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*** IMPORTANT ***

*** OPERATING AND SAFETY PRECAUTIONS ***

*** STATIC CHARGE WARNING ***
The use of an ECT sensor with moving dielectric fluids in an insulating pipe can give rise to the development of high electrostatic potentials on the sensor and pipe which could create a safety hazard for both the operator and the plant. The sensor metalwork should be solidly grounded to protect the operator and any implications for the safety of the plant being monitored should be carefully considered before using the ECT system.

Moreover, the input channels of the Data Acquisition Module contain CMOS circuitry. Because of the nature of the measurement of very small values of capacitance used in the system, it is not possible to fully protect these inputs. It is therefore very important that any sensors connected to the inputs of this unit are fully discharged before connections are made. All sensors used with the DAM 200 unit should include built-in discharge resistors of no more than 1 Mohm in value, connected between the individual sensor electrodes and the screens of the coaxial connecting leads, to ensure that static charge can not build up on the sensor electrodes.

ELECTROMAGNETIC COMPATIBILITY
The PTL300 ECT system is a sensitive scientific instrument. Under normal operating conditions, the system will not cause problems to other electronic equipment provided that the ECT sensor used with the system is adequately screened and grounded.

However, the PTL300 system may be adversely affected by high levels of electrical interference because of its high measuring sensitivity. If these problems persist, please contact PTL for advice on possible solutions to these problems. 
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WARRANTY
This equipment is warranted by Process Tomography Ltd., (the Company) against any defects of materials or workmanship for a period of one year from the date of despatch. In the case of components employed in this equipment but not manufactured by the Company, the manufacturer's warranty will apply. 

During the warranty period, the Company will repair or, at the Company's option, replace any warranted item that proves on examination to be defective, provided the equipment is returned, carefully packed and carriage prepaid to the Company, together with full details of the claimed fault. 

This warranty is in all cases limited to the cost of making good the defect in the equipment itself. It does not apply to defects caused by abnormal conditions of working, accident, misuse, neglect, wear and tear, or to equipment which has been repaired or altered other than by a person authorised by the Company. 

In no event shall the Company be liable for any damages or injury which may result from the use or misuse of this product by the purchaser, his employees or others, or for any incidental or consequential damages.    

To register a claim under the provisions of this warranty, please contact the Company for instructions for returning the equipment. 


COPYRIGHT
The copyright of this manual is owned by Process Tomography Ltd. Purchasers of the PTL300 system may make copies of this manual for their own use only. All other reproduction or copying is prohibited unless authorised in writing by PTL.   

ELECTRICAL CAPACITANCE TOMOGRAPHY
Electrical Capacitance Tomography is a new research tool which allows measurements to be made on process plant which were previously either difficult or impossible to realise. The PTL300 ECT system is a PC-based version of the world's first commercial ECT system (the PTL200 Transputer-based ECT system) and its design is based on recent research in the Process Tomography Group at the University of Manchester Institute of Science and Technology (UMIST) in the United Kingdom. This instruction manual contains a broad spectrum of information about electrical capacitance tomography, as well as specific operating instructions for the PTL 300 single and twin-plane ECT systems. The PTL300-SP-G system allows data from one axial plane of electrodes to be imaged while the PTL300-TP-G system allows data from one or two planes to be imaged simultaneously.

HOW TO USE THIS MANUAL
This manual applies to both single and twin-plane PTL300 ECT systems. Where appropriate, data which applies only to twin-plane systems is contained within square brackets [ ] and should be ignored by users of single-plane systems. The manual is divided into five main sections.  

Section 1, consisting of  chapters 1 to 7, contains basic information about the operation of the PTL300 Electrical Capacitance Tomography (ECT) system and provides a brief introduction to Electrical Capacitance Tomography. All first-time users should read section 1, which includes basic information about how to set up the ECT system and check it for correct operation. Full detailed operating instructions for the control software are given in chapter 6.

Section 2, which contains chapters 8 to 11, describes the principle of operation of the ECT hardware in some detail and explains how the ECT system measures the inter-electrode capacitances of the ECT sensor.

Section 3,  which contains chapters 12 to 15, explains how ECT images are reconstructed from the capacitance measurements.  

Section 4, which contains the single chapter 16, describes test software which allows the ECT system to be used directly for capacitance and other measurements.

Section 5 contains a number of Appendices which give further detailed information about the ECT system, including data file formats and circuit constants.

When users have read section 1 and the system has been successfully set up and tested, the remainder of the manual  should be read to familiarise the user with the details of the ECT system and its operation. Most of the functions of the system can be checked using the demonstration sensor[s] supplied with each system. 

Once the ECT hardware and software have been mastered using the demonstration sensor[s], users will want to apply the system to custom sensors on their own plant. Process Tomography Ltd can provide advice to users to enable them to design their own custom sensors or can arrange for custom sensors to be designed and supplied to customers on request.
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SECTION 1
BASIC INFORMATION

1. POST-DELIVERY INSTRUCTIONS

1.1 UNPACKING THE SYSTEM

Following delivery of the ECT system, the system components should be unpacked, identified and checked for shortages against the delivery note. Any damage or shortages should be notified to the carrier and to PTL immediately.  

1.2 SYSTEM COMPONENTS

Figure 1 shows photographs of the overall system, the data acquisition module and the demonstration 12 element sensor and figure 2 shows a functional diagram of the ECT system. A  PTL300 ECT system consists of the following items:

Industry-standard  personal computer containing custom ECT communications hardware and loaded with  PC ECT software version 2.1.

15 inch SVGA colour PC monitor.

DAM 200 data acquisition module.

1 [2] X demonstration 12 element capacitance sensor[s]. 

1 [2] X 5 metre twin twisted pair communications link cable[s].

2 X IEC mains leads (for PC and DAM200).

1 X PC monitor mains lead.

This instruction manual.

1 set of PC ECT software version 2.1 on 3 x 3.5 inch diskettes.

1.3 POWER SUPPLY INFORMATION
The ECT system power supplies will normally be set up to suit the requirements of individual customers. The main PSU in the DAM200 unit will accept voltages from 90-240V, 50 or 60Hz. However, the PC power supply is pre-set to either 230V or 115V, and users should check that the correct setting is in use. The Power Supply input on the PC monitor should also be checked to ensure that it is correct for the application. 
2. CHECKING AND TESTING THE ECT SYSTEM
The following instructions allow a PTL300 ECT system with standard software to be set up and checked with the minimum of explanation. The instructions assume the use of the demonstration sensor[s] supplied with the system. Detailed operating instructions are given in the later sections of the manual, which should be read before the system is used further.

The PCECT version 2.1 software will run under either the Windows 3.1, Windows 95 or Windows 98 operating systems.The instructions in this manual assume the use of the Windows 3.1 operating system but alternative instructions for Windows 95/8 are given where appropriate.

2.1 STATIC CHARGE PRECAUTIONS
The input channels of the Data Acquisition Module contain CMOS circuitry. Because of the nature of the measurement of very small values of capacitance used in the system, it is not possible to fully protect these inputs. It is therefore very important that any sensors connected to the inputs of this unit are fully discharged before connections are made. All sensors used with the DAM 200 unit should include built-in discharge resistors of no more than 1 Mohm in value, connected between the individual sensor electrodes and the screens of the coaxial connecting leads, to ensure that static charge can not build up on the sensor electrodes.

2.2 TESTING THE ECT SYSTEM WITH THE DEMONSTRATION SENSORS  

2.2.1  Setting up the ECT system

1. Assemble the demonstration sensor[s] as described in Appendix 2 (first time of use after unpacking only) and connect it [them] to the input channels of the DAM200 data acquisition module. Connect one sensor to the plane 1 channels [and the other sensor to the plane 2 channels], ensuring that each numbered sensor lead is connected correctly to the appropriate numbered sensor input channel (S1 to S12) on the DAM200 unit. Note that the channel numbers start at 2 on the right hand end of the front panel and that channel 1 is next to channel 12 on the DAM200 unit. As the demonstration sensors do not contain guard electrodes, no connections are made to the Guard channels on the DAM200 unit. 

2. Connect one communications link cable between the DAM200 unit (4-Way DIN connector on rear panel labelled “DAM LINK 1” and its corresponding PC control board (37-way D connector at rear of PC labelled "DAM LINK 1”). [Connect the other cable between the similar connector pairs labelled “DAM LINK2”].

3. Connect up the remainder of the system as shown in figure 3. 

4. Switch on the PC, the monitor and the DAM200 unit (mains switch on rear panel).

5. The SUPPLY ON LED and the LOW FREQUENCY LED should illuminate on the front panel of the DAM200 unit.

6. The PC should go through its boot-up procedure and the PC monitor will display the opening menu. Select option 7 from the menu and PC will boot up to display the standard DOS  C:> prompt. (In  W95/8 the PC will boot directly to the Windows Desktop.) 

7. Open Windows 3.1 by typing WIN [R] at the C> prompt. (Note: [R] means use the ENTER key). (Windows 95/8 users should ignore this step).

8. Double-click on the [Twin-Plane] PCECT  icon in the Program Manager window.  (In W95/8, double-click on the PCECTSP [PCECTTP] program folder icon on the Desktop. 

The [Twin-Plane] PCECT opening window shown in figure 4 will appear.

2.2.2  Testing the sensor [connected to Plane 1] 

1. Double click on the PCECT [Plane 1] icon in the PCECT opening window. The Configuration screen shown in figure 5 will appear.

2. If necessary, re-set the screen parameters as follows by selecting (click the mouse on) the relevant box and selecting the required option or typing in the appropriate data:


Number of electrodes : 12


Image resolution : 32



Frequency : High



Stop after buffer filling : No (no X in box)


Display files before saving : No (no X in box)



Hardware base address : 300   


Image gain: 1


Volume ratio from: image


Image truncation: Off (no X in box)

3. Click on Mode in the menu bar

4. Select On Line from the drop-down menu. The [single plane] ECT On-line window (as shown in figure 6a) will be displayed. The HIGH FREQUENCY lamp on the DAM200 unit should now be lit. If this has not happened, there is a fault in either the equipment or the data input to the software which should be investigated and corrected before proceeding further. 

5. At this point, the ECT system must be calibrated. The PC monitor may automatically display a message prompting the user to calibrate the system, in which case calibration should be carried out as decribed below. If this message is not displayed, click the mouse on the Calibrate button and the calibration procedure will be started.  

6. Calibrate the sensor [connected to plane 1] as instructed on the screen. The user is first instructed to fill the sensor with the lower permittivity material. In the case of the demonstration sensor, this can be done by standing the sensor vertically on end with the electrodes at the top of the tube, in which case the sensor is filled with air. The user is next instructed  to fill the sensor with the higher permittivity material. In the case of the demonstration sensor, this is done by inverting the tube so that it is again vertical, but this time with the electrodes at the bottom of the tube.

7. As soon as the system has been calibrated, an image of the full tube is displayed in red. The effects of moving the fluid inside the tube can be easily seen by simply inverting the demonstration sensor, when the image changes to blue (air). The user should experiment by tilting and/or twisting the sensor to see the effects of a partially-filled sensor.

8. Exit  the PCECT [Plane 1] software by clicking on the - box at the top left hand corner of the screen. The system will prompt with the message “Do you want to save calibration data?”  Respond “Y” and save the calibration data file with the file name calib1.cal. The start-up window shown in  figure 4 will now re-appear.

[2.2.3  Testing the sensor connected to Plane 2

The sensor connected to plane 2 can be tested in a similar manner. 

From the start-up window, select the PCECT Plane 2 icon. Then repeat the procedure described in section 2.2.2 but this time using the sensor connected to plane 2. When exiting the software, save the calibration data using the file name calib2.cal.]

[2.2.4  Testing both sensor planes simultaneously

With the demonstration sensors connected to each measurement plane on the DAM200 unit, select the PCECT Twin Plane icon in the start up window. Then repeat the procedure described in section 2.2.2 but this time using both sensors simultaneously. The twin-plane on-line screen is shown in figure 6(b) and is similar to the single plane screen but with the addition of an extra image for the second sensor plane. When exiting the software, save the calibration data using the file name calib12.ca2.]

Detailed operating instructions, including a full description of the various windows and controls are given in section 6. 

N.B  In case of difficulty, please re-check the set up of the hardware and check that the software settings are correct as described above. If the problems persist, please read the detailed operating instructions given in section 6.

3.  INTRODUCTION TO ELECTRICAL CAPACITANCE TOMOGRAPHY 
3.1  BACKGROUND INFORMATION
Electrical Capacitance Tomography is a technique for obtaining information about the contents of closed pipes or vessels. ECT uses a circular array of capacitance electrodes to produce an image of the variation of the permittivity of the medium contained within a pipe or other vessel positioned inside the array of electrodes. ECT systems produce relatively low-resolution, approximate images, but can do this at high speed. The information produced by the ECT system is largely qualitative, although some quantitative information can be obtained under favourable circumstances. 

The PTL300 ECT system is intended primarily for use with mixtures of two materials having different dielectric constants (permittivities). These are known as two-phase mixtures and for mixtures of this type, the ECT system can provide approximate information about the relative proportions of the two materials inside the ECT sensor at any given time (voidage), as well as displaying their approximate distribution across the sensor plane.

ECT systems can be used to obtain images of the distribution of permittivity inside ECT sensors for any arbitrary mixture of different dielectric materials. However, an important application of ECT is viewing and measuring the spatial distribution of a mixture of two different dielectric materials (a two-phase mixture). For a two-phase mixture, ECT can be used to measure the spatial distribution of the composite permittivity of the two materials inside the sensor. From this permittivity distribution, it is possible to obtain the distribution of the relative concentration (volume ratio) of the two components over the cross-section of the vessel.

A typical ECT permittivity image format uses a square grid of 32 x 32 pixels to display the distribution of the normalised composite permittivity of each pixel. For a circular sensor, 812 pixels are used to approximate the cross-section of the sensor. The values of each pixel represent the normalised value of the effective permittivity of that pixel. In the case of a mixture of two dielectric materials, these permittivity values are related to the fraction of the higher permittivity material present (the volume ratio (or voidage)) at that pixel location.

The overall volume ratio, which defines the ratio of the two materials present, averaged over the volume of the sensor, can also be obtained. The overall volume ratio of the materials inside the sensor at any moment in time is defined to be the percentage of the volume of the sensor occupied by the higher permittivity material. The volume of the sensor is the product of the cross-sectional area of the sensor and the length of the sensor measurement electrodes.

In all of the following we shall be referring to the relative permittivity (or dielectric constant) of materials. The relative permittivity of a material is its absolute permittivity divided by the permittivity of free space (or air). Hence the relative permittivity of air is 1 and typical values for other materials in solid or liquid format are polystyrene (2.5), glass (6.0) and mineral oil (2.3).

In this manual, we have used three different terms to describe the same concept, as they are all in common use. These are volume ratio, voidage and concentration, which we define to be the fraction of the higher permittivity material present in the mixture. These terms are inter-changeable in the following test. 

A typical application of ECT is for the real-time monitoring of the motion of fluids, including multi-phase flows, in process engineering plant. Specific applications where ECT has been successfully used to-date include the monitoring of powder conveying, flames, combustion and explosions, mineral processing, fluidised beds, wood rot, hydrate formation and catalyst structures, and for checking product uniformity. In general ECT can be used to monitor any process where the fluid to be observed has low electrical conductivity and a varying permittivity.   

3.2  PRINCIPLE OF OPERATION
An ECT system produces one or more cross-sectional images of the permittivity profile of the contents of a pipe or vessel from measurements of capacitance between combinations of sensor electrodes which surround the vessel. The images produced by current ECT systems are approximate and of relatively low resolution. Although it is possible to use vessels of any cross section, most of the work to-date has been carried out on circular vessels.

Images are produced in the following way:

1. The properties of the sensor are measured or calculated initially to produce a sensitivity map of the sensor. This is a set of numerical matrices whose elements correspond to the individual pixels in a rectangular grid which is used to define the sensor cross-section. 

2. The sensor is normally calibrated at each end of the range of permittivities to be measured by filling the sensor with the lower permittivity material initially and measuring all of the individual inter-electrode capacitances. This operation is then repeated using the higher permittivity material. The data obtained during the calibration procedure is used to set up the measurement parameters for each measuring channel and is stored in a calibration data file. 

3. Once the system has been calibrated, the capacitances between all unique pairs of sensor electrodes are measured continuously at high speed, giving N(N-1)/2 unique values per measurement or image frame, where N is the number of sensor electrodes. 

4. An image reconstruction algorithm is used to compute the cross sectional distribution of the permittivity of the material inside the pipe. Images can be constructed from the capacitance measurements either at the time of measurement (on-line) or from stored or captured data (off-line). The algorithm supplied as standard in the PTL300 system is the so-called linear back-projection (LBP) algorithm. This is a fast but approximate algorithm which uses the capacitance measurements, together with the sensitivity map to produce the image. Other alternative algorithms can be used with the stored data to produce more accurate images.

The various stages in this measurement process are described in more detail in the following  sections.

3.3 THE SENSITIVITY MAP

The sensitivity map describes how the measured capacitance between any combination of electrodes changes when a change is made to the dielectric constant of a single pixel inside the sensor. This can be better understood by considering the case where one electrode is connected to a positive potential V and all of the other electrodes are connected to earth. The electric field distribution for this situation is shown in figure 7(a) (the figure shows the equipotential lines) and is relatively uneven, the field being strongest near to the electrodes and weakening with increasing distance from the electrodes. 

The effect of this is that the change in capacitance measured between any two electrodes caused by an object with a given permittivity will vary depending on the location of the object. When used with a circular cross section sensor, the ECT system is most sensitive when an object is placed near the walls of the vessel and is least sensitive at the centre of the vessel. Allowance is made for this effect from knowledge of the variation of sensitivity with position for each pixel. This information is stored in the sensitivity map file. When the ECT system constructs images, it reads the sensitivity map and compensates the image pixels accordingly. The sensitivity map is described in more detail in sections 12 and 13.

3.4  ECT SYSTEM CALIBRATION

In the normal method of operation, an ECT system is calibrated by filling the sensor with the two reference materials in turn and by measuring the resultant inter-electrode capacitance values at these two extreme values of relative permittivity.

This situation is shown diagramatically in figure 7(b), which illustrates how the measured inter-electrode capacitances change between the higher and lower values of permittivity used for calibration, for two materials of relative permittivity KL and KH. For simplicity, it has been assumed that the variation is linear.

This method of calibration defines the two end points of the measurement range for most types of ECT measurement.

3.5 CAPACITANCE MEASUREMENT AND NORMALISATION

Once the ECT system has been calibrated, the capacitances between all unique pairs of sensor electrodes are measured continuously. These capacitance values are stored, initially in binary format in memory and can be used to construct an image of the permittivity distribution inside the sensor.

In PTL ECT systems, use is made of normalised parameters to represent the inter-electrode capacitance measurements and also the displayed values of pixel permittivity. 

The most important advantages of normalisation are:

1. It eliminates the need for the user to know the dielectric constants of the individual materials inside the sensor.

2. The widely different ranges of capacitance measurements between different combinations of electrodes are reduced to a single measurement range from 0 to 1. 

3. The effect of measurement errors inside the DAM200 unit (including cross-coupling between measurement channels) is reduced.

4. ECT system calibration and operation are greatly simplified.

There are also some disadvantages to the use of normalised parameters. However, at present, the advantages of normalisation out-weigh the disadvantages and allow the ECT system to be operated in a much simpler way than would be possible if absolute values were used.

In the data capture process, the measured values of inter-electrode capacitances for the ECT sensor for each image frame and the pixel permittivity values derived from them, are normalised to lie between the values 0 and 1, where 0 corresponds to the values measured at the lower permittivity calibration point and 1 corresponds to the values measured at the upper permittivity calibration point. This is carried out using the reference data in the calibration file which is generated during the calibration process. 

The following sections describe in detail how these capacitance measurements and pixel permittivities are normalised and used to calculate the volume ratio of the materials inside the ECT sensor.

3.5.1 NORMALISATION OF INTER-ELECTRODE CAPACITANCES
The inter-electrode capacitances measured at the lower permittivity calibration point (CL) are assigned values of 0 while the inter-electrode capacitances measured at the higher permittivity calibration point (CH) are assigned values of 1. This relationship is shown in graphical format in figure 7(c) and is defined by the equation:




Cn = (C - CL) / (CH - CL)




(3.5.1)

where Cn is the set of normalised inter-electrode capacitances and C are the set of absolute capacitances  measured with the sensor containing a material of arbitrary permittivity, CH are the set of capacitances measured at the higher permittivity calibration point and CL are the set of capacitances measured at the lower permittivity calibration point.

3.5.2 NORMALISATION OF PIXEL PERMITTIVITY VALUES

The relative permittivity values of each pixel are calculated from the normalised capacitance values as described in section 3.6. and are normalised in a similar manner to the inter-electrode capacitances. Specifically:

The permittivity values for each pixel in the ECT image for the lower permittivity calibration point (KL) are assigned values of 0, while the pixel permittivities in the image at the higher calibration point (KH) are assigned values of 1. This relationship is shown in graphical format in figure 7(d) and is defined by the equation:




Kn = (K - KL) / (KH - KL)




(3.5.2)

where Kn is the set of normalised permittivities (pixel values)  when the sensor is filled with a material of permittivity K, KH is the effective permittivity of the material used to calibrate the sensor at the higher permittivity calibration point and KL is the permittivity of the material used to calibrate the sensor at the lower permittivity calibration point.

