


	III. Physical Principles and Applications of 


	Some Common Transducers.


Very comprehensive discussions of many classes of transducers for a variety process variable (or measurand) measurements are discussed in Haslam et al (Ch. 3.,6.,7.,8.,9.,10., 11. & 12.) and also chapter 3. of Jacob. It is not therefore the function of this section to provide a ‘blow by blow’ account of each of the many hundreds of transducer designs/packages & configurations  currently available. The present section is divided up into: 


	(III. 1) Desirable characteristics of a transducer.


	(III. 2) Transducer classes.


	(III. 3) Detailed description of selected transducers.


III. 1.


1/ High Fidelity: The transducer o/p waveform should a be a faithful representation of the measurand with ideally no distortion or noise added.





2/ The transducer should impose only minimal interference on the measurand.





3/ Size: The transducer should be a compact as possible consistent with the requirements of the device (heat dissipation, fluid throughput etc.)





4/ Ideally the transducer should be a zero order device with a direct linear relationship between o/p and i/p.





5/ The transducer should be largely insensitive to external effects (Electric/magnetic field interference, pressure, humidity, vibration, etc.- unless designed to detect these physical quantities of course !!)


6/ The natural frequency of the transducer should be well separated from that of the measurand and any harmonic components the measurand might possess.


III. 2. Transducer Classes:


In general transducer are classified by the type of output they produce - 





1/ Mechanical (displacement, rotation etc.) - 


a) Bourdon Tube  (Pressure to Displacement - Fig 3.24/ 10.6 Haslam) 





(b) Drag Cup Tachometer  (Rotation to Displacement - Fig 7.11, Haslam) 








(c) Spring:  (Force to displacement - Fig 3.1 Haslam) - F = Kx - Hooke’s Law. K = Hooke’s const. (Units of N/m).





1/ Electrical/Electronic.


	Two Distinct Groups:





	(a) Variable control parameter:


	(i) Resistance


	(ii) Capacitance


	(iii) Inductance


	(iv) Mutual Inductance


These devices require an external power source for operation.





	(b) Self-energy generating type:


	(i) Electromagnetic


	(ii) Thermoelectric


	(iii) Photoemissive


	(iv) Piezoelectric





These devices produce an electrical o/p directly in response to the measurand and exhibit very often reversible operation. For example, when stressed a piezoelectric crystal will produce an o/p voltage in response to the resultant crystal deformation. On the other hand the crystal dimension will alter with applied voltage to produce a displacement (used in high precision micro-positioning of optical mirrors etc. in actively stabilized lasers etc.). Hence the device can double as both sensor and actuator.





Resistive Sensors:





(i) Those which produce a large change in R for moderate change in measurand (e.g, potentiometers). Need only direct excitation.


(ii) Those which produce a small change in R for moderate change in measurand (e.g, Strain Gauge) and require a sensitive readout circuit - e.g, a Wheatstone Bridge.





Potentiometer: Can be used for both displacement & rotation sensing.


Rotary & translational pots. are shown below of Figs. 3.3 & 3.4 (Haslam).


The principal of operation is obvious;





	R proportional (∞) Dx - linear pot.





	R proportional (∞) Dq - rotary pot





Problems: 


	(i) Electrical Noise


	(ii) Resolution





(i) may the result of environmental noise pickup (device acts like an aerial), variation in contact efficiency giving rise to a far from smooth variation in R with Dx, mechanical wear in the contact and contact vibration. Typical contact lifetime is 20 million cycles !





(ii) is the smallest detectable change in input and depends on the match between the wiper contact area and cross-sectional area of the windings. So o/p resistance variation consists of a series of steps as the contact moves from one winding to the next (Figure 3.4 of Haslam)


In a typical configuration the change in resistance is converted to a change in voltage by the application of an excitation voltage across the pot. as in figure 3.4 of Haslam; 


	=> DR ->DV ∞ Dx


where DR is the change in R between the wiper contact and an end contact of the pot.





Suppose xi is the input displacement with a maximum value equal to xT.





	Then xT ∞ RT and xi ∞ Ri.


	So we can write Ri.= (xT/xi).RT 


So from figure 3.4 (b). we have that (assuming RL to be very large - why ?)





	Vo  = V.[Ri/{Ri. + (RT.- Ri)}]





	=V.[Ri/RT] = V.[xi/xT].[RT/RT] = V.[xi/xT]





which shows clearly the linear relationship between the o/p volts and input displacement for the sensor. 





Note: xi is quantized where Dx is the quantization interval and xT = N.Dx where N is the total no. of windings.





Clearly a high excitation voltage would be an advantage - why ?





However V is limited by power dissipation in the windings (P = V2/RT).


Problem: What is Vmax for a 10kW pot. with a max. dissipation of 0.5W ?








Loading a pot. (Say RL is not negligible).





	Then show that Vo  = V.[(xT/xi) + (RT/RL).(1-xi/xT)]-1





Solution:





Current (i) flowing in circuit splits up into i1 and iL at junction so that





	 i = i1 + iL => (V - Vo)/(RT  - R1) = (Vo/R1) + (Vo/RL) 





	= Vo/(R1 + RL) = Vo.[(R1 + RL)/R1.RL]





	=> V - Vo = Vo.(RT  - R1).(R1 + RL)/R1.RL.





