal to or less than the penetration depth (skin effect). In the example shown in Fig. 28 [40], the
current on a power line is determined from the voltage drop across a thin tubing.
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34 CHAPTER 1 SENSORS AND TRANSDUCERS

1.2.4 Calorimetric Methods

These methods are in fact based on power measurements. We have included them in the section dealing
with current sensors because they require a current to flow. When an electric current, I, passes through
a conductor with resistance R some power, P, is dissipated:

2
p=rp=Y" (28)
R

The resulting temperature rise of the conductor can be measured with any suitable temperature sensor
and be used to determine either U or I. The response time of corresponding sensors crucially depends
on the size and the thermal properties of the conductor and the coupling of the conductor to the sensor.
An application in which the sensor immediatly responds to temperature changes of the conductor is the
measurement of infrared radiation from power transmission lines, cf Figure 29 [41].

-

o e aSe N
LINE 10
Figure 29 [41]

Measurement of the Current Flow in an Electric Power Transmission Line
The construction of a high-tension line with counterwound helical conductors around a supporting core minimizes the
surrounding magnetic field and thus reduces the skin resistance of the line as compared to its bulk resistance . Infrared radiation
from the I'R losses in the line is thus linearized and the current in the line can be directly measured by sensing the infrared
radiation from the line using using infrared detectors. Radiation from a hot line (10) and a reference line (16) is compared. A
current of about 1000 (100) A leads to a heating of 45 (0.45) °C of a 220 V line at 35 °C exposed to a cooling cross wind in the
example given. The cited resolution of the infrared cameras is 0.05 - 0.5 °C.

In another approach a sensing material which exhibits an observable temperature dependent effect is
either placed next to the current carrying conductor or used as conductor. If the observable effect
occurs at a given threshold temperature, a tapered conductor (i.e. a conductor with a smoothly varying
resistance along the current path) can be used to provide an analog indication over a predetermined
current range. If the observable effect is irreversible, the sensor acts as maximum sensor.

Amazon EX1031

Page 44

In one
provid
exhibi
listed
sensot
knowi

The shaj

decolow

The cut
of this ¢
modula
abuttin,

Optic:
currer
wavel
eleme