3.6 CALCULATION OF NORMALISED PIXEL PERMITTIVITIES FROM INTER-ELECTRODE CAPACITANCE MEASUREMENTS
The ECT system constructs permittivity images from the normalised capacitances using Linear Back-Projection (LBP). For an ideal ECT sensor with internal electrodes and containing a dielectric material of uniform permittivity, there will be a linear relationship between the normalised inter-electrode capacitances and the resulting normalised pixel permittivity values. For example, if the sensor contains a uniform material of normalised permittivity Kn = P, the normalised inter-electrode capacitances will all have the value P, resulting in an image where each pixel also has the value P.

The basis of linear back-projection is described in detail in PTL application note AN1. The following section gives a brief mathematical description of the method. 

3.6.1. THE LBP ALGORITHM

In an ECT system, images are constructed of the cross-sectional distribution of dielectric material inside an ECT sensor from values of capacitance measured between combinations of electrodes located around the periphery of the sensor. In PTL ECT systems, the ECT image is normally based on a grid of 32 x 32 square pixels. 

The method used to derive the values of each pixel in the image from the capacitance measurements is the so-called Linear Back-Projection (LBP) algorithm, which was originally developed for use in X-ray tomography systems. In this algorithm, it is assumed that the relationship between the measured values of inter-electrode capacitance c and the permittivity k of each pixel can be written in matrix form as follows:



C = S.K





(3.6.1)

where C is a column vector containing the set of m normalised inter-electrode capacitance measurements c for one image frame, K is a column vector containing the set of n normalised pixel permittivities k and S is a normalised m x n matrix known as the sensitivity matrix (or map). All of the values in these matrices and column vectors are normalised to lie within the nominal range 0 to 1.

The value of m (the number of possible unique inter-electrode capacitance measurements) is 28 for an 8-electrode sensor or 66 for a 12-electrode sensor. The value of n will be 1024 for a 32 x 32 pixel grid.

An ECT system is normally used to image a combination of two materials having different permittivities. The ECT system is calibrated at a lower point when full of the lower permittivity material and then at a higher point when full of the higher permittivity material.

The sensitivity matrix S is the normalised set of inter-electrode capacitance measurements obtained when all of the pixels except one are occupied by the lower permittivity material and the remaining pixel (which we will refer to as the probe pixel) is occupied by the higher permittivity material. The elements in the matrix S will be referred to as capacitance coefficients. 

The sensitivity matrix will consist of m (eg 66) sets of capacitance coefficients, each set containing 1024 capacitance coefficients corresponding to each individual pixel location. Note that the values of the coefficients for pixel locations outside the sensor boundary will be zero. 

Equation 3.6.1 shows that for any arbitrary permittivity distribution inside the sensor, the individual inter-electrode capacitances are obtained by adding up the effects of each individual probe pixel, weighted by its actual permittivity, k. That is, by summating the combined efects of the 812 pixels inside the circle (out of the 1024 total number of pixels) on the measured inter-electrode capacitances, when each of these pixels is a probe pixel in turn, but weighted by its actual permittivity, rather than that used to derive the sensitivity matrix pixel (the higher calibration permittivity). 

If each probe pixel contains the higher permittivity material, then the effect of adding up the inter-electrode capacitances which occur for each probe pixel location should give values of capacitances which equal those measured when the sensor is full of the higher permittivity material (the values measured at the upper calibration point). However, in practice, because of field distortion, this will only be approximately true and this is the first of several possible sources of error in the LBP algorithm. Clearly, if the probe pixels contain dielectric material of lower permittivity than that of the higher permittivity material, then the resultant inter-electrode capacitances will have lower values than those measured at the higher calibration point.

Equation 3.6.1 relates the measured capacitances to the permittivity distribution inside the sensor. However, the object of an ECT system is to derive the permittivity distribution from the measured inter-electrode capacitances. In principle, this can be done by simply inverting equation 3.6.1. That is:



K = S-1.C





(3.6.2)

where S-1  is the inverse matrix of S.
Unfortunately, it is only possible to obtain the inverse of a matrix if it is square, that is, one where m = n. As this is not the case for ECT systems, it is not possible to invert the sensitivity matrix and hence some other method must be found to generate the permittivity distribution from the capacitance measurements. 

The method used in the LBP algorithm is based on the assumption, already stated, that the measured inter-electrode capacitances are equal to the sum of the capacitances for that particular electrode combination caused by each pixel location inside the sensor acting individually, using the actual normalised permittivity for each pixel location in turn. This process is known as forward projection
Conversely, the image pixel values are obtained by assuming that the inverse relationship is true, namely that the permittivity of each individual pixel can be obtained by some relationship of the form:



K = Q.C 





(3.6.3)

where Q is a matrix to be defined. This technique is known as back projection.

Now as K is an n x 1 matrix and C is an m x 1 matrix, it is clear that Q must be an  n x m matrix if equation 3.6.3 is to be valid. The matrix which is chosen for Q in the LBP algorithm is the transpose sensitivity matrix ST (formed by interchanging the rows and columns of S), which has the required dimensional form (n x m)

Hence equation 3.6.3  becomes:



K = ST.C





(3.6.4)

The transpose sensitivity matrix ST can be considered to be the matrix of normalised  permittivity coefficients which, when multiplied by the matrix of inter-electrode capacitance measurements C, yields the required matrix of permittivity pixels K. The transpose sensitivity matrix ST will consist of n (1024) sets of permittivity coefficients, each set containing m (eg 66) permittivity coefficients corresponding to each individual inter-electrode capacitance measurement. Note that the values of the coefficients for pixel locations outside the sensor boundary will again be zero. 

Equation 3.6.4 is the basis of the LBP algorithm and is used to calculate the required pixel permittivity distribution.

The LBP algorithm is simple and fast. However, the images produced by this algorithm are blurred because, unlike the case of X-rays, where a single ray path between source and detector will pass through  only one set of pixels, the electric field between two capacitance electrodes spreads out and intercepts many pixels. The effect of this is to give a spurious and unwanted level of background permittivity to each pixel. This can be removed by some form of filtering or thresholding if required. Alternatively, an iterative technique as described in PTL application note AN4 can be used to improve the image accuracy.

In the standard PTL PCECT operating software, no thresholding, filtering or iteration  is used at present. 

3.7  CALCULATION OF MATERIAL VOIDAGE FROM PIXEL PERMITTIVITY OR CAPACITANCE  VALUES

Having obtained the permittivity distribution across the sensor, the next step is to derive the overall volume ratio (voidage), of the mixture of the two dielectric materials inside the sensor, and also the distribution of this voidage across the sensor. The overall voidage can be obtained either from the measurements of the normalised capacitances between the sensor electrodes or from the permittivity distribution of the mixture, derived from these measurements. The voidage distribution is obtained from the permittivity distribution. 

There are a number of possible methods which can be used to calculate the voidage and the choice of the optimum method depends on the electrical model used to describe the physical distribution of the two materials inside the sensor. For some applications, such as liquid or dense-phase mixtures, a simple parallel capacitance model can be used to obtain the voidage distribution directly from the permittivity distribution of the mixture. This is the method which is used in the PCECT software. In this case, the voidage is numerically equal to the normalised pixel values. Other methods for calculating voidage are described in PTL application note AN2. 

3.7.1  ABSOLUTE AND RELATIVE VOIDAGES
All voidage values obtained from the ECT system are based on the assumption that the voidage is 100% when the sensor is full of the higher permittivity material and is zero when the sensor is filled with the lower permittivity material. Consequently, the voidage values obtained from an ECT system are Relative Voidages.

If the two materials used for calibration are liquids, then the voidages obtained from the ECT system will correspond nominally to the actual absolute voidages. 

However, in many cases, one of the reference materials (the lower permittivity material) will be air. Air has a dielectric constant (relative permittivity) of 1, which is, by definition, the lowest possible value of dielectric constant which can exist for any real material. If the second reference material is in granular or powder form, the upper calibration point will be formed by a mixture of air and the granular material. 

This will result in a lower permittivity for the upper calibration point than would be obtained by simply assuming the relative permittivity of the dielectric material in its solid form. For example for a mixture of glass beads and air, the measured permittivity of the mixture is around 3, whereas the permittivity of solid glass is approximately 6. 

In this case, the absolute voidage for both the individual pixels and the sensor as a whole is obtained by multiplying the indicated relative voidage by the actual voidage at the upper calibration point.

For example, if the indicated relative voidage of a pixel is p and the absolute voidage when the sensor is full of the higher permittivity material is f, then the absolute voidage of the pixel, VR, will be given by:





VR 
= 
p.f




(3.7.1) 

It should be noted that the permittivity or volume ratio distribution can only be obtained from the inter-electrode capacitance measurements if:

1. There are no more than 2 materials present inside the sensor.

2. The sensor has been correctly calibrated using these two materials.

3.7.2 CALCULATION OF RELATIVE VOIDAGE FROM ECT MEASUREMENTS
The overall voidage of the contents of the ECT sensor can be calculated from either the normalised pixel values in the reconstructed ECT image or from the normalised capacitance measurements directly. The choice is left as an option for the user to determine the method which gives results closest to the actual overall voidage.  

In the case of calculation from image pixels, this is done by summing the values of the individual pixels in the ECT image for the required image frame and dividing this figure by the sum of these pixel values when the sensor is full of the higher permittivity material.

Putting this in mathematical terms,




                     M







VR = (1/M) ( (P(i) / Pk)




(3.7.2)



                    i=1

where VR is the voidage, M is the total number of pixels, P(i) is the value of the ith pixel, and Pk is the value of the ith pixel when the sensor is filled with the higher permittivity material (nominally 1).

In the case of calculation from the normalised inter-electrode capacitances, the voidage is obtained by summing all of the normalised capacitance values for one image frame and dividing these by the sum of the normalised capacitances when the sensor is filled with the higher permittivity material. 

Again, putting this in mathematical terms,





        N







VR = (1/N) ( (Cn / Ck)




(3.7.3)



                    n=1

where N is the total number of electrode-pair measurements, Cn are the individual electrode-pair normalised capacitances and Ck  are the electrode pair capacitances with the sensor full of the higher permittivity material (nominally 1). 

In both of these cases, the voidage is calculated either directly or indirectly from the measurements of normalised capacitance. 
3.8  MEASUREMENT CAPABILITIES OF PTL300 SYSTEM

The PTL300 ECT system measures the inter-electrode capacitances of an ECT sensor and from these measurements, produces cross-sectional images of dielectric materials inside the ECT sensor on a PC monitor screen. The ECT system produces relatively low-resolution, approximate images, but can do this at high speed. The information produced by the ECT system is largely qualitative, although some quantitative information can be obtained under favourable circumstances.

The PTL300 ECT system is intended primarily for use with mixtures of two materials having different dielectric constants (permittivities). These are known as two-phase mixtures and for mixtures of this type, the ECT system can provide approximate information about the relative proportions of the two materials inside the ECT sensor at any given time (voidage) as well as displaying their approximate radial distribution across the sensor plane.

PTL ECT systems can be used with ECT sensors containing either one or two sets of 6, 8 or 12 measuring electrodes and can be used with sensors containing guard electrodes. The PTL300-SP-G ECT system can be used to view the contents of closed pipes or vessels at one axial location while the PTL300-TP-G system can be used to image at two separate axial locations simultaneously. If the vessel walls are non-metallic external sensor electrodes can be used. If the vessel walls are metallic, the sensor electrodes must be placed inside the vessel walls. The materials to be imaged must be essentially non-conducting dielectric materials such as oils, plastics, powders or other similar materials. 

Measured inter-electrode capacitances can also be stored in a data file on a continuous basis at speeds up to 200 frames per second, depending on the number of electrodes on the sensor. Images are displayed over a circular cross section made up from a selected number of pixels contained in a 32 X 32 square grid. The colour of each individual pixel represents the average value of the normalised permittivity (in a range from 0 to 1) of the material in the cell.

The ECT system must be calibrated before it can be used. This involves filling the ECT sensor with two different materials having permittivities at the lower and higher ends of the permittivity range to be measured.

The equipment can be used in a number of different modes: 

· The ECT system can be used to display On-line images of materials and can also record the inter-electrode capacitance measurements while images are displayed, so that images can be reconstructed and replayed at a later date using either the PCECT Replay software or other alternative software.

· Images can be displayed and captured at data rates selected by the user and can be replayed at the same or different rates, again selected by the user. Facilities are also provided for single-stepping through recorded images.

· The normalised permittivity of individual pixels in the ECT image can be displayed either On-line or when data is replayed and the values of the normalised inter-electrode capacitances can also be displayed in both On-line and Replay modes. The instantaneous volume fraction (or concentration) of the materials inside the sensor is displayed continuously on the image screen.

· Alternative sets of sensitivity maps for different dielectric materials and/or sensors can be used and test software is provided which allows the measurement of absolute values of inter-electrode capacitances for sensor design and testing purposes.

· Finally, the recorded capacitance data can be used for the independent calculation of volume ratio or for the calculation or display of  images using other image reconstruction software.  

3.9  TYPICAL RESULTS
Figure 8 shows a sequence of images obtained from a number of applications, including the imaging of gas bubbles in oil, a fluidised bed experiment and a sensor imaging a flame. In all of the examples shown, the images  are based on a normalised permittivity scale which progresses from zero (blue) through green, to a maximum value of 1 (red).

The first example shows a 15cm diameter clear plastic pipe containing a mixture of oil and gas. An external 12 element capacitance sensor is shown attached to the pipe. The ECT image shows a gas bubble passing through the sensor. The blue area of the image represents the gas bubble and the red area of the image represents the oil.

The second example shows a sequence of ECT images obtained using a fluidised bed consisting of a vertical pipe containing an epoxy powder. Air is blown vertically from the bottom of the bed, through a filter and the powder is fluidised by the air flow. An 8 element capacitance sensor with 2.5 cm long sensor electrodes was used to obtain the images. The image sequence shows the unfluidised initial state (red image) (A), partial fluidisation (green image) (B), excess fluidisation allowing the formation of an air hole (blue area) in the bed (C) and final state following the removal of the air supply (D).

The final example shows a 6 element capacitance sensor constructed inside an aluminium cylinder of internal diameter 10cm. The ECT image was obtained using a butane flame positioned approximately in the centre of the sensor.
3.10   CONDUCTIVITY EFFECTS

The PTL ECT system uses a relatively simple method to measure the capacitance impedances between pairs of sensor electrodes. Consequently, the capacitance measurement will also respond to any conductive component present between the electrodes. For normal applications, where the ECT sensor contains ‘ideal’ dielectric materials such as oil, glass or plastics, the conductive component is negligible and the capacitance measurement is reasonably accurate. However, when the conductive component of the impedance between the electrodes becomes comparable to the capacitive component of impedance, errors will occur. 

The problem is most severe for sensors with external electrodes, as it is very difficult to obtain any accurate information from sensors with external electrodes containing a fluid material which is not a perfect dielectric, for the reasons given at the end of this section. In the following few paragraphs, we will consider the case of an ECT sensor constructed with internal electrodes, which are in contact with the dielectric fluid to be imaged, which will be assumed to have finite conductivity.

In these circumstances, problems will occur when the conductive component of the impedance between pairs of electrodes becomes comparable with the capacitive component of impedance. This situation will occur first between the pairs of opposite electrodes in the ECT sensor (where the capacitance is lowest). For a typical ECT sensor, the capacitance between opposite electrodes at the lower permittivity calibration point is around 10 fF, which corresponds to a capacitive  impedance of (1/2*PI*F*C) = 12.7 Mohm at 1.25 Mhz.

If the conductive impedance between the pair of opposite electrodes  is comparable with, or less than this figure, the ECT system will respond to the conductive component as well as the capacitive component of impedance. As the conductivity of the material inside the sensor increases, the conductive impedance between the electrodes will fall and will become much lower than the capacitive component of impedance. In these circumstances, the ECT system will start to behave as an Electrical Resistance Tomography (ERT) system, responding predominantly to changes in the conductivity of the material rather than its permittivity.

In practice, the effect of conductivity is noticeable with pure distilled water, becomes a severe problem with tap water and becomes the dominant current path for even weak saline solutions. In these circumstances, any images obtained from the ECT system will be based on the conductive properties of the medium rather than its dielectric properties. In fact the ECT system can be considered to be operating as an ERT system when the conductivity reaches these levels. 

As the conductivity increases further, two further effects occur which drastically reduce the accuracy and effectiveness of the ECT system in its ‘ERT’ mode. The first of these is a saturation effect. As the resistance between the pairs of electrodes falls, the current which flows into the detector electrodes overloads or saturates the detector circuitry and no further changes in current are measurable unless steps are taken to reduce the measurement sensitivity. 

The second effect occurs because the ‘on’ resistances of the electronic switches in the ECT system rather than the resistance of the medium start to limit both the voltage which can be applied between the sensor electrodes and also the currents which flow between them. So even if the measurement circuitry is desensitised to allow larger currents to be measured, there will be a loss of sensitivity because of the resistances of the electronic switches. In these circumstances it is preferable to use a constant-current-injection measurement technique (rather than the applied voltage method which is used in ECT systems) to obtain the ERT image and this is indeed the method which is used in commercial ERT measurement systems.

As mentioned earlier, the problem of conductive fluids is much more serious if external electrodes are used. This is because there is relatively weak electrical coupling through the wall of the sensor between the electrodes and the sensor fluid when compared with the coupling across the fluid. Consequently the conductive fluid tends to act as a continuous and perfectly conducting object. If the sensor is full, the fluid acts as a circular conducting shield just inside the sensor wall and simply couples the electrodes together via the dielectric material of the sensor wall. When this happens, the image obtained is simply that of the outside surface of the fluid only. It is not possible to image inside even slightly-conducting fluids using ECT  sensors with external electrodes (it is just possible if distilled water is used).

4.0  OVERVIEW OF SYSTEM HARDWARE AND SOFTWARE

4.1  SYSTEM COMPONENTS
A block diagram of the PTL Electrical Capacitance Tomography system is shown in figure 2. The system consists of a capacitance sensor unit, a data acquisition module and a personal computer equipped with custom communications and control hardware. These components are described briefly in the next few sections. More detailed information about  the components of the system is given later. A photograph of the complete ECT system is shown in figure 1(a). 

4.2 CAPACITANCE SENSOR UNIT
The capacitance sensor unit, which will normally be a customised module for each individual application, can take one of two basic forms. The simplest arrangement, for a single plane sensor, consists of a non-conducting section of pipe surrounded by an array of equally-spaced screened capacitance sensor electrodes. A demonstration 12-element sensor of this type is supplied with each ECT system and photographs showing its construction are shown in figure 1(c) and also in figure A2.1. An alternative arrangement is an insulated pipe liner, fitted with sensor electrodes which is inserted into the pipeline.  A twin-plane sensor will contain two sets of measuring electrodes located at different axial planes, together with guard electrodes.

It is usually most convenient to put the capacitance sensor electrodes on the outside of the pipe or pipe liner to avoid contamination of the sensor by the fluid inside the pipe. However, it should be noted that sensors with electrodes on the outside of the wall can exhibit considerable non-linearity in their response to dielectric materials introduced inside the sensor. This effect is caused by the presence of the sensor wall, which introduces a series coupling capacitance into the measurement. If accurate measurements are required, it may therefore be necessary to use sensors with electrodes on the inside surface of the sensor wall.

As the inter-electrode capacitances are typically fractions of a picoFarad, an earthed screen is required around the electrodes to eliminate the effects of extraneous signals, which would otherwise predominate and corrupt the measurements. The overall sensor assembly can be encased for operation in high-pressure systems and is connected to the Data Acquisition Module by screened flexible coaxial leads.
If the sensor electrodes are short compared with the diameter of the sensor, axial guard electrodes must be used in addition to the measuring electrodes, to prevent the electric field from spreading excessively at the ends of the electrodes. These guard electrodes are connected to guard driving circuitry on the data acquisition module.

4.3  DATA ACQUISITION MODULE
The data acquisition module contains 1 [or more] set[s] of capacitance measuring circuitry, together with circuitry for driving any guard electrodes. The presence of the earthed screen around the sensor and the screened connecting leads means that a stray-immune method must be used for measuring the inter-electrode capacitances. The technique used in the DAM200 unit is a development of the charge transfer method, operating at a switching frequency of either 0.625 MHz or 1.25 MHz, which allows capacitance values down to 0.0003pF (0.3 femtoFarads) to be resolved.

The higher measuring frequency doubles the sensitivity of the measuring system but the system can only drive half the stray capacitance to earth compared with operation at the lower frequency. The choice of measuring frequency is therefore a trade-off between sensitivity, sensor design and the electrical properties of the sample. For most normal applications, the ECT system should be operated at the HIGH frequency setting to maximise the signal to noise ratio.

The data acquisition module is connected to the host computer system by one [or two] unscreened twin twisted pair cable[s]. All adjustments of the DAM are made from within the system software. These include adjustment of the circuit gain for individual capacitance measurements, calibration of the system, and continuous automatic monitoring and compensation for zero drift in the capacitance measuring circuitry.

4.4  COMPUTER SYSTEM AND SOFTWARE
An IBM-compatible personal computer containing custom communications hardware controls the Data Acquisition Module and displays images on the PC monitor. The PCECT software can be run under either the Windows 3.1 or Windows 95 operating systems on a Pentium PC. As supplied the software is configured to operate under the Windows 3.1 operating system. The ECT system is controlled directly by the software and images are displayed on the PC monitor. The capacitance sensor system must be calibrated before images can be captured and displayed and this is also carried out under software control. 