	=>V = Vo.[1 + (RT  - R1).(R1 + RL)/R1.RL]





	=> Vo = V.[1 + (RT  - R1).(R1 + RL)/R1.RL]-1





	= V[1 + RT /RL +  RT /R1 - R1 /RL - 1] 





	= V[RT /RL + RT /R1 - R1 /RL] 





	= V[RT /R1 + RT /RL- R1 /RL] 





	= V[RT /R1 + RT /RL(1 - R1 /RT] 





	= V[xT /x1 + xT /xL(1 - x1 /xT] 





�
Sundry other resistive transducers (sensors):





(i) Strain Gauge (Look in detail later)


(ii) Resistance Temperature Transducers (RTD’s).





Such devices utilize the fact that the resistance of all materials depends on temperature. 





Metals: e.g., Copper, nickel, platinum, tungsten (3d & 5d metals) - Resistance increases with temperature (i.e., positive temperature coefficient of resistance) - below critical temperature R -> 0 !! - superconductors. 





Increase in R with temperature is due to the increase in collision probability of conducting electrons with the atoms/ions at the crystal lattice sites as the atoms/ions ‘heat up’ and oscillate with greater amplitude and frequency - phonons !! 





Semiconductors:





For semiconductors resistance decreases with temperature since the number of conducting electrons increases with temperature (as more electrons gain sufficient energy to surmount the energy gap) - (i.e., negative temperature coefficient of resistance). Such devices are thermistors based on oxides of chromium, manganese, cobalt, nickel etc,. (3d metals).





For metal RTD’s the transfer function (or sensitivity) is given by;





	R1 = Ro.[1 + a(T1 - To)]


	a = temp. coeff. of resistance


Copper: (0.0043 oC-1)


Nickel: (0.0068 oC-1)


Platinum: (0.0039 oC-1)





Experimentally non-linear response is seen at the temperature extremes and we write;





R1 = Ro.[1 + a(T1 - To) + b(T1 - To)2] 





a & b are obtained by fitting this expression to experimental data for a RTD.





	Ro is the resistance (in Ohms) at the reference temperature To.





The Internal Practical Temperature Scale (IPTS) is based on the Pt-resistance thermometer and covers the range -259.35 oC. -> 630.5 oC. A typical characteristic sensitivity graph for a Pt-RTD is given in Fig 3.7. of Haslam.





Problem: 


If Ro = 200W @ 0oC.and a = 0.00524 oC-1, find R @ -200, 0,100 &700 oC.?





Thermistors:


For thermistors the R = Ro exp(-E/kT) from simple Boltzmann considerations of an intrinsic semiconductor. So the sensor has a non-linear characteristic sensitivity curve (Fig 3.8 of Haslam).





Advantage: High sensitivity (Large change in R for small change in T)


Disadvantage: Non-linear characteristic sensitivity curve.





In fact the thermistor characteristic curve is closely approximated by the Steinhart - Hart equation:


	1/T = A + B.Ln(R) + C.[Ln(R)]3


where T is in Kelvin, R = resistance and A,B,C are determined by a curve fit.





Please note that complete IC sensor + signal conditioning packages are commercially available (e.g., LM335) - cf handout.





Strain Gauge:





Probably one of the most versatile devices available and is used to measure, strain but also many other secondary quantities which can be used to induce strain, e.g., tensile force, stress, pressure, flow, acceleration etc. The are many techniques used in strain measurement, electrical, mechanical optical etc. as outlined in Fig 8.1 of Haslam.





By far the easiest sensor to use is the Strain Gauge. 


Advantages:


	(i) High Accuracy.


	(ii) Fast response time.


	(iii) Linear


	(iv) Stable


	(v) Small size.





Basic Principle.





The resistance and resistivity of a metal wire are related by;





	R = r.lo/A where





r = wire material resistivity.


lo = Wire length.


A = Wire cross-sectional area.





Suppose we stress the sample so that lo -> lo + Dl. Then the cross-sectional area A -> Ao - DA [i.e., area decreases as the material volume (V) must remain constant].





	=>Volume V = loA = (lo + Dl).(Ao - DA) ---- (1)





The resistance changes to;





	R’ = r.(lo + Dl)/(Ao - DA)





From (1);


	(Ao - DA) = loA/(lo + Dl)


So;


	R’ = r.(lo + Dl)2/loA





	= r.(lo2 + 2 loDl)/loA since Dl2 ~ 0 for small Dl.


Therefore;


	R’ = rlo/A.(1 + 2.Dl/lo) = Ro.(1 + 2.Dl/lo)





Change in resistance (DR) due to strain (Dl) = ;





	DR = R’ - Ro = 2.Ro.(Dl/lo)





where Ro is the unstressed resistance.





Gauge Factor: (DR/Ro)/(Dl/lo).





For wires GF ~ 2 while for semiconductors GF ranges from -100 -> +200!





Electrical strain gauges can be divided into two basic types;





	(i) Bonded.





	(ii) Unbonded.





In Fig 8.2 some examples of bonded strain gauge construction are shown.





In Fig 8.3 an example of an unbonded strain gauge construction is shown.


(i) Bonded.





Such gauges are bonded or cemented directly onto the surface of the material being examined; thus any changes in strain on the body are sensed directly by the gauge. Most bonded gauges are;





(a) A fine wire(s) cemented onto a paper backing support.





(b) Photo-etched grids of conducting foil on an epoxy resin backing support.





(c) A simple single sliver of semiconductor material (Ge or Si) mounted on an epoxy resin backing support with metal wire lead for (ohmic) electrical contact. Such devices exhibit a reasonable piezoelectric effect which can be used measure strain.





Most constructions aim to get the largest Ro for smallest size (Compare Fig. 8.2(b) with 8.2(a) ! and 8.2(c) with both 8.2(a & b) - ALL Haslam. The ‘rosette’ construction in Fig 8.2(c) is used for simultaneous measurement in three different directions. The classification of electrical Strain Gauges is summarised below (Haslam et al, p144)

















(ii) Unbonded Strain Gauges:





A potential unbonded strain gauge construction is shown in Fig 8.3 of Haslam below. A pair of metal wires are wrapped around four sapphire posts. An input force on the main shaft cause a deflection of the pair of cantilevers. If the force is downward the strain gauge windings 3 & 4 are extended while 1 & 2 are compressed. If the force is upward the opposite situation prevails. Hence one can determine the applied force and its direction!.





Axes of sensitivity.


Most single SG’s are uniaxial with a ideally single ‘active’ or ‘principal’ axis of sensitivity. In general some ‘cross-sensitivity’ is observed (cf: Fig. 8.4/Haslam). ‘Cross-sensitivity’ is defined as the ratio of the resistance change (DR1) which occurs for a given strain along the cross-sensitive axis to the resistance change (DR2) when the same strain occurs along the principal sensitive axis. 





	Cross-sensitivity = DR1/DR2 for same strain along each axis.


 


Ideally, DR1 = 0 and no cross-sensitivity is observed.





Strain Gauge Bonding Techniques.





The main difficulty in the use of strain gauges is in ensuring that the strain on a body is accurately transmitted to the strain gauge so that it produces a faithful reproduction of the strain. So one must avoid ‘creep’ which is defined as movement of the strain gauge with respect to the body. Further, good electrical insulation of the SG from the body must be achieved.





A procedure for SG mounting is oulined by Haslam et al, p147 and is given  on the next OHP (cf: Handout)..





SG signal Processing. 


As the gauge factor and Dl are both small, DR = GF.Dl is also small. Hence the SG must be included in a high sensitivity circuit. Further, as the device is resistive it is temperature sensitive and acts like an RTD. Hence we must include temperature compensation in any SG circuit. A Wheatstone Bridge circuit will satisfy both requirements simultaneously.


The bridge includes two identical SG’s located in opposite arms. One of the SG’s has its principal axis placed along the axis of strain (active) while the other is mounted at right angles and hence only the cross-sensitivity is responsible for and variation in R with strain (ideally zero). However both SG’s vary with temperature in exactly the same way and hence balance each other exactly - temperature compensation.





	I1 = Vex/(R1 + Rg) & I2 = Vex/(R2 + R’g)





	V1 = I1.Rg & V2 = I2.R’g





Out of balance volts DV = V1 - V2





	DV = Vex.[Rg/(R1 + Rg) - R’g/(R2 + R’g)]





In addition to d.c excitation a.c excitation with subsequent demodulation to produce a d.c o/p can be used (Fig 8.11/Haslam). The demodulator is effectively a Lockin Amplifier (cf : Year 3. lab notes on Lockin Primer).





Piezoelectric Devices.





Piezoelectric Effect:





When a force is applied across a pair of faces of certain materials (often crystals), electric charges of opposite polarity are induced on the faces as a result of the piezoelectric effect. (Piezo - Greek for ‘To Press’).Fig 3.18 of Haslam.


The charge induced is proportional to the applied force: (or pressure)





	Q =a.F, or  cf: Q =b.p , b = sensitivity in C/Pa.





The device has a pair of electrodes for charge readout and hence is equivalent to a capacitor => Q = CV. Hence,





	Vinduced = (b/C).p where () = sensitivity in V/Pa





Problem: A piezoelectric pressure sensor has a sensitivity of 0.05 pC/Pa and a capacitance of 10 nF. What is the induced voltage for a pressure of 1 Atm.





1 Atm. = 105 Pa. So V = (0.05 X 10-12 /1 X 10-8) . 1 X 105 = 0.5 V





The most well known piezoelectric materials are PZT (Lead Zinc Titanate) and Quartz. Polymeric piezoelectric materials include PVDF (Poly-Vindylene-Fluoride). Since the piezoelectric effect is reversible, one can apply a voltage to the crystal and alter its dimensions thereby offering the potential for designing a motion actuator or ‘micropositioner’. Such devices are manufactured by Burleigh Inc. and offer resolution of < 0.1 µm! 