The software provides options to allow images to be displayed and/or captured on or off-line with a choice of measuring frequencies. The PTL300 system can capture basic capacitance data from a single-plane sensor at a rate in excess of 50 frames per second for a 12 element capacitance sensor. However, the rate at which images can be displayed in real time depends on the power and speed of the control computer. If it is required to view images at the highest possible data rate, a preset number of frames of data can be captured and stored. This data can then be processed into images and viewed off-line after the event.

5. OPERATING PRECAUTIONS
5.1 *** STATIC CHARGE WARNING ***
The use of an ECT sensor with moving dielectric fluids in an insulating pipe can give rise to the development of high electrostatic potentials on the sensor and pipe which could create a safety hazard for both the operator and the plant. The sensor metalwork should be solidly grounded to protect the operator and any implications for the safety of the plant being monitored should be carefully considered before using the ECT system.

Moreover, the input channels of the Data Acquisition Module contain CMOS circuitry. Because of the nature of the measurement of very small values of capacitance used in the system, it is not possible to fully protect these inputs. It is therefore very important that any sensors connected to the inputs of this unit are fully discharged before connections are made. All sensors used with the DAM 200 unit should include built-in discharge resistors of no more than 1 Mohm in value, connected between the individual sensor electrodes and the screens of the coaxial connecting leads, to ensure that static charge can not build up on the sensor electrodes.

5.2 ELECTROMAGNETIC COMPATIBILITY
The PTL300 ECT system is a sensitive scientific instrument. Under normal operating conditions, the system will not cause problems to other electronic equipment provided that the ECT sensor used with the system is adequately screened and grounded.

However, the PTL300 system may be adversely affected by high levels of electrical interference because of its high measuring sensitivity. If these problems persist, please contact PTL for advice on solutions to these problems. 

5.3 EFFECTS OF DRIFT
The circuitry used in the data acquisition module is highly sensitive and some short-term drift will occur after switch-on. The system should therefore be allowed to stabilise for approximately 15 minutes before final calibration and the commencement of measurements.

Similarly, the capacitance sensor will be sensitive to small changes in temperature of the sensor and the temperature of the sensor must be stable before making measurements.

If drift becomes a problem, the ECT system should be recalibrated just before measurements are made. Alternatively, a number of calibration files should be generated prior to an experimental programme, under different conditions of ambient temperature and time from switch on. The calibration file which gives the best results (for eg the low permittivity calibration point) can then be selected for subsequent measurements.

6. OPERATING INSTRUCTIONS
The following operating instructions assume that the standard PCECT system software (version 2.1) has been correctly installed on the host PC. (Software installation instructions are given in Appendix 8). 

6.1 SYSTEM SET UP AND SOFTWARE INITIALISATION 

1. The PTL300 ECT system can be used with [either] a single [or twin] -plane ECT sensor, which may or may not contain guard electrodes.

6.1.1  USE WITH SINGLE PLANE SENSORS

1. Connect the sensor electrode leads of the appropriate capacitance sensor to the [Plane 1] input channels of the DAM200 data acquisition module. (Observe the static warning and precautions mentioned in section 5.1.) Ensure that each numbered sensor lead is connected correctly to the appropriate numbered sensor input channel (S1 to S12) on the DAM200 unit. Note that the channel numbers start at 2 on the right hand end of the front panel and that channel 1 is next to channel 12 on the DAM200 unit. If the sensor contains guard electrodes, these should be connected to the appropriate guard channels on the DAM 200 unit. 


2. Connect one communications link cable between the DAM  LINK1 connector (4-way DIN type) on the rear panel of the DAM200 unit  and the 37-way D connector labelled DAM LINK1 at the rear of the PC.


3. Connect up the remainder of the system as shown in figure 3. 


4. Switch on the PC, the monitor and the DAM200 unit (mains switch on rear panel of DAM200).


5. The SUPPLY ON LED and the LOW FREQUENCY LED should illuminate on the front panel of the DAM200 unit.

6. The PC should go through its boot-up procedure and the PC monitor will display the opening menu. Select option 7 from the menu and PC will boot up to display the standard DOS  C:> prompt. (Or directly to the Windows Desktop in W95/8.)

7. Open Windows by typing WIN [R] at the C> prompt (W95/8 users ignore this step). (Note that it is helpful to set the Windows screen colours to have black as the background window colour. This can be done by selecting Control Panel from the Windows Main group and then selecting Colour from this group and adjusting the screen colours to suit.) A PTL recommended colour set is provided for all systems with pre-installed software.   

8. Double-click on the [Twin-Plane] PCECT icon in the Program Manager window. (In W95/8 double click on the PCECTSP [PCECTTP] program folder icon on the Desktop.)The [Twin-Plane] PCECT opening window shown in figure 4 will appear.

9. Double click on [either] the PCECT [Plane 1] icon [or the PCECT Plane 2 icon (depending on which sensor is to be used)] in the [Twin-Plane] PCECT opening window. The Configuration screen shown in figure 5 will appear. Please refer to section 6.2 for further information.

[6.1.2  USE WITH TWIN PLANE SENSORS
The Twin-Plane PCECT software allows data from either or both sensor planes of twin-plane ECT sensors to be captured and displayed.

To use the Twin-Plane PCECT software with a twin-plane ECT sensor, proceed as follows:


1. Connect the Plane 1 sensor electrode leads of the appropriate capacitance sensor (labelled S1A etc) to the Plane 1 input channels of the DAM200 data acquisition module. (Observe the static warning and precautions mentioned in section 5.1.) Ensure that each numbered sensor lead is connected correctly to the appropriate numbered  plane 1 sensor input channel (S1 to S12) on the DAM200 unit. Note that the channel numbers start at 2 on the right hand end of the front panel and that channel 1 is next to channel 12 on the DAM200 unit. 

Similarly, connect the Plane 2 sensor electrode leads of the capacitance sensor (labelled S1B etc) to the Plane 2 input channels of the DAM200 data acquisition module.

If the sensor contains guard electrodes, these should be connected to the appropriate guard channels on the DAM 200 unit. 

2. Connect one communications link cable between the DAM  LINK1 connector (4-way DIN type) on the rear panel of the DAM200 unit and the 37-way D connector labelled DAM LINK1 at the rear of the PC.

Similarly, connect the other communications link cable between the DAM  LINK2 connector (4-way DIN type) on the rear panel of the DAM200 unit and the 37-way D connector labelled DAM LINK2 at the rear of the PC.


3. Connect up the remainder of the system as shown in figure 3. 


4. Switch on the PC, the monitor and the DAM200 unit (mains switch on rear panel of DAM200).


5. The SUPPLY ON LED and the LOW FREQUENCY LED should illuminate on the front panel of the DAM200 unit.

6. The PC should go through its boot-up procedure and the PC monitor will display the opening menu. Select option 7 from the menu and PC will boot up to display the standard DOS  C:> prompt. (Or directly to the Windows Desktop in W95/8.)

7. Open Windows by typing WIN [R] at the C> prompt (W95/8 users ignore this step). (Note that it is helpful to set the Windows screen colours to have black as the background window colour. This can be done by selecting Control Panel from the Windows Main group and then selecting Colour from this group and adjusting the screen colours to suit.) A PTL recommended colour set is provided for all systems with pre-installed software.   

8. Double-click on the [Twin-Plane] PCECT icon in the Program Manager window. (In W95/8 double click on the PCECTSP [PCECTTP] program folder icon on the Desktop.)The [Twin-Plane] PCECT opening window shown in figure 4 will appear.

9. Double click on the PCECT Twin Plane icon in the Twin-Plane PCECT opening window. The Configuration screen shown in figure 5 will appear. Please refer to section 6.2 for further information.]

6.2  The Configuration screen

The first screen to be displayed is the PCECT - Configuration screen. This is shown in figure 5 [and is the same for both single and twin-plane operation]. The system configuration parameters will contain default settings after installation, or the most recent settings on re-starting the software. The plane of electrodes in use is selected in the start-up window as described in section 6.1.2.

Details of the parameters in the Configuration screen are as follows:



Calibration file: Selects the name of the calibration data file to be used for image display either by using the BROWSE button and selecting a file or by typing the name of the file to be used. Suggested default file name is CALIB.CAL.



Number of electrodes: Sets the software to match the number of electrodes on the sensor in use. This parameter must be correct.



Image resolution: Sets the number of pixels in the image to N X N where N is the number set in this box. Note that N must match the sensitivity map in use (ie 20 or 32 at present).



Frequency: Sets the clock frequency as either LOW (0.625 MHz) or HIGH (1.25 MHz). Note that the frequency is not changed until the ON-LINE screen is selected. Suggested initial setting is HIGH.


Stop after buffer filling: In the On-line screen, data capture and image display cease once the selected number of frames or the capture time have been exceeded. The display then reverts to the Replay screen. If this parameter is switched OFF, the buffer is continuously cycled and data capture and display are continuous. Suggested initial setting is OFF.



Display files before saving: Shows the calibration data, image and capacitance data files before they are saved. Suggested initial setting is ON.



Hardware base address (hex): The address of the PC interface board. For both single and twin-plane PC-based ECT systems this is 300. This setting must be correct for the hardware in use.

Image gain: This value should normally be set to 1. If it is set to any other value, the normalised values of the individual pixels in the image displayed in either the On-line or Replay windows will be multiplied by this value. The effect is therefore to change the gain or attenuation of the displayed image. This makes it easier to see small changes in permittivity on the screen, particularly when the image displayed contains pixels with values close to zero. Note that the actual pixel values are unchanged by the image gain setting, they are simply displayed at higher values on the colour scale. The image gain factor does not affect the values of the normalised capacitances stored in the measured data files.
Image truncation box: When this box is enabled (crossed), all pixel values are truncated to lie within the range 0 to 1. This facility can be used to alleviate the effect of severe field distortion. In this case, any stored image data files will also contain truncated pixel data.

Volume ratio from box: This determines whether the volume gauge parameter (volume ratio) in the On-line and Replay windows is calculated from the image pixels or the normalised capacitance measurements. Slightly different values will be produced depending on which method of calculation is selected and also on whether image truncation is selected in the case of calculation from image pixels. Users should select the option which gives the most accurate and reliable results for specific test situations. If in doubt, this box should be set to calculate the parameter from the image pixels. 

Internal cap. measurement button: Clicking this button allows a set of inter-channel capacitances to be measured with no sensor connected to the DAM200 unit. These values can be used to correct the values of capacitance measured using the DAMtest program (see sections 6.5 and 16).


Once the parameters in the Configuration window have been set, the image can be viewed by selecting Mode from the menu bar and then On-line from the drop-down menu.

6.3. The On-line screen
The On-line screen for single plane operation is shown in figure 6(a) [and that for twin-plane operation is shown in figure 6(b)]. As soon as this screen is selected, data collection commences. If no valid calibration data file has been selected in the Configuration screen, the system will display an error message and prompt the user to calibrate the system. The new calibration data will be used to construct the current images but will not be saved until the On-line screen is exited, when the user is given the option of saving the data in a calibration data file. The user must enter a suitable name for the calibration data file at this stage or choose a suitable existing file name which will be over-written with the new data.

If the control computer cannot communicate with the DAM200 unit (for example if the DAM200 is not connected or it is switched off, or an incorrect board address is set in the configuration screen), an error message will be displayed. It may be necessary to switch the DAM200 off and on and to restart the PCECT software from the PCECT Start-up window to correct this problem.


6.3.1 Overview of the On-line screen

The PCECT On-line screen format for single plane operation is shown in figure 6(a). The central circular area of the screen displays the live image. The far left vertical bar shows the normalised permittivity scale which goes from zero (blue - corresponding to the permittivity of the material used to calibrate the sensor at the lower level) to 1 (red - corresponding to the permittivity of the material used to calibrate the sensor at the higher level).


The inner left vertical gauge is the volume fraction of the image expressed in % in a scale from 0 to 100%, where 0% corresponds to the sensor full of the lower permittivity material and 100% corresponds to the sensor full of the higher permittivity material. The volume fraction is calculated from either image pixels or normalised capacitance values depending on the option selected in the Configuration window.


The horizontal gauge underneath the image shows the percentage of the designated memory buffer which has been filled. The size of the memory buffer is set by one or both of the quantities (Time or Frames) in the Limits box to the right of the image. Data collection starts immediately on entering the on-line screen. The Apply button sets new limits for the size of the buffer memory, clears the buffer and restarts data collection. The current frame and time from the start of data collection are displayed in the Current box at the top right hand side of the screen.


The Sampling period box sets the time in seconds between each image frame. For example, if this parameter is set to 0.1, then images will be captured every 100 milliseconds. If too small a value is selected, including zero, then images will be captured as fast as possible. This will depend on the speed of the PC and whether the On-line display facility is enabled.


If the Stop after buffer filling option has been selected from the Configuration screen, the ECT On-line screen will revert to the ECT Replay screen once the set number of frames or time has elapsed.


The Settings list shows the values of the Image gain, pixel Truncation status and Volume guage calculation method which have been set in the Configuration window.  


Note that if the Stop after buffer filling option is not selected in the Configuration screen then data will be collected continuously and the buffer memory will be overwritten once it has filled. The screen will remain in the On-line mode.


For the highest-possible speed of data collection, the On-line display box should be turned OFF. Data collection can be stopped and restarted using the Stop and Restart buttons.


The ECT system is calibrated by clicking on the Calibrate button.


If the mouse cursor is moved into the image area and clicked, the current pixel is highlighted and the normalised permittivity of the pixel selected by the mouse pointer is displayed and continuously updated as the image changes. This option is turned off by clicking the mouse cursor outside the image area, or by dragging the mouse pointer outside the image area and releasing the mouse button.

[The On-line screen for simultaneous twin-plane opertion is shown in figure 6(b). The screen is similar to that for single plane operation except that two images are now displayed correponding to the two sensor planes.]


6.3.2 Calibration

The first step in using the ECT system is normally to calibrate the system. This is carried out as follows:


1.
Click the mouse cursor on the Calibrate button or select the button by pressing "C". 


2.
Follow the on-screen instructions   


As soon as the system has been calibrated, an image of the full sensor is displayed in red.
If a high permittivity material such as water is used in the sensor, an error message “suspect calibration” will be displayed during the calibration process. The reasons for this message are explained in section 6.7. As long as there are no other problems, this message can be ignored when imaging water, but it will be necessary to select the water sensitivity maps in order to display a sensible image (section 6.7).


The calibration data file may be displayed inside a window if this feature has been selected in the Configuration screen. The calibration data can be viewed by scrolling the data in the window. Exit the data display window by clicking on the - sign at the top of the window.  The on-line screen will re-appear and data collection will commence using the new calibration data. 


The calibration data can be saved when exiting the on-line screen (by selecting a Mode other than "On-line" from the menu bar) as described in section 6.3.  

Note that the default Calibration data file name extension is .CAL for single plane operation [and .CA2 for simultaneous twin plane operation].

6.3.3 The View Capacitances Option

If View on the menu bar is clicked while in the on-line screen, a drop-down menu containing two options, Capacitance and Big Image is displayed. 


If Capacitance is selected, a small window appears which displays the normalised values of capacitance, updated 5 times per second. The capacitances are displayed in the order C12, C13, '... C1N, C23,  etc. with gaps between the C1N, C2N, C3N.... sets of readings.  This facility is also operative in the ECT Replay screen.  The View Capacitances window for a single plane sensor is shown in figure 9. [A similar window with two sets of capacitances is displayed in twin plane mode].


If Big Image is selected, the main ECT image is displayed in a re-sizable window.

6.3.4 On-line Data display and capture


As an example of how 10 seconds of data can be collected, carry out the following instructions:


1. Return to the Configuration screen and select appropriate parameters for the sensor in use. In particular, set Stop after buffer filling to ON (X) and also set Display files before saving to ON (X).


2. Return to the On-line menu and calibrate the system.


3. Set the Time in the Limits box to 10 seconds and Frames to 0. (Note that 0 means no limit.)


4. Set the On-line display box (X) to ON.


5. Click on the Apply button.


6. Data will now be collected for 10 seconds, after which the display will revert to the ECT Replay screen.

Details of how this captured data can be viewed are given in the next section.


6.4 The ECT Replay screen

The ECT Replay screen for single plane operation is shown in figure 10(a) [and that for twin-plane operation is shown in figure 10(b)]. These are both superficially similar to the corresponding On-line screens. However, there are now some new controls beneath the image. Moreover, the boxes to the right of the image now have slightly different functions.


6.4.1 Replaying captured data
 
The scroll bar (blue horizontal bar beneath the image for single plane operation [or to the right of the bottom image for twin plane operation]) controls the image number which is displayed. The full range of stored images can be scanned by moving the button from left to right and vice-versa with the mouse pointer. The end arrows on the scroll bar increase the image number by one in either the forward or the reverse direction each time they are clicked. If the scroll bar is clicked in either of the regions between the central control button and the end arrows, the displayed image count increases or decreases by 10 frames.


Alternatively, the central direction arrow buttons beneath the scroll bar can be clicked to scan through the stored image file from one end to the other. The > arrow acts as a forward play control while the < arrow acts as a reverse play control. Image scanning can be stopped using the Stop button at the bottom of the screen. If the outside arrow controls (|< or >|) below the scroll bar are clicked the first or last stored image in the file will be displayed as appropriate.


The rate of image display is set by the Time Scale box beneath the Current box. If this figure is set to 1, images are shown at the same rate as they were captured. If this figure is set larger than one, then images are displayed at a faster rate which is set by the scale factor. Similarly if this figure is less than one, image data is displayed slower than the capture rate.


The other two boxes inside the Current box show the current Frame number and the Time of capture starting from zero.


The Total box shows the total number of Frames which were captured and the Time over which these frames were captured.

The Settings list operates in a similar manner to that in the On-line window and displays the options set in the Configuration window.


The mouse pointer can again be used to display the permittivity of individual pixels.


The View Capacitances option can again be used to display the individual normalised capacitance values for each image frame and the capacitance window screen is shown in figure 9.

6.4.2
Capturing the ECT image to the Windows Clip Board

If the Righthand mouse button is clicked while the mouse pointer is over the ECT image, the current ECT image will be captured and transferred to the Windows Clipboard where it can be accessed by other Windows software. The image captured is the circular sensor image only. This facility works in both the on-line and replay modes of operation.

6.5 The DAM test Screen

This screen can be used for a number of purposes, including diagnostic checks of the Data Acquisition Module. It can also be used to measure the absolute capacitance between pairs of electrodes. A typical screen display for a single plane sensor is shown in figure 11(a) [and for a twin-plane sensor in figure 11(b)]. The program function is described fully in section 16.

6.6 The File menu
The File menu allows data files to be saved or retrieved (opened). These commands only work when the system is in Replay mode. The various options have the following functions:


Open captured data file: Opens (loads) a file of measured data. The data is the stored measurement file (normalised capacitance values for each image) as described under Save captured data file below.


Save captured data file: Saves the measurement file (ie all of the frames of capacitance data stored in the buffer memory). The default file extension for this data is .MES for the single plane software [and .ME2 for the twin-plane software]. The data is in binary format and contains all of the data necessary to replay images. Details of the file format are given in Appendix 3.5. Each frame is stamped with the time from the start of data capture in milliseconds.

Save image: Saves images as sets of N X N pixels with normalised values in the range 0 to 1. The data is saved in ASCII format and the default file extension for this data is .IMG.  The user is prompted to select the range of image frames to be saved. [In the case of twin-plane operation, separate image files are created for each sensor plane and each image plane must be selected in turn]. A typical image data file is shown in Appendix 3.6. 

Note that as the image files are in ASCII format, these can become very large files if many frames are saved. Users should therefore exercise caution in saving large numbers of frames as image files.


The image file can be viewed using a suitable word processor such as Microsoft Word.


Save normalised capacitances: This saves all of the normalised inter-electrode capacitance values for the selected range of frames. The default file extension is .NCP. A typical data file is shown in Appendix 3.7. For twin-plane operation, separate data files are created and must be selected by the user.


Save absolute capacitances: This option requires the current calibration data file to be available and hence can normally only be used at the time of data capture unless special efforts are made to save the calibration data file with the measured data. This option saves all of the absolute values of inter-electrode capacitance in femtofarads for selected range of frames. The default file extension is .CAP. A typical data file is shown in Appendix 3.8. [For twin-plane operation, separate data files are created and must be selected by the user].

Save volume fraction: This saves the volume fraction (ratio) for each selected image frame. The file extension is .VOR for single plane files [and .VO2 for twin-plane files]. The data file format is defined in Appendix 3.9.


Exit: Exits the PCECT program.

6.7
Use of alternative sensitivity maps

Two sets of sensitivity maps are supplied for use with the PTL300 ECT system. For most materials with relative permittivities less than 10, the standard maps should be used. For higher permittivity materials (particularly water), the water maps should be used.

The appropriate map set is selected by clicking the mouse pointer on the Select map type icon in the Twin-Plane PCECT start up window shown in figure 4. The user is given the choice of standard or water maps. Once a map type has been selected, it remains in use until changed for the alternative sensitivity map set. Having selected the required map type, the PCECT software can be retstarted by clicking on the appropriate PCECT icon in the start up window.

The water sensitivity maps omit capacitance measurements made between adjacent electrodes.  When images are displayed using the water sensitivity maps, the pixels corresponding to measurements between adjacent electrodes will display erroneous values of permittivity and should be ignored. If the image for a full sensor is viewed immediately following calibration, it will be obvious which pixels are affected by this effect.