Photoemissive Devices (or light dependent resistors - LDR’s)





The most important is the reverse biased junction photodiode. However, simple metal or semiconductor slab based devices utilising the photoelectric effect can be used (Figs. 3.10/3.11 Haslam). Above the critical photon energy (= metal work function) electron are liberated from the metal (semiconductor). By applying a bias they can be collected to constitute a current. Photocurrent depends on the no. of electrons liberated/collected which in turn depends on the no of incident photons/sec (or light intensity).





	So Ip ∞ Light intensity!





	Ip = S.IR where S = responsivity in A/W and IR = incident light in W.


	=> Photovoltage Vo = Ip.RL








For a reverse biased PD the number of electron-hole pairs produced/ collected is also proportional to the light intensity for light with a photon energy greater than the semiconductor bandgap energy.





The photocurrent in both cases can be converted to a photo-voltage by passing the current through a resistor, Vphoto = RL.Ip (Cf:Sze,Semiconductor Devices).


	Capacitive Transducers.





Based on simple parallel plate capacitor considerations.


	C = eoer.(A/d)


	eo = Permittivity of free space (8.854 X 10-12 Fm-1).


	er = Relative Permittivity of dielectric medium between plates.


	A = Effective overlap area between plates.


	d = Plate to plate separation





Hence the capacitance may be made to vary by changing either the relative permittivity of the dielectric medium (er ), the effective overlap area (A) or plate separation (d). Note that C varies linearly with ‘A’ and ‘er’ but reciprocally with ‘d’;.Some examples are given in Fig. 3.13 of Haslam.


Sensitivities for each parameter are;


	(er ): dC/der  = eo.A/d - Linear


	(A): dC/dA  = ereo/d - Linear


	(d):  dC/dd = ereoA/d2 - Non-Linear but very sensitive a small d !!! 





	Inductive Sensors


The inductance of a coil wound around a magnetic rod is 





	L = µoµrN2A/l Henrys


	µo = permeability of free space


	µr = permeability of the magnetic material


	l = Rod length


	A = Rod cross-sectional area


We can write L = N2/S where S = magnetic reluctance of the inductive circuit.


So inductive sensors operate on an input stimulus which change S and gives rise to an o/p change in L.





In Fig 3.14 & 3.15  of Haslam are examples of variable reluctance inductive transducers and a characteristic curve for an inductive transducer.


The sensitivity of variable reluctance inductive transducers can be obtained in the usual way;


	dL/dµr =  µoN2A/l etc.


	dL/dl =  µoµrN2A/l2 (High for small ‘l’)


Note: C & L sensors are usually used to measure displacement, velocity etc.





Signal processing with capacitive and inductive transducers.





(i) AC excited bridges with differential capacitors and inductors (AC Wheatstone Bridge)


(ii) AC potentiometers.


(iii) DC circuits with capacitors (Q = CV).


(iv) Frequency modulation methods where the change in C or L varies the frequency of oscillation of a circuit.





Typical features of C & L based sensors:





Resolution: Theoretically infinite but limited by noise and readout circuitry.


Accuracy: Typically ± 0.1% fsd.


Displacement range: Typically 25 µm -> 10 cm.


Risetime (10- -> 90%): 50µs at best.





	Example (Inductive Transducer):





	LVDT (Linear Variable Differential Transformer





The principle of operation of the device can be gleaned from Fig. 3.16 of Haslam.





The device consists of a primary coil, two secondary coils and a moveable magnetic core which is the active displacement element of the sensor. A high frequency (Typ. 10 kHz) AC excitation voltage (Vp) is applied to the primary coil and as a result of transformer action , two voltages Vs1 and Vs2 are induced on each of the secondary coils. The amplitudes of these induced voltages depend on the degree of EM coupling between the primary and each of the secondary coils and hence on the displacement of the core (x) from the centre position. 


Usually the secondary coils are wound in series-opposition (anti-phase) - i.e, both voltages are 180o out of phase. Hence a displacement of the magnetic core further into coil 1 thereby increasing Vs1 will corresponding lead to a reduction in Vs2 .


Note: 


(i) At the central position the output voltage is (ideally) zero (Vs1 = -Vs2) and hence Vo = Vs1 + Vs2 = 0. In practice an offset (a.c) voltage is observed and ,must be nulled by external circuitry.





(ii) The sign of Vo will change with the sign of the displacement (Fig 3.17/Haslam).





In practice the ac o/p of an LVDT is converted to a dc o/p (demodulation) by;


(i) Rectification of the ac signal followed by capacitive smoothing;





(ii) Synchronous detection using phase-sensitive-detection - Lockin Amplifier (Yr 3. Lab.). A LIA produces a dc o/p voltage proportional to the rms value of an ac input voltage and also to the the cosine of the phase difference between the input sinusoidal waveform and a reference sinusoidal waveform set at the same frequency as the input (signal) waveform. See Yr 3. lab. notes.


(iii) A complete IC for LVDT excitation/demodulation (NE5520) is shown on figure 3.27 (Jacob) . 





The ac excitation voltage is provided by a sine-wave converted, amplified by ‘B’, a P phase shift obtained by ‘C’ and both signals used to the excite the primary coil while the o/p of ‘B’ is also used to provide a reference input waveform for the ‘synchronous demodulator - LIA’ section. The input signal to the synchronous demodulator is the o/p ac voltage from the secondary coils of the LVDT and is converted to a dc voltage at this point. This dc voltage is then simplified by ‘A’ and o/p on pin 1 of the IC.


	General Characteristics of an LVDT:


1/ Infinite resolution: (but at best 1 ->10 µm accounting for SNR of readout circuitry,deadband, temperature effects, etc.)


2/ Linearity: better than 0.5 % fsd.


3/ Excitation voltage frequency range: 50 z -> 20 kHz.


4/ Null Voltage: < 1% fsd.


5/ Displacement Range: 200 µm -> <1m.


6/ No wear on moving parts: There is no frictional contact between the core and the coils,


7/ Amplitude-Modulated (am) o/p:- constant frequency with an amplitude proportional to displacement and a sign which indicates direction !


8/ The meaurand is displacement (or anything which can be transduced into displacement - pressure, velocity, acceleration, vibration, force, level and rotation (using a rack & pinion system).








A cut-away view of a typical commercial small scale (± 1” movement) LVDT is shown in Fig. 6.4 (Haslam) & Fig 3.20 (Jacob). It has the following specifications (Specs.)





1/ Nominal Linear Range: ± 25mm.


2/ Input Excitation Voltage: 3V (rms) - 50 Hz -> 10 kHz.


3/ Operating Temperature Range: -55 oC -> 150 oC.


4/ LVDT sensititivity: 16 mV(rms) o/p /mm disp./V(excitation).


5/ Demodulated (dc) o/p voltage range: ± 10V (typ.)


6/ Linearity: ±0.25% fsd.


7/ Null Voltage: <0.5% fsd.





	Flow Measurement





There are three ways in which flow rate may be expressed: volumetric flow rate [Q (l.s-1)], mass flow rate [Qm = rQ(Kg.s-1)] and velocity of flow [Qv = Q/A (m.s-1)] where r = fluid density and A = pipe cross-sectional area. 





There are two basic types of flow: Laminar and Turbulent.





In laminar flow the fluid moves parallel to the walls of the pipe sliding smoothly in a single direction. For turbulent flow, at any particular instant in time or position in the pipe the flow rate may vary radically. Quantitatively the degree of turbulence is determined by the Reynolds Number:





	N = Qv.d.p/µ


where 


	Qv = Velocity of flow.


	d = pipe diameter


	r = fluid density


	µ = fluid viscosity.





Typically N . 4000 => turbulent flow and N < 2000 => laminar flow.





A number of methods exist for the measurement of flow rate. The most popular are


	(i) Pelton Flow Wheel.


	(ii) Venturi Tube (& related Orifice Plate etc.).


	(iii) Ultrasonic/optical Doppler shift sensors (non-invasive). 





The Pelton Flow Wheel is shown below. It consists of a paddle wheel immersed in the fluid with a ferrite bead. A fixed pickup coil is used to sense the ferrite bead as it moves past it (changing mag field induces a current). The current pulse is converted to a voltage and amplifier. The pulse rate is proportional to the angular velocity of the wheel which in turn is proportional to the fluid flow rate (Q). Hence we can determine ‘Q’ from the pulse repetition frequency (prf) of the sensor. The device is invasive and hence alters the flow rate. But it is ease to use, signal condition and interface.








	Venturi Flow Tube.





Principle of Operation:





The Venturi tube is and related devices are shown below (Fig 3.69 - Jacob). They are invasive and reduce the flow rate for a given fluid pressure within the pipe (reducing its conductance) by their presence (in much the same way as a resistor reduces current for a fixed voltage). They induce a differential pressure which depends on flow rate. Hence using a DP sensor (say piezoelectric) one can get an electrical signal which depends on Q!








From Yr 1.?


As fluid is forced through the narrow constriction (@ pressure P1) it must move at a higher velocity on exiting the constriction thereby experiencing a reduction in pressure (P2) on the exit side.





	i.e., P1 > P2 => v1< v2 





The ‘Energy Balance Equation’ states that;





	Kinetic Energy + Flow Energy = A Constant Value





So for an element of fluid with mass (m), density (r) and volume (V);





	1/2.mv12 + P1.V = 1/2.mv22 + P2.V





Since m = r.V, substituting in to the above eqn. we can eliminate volume (V);





	1/2.rv12 + P1 = 1/2.rv22 + P2





From the above expression we see that  P1 > P2 => v1< v2  -Venturi Effect.