When water is the material being imaged in a sensor with external electrodes, an error message “suspect calibration” will appear when the sensor is calibrated. This occurs because the  software detects that the capacitance between adjacent electrodes has decreased rather than increased as expected. This will result in erroneous normalised capacitance values for adjacent electrodes and these particular measurements will be obvious if the view capacitances option is enabled following calibration, particularly when the sensor contains the lower permittivity material or is empty. However, provided that the water sensitivity maps are used, these  erroneous measurements will be ignored in the image calculation and will not affect the measurement accuracy.

6.8
Supplementary information

When the on-line display option is selected in the On-line window, images may be captured at an erratic rate, depending on the image rate selected, the degree of change between successive images and the processor speed of the control computer. If this effect becomes a nuisance, the on-line display option should be disabled to capture images at a steady rate.     

7  SENSOR DESIGN 
7.1 NUMBER OF ELECTRODES
The PTL300 ECT system can be used with sensors having 6, 8, or 12 electrodes. Capacitance measurements are made between each electrode and every other electrode. For an N electrode system, there are N(N-1)/2 unique capacitance measurements. This corresponds to 66 individual measurements for a 12 electrode sensor. 

The PTL300 system can capture data at more than 50 frames per second when 12 electrodes are in use. For a smaller number of electrodes, less time is needed to measure all of the inter-electrode capacitances and higher data capture rates can be achieved. For example, for an 8 electrode system, the number of individual capacitance measurements falls to 28 and the maximum image capture rate increases accordingly.

7.2 ELECTRODE NUMBERING CONVENTION
For all sensors, electrodes are numbered anticlockwise, starting in the first quadrant above the horizontal. For 6 and 12 electrode sensors, the centre of electrode 1 lies on the horizontal axis (at 3 o clock) and the remaining electrodes are distributed at 30 or 60 degree intervals (see figure 18). For 8 electrode sensors, the centre of electrode 1 is at 22.5 degrees above the horizontal axis and the remaining electrodes are distributed at 45 degree intervals. 

Channels  2 to 11 on the DAM200 unit can be selected to be source or detector channels and the corresponding electrodes will therefore be either source or detection electrodes. Channel 1 sets electrode 1 to be either a source electrode or grounds it and channel 12 always sets electrode 12 to be a detector electrode.

7.3 SENSOR ELECTRODES
Electrodes can be located on either the inside or outer suface of non-conducting pipes. The electrodes are often located on the outer surface for convenience of construction and because in this arrangement, the electrodes are non-invasive. However, it should be noted that sensors with electrodes on the outside of the sensor wall can exhibit considerable non-linearity in their response to dielectric materials introduced inside the sensor. This effect is caused by the presence of the sensor wall, which introduces a series coupling capacitance into the measurement. If more accurate measurements are required, sensors with electrodes on the inside surface of the sensor wall should be used. Figure 19 shows the cross-section of a sensor with electrodes located on the outer wall of a pipe. 

There is a trade-off between the axial resolution of ECT sensors and detection sensitivity. Shorter electrodes will give improved axial resolution but at the expense of an increase in system noise level. If the length of measuring electrodes is less than than approximately twice the sensor diameter, axial guard electrodes, driven with the same potentials as the measuring electrodes, should be used to minimise the spreading of electric field at the ends of the measuring electrodes. The use of driven guard electrodes dramatically improves both the axial resolution and signal-to-noise ratio of the sensor for sensors with short electrodes.

Inter-electrode capacitances in the range 0.3 to 2000fF can be measured by the sensor electronics. For sensors with external electrodes, the sensor should be designed so that the capacitance per unit length between adjacent electrodes is minimised, with a target value for adjacent electrodes of the order of 500fF for 10 cm long electrodes with air inside the sensor. This allows for an increase in capacitance between adjacent electrodes by a factor of 4 when the sensor contains a dielectric material. This is normally sufficient for most materials which are likely to be imaged. 

It should be noted that experience has shown that for sensors with external electrodes, the capacitance between opposite electrodes will increase approximately by a factor equal to the dielectric constant of the medium introduced into the sensor. However, the capacitance increase between other electrode combinations will be less, because of the effect of the sensor wall on the measured inter-electrode capacitances. Typical measured capacitances between one electrode (1) and the remaining electrodes for the demonstration 12 element sensor containing air are shown in the Cx column of figure 11(a).

The capacitance between adjacent electrodes can be reduced by placing an earthed screening track between each electrode and by using an outer screen located at a set radial distance from the electrodes. With the outer screen located approximately 0.5 cm from the electrodes the capacitance between adjacent electrodes is approximately halved compared with the value in the absence of the screen, but there is little effect on the capacitance between non-adjacent electrodes. The inter-electrode capacitance can be further reduced by the addition of a radial screen between each sensor electrode, connected between the earthed screening track and the outer screen.

Having designed for minimum capacitance per unit length, the absolute value of inter electrode capacitance can be adjusted by varying the axial length of the electrodes.

7.4 AVOIDANCE OF STATIC CHARGE PROBLEMS
It is important to prevent static charge building up on the sensor electrodes, as this may damage the CMOS input circuitry of the DAM200 unit when the charged electrodes are connected to the unit. For this reason, discharge resistors must be permanently connected between each sensor and driven guard electrode and earth. A suitable value for these resistors is 1 M ohm. If printed circuit electrodes are used, it is usually convenient to solder the discharge resistors in circuit at the location where the coaxial leads are connected to the electrodes and earth. 

7.5 THE DEMONSTRATION SENSOR
The two demonstration sensors supplied with the ECT system are 12 element unguarded sensors containing a quantity of glass or plastic beads inside a 51mm diameter PVC tube. The sensor electrodes are formed from flexible copper-clad laminate and are 100 mm long with axial earthed guard tracks between electrodes and an earthed screen at each end of the sensor. The whole assembly is screened by an outer copper tube formed from copper sheet which is formed around the electrode assembly and spaced approximately 5mm from the electrodes.

The sensor contains 12 x 1Mohm discharge resistors connected between the sensor electrodes and the earthed section of the flexible PCB.

The total tube length is more than twice the active sensor length and is half-filled with beads. It is therefore possible to either fill or empty the sensor section simply by inverting the tube assembly.

The sensor has 12 individually-numbered 1.25 metre leads terminated in SMB connectors and these must be connected to the corresponding numbered channels on the Data Acquisition Module.

The complete sensor is shown in figure 1(c) and details of its construction are given in Appendix 2.  

Further information on the design of ECT sensors can be found in PTL Application note AN3, copies of which are available on request.

SECTION 2
CAPACITANCE MEASUREMENT
8. MEASUREMENT OF INTER-ELECTRODE CAPACITANCES 
8.1  INTRODUCTION

The inter-electrode capacitances are measured by the data acquisition module. Figure 12 shows a functional diagram of the DAM200 unit. The DAM200 unit contains three [five] main circuit boards, one [two] analogue board[s], one [two] digital board[s] and a driven guard board. The analogue circuit board contains 12 capacitance measuring/control channels, an 11-way multiplexer circuit and a common analogue measuring circuit. The digital board contains the control and communications circuits. The DAM200 unit is controlled from the remote computer system via two pairs of high-speed uni-directional 10Mbit/s data links. 

8.2  CAPACITANCE MEASURING CIRCUITS
The capacitance between electrode pairs is measured using a circuit which is largely unaffected by stray capacitance to earth. The basic measuring circuit is shown in figure 13 and works on the charge transfer principle, with one electrode of the pair (the SOURCE electrode) connected to a high frequency square wave source of amplitude Vs (15V) and frequency f (0.625 or 1.25 MHz), while the other electrode (the DETECTOR electrode) is held at virtual ground potential (0V). There are two separate outputs from this circuit, Va and Vb corresponding to the CHARGING and DISCHARGING cycles of the circuit where:



Va = -f.Vs.Rf.Cx + e1 





(8.2.1)



Vb =  f.Vs.Rf.Cx + e2





(8.2.2)

Rf is the feedback resistance value used in the current detector circuits, and e1 and e2 are output offset error voltages. The main cause of these offset voltages is leakage of charge from the control circuits of the CMOS switches (an effect known as charge injection). 

There are 11 identical capacitance measuring circuits of the type shown in figure 13 in the DAM200 and the output voltages from these circuits are passed to a 2-pole 11-way selector switch (multiplexer) as shown in figure 14. The multiplexer operates under software control to select the outputs from one measuring channel at a time and these outputs are passed to the common analogue measuring circuit. 

Electrodes 2 to 11 can be selected either as SOURCE electrodes or as DETECTOR electrodes by the changeover switches shown in figure 13. Electrode 12 is always connected as a DETECTOR electrode. Similarly, electrode 1 is always connected either as a SOURCE electrode or is grounded and there is therefore no measuring channel for electrode 1. 

The electronic control system used within the DAM200 unit ensures that only one electrode at a time can be configured as a SOURCE electrode. The remaining electrodes are configured as DETECTOR electrodes. In figure 14, electrode 1 is shown connected as a SOURCE and all of the other electrodes are shown connected as DETECTORS.  

9. DESCRIPTION OF THE COMMON ANALOGUE MEASURING CIRCUIT
9.1  PRINCIPLE OF OPERATION
The principle of operation of the common analogue measuring circuit is shown in figure 15. 

The pair of output voltages selected by the multiplexer are subtracted in a differential amplifier to give an output voltage Vc where:



Vc =  Vb - Va =  2.f.Vs.Rf.Cx + e2 - e1 



(9.1.1)

This output voltage Vc is proportional to the unknown capacitance Cx. If the two error voltages are similar, they will partially cancel and the unwanted output due to charge injection will be minimised. However, the residual charge injection output may still be comparable in magnitude with the output due to the unknown capacitance and the method used to measure the unknown capacitance must therefore separate out these two voltages. 

The common analogue circuit operates as a bridge and the basic circuit shown in figure 15 is a simplified representation of the full circuit. The voltage from the capacitance measuring circuit Vc is measured by balancing it against a voltage V1 obtained from an offset voltage control circuit. When the system is balanced, the output from amplifier A1 is zero. The output of A1 is attenuated and summed with a 1V reference voltage in amplifier A2. At balance, the output of A2 will be the 1V reference voltage and this voltage is termed the circuit zero balance voltage VBAL. It is measured at the beginning of the calibration procedure and is then used as a reference point for all further measurements. 

Looking at the circuit operation in more detail, the summed voltage Vc from the capacitance measuring circuits forms one input to the difference amplifier A1. The second input to this amplifier is the variable offset voltage V1 in the range -2 to +8V obtained from a 10-bit programmable offset voltage control circuit. The output of A1 is attenuated with gain G (<=1) by a 10-bit programmable attenuator and the attenuator output becomes one input of the unity gain summing amplifier A2. The second input of A2 is the fixed reference voltage (approximately -1V). The output of A2 is measured using a 12 bit analogue to digital converter (ADC). 

The unknown capacitance may be calculated in principle from the offset voltage V1 needed to balance V2 to zero using equation 9.1.1 

9.2  PRACTICAL REALISATION
The explanation given above describes the measurement principle. However, the common analogue circuit is in practice more complicated than the simplified circuit shown in figure 15. The actual circuit is summarised in figure 16 and this section describes the operation of this circuit in more detail. It should be noted that there are a number of data buses within the DAM200 unit. One of these is a 10 bit data bus which is used to control the offset and gain control circuits.

Referring to figure 16, the summed output from the selected capacitance measuring channel Vc = V2 is given by equation 9.1.1 which is repeated here in a modified format:  



V2 = K1.Cx
+ e






(9.2.1)

where  K1 = 2.Vs.f.Rx  and  e is the residual charge injection offset voltage.

This output voltage is amplified with a gain G2 and the output voltage V3 becomes one input to a summing amplifier SA2. 

The other input to SA2 is an offset voltage -V1 derived from a 10-bit digital to analogue converter (DAC) circuit DACa. The offset voltage is set in the range -2 to 8V by the count M1 sent to the 10 bit data bus and is given by the equation: 



V1 = VR1.((R10/R8).(M1/1024) - R10/R7)



(9.2.2)

where VR1 is a reference voltage (approximately 10V) whose actual value is given by the following equation:



VR1 = 15.(R6/(R5+R6))





(9.2.3)

and where M1 is the count applied to DACa and R5,R6,R7,R8 and R10 are circuit constants.

The output of SA2, V4, passes to the input of a 10 bit digital attenuator formed by DACb. The output voltage of this attenuator is given by:



V5 = -V4.(M2/1024)
 





(9.2.4)

where M2 is the count applied to DACb via the 10 bit data bus C. Note that when M2 = 0, the output voltage V5 is zero.

The digital attenuator output V5 is amplified with gain -G3 and forms one input to a summing amplifier SA3. The other input to SA3 is a voltage, V7 derived from a stable reference voltage VR2 (-5.25V).



V7 = -VR2.G5






(9.2.5)



The output voltage of SA3, V8 is the sum of V6 and V7 and this passes to a sample and hold (S/H) circuit which has a gain G5 (=2). The output of the sample and hold circuit becomes the input of a 12 bit analogue to digital converter (ADC). The output count of this ADC is M3.

It can be readily shown that the output voltage from the common analogue measuring circuit equates to an apparent measured capacitance Cmeas where:

Cmeas  =  ( 1/(K1.G1().((1024/ (M2.G3((.(5.M3/(4096.G5) - VR2.G4) + VR1.(M1/1024 -G1)(











(9.2.6)

and the values of the circuit constants are given in Appendix 10.

However, because of the undesired effects of charge injection, and the inclusion of the system balance voltage in this equation, a number of specific measurements must be made before the true value of the unknown capacitance Cx can be calculated. This is described in detail in the next section.

10.  CAPACITANCE MEASUREMENT 
Equation 9.2.6  converts the output voltage from the measuring circuit into capacitance, but this output voltage includes contributions from the spurious capacitance caused by charge injection imperfections in the switches in the measuring circuit, as well as the fixed system zero balance reference voltage. It is necessary to carry out three separate measurements to establish the values of the system zero balance reference voltage VBAL (as a count M3BAL), the voltages which result from charge injection for each measuring channel, V0(n) and the equivalent charge injection capacitances C0(n), and finally the measured inter-electrode capacitance voltages and the equivalent inter-electrode capacitances Cij(MEAS). The true values of inter-electrode capacitance Cxij can then be calculated. These measurements are carried out as follows: 

10.1  SYSTEM ZERO BALANCE REFERENCE VOLTAGE
This is measured by setting the gain of DACb in figure 16 to zero (M2 = 0) and by measuring the output voltage VBAL as an equivalent ADC count M3BAL. This value of M3 is used in all subsequent measurements as the bridge balance point. This value is unique and is not affected by the choice of measuring channel. The measurement is carried out as follows: 

The gain of the digital attenuator DACb is set to zero. In this condition, the only output from DACb will be any residual output offset voltage. This residual voltage is summed with the standing  reference voltage to produce a modified reference voltage at the input to the ADC. This output voltage is measured by the ADC and is stored as the circuit zero reference voltage V0.

If the input to the ADC is V0, the corresponding ADC output count M3(0) will be given by:



M3(0) = 4095.(V0/5) 





(10.1.1)  

For example, if V0 = 1.1V, then the ADC count M3(0) = 901.

The value M3(0) is stored as the system zero reference coefficient M3BAL, together with the corresponding circuit zero reference voltage V0. When subsequent balancing operations are carried out during the capacitance measurements, balance is achieved when the ADC count reaches this value M3BAL, or the nearest value achievable by the balancing circuitry.

10.2  CHARGE INJECTION CAPACITANCES
Each of the measuring channels will have a spurious output voltage even when there is no input capacitance. The main cause of this effect is charge injection (leakage of charge from the CMOS switch control waveforms into the capacitance measuring circuits). These measuring channel zero offset voltages are measured as follows:

The gain of DACb is set to 1 (M2=1024) and electrodes 2 to 12 are set to be to be DETECTOR electrodes, with electrode 1 grounded. This ensures that the only output from the capacitance measuring circuits is that due to charge injected from the clock waveforms applied to the control gates of the analogue switches in the capacitance measuring circuits. 

Each measuring channel is then selected in turn and the offset voltage V1 is adjusted by varying the count M1 applied to DACa until the ADC count M3 equals the system zero balance value M3BAL (or as close to this value as can be achieved by the circuit). 

The charge injection capacitances for each measuring channel C0(n) are then calculated using equation 9.2.6 and the values of M1, M2 and M3 required to achieve balance as described above. There will be N values of charge injection capacitance, where N is the total number of measuring channels in use (11 maximum).

10.3 INTER-ELECTRODE CAPACITANCE MEASUREMENTS
The next step is to measure the values of capacitances between the electrodes of a multi-electrode sensor system when each electrode is selected as a SOURCE electrode in turn. There will be (N-1)N/2 unique combinations of electrodes, resulting in the same number of values of measured capacitance Cij(MEAS), where i refers to the source electrode and j refers to the detector electrode.

This is carried out by setting M2 to 1024 (DACb gain = 1) and by adjusting M1 until the output count M3 of the ADC is equal to the zero balance value M3BAL. Initially electrode 1 is selected as a source electrode and all of the remaining electrodes are set as detector electrodes. Each detector circuit is selected in turn by the multiplexers and DACa is adjusted to restore the ADC output to the reference zero value M3BAL. The counts M1ij(LOW) for DACa are recorded, as are the actual values of the ADC outputs following balance M3ij(LOW).

The measured capacitance Cij(MEAS) is calculated using equation 9.2.6 and the values of M1 to M3 to achieve circuit balance. 

10.4 CALCULATION OF TRUE CAPACITANCE VALUES
The true inter-electrode capacitance values are calculated by subtracting the appropriate channel charge injection capacitances C0(n) from the inter-electrode capacitance measurements. That is:


Cxij = 
Cij(MEAS) - C0(n)





(10.4.1)

where Cxij is the true capacitance between electrodes i and j, Cij(MEAS) is the measured inter-electrode capacitance and C0(n) is the measured charge injection capacitance for the measuring channel n = j.

11.  SYSTEM CALIBRATION 
Before capacitance measurements can be made, the ECT system must be calibrated and this must be done for each plane of electrodes separately. This involves carrying out a sequence of measurements to determine the system zero balance count M3BAL, the measuring channel charge injection capacitances C0(n), and the capacitance between each combination of electrodes i and j (Cij) for the cases when the sensor is filled with dielectric materials at the lower (Cij(LOW)) and upper (Cij(HIGH) ends of the range to be measured. From these measurements, normalised values of capacitance can be calculated.

The following description refers to the common analogue circuit shown in figure 16.  

11.1  MEASUREMENT OF THE CIRCUIT ZERO BALANCE COUNT M3BAL
This is carried out as described in section 10.1. The resulting value of M3BAL (around 900) is used as the balance point for all subsequent measurements. 

11.2  MEASUREMENT OF CHARGE INJECTION CAPACITANCES
This is carried out as described in section 10.2. for each of the measuring channels 2-12. The resulting values of C0(n) are calculated from the measured values of M1, M2 and M3 required to achieve balance.

11.3  MEASUREMENT OF THE LOWER PERMITTIVITY CAPACITANCES
The next step is to measure the set of inter-electrode capacitances Cij(LOW) when the sensor is filled with the lower permittivity material. This is carried out as follows:

The sensor is filled with the lower permittivity material and the values of inter-electrode capacitances are measured as described in section 10.3. The true value of the inter-electrode capacitances are then calculated by subtracting the appropriate charge injection capacitances C0(n) from the measured values Cij(LOW) as described in section 10.4.

That is:


Cxij(LOW) = 
Cij(LOW) - C0(n)



(11.3.1)

where Cxij(LOW) is the true inter-electrode capacitance


Cij(LOW) is the measured inter-electrode capacitance


C0(n) is the charge injection capacitance for channel n = j

11.4  MEASUREMENT OF THE HIGHER PERMITTIVITY CAPACITANCES 
The sensor is next filled with the higher permittivity material and the new inter-electrode capacitances Cij(HIGH) are measured, again as described in section 10.3. 

In detail, for each inter-electrode measurement, DACa is set to the count measured for the low-level permittivity material (= M1ij(LOW)). This sets a voltage Voij(LOW) at the input to the ADC. The digital attenuator (DACb) is set to its maximum gain of (1023/1024) (M2 = 1023) and the new circuit output voltage Voij(HIGH) is measured by the ADC as a count M3ij(HIGH). If this operation causes the output voltage Vo to exceed approximately 4V, corresponding to an ADC count of 3280, the gain of DACb is reduced by reducing M2 to a new value M2(HIGH) until the ADC count M3ij(HIGH) is restored to a value around 3280. 

In practice, for many materials of low permittivity, it is often only necessary to set DACb to a gain of less than 1 in the case of capacitance measurements between adjacent electrodes. For all other combinations of electrodes, the gain of DACb is set to 1.  

The true value of the inter-electrode capacitances are then calculated by subtracting the appropriate charge injection capacitances C0(n) from the measured values Cij(HIGH) as described in section 10.4. That is:


Cxij(HIGH) = 
Cij(HIGH) - C0(n)



(11.4.1)

where Cxij(HIGH) is the true inter-electrode capacitance


Cij(HIGH) is the measured inter-electrode capacitance


C0(n) is the charge injection capacitance for channel n = j

11.5  SAMPLE CALIBRATION DATA
A typical set of raw data held in the calibration data file is shown in Appendix 3.3 together with an explanation of the data format. The calibration data file will be displayed if the option Display files before saving has been selected in the Configuration screen.  The first set of data is the low-level permittivity calibration data, the second set is the high-level permittivity calibration data and the final set is the DC zero calibration data. For further information on the data format and information about interpretation of this data, please refer to Appendix 3.3

11.6. NORMALISED CAPACITANCE MEASUREMENTS
Following the calibration process, the range of capacitance measurements for each electrode combination is known. The system gain can be adjusted to normalise the capacitance measurements in a range from zero to unity for each inter-electrode capacitance measurement. These normalised capacitance measurements can be displayed as vertical lines using the VIEW option in either the On-line or Replay screens. The normalised capacitance values are calculated as follows:


Cij(NORM) = 
Cxij(MEAS) - Cxij(LOW) 



(11.6.1)





___________________





Cxij(HIGH) - Cxij(LOW)

where the capacitance figures Cxij are the true inter-electrode capacitance values as calculated in sections 11.3 and 11.4.

Conversely, the absolute capacitance Cxij(MEAS) can be calculated from the normalised capacitance as follows:

   Cxij(MEAS) =  Cij(NORM).(Cxij(HIGH) - Cxij(LOW)) + Cxij(LOW)

(11.6.2)

SECTION 3
IMAGE RECONSTRUCTION
12. IMAGE RECONSTRUCTION METHOD
12.1 PRINCIPLE
The PTL300 ECT system constructs images of the contents of a circular vessel based on variations in the permittivity of the material inside the vessel. The permittivity variations are deduced from a series of inter-electrode capacitance measurements.

12.2 IMAGE FORMAT
The vessel interior cross section is represented by a square grid, typically with 32 X 32 = 1024 pixels. Some of these pixels will lie outside the vessel circumference as shown in figure 17 and the image is therefore formed from the pixels inside the vessel. The circular image is constructed using 812 pixels from the 1024 pixels in a 32 X 32 pixel rectangular grid using a back-projection algorithm.

12.3 INTER-ELECTRODE CAPACITANCE MEASUREMENTS
The vessel to be imaged is surrounded by a number of capacitance electrodes and measurements are made of the capacitances between every possible combination of these electrodes. For an N electrode system, there will be  M = N(N - 1)/2  unique capacitance measurements.  For example, for a 12 electrode system (N = 12), there will be 66 unique capacitance measurements. A typical electrode arrangement is shown in figure 18. However, before these measurements can be turned into images, two fundamental problems have to be solved before the back projection algorithm can be used to obtain the pixel values: 

12.4 THE FORWARD PROBLEM
The first task is to determine, for a given sensor geometry, the changes in the measured inter-electrode capacitances which will result when the permittivity of one pixel only in the cross section of the pipe is changed by a known amount. This is known as the FORWARD problem and it may be solved in a number of ways, including direct measurement and also by computation. 

This information is normally measured or calculated as a separate calibration exercise and the data is stored in a file of sensitivity coefficients known as the sensitivity map. If the sensor electrodes are on the inside of the vessel wall then it is only necessary to determine the sensitivity map once for each unique sensor design. However, if the electrodes are on the outside of the wall, the sensitivity map may need to be recalculated for different dielectric materials inside the sensor. A set of standard general-purpose sensitivity maps are supplied with the PCECT software.

12.5. THE INVERSE PROBLEM
The second problem is to construct an image of the vessel contents by calculating the permittivity of each individual pixel in the pipe cross section from the set of capacitance measurements. This is known as the INVERSE problem. However, there is insufficient measured data in the set of capacitance measurements alone to allow the inverse problem to be solved directly. This information is therefore used together with the data in the sensitivity map to obtain an approximate solution for the image. The inverse problem has to be solved for each new image.

Further information on image reconstruction methods is given in Section 9. 

13. THE FORWARD PROBLEM - DERIVATION OF THE SENSITIVITY MAP
13.1 INTRODUCTION
We will consider a capacitance sensor containing N capacitance electrodes spaced uniformly around the circumference of a circular vessel as shown in figure 18.  

The capacitance measured between the ith and jth electrodes will be denoted by Cij, where i and j are integers between 1 and  N. 

There will be N.(N - 1)/2 unique combinations of Cij (= 66 when N = 12).

For a 32 X 32 pixel grid, the sensor cross section will be represented by an 812 pixel image, with the pixels numbered from k = 1 to k = 812 as shown in figure 17. 

A change in the permittivity of any one pixel will change all of the inter-electrode capacitances Cij. There will therefore be 66 sensitivity coefficients for each pixel in the image. Hence the total number of sensitivity coefficients is given by:



T = N.(N - 1).K/2






(13.1.1)

When N = 12, there will be 53592 coefficients in the sensitivity map, which is the set of normalised sensitivity coefficients which indicate how a change in the permittivity of the kth pixel affects the capacitances Cij measured betweeen all possible combinations of electrodes.

The sensitivity coefficients are written as Sij(k), indicating that for each pixel, there will be a total of N.(N - 1)/2 ( = 66 for a 12 electrode sensor) unique sensitivity coefficients.

In an ECT system, it is normally necessary to define the range of permittivities to be imaged. In the following definition, the sensitivity coefficients are calculated for a sensor which is intended to image a range of permittivities from a LOWer value up to a HIGHer value.  

13.2  DEFINITION OF THE SENSITIVITY COEFFICIENTS
The sensitivity coefficients Sij(k) are calculated from the following formula.


Sij(k) = 


    Cij(k) - Cij(LOW)

  

(13.2.1)




_______________________________________________






(Cij(HIGH) - Cij(LOW)).(Er(HIGH) - Er(LOW)).(1/K)

where:



Cij(k) is the capacitance measured between the ith and jth electrodes when pixel k contains the higher permittivity material and all of the other pixels contain the lower permittivity material.



Cij(LOW) is the capacitance measured between the ith and jth electrodes when the sensor contains the lower permittivity material only.



Cij(HIGH) is the capacitance measured between the ith and jth electrodes when the sensor contains the higher permittivity material only.



Er(HIGH) is the relative permittivity of the higher permittivity material.



Er(LOW) is the relative permittivity of the lower permittivity material.



K is the total number of pixels in the image (812 for a 32 x 32 pixel grid).

13.3 SYMMETRY PROPERTIES
In principle, we need to be able to determine the inter-electrode capacitances Cij for a change in the permittivity of each of the K pixels. The complete sensitivity map therefore contains  K.N.(N - 1)/2 coefficients.

Fortunately we do not have to calculate all of these coefficients as the sensor has a high degree of symmetry. For example, of the 66 possible capacitance measurements for a 12 element sensor, there are only 6 unique inter-electrode capacitance values if the sensor is symmetrical. These are the capacitances C12, C13, C14, C15, C16, C17. That is the capacitances measured between adjacent electrodes, between next but one electrodes and so on, up to that between diametrically opposed electrodes.  All of the other sensitivity coefficients may be deduced from those calculated or measured for these six inter-electrode capacitance figures. Hence the task reduces to calculating K.N/2 unique sensitivity coefficients.

The equivalence between the remaining capacitance measurements and the 6 values for which the sensitivity coefficients are actually calculated or measured is shown in table 13.3.1. This shows the 6 coefficients S12 - S17 calculated in the plane theta = 0 and the equivalent coefficients for the planes theta from 30 to 330 degrees.

TABLE 13.3.1 

EQUIVALENCE OF SENSITIVITY COEFFICIENTS FOR A 12 ELECTRODE SENSOR
___________________________________________________________________________

THETA 0
30
60
90
120
150
180
210
240
270
300
330

Degrees

___________________________________________________________________________


S1,2
S2,3
S3,4
S4,5
S5,6
S6,7
S7,8
S8,9
S9,10
S10,11
S11,12
S1,12





S1,3
S2,4
S3,5
S4,6
S5,7
S6,8
S7,9
S8,10
S9,11
S10,12
S1,11
S2,12


S1,4
S2,5
S3,6
S4,7
S5,8
S6,9
S7,10
S8,11
S9,12
S1,10
S2,11
S3,12


S1,5
S2,6
S3,7
S4,8
S5,9
S6,10
S7,11
S8,12
S1,9
S2,10
S3,11
S4,12


S1,6
S2,7
S3,8
S4,9
S5,10
S6,11
S7,12
S1,8
S2,9
S3,10
S4,11
S5,12


S1,7
S2,8
S3,9
S4,10
S5,11
S6,12

___________________________________________________________________________

13.4  SENSORS WITH ELECTRODES OUTSIDE THE VESSEL WALL
The sensor geometry referred to so far has assumed that the capacitance electrodes will be positioned inside the vessel wall. However, a more practical sensor arrangement is to place the capacitance electrodes outside the walls of vessels which are made of an insulating material such as plastic or ceramic. A typical external electrode arrangement is shown in figure 19, where the grey annulus represents the vessel wall cross-section and the continuous outer ring is an earthed screen. 

In this case, the electric potential (field) distribution inside the vessel will vary with the permittivity of the vessel contents, because of the finite thickness and permittivity of the vessel wall. It is therefore important that any method for determining the sensitivity map can be applied to sensors with external electrodes.

13.5 METHODS FOR DERIVING THE SENSITIVITY COEFFICIENTS 
Two alternative methods for deriving the sensitivity coefficients are described in SECTION 15. 

14. THE INVERSE PROBLEM - CONSTRUCTION OF IMAGES
14.1 GENERAL COMMENTS
The image is constructed by calculating the normalised permittivity of each pixel in the image using a back-projection algorithm and by displaying the value of the permittivity as a colour scale.

The pixel permittivity is calculated from the measured inter-electrode capacitance values Cij and the sensitivity coefficients Sij(k) defined in section 13. 

14.2 NORMALISED CAPACITANCE MEASUREMENTS
For each image frame, the set of measured capacitances Cij are normalised to new values Cij(NORM) where:


Cij(NORM)
 = 
   Cij - Cij(LOW)





____________________ 



(14.2.1)





Cij(HIGH) - Cij(LOW) 

where 
Cij  are the measured values of capacitance for each image frame. 



Cij(LOW) are the capacitances measured between the ith and jth electrodes when the sensor contains the lower permittivity material only.



Cij(HIGH) are the capacitances measured between the ith and jth electrodes when the sensor contains the higher permittivity material only.

14.3 CALCULATION OF PIXEL PERMITTIVITY

The permittivity of each pixel in the image is then calculated using:






N-1      N


E(k) = 


(  ( Cnij . Sij(k)



(14.3.1)
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14.4 MODIFIED SENSITIVITY MAPS FOR HIGH PERMITTIVITY MATERIALS
In certain  cases (for example, when the sensor contains a high permittivity fluid such as water), it may be necessary to use a modified sensitivity map rather than the standard map. This will be necessary when sensors with electrodes outside the wall of the vessel are used to image high permittivity materials. This is because an undesirable effect occurs when the fluid to be imaged has a relative permittivity exceeding a value around 10. This occurs for example when water (permittivity = 80) is the fluid to be imaged. The effect is to cause the capacitance measured between adjacent electrodes to decrease rather than to increase when the higher permittivity material is present. 

One solution to this problem is to ignore the capacitances measured between all pairs of adjacent electrodes. This can be achieved by modifying  the sensitivity map so that the sensitivity coeficients for adjacent electrodes S[i-(i+1)] are set to zero. This can be carried out in practice using a binary file editor.

Two sets of sensitivity map files are currently available for use with the PCECT software. The standard sensitivity maps are suitable for imaging most materials having a relative permittivity less than 10 (but not water). The Water sensitivity maps are modified versions of the standard maps with the coefficients for adjacent electrodes set to zero. These modified maps give improved images for high permittivity materials such as water.

15. METHODS FOR DERIVING SENSITIVITY MAPS
15.1 DIRECT MEASUREMENT
The variation in the change of capacitance with position (the sensitivity map) must be known for a given electrode geometry before image reconstruction can be carried out. There are two basic methods which can be used to determine the sensitivity map, experimental measurement and computation using finite element methods. 

The experimental method is based on carrying out numerous capacitance measurements. The area to be imaged is divided into a number (typically 1024) of small squares (pixels). The test object is placed in each pixel in turn and the change in capacitance which occurs is recorded. For a 12 element sensor, this requires 66 measurements for each pixel, resulting in a total of 67584 measurements to obtain the sensitivity map. In practice, because of the symmetry properties of the circular sensor array, this can be reduced to 2816 measurements. As the system can carry out the 66 capacitance measurements under computer control, the sensitivity map can be measured experimentally by placing the test object in approximately 44 unique locations within a 15 degree sector of the circular space. The experimental method is straightforward in principle, but is difficult and time-consuming to implement in practice.

For this reason, the computational method is normally used to obtain the sensitivity map. The method currently used in the PTL300 system is based on the results obtained using a commercial software package (PC-OPERA). The sensitivity map is held in a software file E(N)BIN.P(M), where N is the number of electrodes and M is either 20 or 32 (for 20 X 20 or 32 X 32 pixel images respectively) and is read by the image reconstruction software to allow images to be displayed.

The sensitivity map coeficients can be calculated from equation (13.2.1) by carrying out the following measurements. The measurements are described in conceptual form only and are illustrated using air as the lower permittivity medium, a liquid or powder with the required higher level permittivity and a square plastic rod having the same cross section as one pixel and having the desired value of higher level permittivity. The sensor is assumed to be vertical with one end open and the other end closed.


1.  Empty the sensor and measure all of the capacitance values Cij(LOW).


2. Fill the sensor with the higher permittivity material and measure the capacitance values Cij(HIGH).


3. Empty the sensor again and with the plastic rod suspended vertically, move the plastic rod across the area of the sensor cross section one pixel at a time (for example using a modified digital XY plotter).


4. Measure the set of capacitances Cij(k) at each pixel position.


5. Calculate the sensitivity coefficients using equation 13.2.1

15.2  CALCULATION BY FINITE ELEMENT METHODS
The basis of this method is to calculate the inter-electrode capacitances from knowledge of both the electric potential distribution V(x,y) and the permittivity distribution Er(x,y) inside the sensor. The sensitivity coefficients can then be calculated from these capacitance values using equation (13.2.1) as before.

It is therefore necessary to calculate the electric potential distribution Vi(x,y) inside the sensor when electrode i is the source electrode (at a potential +Vs) and all of the other electrodes are detector electrodes (at 0V potential). This potential distribution can be computed for a given sensor geometry using finite element methods.

The permittivity distribution Er(x,y) is straightforward and consists of setting Er = the lower value of permittivity for all pixels except the kth pixel for which the coefficients are to be calculated, in which case it is set to the high permittivity value.

Once the electric potential distribution Vi(x,y) is known, the inter-electrode capacitances Cij(k) can be calculated using equation A1 below:




        R
    R


Cij(k)  =   - (1/VS) (  ( Er(x,y). ( Vi(x,y). dx dy 


(15.2.1)


       -R      -R


where R is the internal radius of the circular vessel

Having calculated each of the inter-electrode capacitances, the sensitivity coefficients may then be calculated using equation (13.2.1).

The format of the sensitivity map data file is described in Appendix 3.4.

SECTION 4
SYSTEM TEST SOFTWARE

16. THE DAMTEST SOFTWARE
16.1 INTRODUCTION
The DAMTEST program allows a DAM200 data acquisition module to be used to measure capacitance in the range 0-1999fF. This facility is useful in carrying out experiments on prototype sensors and also for fault finding when problems occur in the ECT measurement system.

The program allows the user to determine which (if any) electrode is to be the source electrode and also allows one or all of the electrodes to be set to be detector electrodes. The parameters M1, M2 and M3 can be set either manually or automatically. Once this has been done, the program calculates the absolute value of capacitance between the source electrode and the selected detector electrodes.

The charge injection capacitances for each measuring channel are also measured and updated approximately once per second while the program is running.

[N.B. The single plane version of the DAMTEST software determines the plane of electrodes selected in the Twin-Plane PCECT start-up window. The twin-plane version allows the user to select the required measurement plane.]

The following notes make reference to the terms used in the capacitance measurement sections 8 to 11 which should be read before using this software.

16.2 SOFWARE OVERVIEW
When the DAM test program is run the screen shown in figure 11 appears. 

The column headings and operating buttons have the following functions:

SOURCE


The electrode which is to be the source electrode is selected by clicking the mouse on the appropriate circle. 

DETECTOR


The electrodes which are to be detectors are selected by clicking the mouse on the appropriate circle. 

GAIN (M2):


The gain of the programmable attenuator DACb expressed as a count M2 (in the range 0-1023). The actual gain (attenuation) = M2/1024.

OFFSET (M1):

The offset voltage applied to balance the measuring circuit, expressed as a count M1 (in the range 0-1023) applied to DACa.

OUTPUT (M3):

The output count M3 from the A/D converter (in the range 0-4095).

CNOISE fF:


The rms value of the capacitance Cx averaged over 100 readings.

Cx fF:



The measured capacitance in femtoFarads between the selected source electrode and the electrode connected to the measuring channel. 





Cinj fF:


The charge injection capacitance of the measuring channel in femtoFarads.

The All gains control sets all of the figures in the M2 gain column to a single value entered from the keyboard.

The All offsets control sets all of the figures in the M1 offset column to a single value entered from the keyboard.

The Auto-offset feature automatically adjusts the gains and offsets to carry out a capacitance measurement.

The Auto Calibrate feature mimics the "Low permittivity  and "High permittivity" functions in the calibration procedure.

When the Cross-channel correction box is enabled, the values of Cx are corrected for the measured values of internal cross-channel coupling capacitance (caused by spurious coupling between measurement channels inside the DAM200 unit), using the set of capacitances measured using the internal cap. measurement button in the Configuration window. 

To use this facility, the DAM200 unit should be switched on but no sensor leads should be connected. With the software set to the Configuration window, the Internal cap. measurement button should be clicked to carry out and store  a set of measurements of the internal measurement channel cross-coupling capacitance values.

[Measurement plane selection. A box is provided to allow either plane 1 or plane 2 capacitances to be selected for display.]

16.3 OPERATING INSTRUCTIONS  
Although the program can be operated in many different ways, it is recommended that the program is used initially as described here to allow the user to become familiar with the facilities provided. The DAM200 must be connected to the PC for this software to operate. 

1. Start the PCECT software and set the measuring frequency to HIGH in the Configuration screen.

2. Select the DAM test screen from the Mode drop-down menu.

3. Set the electrode which is to be the source electrode by clicking on the appropriate channel in the first column of the DAM test screen. If there is to be no source electrode, click on the None circle. 

4. Select All of the electrodes to be Detector electrodes in column 2 of the screen.

5. Click the Auto offset button. All of the Gain values M2 in column 3 will be set to 500 and the Offsets M1 in column 4 will be automatically set to give Output values M3 in column 5 around 3200. 

6. The capacitances between the selected source electrode are displayed in columns 6, 7 and 8.

7. Column 8 displays the charge injection capacitance Cinj for each measuring channel are measured at approximately 1 second intervals.

8. Column 7 displays the absolute values of the inter-electrode capacitances Cx.

9. Column 6 displays the rms noise level of the capacitances in column 7 averaged over 100 readings.

16.4  MANUAL MEASUREMENT MODES
The DAMTEST program also allows the values of M1, M2 to be set manually. Values can be set for individual measurement channels or for all of the measuring channels. However, selected combination of counts M1 and M2 can cause the DAM200 unit to saturate and care should be exercised to ensure that the output count M3 does not exceed the maximum value (4095) otherwise major measurement errors will occur. If M3 does exceed 4095, square brackets will appear around the affected value of M3.

16.5  PROGRAM INITIALISATION
On exiting from the DAM test screen, the 11 channel gain and offset values are saved in a file DAMTEST.CFG and these values will be automatically loaded when the screen is next selected. It is possible for these stored values to become unrealistic numbers (particularly the M2 gain figures) if the user makes errors in using the program. If this occurs, the remedy is to set the gain of all channels to a realistic value of 0.5 by setting M2= 512. If the Auto-offset button is pressed following this operation, sensible values for M1 and M3 will be set by the software. 
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Figure 1 (a)   PTL300  ECT System
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Figure 1(b)   DAM200-TP-G   Data Acquisition Module
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Figure 1(c)   Demonstration 12 element ECT sensor
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Figure 2   PTL300 Electrical Capacitance Tomography System Block Diagram
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Figure 4(a) Single-plane  PCECT start up window
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Figure 4(b)  Twin-Plane PCECT start up window
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Figure 5  PCECT Configuration window
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Figure 6(a)  PCECT Single plane On-line window
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Figure 6(b)  PCECT Twin plane On-line window

[image: image11.png]60.0

40.0

20.0

0.0

FIGURE 7. 12 ELEMENT SENSOR FIELD DISTRIBUTION

(PLOT SHOWS EQUIPOTENTIAL LINES FOR TWO ADJACENT ELECTRODES)





[image: image12.wmf]
Figure 7(b)  Relationship between capacitances and permittivity
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Figure 7(c)  Normalisation of inter-electrode capacitances
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Figure 7(d)  Normalisation of pixel permittivity values
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Figure 8   Examples of  ECT images from  some typical applications
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Figure 9  View Capacitances window
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Figure 10(a) Single plane  PCECT Replay window
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Figure 10(b) Twin plane  PCECT Replay window
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Figure 11(a) Single plane  DAMTEST window
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Figure 11(b) Twin plane  DAMTEST window
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Figure 17  Image grid format (32 X 32 pixels)
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Figure 18  Electrode arrangement and numbering convention 

· [image: image28.wmf]
Figure 19  Cross section of sensor with external electrodes



APPENDIX 1

 DETAILED SPECIFICATION FOR PTL300 ECT SYSTEM 

Number of sensor electrodes: up to 12  in each of two axial planes 

Measurement frequency: 0.625MHz or 1.25 MHz square wave 

Image Production 


Capture rate: 65 frames per second for a 12 electrode system in single plane mode.