Since the volumetric flow rate (on either side of the constriction) is constant;





	Q = v1.A1 = v2.A2,where An = pipe cross-sectional area on either side of the constriction, we have that;





	1/2.r.(Q/A1)2 + P1 = 1/2.r.(Q/A2)2 + P2





=>	DP = P1 - P2 = 1/2.r.Q2[(1/A2)2 - (1/A1)2]





So that finally;


	Q = [A1.A2/(A12 - A22)].√2.(P1 - P2)/r





So Q depends on the square root of the differential pressure - non-linear transducer ! In practice Q is modulated by a scaling function which depends on flow rate.





	Q’ = Q.F(Q) 





F(Q) is usually obtained by calibration against a standard for each fluid.


�
	The Thermocouple.





Physical Principle:


	When two dissimilar metal or alloys are joined together, an emf is generated between the two metals whose value depends on the junction temperature - thermoelectric effect or Seebeck effect. Alternatively When two dissimilar metal or alloys are joined together at each end and the ends are at different temperatures an emf is developed which causes a current to flow in the circuit (Fig 3.20, Haslam/ 3.79, Jacob). The magnitude of the thermoelectric current is proportional to the temperature difference between the junctions.





The main advantages of TC’s are;


(i) Small size.


(ii) Direct voltage o/p (typ. mV’s and hence requires amplification).


(iii) Wide temperature span (-250 oC - 2600 oC)


The main problem with thermocouples is oxidation and corrosion which can be offset by the use of protective, non-reactive sheath (Fig 12.2 & 12.3 of Haslam).


Basic Construction:


A pair of wires twisted at one end and brazed/welded to form a junction. Each wire is covered by an insulating material (magnesium oxide or other ceramic) and the assembly enclosed in a protective cover. The thermowell shown in fig 12.3/Haslam can be designed into say a furnace wall and permits periodic removal/ replacement of a TC without having to shut down to do so. However, the response time of the measurement is lengthened due to increased thermal inertia as the thermowell reduces the rate of heat transfer from furnace to sensor. 








In fig 12.4 (Haslam) the response time of a TC with/without a thermowell is shown. The temp. range covered is 20 -> 70 oC (50 oC). The time constant is the time taken for the temp. to reach 63.2% of max (51.5 oC) and doubles from 4 to 8 seconds with a thermowell.


Thermocouple Classes:


					(i) Base-metal


					(ii) Rare-metal.


Class (i) uses a combination of a pure metal and an alloy of iron, copper or nickel for temps. up to 1450 K. 





Advantages:


(a) Cheap materials used in construction> So they can be made large, more robust etc. if necessary.


(b) Provide a higher o/p potential difference for a given junction temperature than many other materials.





Disadvantages:


Restricted temperature range and prone to oxidation. 





Class (ii) TC’s use a combination of a pure metal and an alloy of platinum or rhodium for temps. up to 2000K and tungsten, rhenium or molybdenum for temps. up to 2900 K. Some typical examples of base-metal/rare-metal TC’s are given in the table 12.1 (Haslam) below.





Sensitivity of a thermocouple:


Characteristic sensitivities of selected TC’s are given in Fig. 12.5 (Haslam). 








The slope sensitivity (or Seebeck Coefficient) for;


(i) Type-T TC is 15 mV/300 oC = 0.05 mV/ oC.


(ii) Type-E TC is (76-28) mV/(1000 - 400) oC = 0.08 mV/ oC.


(iii) Type-S TC is (76-28) mV/(1000 - 400) oC = 0.01 mV/ oC.


(Compare with Table 3.13, p179 of Jacob).


Note that a TC is linear only over a limited temp. range. For truly accurate temperature measurement the NIST has fitted the characteristic sensitivity curve to a polynomial;


			T = a0 + a1x + a2x2 + .......anxn


where 


	T = temperature (oC).


	x = TC o/p (differential) voltage.


	an = polynomial coefficients (unique set for each type of TC).


Measuring the thermoelecric emf.


	This is not so easy as the wires used to connect a meter (say) to the TC introduce further junctions as seen in Fig 3.80/3.81 (Jacob) below. 








Consider the copper-constantan type-T TC which has a thermoelectric emf V1 induced across the junction. However at connecting points J2 and J3 ,junctions are also formed (Cu -Cu & Constantan - Cu).with induced voltages V2 & V3. As the Cu - Cu junction has Fermi levels matched no thermoelectric (TE) emf is induced at this point ( V3 = 0). So the meter reads DV = V1 - V2 which is directly proportional to the temp. difference between junctions J1 and J2.


�
Cold junction referencing:





In operation a TC usually has a cold junction reference (typ. ice point) and a hot sensitive or measuring junction. The reference temperature must be stable and accurate. Three methods are use to obtain these conditions..





(i) Use an ice bath directly - only useful in laboratory measurements but not for process control applications (Fig 3.81/Jacob) If V1 is fixed by using a cold bath then one can relate DV(= V1 - V2 ) directly to temperature. 





Since V = aT + C, where a = slope sensitivity and C absolute zero offset volts.


			DV = V1 - V2 = a(T1 - T2) where T is in Kelvin





		= a(T1 + 273.15 - T2 + 273.15) where T is now in oC.





since T2 = 0 in oC, we get for ice-point referencing that;





					DV = aT (oC)





Tables of DV .vs. temp. for standard TC’s with ice-point compensation are available from the NIST (formerly NBS) on pages 175 - 178 of Jacob.





(ii) Provision of a stable temperature using a thermostatically controlled cold junction held just above ambient or room temperature (using say a peltier cooler). Peltier effect is the ‘inverse Seebeck effect’. An offset voltage must be added to the measured emf to compensate for the fact that the ref. junction is not at 0 oC!


(iii) ‘Intelligent’ cold junction compensation (Fig 3.82 - Jacob).





Assume junctions J3 & J4 at the same temp = Tref.. 





			DV = V1 + (V3 - V4). = V1 + Vref.





(1) measure RT to find Tref. and convert Tref. to its equivalent reference junction voltage Vref. 





(2) Measure DV and subtract Vref. to get V1 which you convert in temp. of junction ‘1’ - J1. 





This may be done most simply by interfacing the system to a PC and having the PC carry out operations 1 & 2.


An alternative is direct ‘Electronic Ice Point Compensation’ as depicted in figure 3.84 (Jacob). In this case an IC sensor plus amplifier are used to generate the compensation voltage  (V3 - V4). = Vref. directly. An IC temperature sensor generates a compensation voltage 





Analog devices manufacture the AD594 & AD595 IC’s which consist of an instrumentation amplifier with thermocouple cold junction compensator on a single monolithic (as opposed to hybrid) chip. It has a precalibrated amplifier producing ~10 mV/oC referenced to the ice-point for type-J and type-K TC’s respectively  (Fig. 3.85 - Jacob).





Calibration data from Analog Devices are given in Table 3.10, p173-174 of Jacob. The device can be run from +ve only (T > 0 oC) or both +ve & -ve supply rails (for T > 0 oC  and T < 0 oC operation). The calibrated o/p appears across pins 8 & 9. The ice-point compensation is achieved via the connection of a TC directly across pins 2 & 6.


Single chip IC temperature sensors.





A number of manufacturers provide complete sensor + signal conditioning on a single chip for ease of integration into process monitoring & control.





LM 335: A temp. sensitive Zener diode with a transfer function given by;





			Vz = (10 mV/K) .T or equivalently


			Vz = 2.73 V + (10 mV/oC) .T





A typical biasing circuit is shown in Fig 3.89/Jacob. 


(i) Using the zero adjust pot the anode can be set at -2.73 V so that 0oC will yield a 0V o/p. 





(ii) The diode as a current carrying capacity of 0.4 -> 5 mA. Operation at 1mA is recommended. So set 





		R bias = Vsupply - Vz (nominal mid. range temp)/ 1mA





(ii) One should keep R zero << Rbias in order not affect Iz !





Example:


Design a LM335 circuit to cover the range -10 -> 50oC with a nominal operating temperature of 20 oC. Assume a supply voltage of ±5V.





Nominal Vz = 2.73V + (10mV/oC).20oC = 2.93 V





Zener anode set at -2.73 V => Vout = Vz - Voffset = 0.2 V





		So Rbias = (5V - 0.2V)/1mA = 4.8 kW.





		Choose Rzero small (say 500 W)





For linear operation it is important that the load current be small compared to the minimum current flowing through the Zener diode;





		i.e., Iload << Izmin





Let VmaxT be the voltage dropped across the zener diode at maximum temperature input.





Then the above condition becomes;


		Iload = VmaxT /RL <<  Izmin = Vsupply - VmaxT/Rbias





or equivalently RL >> VmaxT.Rbias/Vsupply - VmaxT





		Vz @ 50 oC = 2.73 V + (10mV/ oC)(50 oC) = 3.23 V





Noting the -2.73 V offset we get that;





		VmaxT @ 50 oC = 3.23 V - 2.73 V = 0.5 V





So finally we require that 





 		RL >> 0.5V.4.8 kW/(5 V - 0.5 V) = 522 W





The LM34 IC temperature sensor.





This is by far the simplest sensor and requires little if any external circuitry. It has a calibrated o/p directly in oF and covers the range -50 -> 300 oF. The LM34 is supplied in a TO-46 transistor package, operates of a single +ve supply voltage (5 -> 20 V) and draws only 70 mA from the supply thereby minimising self-heating (<0.2 oF).  Figs 3.90 (a) & (b)/Jacob show two simple configurations for operation with +ve and -ve temperature ranges. For 3.90(a) the o/p varies from 50 mV -> 3.00 V (+5 oF -> +300 oF). For 3.90(b) /Jacob the o/p must be -vely biased;





The manufacturer specifies that R1 = -Vs/50 mA => Vs = -5V, R1 = 100 kW.








AD590/592 IC temperature sensor.