Display rate: 32 X 32 pixels:  65 frames per second in single plane mode.

Image resolution (with 12 electrodes):


1 in 10 of diameter of vessel


1 in 100 of cross sectional area of process vessel

Minimum size of phase boundary/particles which can be resolved: as for image resolution

Measurement of phases or particles below minimum size:


Ratio of phases can be estimated within an imaged element by pixel grey level even though individual particles can not be resolved.  

Sensitivity 


The r.m.s. capacitance noise level averaged over 100 frames is 0.08fF. The effective resolution is 0.3fF and corresponds to the detection of a 2% change in the mean concentration (averaged over one second) of particles having a mean dielectric constant of 2.5 at the centre of the pipe (the least sensitive zone). 

Sensor characteristics:


Maximum measurable capacitance between electrodes:   2pF


Maximum electrode-to-screen capacitance (including connecting leads):  200 pF


The length of the RG174A coaxial connecting leads should not exceed 1.5m.

System Software

The system is supplied with pre-installed software for 6, 8 and 12 electrode systems.


APPENDIX 2 


DETAILS OF THE DEMONSTRATION 12 ELEMENT SENSOR
1 ASSEMBLY INSTRUCTIONS
On delivery, the demonstration sensor is supplied in two sections, together with a bag of plastic beads, and it must be assembled before use. This is carried out as follows:

1. Hold the end of the sensor containing the electrode assembly vertical, with the open end upwards.

2. Carefully fill this section with beads from the bag. Use all of the beads.

3. Assemble the second section, containing the clear tube, onto the first section as follows: hold the bottom section by the coupling at the open end, insert the open end of the clear section and carefully twist and push the two sections together. The clear section is fragile at the coupling ends where its diameter has been machined to fit the PVC coupler. Care should therefore be exercised when fitting the sections together. Try to avoid holding the electrode assembly during this process as this may damage the sensor. The demonstration sensor is now ready for use.

Note: a second length of PVC tubing is also supplied which can be ased as an alternative to the length of clear tube if required.

2 SENSOR DETAILS 
The demonstration sensor is constructed from 2 inch (50mm) polythene tubing and fittings. The electrode assembly is fabricated from a flexible copper-clad laminate using standard photo-lithographic and etching techniques.

Figure A2.1 shows a series of photographs of the sensor electrode assembly at various stages of construction: 

The top figure shows the sensor electrode laminate wrapped around the outside of the 2 inch tube.

The middle figure shows the addition of four radial spacers adapted from 2 inch push fit couplings.

The bottom figure shows the addition of the screen, formed from a copper sheet which is wrapped around the radial spacers and held in place by releasable plastic cable ties.

Figure A2.2 shows a negative image of the copper laminate which forms the sensor electrodes. The electrodes are 100 mm in length and are separated by axial screening tracks of width 0.1 inches (2.54 mm). A 2 inch (50mm) length of screen extends axially beyond the sensor electrodes at each end of the electrode assembly and 1 M ohm discharge resistors are connected between each sensor electrode and the screen.

Figure A2.3 shows an axial cross section of the sensor electrode assembly showing the radial spacers and the outer copper screen.

Figure A2.4 shows the complete demonstration sensor. 
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Pipe with sensor electrodes
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Addition of radial spacers
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Addition of outer screen

Figure A2.1  Views showing construction of Demonstration ECT sensor
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APPENDIX 3   DATA FILE FORMATS

A3.1  INTRODUCTION
The following sections describe the general format of calibration data files, sensitivity map files, captured data files image files format and capacitance files, together with other more detailed information about the data in some of these files.
A3.2   MEASUREMENT ORDER

A recurrent notion in the following file format descriptions is that of measurement order. 

When a set of inter-electrode capacitance measurements is taken, a notional inter-electrode capacitance matrix is constructed. 

 Inter-electrode capacitance matrix C:


C11
C12
C13
...
C1n


C21
C22
C23
...
C2n


C31
C32
C33
...
C3n


   .
   .
   .

   .


Cn1
Cn2
Cn3

Cnn

Where Cxy is the capacitance between electrodes ‘x’ and ‘y’. 

Due to the symmetry in the matrix and the redundancy of the diagonal elements, only the upper or lower triangle of measurements need be measured and recorded. The format actually used eliminates the self-capacitance measurements (Cxx) and the reciprocal terms Cyx where y>x. The remaining data is stored in the following order:

Measurement order:


C12
C13
...
C1n
C23
...
C2n
C34
...
C(n-1)n

In ASCII file formats, a newline sequence is inserted at the end of each ‘row’, i.e. after element Cxn. Measurements in these files therefore appear in the following triangular form:


C12

C13


...
C1n


C23

C24

...
C2n


C34

C35
...
C3n


   .

   .
 .


C(n-2)(n-1)
C(n-2)n


C(n-1)n

A3.3   CALIBRATION DATA FILE

The calibration data file stores information necessary for the accurate operation of the DAM200 data acquisition module using the two-point calibration technique.

A3.3.1 Data File Format

The default extension of a file name is CAL for single-plane systems [and CA2 for twin plane systems]. The CAL file is stored in ASCII format and consists of a number of concatenated sections, described below:

1. Number of electrodes nEl.  A single integer followed by a newline sequence.

2. Low permittivity measured values (M3L). These are values read from the DAM200 ADC while the sensor  is filled with the low permitivity component for calibration. The integer measurements (0-4095) are displayed in measurement order (see introduction above) with newline sequences separating rows.

3. Amplifier offset settings (M1). Values of amplifier offset (0-1023) to be pre-set while selecting respective electrode pair. These integers are displayed in measurement order with newline sequences separating rows.

4. High permittivity measured values (M3H). Similar to low permittivity readings.

5. Amplifier gain settings (M2). The gain value (0-1023) used in measuring between a particular pair of electrodes. These integers are displayed in measurement order with newline sequences separating rows. 

6. Zero offset coefficients (M1(0)). These are the readings in all measurement channels (2 to n) with no excitation, i.e. no source electrode. These values are used to compute the input offset to the measurement amplifier, so they are expressed in the same units as offset settings.

7. ADC output value  (system zero balance count) (M3(0)) measured at zero input and maximum gain

8. Low and high permittivity values. Values at which calibration was performed.

[The .CA2 file (for twin-plane sensors) has a similar format. The only difference is that sections 2 to 7 appear twice - once for each measurement plane.]

Note that numbers on the same line in the file are separated by SPACE characters. 

A sample calibration file is shown below.

1125 1274 1198 1132 1150 1248 1131 1162 1241 1222 1191 

1229 1139 1256 1151 1150 1140 1170 1206 1147 1252 

1131 1239 1164 1158 1176 1265 1195 1164 1260 

1261 1161 1122 1165 1275 1133 1156 1129 

1135 1212 1218 1168 1192 1138 1140 

1190 1215 1170 1191 1145 1229 

1264 1206 1193 1141 1262 

1144 1249 1147 1278 

1247 1193 1262 

1217 1132 

1144 

275 121 238 115 277 280 140 377 139 381 412 

253 248 117 278 281 140 376 136 367 243 

421 128 281 282 140 375 135 364 233 

296 291 285 141 375 135 363 231 

462 295 144 377 135 363 230 

457 154 380 136 363 229 

319 390 139 364 229 

564 149 367 230 

324 377 233 

550 244 

416 

3284 2665 1918 1578 1513 1597 1469 1620 1911 2720 3268 

3270 2590 1957 1601 1522 1453 1529 1634 1854 2721 

3285 2677 1854 1616 1507 1597 1528 1617 1955 

3274 2633 1824 1605 1656 1453 1531 1598 

3272 2710 1904 1634 1541 1494 1518 

3277 2711 1893 1640 1533 1585 

3270 2699 1887 1618 1641 

3274 2742 1873 1743 

3278 2666 1966 

3275 2595 

3278 

529 1023 1023 1023 1023 1023 1023 1023 1023 1023 512 

546 1023 1023 1023 1023 1023 1023 1023 1023 1023 

643 1023 1023 1023 1023 1023 1023 1023 1023 

517 1023 1023 1023 1023 1023 1023 1023 

530 1023 1023 1023 1023 1023 1023 

448 1023 1023 1023 1023 1023 

456 1023 1023 1023 1023 

529 1023 1023 1023 

530 1023 1023 

534 1023 

527 

100.193 104.869 230.639 109.876 273.249 277.093 136.336 372.093 131.367 359.031 225.745 

976 0.177683

0 1

A3.3.2  Data file contents
The sequence of data stored in the calibration file is as follows:

(1) Low permittivity balance coefficients M3L(ij) (ADC values 0-4095) (66 in total)

(2) Low permittivity offset coefficients M1L(ij) (DAC values 0-1023) (66 in total)

(3) High permittivity balance coefficients M3H(ij) (ADC values 0-4095) (66 in total)

(4) High permittivity gain coefficients M2H(ij) (DAC values 0-1023) (66 in total)

(5) Zero balance coefficients M30(j) (ADC values 0-4095) (12 in total)

(6) Zero offset coefficients M10(j) (DAC values 0-1023) (12 in total)

The data is displayed as a set of inter-electrode pair coefficients as defined in the table below, in which  1-2 means the coefficient which corresponds to the capacitance measured between electrodes 1 and 2 etc.

Electrode‑pair combinations

____________________________________________________________________

 1‑2,   1‑3,   1‑4,  1‑5,  1‑6,  1‑7,  1‑8,  1‑9,  1‑10, 1‑11, 1‑12,

 2‑3,   2‑4,   2‑5,  2‑6,  2‑7,  2‑8,  2‑9,  2‑10, 2‑11, 2‑12,

 3‑4,   3‑5,   3‑6,  3‑7,  3‑8,  3‑9,  3‑10, 3‑11, 3‑12,

 4‑5,   4‑6,   4‑7,  4‑8,  4‑9,  4‑10, 4‑11, 4‑12,   

 5‑6,   5‑7,   5‑8,  5‑9,  5‑10, 5‑11, 5‑12,    

 6‑7,   6‑8,   6‑9,  6‑10, 6‑11, 6‑12, 

 7‑8,   7‑9,   7‑10, 7‑11, 7‑12,                            

 8‑9,   8‑10,  8‑11, 8‑12,  

 9‑10,  9‑11,  9‑12,    

 10‑11, 10‑12,

 11‑12

___________________________________________________________________

A3.3.3  Calibration file characteristics
In the case of the low-level permittivity balance coefficients, all of the data should be approximately equal to the the nominal ADC count for 1V (around 1000).  

The low-permittivity offset coefficients required to achieve a nominal 1V output form a pattern. Each vertical column should contain approximately equal value coefficients but these nominal values will differ for each column.

The high-level permittivity balance coefficients should ideally all be around the nominal value for 4V output. However, it will not be possible to achieve this output voltage for all combinations of electrodes because of the finite gain available.

The high level permittivity gain coefficients should again form a pattern, with similar nominal values in each vertical column. If all of the coefficients are 1023, this indicates that the system is working at maximum gain and that the nominal 4V level is not achievable.

The 12 zero balance coefficients should all be around the nominal value for 1V.

The 12 zero offset coefficients should have broadly similar values, but these will depend on the uniformity of the capacitance sensing electronic circuitry.  

Large deviations from the expected values may be an indication of wrong connections of cables to electrodes, or of improper/unreliable connections, etc.  Faulty electrodes can be identified by marking coefficients which deviate from the expected values and by using table 1 to identify the problem electrodes or channels.  Alternatively, the DAMtest program can be used to rapidly identify faulty electrodes or measurement channels.

A.3.3.5  Abnormal calibration data
The following are examples of measured experimental data, with abnormal data marked with a *, 

(1) LOW-PERMITTIVITY BALANCE COEFFICIENTS

  977 1003  987  996 1005  978 1021 1036 1012  989 1006

  974  994 1033  982  957 1026 1015  968 1001  950

  985 1018 1009 1027 1029  948 1008 1011  973

  949 1008 1034 1025  976 1016  969 1004

 1016  964  978 1009  973  958 1004

  988 1031  972 1007 1005  946

  966  969  952 1031  974

 1031  986 1018 1008

 1018 1012  978

  947  973

  970

(2) LOW-PERMITTIVITY OFFSET COEFFICIENTS

  713  265  233  263  264  266  244  252  255  252  549

  694  238  264  264  265  242  250  250  244  *142

  651  268  264  264  242  251  249  244  *138

  676  267  264  242  251  249  245  *137

  718  268  243  251  250  246  *137

  648  246  252  250  247  *138

  706  256  251  248  *138

  720  252  252  *138

  *258  *688  *139

  662  *552

  *140

(3) HIGH PERMITTIVITY BALANCE COEFFICIENTS

 3285 1635 1168 1014 1006  933 1038 1108 1659 1209 3282

 3277 1673 1212 1036  907 1046 1040 1094 1109 1551

 3279 1677 1182 1093 1039  870 1073 1090 1101

 3282 1678 1213 1101  943 1041  995 1037

 3281 1557 1135 1058  921  990 1006

 3281 1719 1107 1037 1113  887

 3277 1580  955 1289  900

 3280 *1139 *1779 1042

 *1677 *3279 1095

 3280 *3281

*1553

(4) HIGH PERMITTIVITY GAIN COEFFICIENTS

  664 1023 1023 1023 1023 1023 1023 1023 1023 1023  649

  648 1023 1023 1023 1023 1023 1023 1023 1023 1023

  630 1023 1023 1023 1023 1023 1023 1023 1023

  648 1023 1023 1023 1023 1023 1023 1023

  620 1023 1023 1023 1023 1023 1023

  640 1023 1023 1023 1023 1023

  664 1023 1023 1023 1023

  648 1023 1023 1023

 *1023  *638 1023

  668  *696

 *1023

(5) ZERO BALANCE COEFFICIENTS

  947 1029  949 1035 1019  954 1015  989  973 1000  975  977

(6) ZERO OFFSET COEFFICIENTS

  262  261  233  262  262  264  242  251  250  245  137  219 

These results indicate that there may be problems with electrodes 12, 9 and 10.

A3.4   SENSITIVITY MAP FILES

The sensitivity map file, which is created by external software, forms the basis of the backprojection image reconstruction technique. The sensitivity maps are binary files with the generic names EN_BIN.PM, where N is the number of electrodes in the sensor and M is the number of pixels in one line of the square pixel grid.  At present, there are two sets of these files, one for normal use and one for use when imaging pure water. The two sets of files are held in a Sensitivity Maps subdirectory and the appropriate set of files are loaded into the main PCECT[2] directory when the required set of files is selected as described in section 6.7.

A3.4.1 Data file format
The sensitivity map file is in binary format, the structure of which in C-like syntax is:

float SensMap[number of electrode pairs][horizontal resolution][vertical resolution];

This is equivalent to a set of two-dimensional matrices or submaps. Each submap is a sensitivity map for one pair of electrodes. Elements in a submap correspond to individual pixels in the image area including the ‘corners’ outside the image circle. Only elements inside the circle (non-zero entries) are used, the others are ignored by the software. The following piece of code describes an order of data in sensitivity map file:

procedure ReadSensitivityMap (float SensitivityMap[][][])

for pair_number= 1 to number_of_pairs

   for x=1 to horizontal_resolution

      for y=1 to vertical_resolution



 read SensitivityMap [pair_number][x][y];

Maps for individual electrode pairs are stored in measurement order.

The sensitivity map file name is constructed using number of electrodes ‘nEl’ and the number of pixels on an image edge ‘nPix’ according to following template:

e<nEl>_bin.p<nPix>
For example file e12_bin.p32 is a sensitivity map for a 12-electrode sensor to be used in 32(32-pixel image reconstruction.

A3.4.2 Viewing sensitivity map files


These files must be viewed using a binary file editor such as “Norton Commander”. When the files are viewed on the screen in hex format, each coefficient is a group of 4 hex number pairs. The coefficients are listed in the order of pixels:

S1-2(k)  (k =1 to 1024)

S1-3(k)  (k =1 to 1024) 

.

.

S11-12(k) (k = 1 to 1024)

The pixel number k refers to the pixel in the 32 X 32 grid shown in figure 17 in the following way:

Pixel 1 is at row 1, column 1

Pixel 2 is at row 1, column 2 

.

.

Pixel 32 is at row 1, column 32

Pixel 33 is at row 2, column 1

.

.

Pixel 1024 is at row 32, column 32.

A3.5  CAPTURED DATA FILE
A3.5.1 Introduction

The data file generated using the Save captured data option in the File menu contains frames of normalised inter-electrode capacitance data and has the default extension .MES for single plane data [or .ME2 for twin-plane data]. The data is stored in binary format as a series of ‘data frames’ preceded by a file header. The header contains sufficient information to permit the correct interpretation of the remaining data as frames and to replay them in the application’s ‘Replay’ mode. Frames are stored as normalised capacitances rather than images, so that the original measurement data are saved. This allows images to be reconstructed retrospectively, using any desired image reconstruction algorithm and with arbitrary resolution. Capacitance values are normalised to the range 0-0xFFF. Negative values can occur in the file as well as values higher than 0xFFF. 

As well as the stored capacitance values, the data files contain other information, including the number of electrodes, number of measurements in each frame, number of frames stored in the file, and the time between frames. Provision has also been made for storing the upper and lower calibration values of permittivity, although this feature is not functional at present.

The data is stored in binary format as a sequence of 8 bit bytes. Each file contains a header section, followed by the measured data. An example of the start of a data file as viewed using a hexadecimal file editor (eg Norton Commander) is shown at the end of this section.

A3.5.2  Data file format

The captured data file consists of a header followed by a sequence of frame records. The number of records and the size of individual records is stored (indirectly) in the header.

In the following, the data types of record fields are expressed using C-syntax:

char

single byte,

short

2-byte integer,

long

4-byte integer,

float

4-byte floting point number,

type[n]

array of n elements of type type.

A3.5.3  Header Structure

The measurement file begins with the following header:

	Offset from start
	Size (No. of Bytes)
	Type as defined in “C” convention             Data Name
	Description

	0
	4
	char[4]      FI
	File signature. Must be “MEAS”.

	4
	2
	short        HS
	Header size = 27.

	6
	2
	short        NM
	Number of measured values in one frame (electrode pairs eg = 66 for a 12 electrode sensor).

	8
	4
	long         NF
	Number of frames in file.

	12
	2
	short        NE
	Number of measurement channels.

	14
	4
	float        EL
	Lower permitivity used for calibration. * Not in current use.

	18
	4
	float        EH
	Higher  permitivity used for calibration. * Not in current use.

	22
	4
	long         FR
	Frame capture rate (time between frames) [ms]. (=0 if no value set by user)

	26
	1
	char         NP 
	Number of planes, currently 1 or 2.


The signature field is used to identify the file as a measurement file. The header size field is provided for future use so that if more data is incorporated into a header, the file will be still useable by previous software versions.

A3.5.4 Frame Record Structure

The measured data follows on immediately after the header section and the data is in the following format:

	Offset from start
	Size (no. of Bytes)
	Type in C convention
	Description

	0
	4
	long
	Frame time [ms]. In first record = 0.

	4
	2(m (p
	short[p][m]
	Normalised inter-electrode capacitance values in binary format in the range 0-0xFFF. *


Where m is the number of measured values in a single frame defined in the header and p is the number of sensor planes, i.e. 1 for single-pane system and 2 for twin-plane. 

Hence, in  a 2-plane system there are actually two frames stored together for two respective planes of sensor electrodes. Frame data are stored in measurement order.

* The measured data is stored in the order C12, C13...C1N, C23, C24...C2N etc. There are no delimiters between any of the data. The size of the measured data record is therefore 4 + 2 x p x m

A3.5.5  Sample data file
The following data shows how the start of a typical measured data file will appear when viewed by the hexadecimal editor in Norton Commander, together with an explanation of the data.

| 4D 45 41 53 | 1B 00 42 00 | 8F 00 00 00 | 0C 00 00 00 |

 <-----------> <----> <----> <-----------> <----> <----

     MEAS        27     66        143       12      X      Data

     FI          HS     NM        NF         NE     EL *   Name _________________________________________________________

| 00 00 00 00 | 80 3F E8 03 | 00 00 | 01 00 |00 00 | 00 00 |

 -----> <-----------> <-----------> <-------> <-----------> 

X           XX           1000          1           0 
   Data

             EH *          FR           P          FT      Name _________________________________________________________

EF 0F   | F2 0F 00 10 |  etc ...........................    

<----> <----> <---->

4079   4082    4096 







   Data

 C12     C13    C14 







   Name

_________________________________________________________

*   Not implemented at present.

A3.5.2.4  Note on hexadecimal notation of measured data
The bytes within each word of data are stored in reverse order. Note that one 8 bit data byte is represented by a pair of hexadecimal numbers. The hexadecimal characters within each pair are in the correct order but the lower byte pairs always precede the higher byte pairs in each data word.

For example, looking at the data NF (143) in the previous example file, this appears in hexadecimal format as:  8F 00 00 00. These four bytes must be read in reverse order as the hex number 0000008F, which converts to 143 in decimal notation.

As a second example, C13 is stored as F2 0F. Reversing the order of the bytes, this becomes the hex number 0FF2 which converts to 4082 in decimal notation.

Note that the easiest practical way to convert from hex to decimal format is to use a modern scientific calculator with this conversion facility.

A3.6  IMAGE FILE

The image file is an ASCII file containing the numeric values of all pixels of a single frame or a series of frames. The file contents are derived using the backprojection algorithm. The image file contains data of one selected image or a range of images. The default extension of an image file name is .IMG.

The format of the files saved under the Save images option in the File menu is a set of P X P numbers corresponding to the numeric value of each pixel in the image, where P is the set resolution (eg 32 pixels). The numbers are formatted in a square table (number of columns and rows are equal), and separated within rows by TAB characters. The pixels are in row order, with the top left hand pixel at the start of the data file and the bottom right pixel at the end of the data file. Regions outside the sensor circle (with zero entries in the sensitivity map file) are filled with zeros. The numbers are stored with a precision of three digits after the decimal point.

The pixel data is normalised and lies nominally in the range 0 (lower permittivity limit) to 1 (higher permittivity limit). However, this situation will only apply if the sensor is full or empty when the simple linear back-projection image reconstruction algorithm supplied with the software is used. For partially-filled sensors, the electric field distribution will be distorted, causing errors in the images. In these circumstances, pixel values outside the range 0 - 1 will occur. Note, that negative values can occur in this file as well as values higher than 1. This is a result of the field distortion in the sensor which is highlighted by the backprojection reconstruction technique.

Each image frame is preceded by an integer number which is a time stamp which shows the frame time in milliseconds from the start of data collection.

If the image file contains more than one image, subsequent data sets follow immediately without any delimiters.

A typical image file is shown below.

Sample one frame Image file for 20(20 resolution:

13

0
0
0
0
0
0
0
1.22
1.25
1.19
1.18
1.31
1.26
0
0
0
0
0
0
0

0
0
0
0
0
1.18
1.2
1.23
1.23
1.27
1.27
1.27
1.19
1.17
1.14
0
0
0
0
0

0
0
0
1.15
1.16
1.15
1.15
1.17
1.17
1.21
1.23
1.23
1.19
1.1
0.824
0.66
0.497
0
0
0

0
0
1.12
1.13
1.12
1.12
1.12
1.11
1.12
1.13
1.15
1.13
1.11
0.951
0.626
0.402
0.333
0.323
0
0

0
0
1.13
1.13
1.09
1.08
1.07
1.06
1.07
1.08
1.09
1.09
1.09
0.941
0.727
0.446
0.36
0.114
0
0

0
1.11
1.12
1.11
1.07
1.06
1.02
1.03
1.04
1.06
1.08
1.06
1.01
0.85
0.697
0.508
0.247
0.229
0.173
0

0
1.12
1.1
1.08
1.04
1.03
1.01
1.02
1.02
1.05
1.07
1.04
1.02
0.884
0.691
0.546
0.344
0.256
0.142
0

1.11
1.11
1.08
1.06
1.04
1.02
1
1.02
1.04
1.06
1.1
1.06
1.02
0.907
0.744
0.604
0.393
0.247
0.071
0.066

1.14
1.11
1.09
1.05
1.02
0.981
1
1.01
1.08
1.09
1.1
1.09
1.03
0.921
0.789
0.625
0.396
0.272
0.141
0.075

1.13
1.12
1.09
1.04
1.01
1
1.01
1.01
1.06
1.14
1.09
1.13
1.09
0.986
0.864
0.636
0.478
0.235
0.107
0.205

1.14
1.14
1.11
1.06
1.02
0.986
0.987
1.04
1.06
1.09
1.2
1.18
1.17
1.02
0.902
0.73
0.561
0.295
0.17
0.242

1.17
1.15
1.11
1.07
1.03
1.01
1.01
1.03
1.04
1.13
1.17
1.24
1.16
1.06
1
0.787
0.594
0.328
0.218
0.111

1.17
1.17
1.13
1.1
1.05
1.03
1.02
1.02
1.08
1.14
1.14
1.18
1.19
1.18
0.938
0.771
0.594
0.465
0.367
0.182

0
1.19
1.16
1.12
1.09
1.05
1.05
1.05
1.08
1.09
1.18
1.21
1.13
1.15
0.985
0.937
0.68
0.521
0.34
0

0
1.19
1.19
1.16
1.14
1.1
1.08
1.06
1.08
1.08
1.13
1.12
1.12
1.19
0.985
0.928
0.828
0.703
0.446
0

0
0
1.23
1.2
1.18
1.13
1.11
1.06
1.08
1.09
1.11
1.13
1.06
1.07
1.02
0.988
0.827
0.7
0
0

0
0
1.22
1.23
1.23
1.2
1.12
1.09
1.07
1.08
1.09
1.14
1.1
1.11
1.11
0.91
0.827
0.779
0
0

0
0
0
1.21
1.21
1.19
1.11
1.08
1.08
1.08
1.1
1.1
1.1
1.03
0.992
1
0.874
0
0
0

0
0
0
0
0
1.12
1.12
1.1
1.08
1.09
1.1
1.11
1.12
1.06
1
0
0
0
0
0

0
0
0
0
0
0
0
1.08
1.09
1.03
1.04
1.1
1.08
0
0
0
0
0
0
0

A3. 7  NORMALISED CAPACITANCE FILE

This file contains ASCII data for all normalised capacitances of a single frame or series of frames. The file contains capacitance values for the selected images and the default file name extension is .NCP (Normalised Capacitance).

The capacitance values are normalised in the range [0,1]. When the sensor is filled with the medium used for the low-permitivity calibration, the resulting capacitances are set to be equal to zero. The capacitance values are set to 1 when the sensor is filled the with high-permitivity medium used for calibration. The numbers are stored in measurement order in the file with rows separated by newline sequences. The precision of the numbers is 3 digits after the decimal point. If more than one frame of data is stored, subsequent frame records follow.

For a 12 electrode system, there will be 66 values of capacitance, stored in the order:

C12, C13, ....C1N

C23...C2N

C34... etc.

As for the image files, each capacitance data frame is preceded by an integer number which is a time stamp which shows the frame time in milliseconds from the start of data collection.

Sample normalised capacitance file for 12-electrode sensor:

0.048
0.541
0.705
0.612
0.7
0.711
0.66
0.74
0.712
0.67
0.159


0.311
0.77
0.719
0.778
0.793
0.732
0.833
0.78
0.794
0.519


1.27
1.07
1.08
1.06
1.05
1.11
1.09
1.12
0.922


1.22
1.1
1.08
1.04
1.11
1.09
1.15
1.04


1.13
1.06
1.03
1.09
1.06
1.08
1.05


1.11
1.06
1.07
1.04
1.04
1.04


1.17
1.1
1.04
1.05
1.05


1.23
1.06
1.06
1.05


1.08
1.06
1.01


1.08
1.02


0.82


A3.8 ABSOLUTE CAPACITANCE FILE
This file contains ASCII data for all absolute capacitances of a single frame The file format is similar to the normalised capacitance file. The only difference is that the numbers are now absolute capacitances in femtofarads. The default file name extension is CAP.

As for the image files, each capacitance data frame is preceded by an integer number which is a time stamp which shows the frame time in milliseconds from the start of data collection. 
A3.9 VOLUME RATIO FILE

This file contains the volume ratio in % for each frame, preceded by the frame time stamp in milliseconds. A single plane file will have the extension .VOR and will contain data for a single plane. A typical single plane data file for 20 image frames is shown below.

Time   %1

5849
31

5863
32

5876
32

5890
33

5914
34

5928
34

5942
34

5958
34

5981
34

5995
33

6009
34

6025
34

6050
35

6064
36

6078
37

6091
40

6118
57

6132
66

6145
75

6159
85

6190
99

For a twin plane system, the file extension is .VO2 and there is an extra column for the volume ratio figures for the second plane. A typical data file is shown below.

Time
%1
%2

0
93
10

14
92
11

56
90
14

70
89
16

109
85
19

123
84
21

136
82
23

175
77
27

188
75
29

205
73
31

243
69
36

257
68
38

271
67
40

308
64
44

322
63
45

337
62
47

375
60
49

389
59
49

402
58
51

442
58
52


APPENDIX 4
A4.  CONTROL CIRCUITS DESCRIPTION 
A4.1  COMMUNICATIONS PROTOCOL
The DAM200 unit is controlled from a remote computer system via two high-speed 10Mb/s unidirectional communications links. There is a CO11 communications interface IC at each end of the link and this converts 8 bit serial bytes on the link into 8 bit parallel bytes to interface to the circuits at each end of the link. Each CO11 IC has one input and one output 8 bit parallel port. These will be referred to as data buses A and B respectively from now on. 

The communications protocol is based on sending and receiving single 8 bit data bytes. Each data byte is transmitted as a start bit (one), then a one bit followed by the eight data bits and a stop bit (zero). Each data byte is acknowledged by the receiver before the transmitter can send a further byte. The acknowledge signal consists of a start bit (one) followed by a zero bit. The data bytes and acknowledge signals therefore have the following formats:





D0
D1
D2
D3
D4
D5
D6
D7

Data byte  
1
1
X
X
X
X
X
X
X
X
0
  



start
one
<
-
-
-
-
-
-
>
stop 



bit
bit



DATA




bit

Acknowledge signal

1
0

The quiescent state of the data link is logic zero (0V).

A4.2  DATA BYTE FORMAT
The data sent from the remote computer via data bus A of the CO11 IC to the DAM200 is an 8 bit byte which is configured as a 3 bit control code and a 5 bit data code. The 5 least significant bits (D0-D4) form a 5 bit data code word which is passed to and from data bus B of the DAM200 unit. The three most significant bits (D5-D7) form a 3 bit function selection control code which controls a 3 to 8 decoder to produce 8 function selection control signals.

The data sent from the DAM200 to the remote computer is the ADC output count M3. As the ADC is a 12 bit device, the data is sent as two 8 bit bytes. The first byte contains the 8 least significant bits and the second word contains the 4 most significant bits, together with 4 leading zeroes.
A4.3  COMMUNICATIONS AND DATA BUS CIRCUITS
Figure A4.1 shows the arrangements for the data bus and communications circuits. The communications controller circuit has two 8 bit parallel data ports, configured as an input port and an output port. The communications controller (U46) converts data on these parallel ports to and from two serial data ports LINKIN and LINKOUT. 

There are three separate data buses in the DAM200 system, together with 2 control buses. 

Data bus A is the 8 bit input port of U46 and is used to send data from the 12 bit ADC (U44) to the remote computer system. The 12 bit ADC output count M3 is sent sequentially as two 8 bit words.

The remaining two data buses and the two control buses are used to send data and control codes from the remote computer to the DAM200.

Data bus B is the 8 bit output port of the CO11 communications controller IC. The data from this port is split into two 3 and 5 bit words. 

The 3 bit word formed from the most significant bits (DB5,DB6,DB7) is used to generate 8 control signals Y0 - Y7 (control bus 1) using a 3 to 8 decoder circuit U49. 

The 5 bit word formed from the least significant bits (DB0 - DB4) is used in a number of ways as follows:

The first function of the low 5 data bits on data bus B is to generate a third 10 bit data bus (C). This is done in two stages. In stage 1, the data in DB0-5 is latched into a 5 bit register U48 using the control signal Y2 to latch the data. The output of this latch is connected to the low 5 bits of data bus C. In the second stage, the current data in DB0-5 is buffered via U47 and is sent to the high 5 bits of data bus C. Data bus C is connected to the DAC circuit U40 and controls the offset voltage and gain of the common analogue measuring circuit.

The second function of the low 5 data bits is to generate the electrode control signals. This is done by passing the lowest 4 bits (DB0 to DB3) to a 4 to 16 decoder circuit (U60) which generates the electrode control signals (control bus 2, shown in figure 8). The actual signals which are passed to U60 are the equivalent buffered data bits on data bus C, that is DC5 to DC8. This is described in more detail in section 4.5.

The LINKIN port of U46 receives serial data from the remote transputer system via an unscreened twisted pair communications link. The LINKOUT port is connected to a second twisted pair link via a buffer circuit U47 and a line matching resistor. 

The CO11 circuit is controlled by a 5MHz clock signal and sends and receives data at 10 MBit/S.

A4.4  CLOCK WAVEFORM AND SENSOR CONTROL CIRCUITS 
Figure A4.2 shows the remainder of the digital control circuitry, including the arrangements used to generate the clock and control waveforms for the electrodes.

The clock waveforms to control the analogue switches are generated as follows:

U55a and U55b form a 5 MHz crystal oscillator. The output of this circuit passes to a binary divider U56, from which outputs of 2.5, 1.25, 0.625 MHz etc are available. The 2.5 and 1.25MHz outputs are selected by the clock control signal FRC which is derived from control signal Y7, and the output of this circuit passes through a level shifting circuit U59 to the input of the CMOS clock generator circuits formed by U58, U61 and U62.

U58 acts as a divide-by-two circuit, producing complementary outputs at half the input clock frequency. The two complementary outputs from U58 are modified by diode/resistor time constant circuits, to produce the required control signals at half the clock frequency. These control signals (S1c to S4c) are passed to the analogue circuit board to operate the analogue CMOS switches in the capacitance measuring circuits.

A4.5 ELECTRODE SELECTION 
All of the sets of CMOS switches S1 to S4 for measuring channels 2 to 11 are contained within single 4066 ICs (one per channel) and are controlled by a single set of clock control waveforms S1c to S4c as shown in figure A4.3. The control waveforms are routed to the CMOS switches via a set of  4019 ICs (again one per channel) which act as 4-pole 2-way selector switches with two sets of inputs (A and B). These are the selector switches shown in figure 14. The state of these selector switches is determined by the two control inputs KA(n) and KB(n), where n is the channel number. The KA(n) signals are generated by decoding the lowest four data bits DB0 to DB3 (actually, DC5 to DC8) using U60 (figure A4.2). The complementary signals KB(n) are generated simply by inverting the KA(n) signals using U62 and U63. The control signals KA and KB select the 4-pole, 2-way electronic changeover switches U2 - U11 to set one electrode to be a source electrode with the other electrodes set to be detector electrodes. This is achieved as follows:

When KA(n) = 1, the 4019 selects the control signals applied to the "A" inputs to control switches S1 to S4. This applies the clock control signals S1c and S2c to switches S1 and S2 and 0V signals to switches S3 and S4, holding them open. Electrode n is therefore set to be a SOURCE electrode when KA(n) = 1.

Similarly, when KB(n) = 1, the 4019 selects the control signals applied to the "B" inputs to control switches S1 to S4. This applies the clock control signals S3c and S4c to switches S3 and S4 and 0V signals to switches S1 and S2, holding them open. Electrode n is therefore set to be a DETECTOR electrode when KB(n) = 1.

Electrodes 1 and 12 could have been controlled in a similar manner. However, as electrode 12 is always connected as either a DETECTOR electrode or is grounded and electrode 1 is always configured as either a SOURCE electrode or is grounded, advantage is taken of this fact to combine the electrode selection arrangements for these two electrodes in a single 4019 circuit. The arrangements for electrodes 1 and 12 are shown in Figure A4.4. 

In this arrangement, electrode 12 is always connected as a DETECTOR electrode, irrespective of the control signals KA and KB. KA(1) and KB(1) are therefore used to set the state of electrode 1.  When KA(1) = 1, electrode 1 is a SOURCE electrode and when KB(1) = 1, electrode 1 is GROUNDED. There is no measurement channel for electrode 1 as it is never a detector electrode.

A4.6  MEASUREMENT CHANNEL SELECTION
The arrangement for determining which measurement channel is connected to the common analogue measuring circuit are shown in figure A.4.5. Two multiplexers, U24 and U35 are controlled by the data set on data bus B.

Each capacitance measuring circuit has two complementary outputs for the charge and discharge circuits.  These are passed through two sets of multiplexers as shown in figure A4.5. 

The first multiplexer (U34) is a two-pole 8-way latch. The output selection is achieved by the combination of the 3 lowest data bits D0, D1 and D2.

The second multiplexer (U35) is a two-pole 4-way latch (only 3 ways are used). The output selection is achieved by the combination of the 2 lowest data bits D0 and D1.

The charge and discharge outputs for a given channel n are selected by the multiplexers, summed and are then passed to the common analogue gain control and measuring circuit shown in figure 16, which is a simplified version of the full schematic diagram. operation of the circuit. The operation of the common analogue circuit is described in detail in section 9.

A4.7
CAPACITANCE MEASUREMENT CHANNELS
The principle of operation of the capacitance measuring circuits is described in section 8. This section contains supplementary information about the detailed operation of the capacitance measuring channels.

Each electrode (with the exception of electrodes 1 and 12) is associated with a measuring channel numbered 2 to 12  and each of these electrodes can be set to be either a source electrode or a detector electrode. Electrode 1 has no measuring channel and is always connected as either a source electrode or is grounded. Electrode 12 is always connected as a detector electrode and is permanently connected to channel 12.

All of the sets of CMOS switches S1 to S4 for channels 2 to 11 are contained within single 4066 ICs (one per channel) and are controlled by a single set of control waveforms S1c to S4c. These control waveforms are routed to the CMOS switches via a set of 4019 ICs (again one per channel) which act as 4-pole 2-way selector switches. The state of these selector switches is determined by the two control inputs Kan and Kbn where n is the measuring channel number. Detailed information about the operation of this part of the system is given in section A4.5.
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APPENDIX 5

A5  DESCRIPTION OF THE CONTROL CODES AND THEIR FUNCTIONS

The 8 function selection codes (control codes) and their corresponding 5 bit data codes are summarised in the following sections.

A.5.1  SOURCE ELECTRODE SELECTION CODE

D7
D6
D5










0
0
0    

This control code sets one of the electrodes to be the SOURCE electrode, with the remaining electrodes set as detector electrodes. The choice of SOURCE electrode is determined by the data code (the remaining 5 data bits) as follows:

DATA CODE

D4
D3
D2
D1
D0

0
0
0
0
0

Set electrode 1 = SOURCE

0
0
0
0
1

Set electrode 2 = SOURCE

0
0
0
1
0

Set electrode 3 = SOURCE

0
0
0
1
1

Set electrode 4 = SOURCE

0
0
1
0
0

Set electrode 5 = SOURCE

0
0
1
0
1

Set electrode 6 = SOURCE

0
0
1
1
0

Set electrode 7 = SOURCE

0
0
1
1
1

Set electrode 8 = SOURCE

0
1
0
0
0

Set electrode 9 = SOURCE

0
1
0
0
1

Set electrode 10 = SOURCE

0
1
0
1
0

Set electrode 11 = SOURCE

0


0
1
0
1
1

Set all electrodes inactive to measure channel 





charge injection capacitances

From the above table, it is seen that only 4 of the five data bits are used. The control signal (Y0) from the decoder (U49) generated by this control code latches the 4 lowest data bits into a 4 to 16 decoder (U60) via a level shifting circuit (U59) which restores the 5V logic signals to 15V for the subsequent CMOS control circuitry. 

The data code determines which electrode is set to be the active (SOURCE) electrode. This is done by generating the appropriate control signals KA(n) from U60 and their complements KB(n) from the inverting buffers U62 and U63. Further details of the operation of the electrode control circuitry are given in sections 4.5 and 4.6. 

A.5.2  MEASUREMENT CHANNEL SELECTION CODE

D7
D6
D5











0
0
1

This code selects one of the 11 capacitance measurement channels to be connected to the common analogue measuring circuit. The channel selected depends on the data code (the remaining 5 data bits) as follows:

DATA CODE

D4
D3
D2
D1
D0

0
0
0
0
0

Select measurement channel 2

0
0
0
0
1

Select measurement channel 3

0
0
0
1
0

Select measurement channel 4

0
0
0
1
1

Select measurement channel 5

0
0
1
0
0

Select measurement channel 6

0
0
1
0
1

Select measurement channel 7

0
0
1
1
0

Select measurement channel 8

0
0
1
1
1

Select measurement channel 9

0
1
0
0
0

Select measurement channel 10

0
1
0
0
1

Select measurement channel 11

0
1
0
1
0

Select measurement channel 12

0


0
1
0
1
1

No measurement channel selected. (Used for 






measurement of system zero balance voltage.)

Again, only 4 bits of the 5 bit data code are used for channel selection. 

The control code generates a control signal (Y1) from U49 which writes the 4 lowest data bits from the above table to the latches of the channel selection multiplexers U34 and U35 on the analogue circuit board. This selects the outputs of the appropriate capacitance measuring circuit to the common analogue measuring circuit.

A.5.3 SEND LOWER 5 BITS OF OFFSET OR GAIN DATA TO DATA BUS C CODE


DATA CODE

D7
D6
D5

0
1
0

This code generates a control signal Y2 from U49 which sends the lower 5 bits of the offset balance voltage count M1 or the lower 5 bits of the gain control count M2 to a register (latch, U48) connected to the lower 5 bits of data bus C. The higher 5 bits of data are then sent to data bus C to form the 10 bit data word to control the digital to analogue converter circuits which control the offset and gain of the common analogue measuring circuit (see 5.4 and 5.5 below). 

A.5.4  SEND OFFSET VOLTAGE TO DACa CODE
DATA CODE

D7
D6
D5

0
1
1

This code generates a control signal Y3 from U49 which generates a chip select signal for DACa via U50c. This sends the 10 bit offset voltage coefficient M1 on data bus C to the offset voltage control circuit DACa. 

A.5.5  SEND GAIN FACTOR TO DACb CODE 
DATA CODE

D7
D6
D5

1
0
0

This code generates a control signal Y4 which, together with Y6 generates a chip select signal for DACb via U50b. This sends the 10 bit gain control coefficient M2 on data bus C to the gain control circuit DACb.

A.5.6  A/D CONVERTER CONTROL CODE
D7
D6
D5








1
0
1

The A/D converter U44 is a 12 bit device. In order to output this data using 8 bit data bytes, U44 is operated in a mode which outputs the data as an 8 bit LOW byte followed by a 4 bit HIGH byte.

This code controls the A/D converter as follows (only 2 data bits are used):

A.5.7  SEND LOW DATA BYTE
DATA CODE 

D4
D3
D2
D1
D0

0
0
0
0
0

Start A/D conversion

This code initiates the A/D conversion process and sends the low 8 bits of converted data to the remote computer system. The detailed operation is as follows: 

The control code generates a control signal Y5 from U49. Y5 latches D0 (0) into the inputs of register U54b to start the A/D conversion and the BUSY output of the ADC (U44) becomes LOW. 

When the conversion is complete, BUSY goes HIGH and triggers a monostable (U52a). The output of U52a is delayed by an RC circuit (U53d), and sets the output of U51b HIGH. This output is connected to the INPUT VALID pin of the CO11 IC (U46) to inform U46 that the data is ready.

The CO11 then sends the lower 8 bits of the ADC output M3 up the link to the transputers and the transputer sends the ACKNOWLEDGE signal which sets the Iack pin on U46 HIGH and this sets the output of U51b LOW. This in turn sets the Ivalid input of U46 LOW, cancelling the data valid signal.

A.5.8  SEND HIGH DATA BYTE
DATA CODE 

D4
D3
D2
D1
D0

0


0
0
0
0
1

Enable the higher 4 bits of the ADC to be read

This code sends the high 4 bits of data to the remote transputer system.

The transputer system changes the data code to set D0 = 1 and this sets the output of U54a HIGH to enable the HIGH BYTE (top 4 bits) of the output data. 

A.5.9  READ AND WRITE DATA CODE

D7
D6
D5








1
1
0


This code also reads the high 4 bits of data. However, it also simultaneously sets the circuit gain to a value determined by the 5 low data bits.

This control code causes the control signal Y6 to be generated by U44. This signal triggers the monostable U52a, which generates a positive pulse, which sets Ivalid HIGH and initiates the READ operation of the CO11 (U46). The output pulse from U52a also latches 5 bits of data into the higher 5 bits of the gain control circuit DACb. 

This facility is used to preset the gain of the common analogue circuit before switching between capacitance measurement channels. Because of the wide variartion of signal levels between channels, the gain of the common circuit is set to a low value before changing channels to avoid circuit saturation. This is done by selecting control code 7 and setting the 5 data bits to zero.   

A.5.10 SELECT TRANSDUCER CLOCK FREQUENCY CODE 
D7
D6
D5











1
1
1

This code generates the control signal Y7 from U49 and sets the switching frequency of the capacitance measuring circuit by generating a 1 or 0 at the output of U51a depending on the value of D0 as follows:

DATA CODE

D4
D3
D2
D1
D0

0
0
0
0
0

Set frequency = HIGH (2.5 MHz) 

0


0
0
0
0
1

Set frequency = LOW (1.25MHz)

A.5.11 HEX CODES TABLE
HEX


BINARY
0

0
0
0
0

1

0
0
0
1

2

0
0
1
0

3

0
0
1
1

4

0
1
0
0

5

0
1
0
1

6

0
1
1
0

7

0
1
1
1

8

1
0
0
0

9

1
0
0
1

A

1
0
1
0

B

1
0
1
1

C

1
1
0
0

D

1
1
0
1

E

1
1
1
0

F

1
1
1
1


APPENDIX 6
CIRCUIT CONSTANTS
Vs:
15V

Rf:
15kohm

f:
0.625 MHz (LOW)


1.25  MHz (HIGH)

R3:
10kohm

R4:
1.82kohm

R5:
5.1kohm

R6:
10kohm

R7:
47kohm

R8:
10kohm

R10:
10kohm

R11:
1.8kohm

R12:
20kohm

R13:
180kohm

VR1:
Vs.(R6/(R5 + R6))

VR2:
5.25V

G1:
R10/R7



G2:
(1 + (R3/R4))

G3:
R12/R11

G4:
R12/R13

G5:
2

K1:
2.Vs.f.Rf
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APPENDIX 7

THE PC INTERFACE BOARD
A7.1  INTRODUCTION
The DAM unit interfaces to the control computer via one or more custom circuit boards contained within the PC. These boards plug into ISA slots in the PC and have an external 37-way male D connector which connects to the data link cable. The data link operates at a speed of 10 Mb/S and operates over two twisted pair cable circuits. 

A7.2 BOARD ADDRESS SWITCHES
The PC link boards contain internal switches which allow the board address to be set in the range 300 to 33C Hex. A diagram of the circuit board is shown in figure A7.1 which shows the location of the address switches.  

[A twin-plane system contains two identical interface boards, with the rear panel connectors labelled DAM LINK1 and DAM LINK2.]

All of the address switches of the plane 1 (DAM LINK1) board must be set to the ON (UP) positions to set the board address to Hex 300. 

[Switches 2,3 and 4 of the plane 2 (DAM LINK2) board must be set to the ON (UP) positions and switch 1 must be set to the OFF (DOWN) position to set the board address to Hex 304.] 

A7.3 ADDRESS DETAILS 
The address switches set 4 bits of a 12 bit address as follows:



0  0  1  1      0  0  X  X      X  X  0  0 





 __ __   __ __









 S4 S3   S2 S1 

HEX


3

?

?


The address code table is as follows:



S4
S3
S2
S1
address (hex)



_________________________________________



ON
ON
ON
ON
300
(default) 



ON
ON
ON
OFF
304 



ON
ON
OFF
ON
308 



ON
ON
OFF
OFF
30C 



ON
OFF
ON
ON
310 



ON
OFF
ON
OFF
314 



ON
OFF
OFF
ON
318 



ON
OFF
OFF
OFF
31C 



OFF
ON
ON
ON
320 



OF
ON
ON
OFF
324 



OFF
ON
OFF
ON
328 



OFF
ON
OFF
OFF
32C 



OFF
OFF
ON
ON
330 



OFF
OFF
ON
OFF
334 



OFF
OFF
OFF
ON
338 



OFF
OFF
OFF
OFF
33C 
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APPENDIX 8  SOFTWARE INSTALLATION

The  PCECT  software is supplied as compressed files on three 3.5 inch disks.  The installation is carried out in two stages. The first stage involves installing the version 1.0 software which is then updated with the version 2.3 files in the second stage of installation. The software may be run under either Windows 3.1 or Windows 95/8 following completion of the appropriate installation.

A8.1 WINDOWS 3.1 INSTALLATION
A8.1.1 Installation of the version 1.0 software:

1. Start Windows 3.1.
2. Select File from the Program Manager menu Bar, then select Run from the drop down menu.

3. Insert the Twin-Plane PCECT installation disk 1 in the a: drive,  type: a:setup and click on the OK button. The software will then be installed automatically. 

4. When prompted, confirm the name of the subdirectory in which  the software is to be installed, which must be c:\PCECT for a single -plane system [or c:\PCECT2 for a twin-plane system]. 

5. When prompted, insert the PCECT installation disk 2 to complete the  installation of the version 1.0 software.
6. Once the software has been installed, the Program Manager window will appear on the screen of the PC monitor. 

This completes the installation of the version 1.0 software. The next step is to upgrade this software to version 2.3 as described in section A8.1.2. 

A8.1.2 Installation of the version 2.3 upgrade software

The following instructions assume that the previous version 1.0 software is already installed on the PC in the directory C:\PCECT[2].  The new software will be installed in the directory PCECT[2] ready to run under Windows 3.1

1. Start the PC in DOS mode and  insert the PCECTTP version 2.3 upgrade disk in the A: drive.

2. At the C:> prompt, type  a:install [R]

3. The new software will be installed automatically.  

4. Once the installation process has finished, remove the upgrade disk and start Windows 3.1. 

This completes the installation for single plane systems.

[To complete the installation process for twin-plane systems, proceed as follows:

The first step is to modify the icons which control single plane operation of the ECT system. 

5. Double click on the Twin Plane PCECT icon in the Program Manager window to open the PCECT Twin Plane program group window.

6. Click on the PCECT Plane 1 icon to highlight it.

7. Click on FILE in the Program Manager menu bar and then click on Properties in the drop-down menu. A Program Item Properties window will open.

8.  Change the Command Line entry to:  C:\PCECT2\TES1 1.  Note that a single space is required between TES1 and 1.

9. Click the OK button. 

The procedure described in steps 5 to 9  is repeated (as described in steps 10 to 13 below) to modify the control parameters for the PCECT Plane 2 icon as follows:

10. Click on the PCECT Plane 2 icon to highlight it.

11. Click on FILE in the Program Manager menu bar and then click on Properties in the drop-down menu. A Program Item Properties window will open.

12.  Change the Command Line entry to:  C:\PCECT2\TES1 2.  Note that a single space is required between TES1 and 2.

13. Click the OK button.

The final step creates a new icon for simultaneous twin-plane operation of the ECT system.

14. Click on FILE in the Program Manager menu bar and then click on New in the drop-down menu. A New Program Object window will open with Program Item selected. 

15. Click the OK button. A Program Item Properties window will open.

16. Type “PCECT Twin Plane” in the Description box.

17. In the Command Line box, enter : C:\PCECT2\TES2 and click the OK button.

This completes the twin-plane software upgrade to version 2.3. The Start-up window should contain the set of icons shown in figure 4.] 

A8.2 WINDOWS 95/8 INSTALLATION
A8.2.3 Installation of the version 1.0 software:

1. Start Windows 95/8.
2. Select Start on the Task Bar then select Run from the drop down menu.

3. Insert the Single [or Twin-Plane] PCECT installation disk 1 in the a: drive,  type a:setup and click on the OK button. The software will then be installed automatically.  
4. When prompted, confirm the name of the subdirectory in which  the software is to be installed, which must be c:\PCECT for a single-plane system [or c:\PCECT2 for a twin-plane system], by clicking the Continue button. 

5. When prompted, insert the PCECT installation disk 2 to complete the  installation of the version 1.0 software and click the OK button after the installation completed message.
6. Once the software has been installed, the PCECT program group window should appear on the screen of the PC monitor. 

7. Close this window by clicking the X box on the menu bar. The Windows 95 Desktop will now appear.

This completes the installation of the version 1.0 software. The next step is to upgrade this software to version 2.3, as described in section A8.2.2. 

A8.2.2 Installation of the version 2.3 upgrade software

The following instructions assume that the previous version 1.0 software is already installed on the PC in the directory C:\PCECT[2].  The new software will be installed in the directory PCECT[2] ready to run under Windows 95/8

1. Click Start on the Task Bar, then select in order, Programs, MSDOS prompt and  insert the PCECTSP [PCECTTP] version 2.3 upgrade disk in the A: drive. The MSDOS window will appear.

2. At the C:> prompt, type  a:install [R]

3. The new software will be installed automatically.  

4. Once the installation process has finished, remove the upgrade disk and type Exit [R] to return to the Windows Desktop. A Program folder icon labelled PCECTSP [or PCECTTP] should now be present on the Desktop.

This completes the installation for single plane systems.

[To complete the installation process for twin-plane systems, proceed as follows:

The first step is to modify the icons which control single plane operation of the ECT system. 

5. Double click on the PCECTTP icon on the Desktop to open the PCECT Twin Plane program group window.

6. Right click on the PCECT Plane 1 icon and Left click to select Properties from the DDM.
7. Left click the Shortcut tab in the Properties window.

8.  Change the Target entry to:  C:\PCECT2\TES1 1.  Note that a single space is required between TES1 and 1. (Windows 95/8 will display this as C:\PCECT2\TES1.EXE 1.EXE after the new data has been entered ) 
9. Click the OK button. 

The procedure described in steps 5 to 9  is repeated (as described in steps 10 to 13 below) to modify the control parameters for the PCECT Plane 2 icon as follows:

10. Right click on the PCECT Plane 2 icon and Left click to select Properties from the DDM.
11. Left click the Shortcut tab in the Properties window.

12.  Change the Target entry to:  C:\PCECT2\TES1 2.  Note that a single space is required between TES1 and 2. (Windows 95/8 will display this as C:\PCECT2\TES1.EXE 2.EXE after the new data has been entered )
13. Click the OK button. 

The final step creates a new icon for simultaneous twin-plane operation of the ECT system.

14. In the PCECT program group window, Left click on FILE in the menu bar, then New then Shortcut in the drop-down menus. A Create Shortcut window will open. 

15. Set the Command Line to C:\PCECT2\TES2 then click Next.

16. Set the Name field to PCECT Twin Plane and click Finish.

17. A new program folder icon will be created in the PCECT group window with the name PCECT Twin Plane.

This completes the twin-plane software upgrade to version 2.3. The PCECT group Start-up window should contain the set of icons shown in figure 4.] 
APPENDIX 9

CALCULATION OF ABSOLUTE CAPACITANCES FROM NORMALISED VALUES 

A9.1    INTRODUCTION

This appendix explains how normalised inter-electrode capacitances stored in, for example .mes or .ncp data files can be converted into absolute capacitance values.

For conversion to be possible, either the .mes or .ncp file and the associated .cal file must be available. Conversion is only possible for PCECT version 2.0 data files, as calibration files generated with version 1.0 software contain insufficient data.

The conversion may be carried out automatically using the PCECT version 2.0 software, by loading the .mes file in the FILE menu and then saving the required data frames as absolute capacitance readings using the save capacitances option in the FILE menu. The data is stored on a frame-by frame basis with the readings given in femtoFarads. Note that the calibration file used to generate the data must be available and must be  selected in the Configuration window.  

A9.2  DETAILS OF CONVERSION PROCEDURE
The following information is given to allow programmers to understand how this conversion procedure is carried out. Sample data files are given in figures A2.1 to A2.3.

For each electrode pair Cij:

1. Calculate the ADC count M3 corresponding to Cij using


M3 = Cnorm * (M3H - M3L) + M3L

where:

Cnorm is the normalised capacitance between electrodes i and j, obtained from the .ncp file (ASCII format ) or the .mes file (binary format).

M3H is the ADC count for each Cij when the sensor is full of the higher permittivity material (obtained from calibration file).

M3L is the ADC count for each Cij when the sensor is full of the lower permittivity material (obtained from calibration file).

2. Calculate the offset parameter M1 (which corresponds to the output voltage from the capacitance measuring circuit) for each Cij using


M1 = (M3 - M3(0))/(GAIN *ATTEN) + OFFSET

where:

M3(0) is the ADC zero balance count (obtained from the calibration file).

GAIN is the overall circuit gain from the offset DAC input to the ADC output (excluding the DAC attenuator). This value (around 0.17) is taken from the calibration file.

ATTEN is the attenuation set by the DAC stage ( = M2/1023), where M2 is obtained from the calibration file.

OFFSET is the offset count M1L obtained from the calibration file.

3. Calculate the input capacitance for each Cij in fF using


Cij = (M1 - M1(0))*VR1/(1023*CONV)

where:

M1(0) is the charge injection offset value for measuring channel i. This data is obtained from the calibration file.

VR1 is the circuit reference voltage (9.9338 V).

CONV is the capacitance/voltage conversion factor = 0.00365316 V/fF at 1.25 MHz.

APPENDIX 10

EXAMPLE QBASIC PROGRAM FOR CALCULATING ABSOLUTE CAPACITANCE  FROM NORMALISED VALUE

REM CALCULATION OF ABSOLUTE CAPACITANCE FROM NORMALISED VALUE

CLS

M30 = 965

GAIN = .173321

CONV = .00365316#

VR1 = 9.9338

M10 = 220.679

ATTEN = 463

M1L = 406

CNORM = .0198

M3H = 3278

M3L = 909

M3 = CNORM * (M3H - M3L) + M3L

PRINT CNORM, M3H, M3L, M3

M1 = (M3 - M30) / (GAIN * ATTEN) + M1L

C = (M1 - M10) / CONV * VR1 / 1023

PRINT M1, C
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NO OF ELECTRODES

909 960 948 914 929 974 935 941 874 913 976 
M3L

ADC COUNTS 

1004 1017 946 987 1015 1008 890 1003 910 1041

LOW PERMITTIVITY 

903 897 989 919 944 1035 965 896 998 




1016 889 983 1045 962 896 984 1048 

902 915 908 1032 953 1040 879 

954 1054 971 945 1008 995 

996 929 898 1045 1045 

876 1000 1051 1044 

929 883 997 

897 888 

1011

406 239 227 223 224 223 225 222 224 237 323
M1

OFFSET VALUES 

403 236 226 225 223 224 221 221 226 174 

403 236 228 225 225 220 220 223 165 

413 239 228 226 221 220 221 162 

413 239 230 222 220 220 162 

407 239 225 221 220 161 

415 235 224 221 161 

398 233 224 162 

398 235 165 

404 176 

346 

3278 2826 1827 1489 1383 1384 1390 1497 1732 2754 3271 

3275 2852 1803 1541 1435 1411 1311 1538 1755 2780 


3274 2768 1871 1466 1392 1437 1402 1455 1836 

M3H
ADC COUNTS 

3274 2784 1846 1613 1401 1309 1441 1600 


HIGH PERMITTIVITY 

3275 2745 1807 1594 1404 1466 1320 

3275 2962 1860 1525 1470 1401 

3277 2749 1769 1613 1478 

3273 2880 1949 1604 

3274 2738 1849 

3274 2706 

3275

463 1023 1023 1023 1023 1023 1023 1023 1023 1023 436
M2
ATTENUATION 

427 1023 1023 1023 1023 1023 1023 1023 1023 1023 

COEFFICIENTS

456 1023 1023 1023 1023 1023 1023 1023 1023 

474 1023 1023 1023 1023 1023 1023 1023 

493 1023 1023 1023 1023 1023 1023 

493 1023 1023 1023 1023 1023 

529 1023 1023 1023 1023 

472 1023 1023 1023 

453 1023 1023 

486 1023 

462

220.679 220.53 218.915 218.31 221.079 220.417 221.538 217.271 216.231 217.367 157.577
M1(0)
MEASUREMENT CHANNEL CHARGE INJECTION OFFSET VALUES 

965 0.173321

M3(0) ZERO BALANCE COUNT
GAIN FACTOR

0 1


LOWER AND UPPER PERMITTIVITY CALIBRATION VALUES  


FIGURE A10.1
TYPICAL CALIBRATION DATA FILE (VERSION 2.0)

0.0198
0.000488
-0.0044
0.0156
-0.0044
0
0.0132
-0.00708
0.0022
0.00147
0.0386


0.0254
-0.00415
0.00684
0.00708
0.0142
0.0198
-0.00464
-0.011
0.00806
0.0022


-0.0112
-0.00733
0.0022
0.00171
0.0244
-0.00244
-0.00904
-0.00879
0.00342


-0.00659
-0.00366
0.00342
0.0176
-0.0203
-0.0242
0.0195
-0.00708


-0.0044
0.00269
0.00537
-0.0125
-0.0288
0.00464
0.0476


0.0205
0.00659
-0.0022
-0.0171
0.0151
0.0369


0.0525
0.000977
-0.0115
-0.00342
0.0115


0.0344
-0.00415
0.0044
0.00513


-0.0105
-0.000977
0.0186


-0.0125
-0.00317


0.00562
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0.999
1.02
1.02
1.07
1.07
1.08
1.04
1.05
1.05
1.04
1.05


0.987
1
1.07
1.05
1.08
1.03
1.04
1.03
1.04
1.06


0.963
1.02
1.04
1.05
1
1.01
1.04
1.03
1.06


1
1.01
1.03
0.995
1
0.99
1.03
1.05


1.07
1.05
0.996
1.01
1.03
1.06
1.09


1.15
0.994
1.02
1.02
1.06
1.09


1.04
1.02
1.04
1.05
1.09


0.996
0.992
1.01
1.01


0.98
1.01
1.05


0.97
1.04


1.01




TESTF.NCP WITH FULL SENSOR

FIGURE A10.2     NORMALISED CAPACITANCE FILES FOR A SINGLE FRAME

492.27
49.0201
21.1759
11.8219
7.19464
7.00077
8.82757
12.1504
19.3015
51.4369
443.193


488.471
46.0733
20.2309
10.7972
7.69038
7.29383
8.75772
13.1562
22.2128
44.8383


486.323
45.7925
18.7715
11.4924
9.03745
8.28837
9.9584
13.8637
20.2558


518.67
46.3915
20.4562
13.1947
9.73216
8.83404
10.0616
12.9411


507.843
48.7058
21.6983
13.4696
9.64358
8.13811
10.7673


497.076
47.9299
20.6044
12.2267
7.73334
9.75831


518.59
46.6007
19.4964
10.8262
10.358


480.168
44.9784
18.9654
12.9711


481.095
45.611
20.4357


492.996
47.7259


502.772
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569.051
77.6538
34.6083
20.8917
14.4805
13.627
15.8586
20.9804
32.7639
79.9956
524.588


566.912
73.7175
33.8282
19.4323
14.4066
13.3804
15.354
21.4765
35.2554
72.3926


563.946
74.6061
32.4287
20.1125
15.6187
14.3899
16.7945
22.5737
33.5832


592.375
75.1302
33.7536
21.515
16.4483
15.1005
16.9577
21.7111


587.417
77.4295
35.0407
22.0448
16.7945
14.8993
17.6784


578.735
76.1588
34.2766
21.2216
14.9742
16.1597


583.936
74.335
33.1536
19.7911
17.374


554.997
73.0275
32.4877
21.4413


559.706
73.8399
33.6582


566.68
76.1047


578.425




TESTF.CAP WITH FULL SENSOR

FIGURE A10.3     ABSOLUTE CAPACITANCE FILES FOR A SINGLE FRAME




(All values in femtoFarads)
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