AD manufacture a sensor which provides a calibrated current as opposed voltage output. The characteristic sensitivity is;





		Iout = (1 µA/oK).T where T is in /oK


					or


	Iout = 273 µA + (1 µA/oC).T where T is in /oC





The AD590 provides an accuracy of ±0.5 oC over its range -55 oC -> 150 oC while the AD 592 covers the range -25 oC -> 105 oC with 0.2  oC linearity in the range 0 oC -> 70 oC and ±0.5 oC accuracy @ 25 oC. The advantages of this device over the LM34 series are;





(i) Calibration in Kelvin &


(ii) Current source =>  it can be used in remote sensing applications. It is difficult to use voltage o/p sensors in the case as voltage is affected by impedance matching and losses around the circuit. However, current is independent of impedance and is thus the preferred option for the representation of a physical parameter (such as temp.) in sensing/control applications. In fact, control loops use current as the standard transmission signal (4 mA -> 20 mA). As in the case of the LM34, the AD59x series requires a single supply rail for operation. A typical remote temp. sensing configuration is shown in Fig 3.91 (a) while offset of the 273 µA if interested in operation from 0oC is obtained in a similar way to that for the zener diode sensor [Fig 3.91(b) - Jacob].


 


Note:9.5 kW + 1 kW(adj.) give ~ 1µA X 10 kW = 10 mV/0C in both circuits !


		Instrumentation Amplifier:





	A wide variety of sensors provide differential o/p signals (such as the TC, out of balance voltage from a Wheatstone bridge etc.) and hence require an amplifier with differential input for amplification of the (usually) low level signal and conversion to single ended (reference w.r.t signal ground) o/p.


			The Inst. Amp. (IA) is such a device. 





Characteristics:


(i) Differential input - single ended o/p (DV -> V)





(ii) Very high input impedance: Draws very little current from sensor - important to ensure linear operation of sensor.





(iii) High common mode rejection ratio (CMRR). The device is insensitive to swings in any common dc level at each input.





(iv) High common mode noise rejection ratio (CMNRR). The device is insensitive to swings in any common noise level at each input.





(v) Potentially very high & stable gain.





The IA consists of two main stages; 





(a) the high input impedance differential input stage (draws little current) &





(b) The low o/p impedance difference amplifier (source reasonable current).





	The IA input stage is sketched below (Fig 4.1 Jacob). 








It consists of a pair of high input impedance op-amps. 





Voltages e1 & e2 are applied to each input, DV = e2 - e1.





The current flowing through the o/p resistor chain is given by;





			Iloop = Vo/ (Rg + 2R)





However, by definition of the operation of an op-amp, the voltages on the ‘-’ and ‘+’ inputs should be equal (Fig 4.1). Hence we have that;





			Iloop = (e2 - e1)/Rg = Vo/ (Rg + 2R) 





	and finally   Vo = (e2 - e1).(1 + 2R/Rg) = DV(1 + 2R/Rg)


 In figure 4.2 the second stage of the IA is added. The output voltage in this case is simply;





			Vout = -(Rf/Rin).(1 + 2R/Rg)DV





Figure 4.4 (Jacob) shows how the o/p current sourcing capability can be enhanced using a bipolar transistor (push-pull) configuration.





In figure 4.5 - Jacob, any residual dc offset in Vout can be trimmed out by having the o/p of a unity gain inverter connected to the ‘+’ input of the o/p difference amplifier.





Figs 4.6 & 4.7/Jacob  show the AD524 IA chip and a typical sensor configuration.





Looking at Figure 4.6 - Jacob one can adjust the AD524 gain by connecting a resistor (Rg) between pins 3 (RG2) and 16 (RG1). The gain is then;





			G =1 + 2R/Rg = (40,000 W/Rg) + 1





Preset gains are also available by connecting RG2 to any of pins 11 (G = 1000), 12 (G = 100) or 13 (G = 10).





Problem: From data given in Fig 4.7 - Jacob calculate Va, Vb and Vout.








Vb = 50% of supply voltage (5 v) as determined by pot. divider 350 - 350 W .





Va = (349 W/349 W + 350 W). 10V = 4.99285 V





G = 100.





So Vout = V(Va - Vb) = 100 (4.99285 - 5 V) = -715 mV.





CMRR: The set-up in figure 4.7/Jacob shows that IA’s must amplify differential signals where each component input resides on a high dc level (in this case DV = -7.15 mV sitting on 5V dc levels). 





			CMRR = 20 Log10(G/Ac)


Common mode gain: Ac = Vout(common mode)/e(common mode).





Vout(common mode) is the output volts from an IA if a pair of equal dc voltages [e(common mode)] are applied to the ‘+’ and ‘-’ inputs of the IA. 


Ideally Vout(common mode) = 0  and the CMRR is infinite !





Problem: Using figure 4.7 data again we have;





				G = 100, 


				e(common mode) = 5V


				CMRR = 100 dB (typ. AD524)


So


			CMRR = 20 Log10(G/Ac) = 100 dB


				=> Log10(G/Ac)  = 5 dB


				=> (G/Ac)  = 105


				Ac = G/105 = 0.001


Hence Vout(common mode) = Ac.e(common mode) = 0.001 x 5V = 5 mV.





	Common mode error = (5/715) x 100% = 0.7%


Fig.4.9 shows AD524 with i/p & o/p offsetnull and i/p decoupling capacitors.


�



