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Validating real-timemeasurements from a sensor/instrument is amultifaceted challenge. One goal is the provision of a
dynamic uncertainty analysis, ideally incorporating the influence of instrument faults and the local environment. Such
an analysis requires a broader model of instrument behaviour, accommodating non-ideal operational conditions. It
may also require the analysis of a wider range of transducer data than when ideal, fault-free operation is assumed.
A companion presentation describes an ultra-precise Fast Fourier Transform (FFT) technique. In this presentation, the
technique is applied to a Coriolis mass flow meter, a resonant sensor with rich spectral characteristics. Typically, the
meter is driven in a single natural mode of mechanical vibration; the frequency of this mode varies with fluid density,
while the flow rate and density calibration coefficients assume a fixed frequency ratio to an adjacent vibration mode.
A prototypeCoriolis meter can operate in twomodes of vibration simultaneously. The newFFT technique exhibits high
precision (mode frequencies from the two independent vibration sensors agree by up to 10−8 Hz), allowing precise
tracking of the true frequency ratio for on-line calibration and measurement validation. Additional transducer signal
components, such as mains noise and external vibration, may be identified and monitored.
Videos to this article can be found online at https://doi.org/10.1016/
j.sctalk.2022.100094.
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Fig. 1. Industry 4.0 and the Industrial Internet of Things.
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Fig. 2. The Internet of Things.
This plot illustrates the growth in volume of network-connected devices.

Fig. 3. Stages in Reasoning from Fault Symptoms to Control System Response [1].
There are several distinct knowledge sets required to interpret fault symptoms arising within an instrument through to the appropriate response of the control systemwithin a
particular application, partitioned between (at least) two domains of expertise: those of the sensor designer and of the control engineer. A description ofmeasurement quality,
independent of sensor and plant, may be a suitablemetric for transmission between these two domains of expertise. Knowledge is required both from the sensormanufacturer
(to determine what the fault is and how it affects the measurement) and from the operator or control system (to determine the impact of the loss of measurement quality on
plant operation, and to select an appropriate operational response). It is generally understood that the sensor designer's knowledge is required to interpret fault symptoms to
determine the sensor diagnostics (i.e. what faults have been detected). However, a further stage of interpretation is required to evaluate the resulting measurement quality. If
expressed in generic, device-independent and application-independent terms,measurement quality is a suitable formof validity data to transfer from the domain of the sensor
designer to that of the control engineer or operator.
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Fig. 4. Examples of Sensor Validation Standards.
International Sensor Validation standards include British Standard BS-7986-2005 [2], Russian Standard GOST R 8.734-2011 [3], and VDI/VDE/ Richtlinien 2650-2006
(equivalent to NAMUR guideline 107 [4]).

Fig. 5. VDI/VDE 2650 Layers.
The standard identifies three layers to be considered during diagnostic analysis: instrument core functionality; direct environment, including the application and process
interface; and the plant environment, which may incorporate techniques such as soft sensing and optimisation.

Fig. 6. Sensor Validation.
The self-validating or SEVA sensor [1] generates a standard set of metrics to describe the validity of each measurement value. These include the following parameters. The
Validated Measurement Value (VMV) is the best estimate of the true process value: note that if a diagnosed fault has occurred the sensor is required to provide a corrected
estimate. The Validated Uncertainty (VU) is a dynamic estimate of the uncertainty of the VMV, which should include the additional uncertainty introduced by any measure-
ment correction. TheMeasurement Value Status (MV Status) is a generic indication of the diagnostic state of themeasurement. The underlying philosophy and further details
are explained in [1,5].
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Fig. 7. Sensor Validation Applied to Coriolis meter with Two Phase flow.
Two phase (gas/liquid) flow is known to induce potentially large errors in themassflowmeasurement generated by a Coriolis mass flowmeter. This plot shows experimental
data of a self-validating Coriolismeter responding to the onset of gas/liquid flow. The dashed line shows an independent referencemeasurement of the true liquidflow,which
dropswhen the gas is added due to back pressure from the gas injection point. At the start of the sequence, before the gas is added, the Coriolis mass flowmeasurement is close
to the referencemeasurement, and the blue uncertainty band around themeasurement is narrow. The onset of the gas/liquidmixture induces a large negative error in the raw
mass flowmeasurement, but a correction algorithm is applied which continues to provide a useful estimate of the true flow rate, with a significantly wider uncertainty band.

Fig. 8.Micromachined Coriolis flowtube.
A micromachined flow transducer operating using the Coriolis measurement principle.
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Fig. 9. A large Coriolis meter.
A 400 mm diameter Coriolis flowtube, used to meter the supply of marine fuel.

Fig. 10. Coriolis meter architecture.
A Coriolis meter consists of themechanical flowtube throughwhich the process fluid passes, and the electronic transmitterwhich drives theflowtube, performsmeasurement
calculations, and performs diagnostics.
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Fig. 11. An array of Coriolis meters in an industrial application.

Fig. 12. New Prism Fast Fourier Transform (FFT) technique.
A companion presentation atMeSSAC22 [6] describes a newFFT technique based on PrismSignal Processing [7],which provides ultra-precise spectral analysis. In thefigure,
a simulated signal with three true tones (marked with crosses ‘+’) is analysed using three different FFT techniques. The conventional Plain FFT, and an FFT calculation ap-
plying the well-knownHannwindowing function, are able to detect the high amplitude outer tones, but themiddle, low amplitude tone is hidden. The Prism FFT technique is
able to calculate the frequency and amplitude of the outer tones to 12 decimal places, and those of the middle tone to 6 decimal places. This example and the Prism FFT cal-
culation are explained in detail in [6].
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Fig. 13. Coriolis meter with digital transmitter architecture.
Modern Coriolis transmitters typically uses audio quality digital components, for example 48 kHz dual channel analogue-to-digital (ADC) and digital-to-analog (DAC) chan-
nels [8]. With two independent sensing channels monitoring the same resonant flowtube, the Coriolis meter provides a useful example for evaluating the real-world perfor-
mance of the new FFT technique. The tone frequencies of the FFT results from the two sensor channels should show good agreement.
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Fig. 14. Prism FFT spectra from Coriolis meter operating in two modes of vibration.
The plots show the Prism FFT spectra obtained from the two Coriolis meter vibration sensors (Fig. 13). The results are based on 24 bit, 48 kHz sampling over 21 s, yielding a
data set of approximately 1 million samples collected simultaneously from each sensor. The identified tones (peaks) are numbered, so that the frequencies of the correspond-
ing tones can be compared between the two sensor signals. Results are tabulated in Table 1. The Coriolis meter is being driven in two modes of vibration, labelled as tones
7 and 9.
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Table 1
Prism FFT analysis of dual mode Coriolis meter operation.
Tone
No.
1
2
3
4
5
6
7
8
9
10
12
13
14
Frequency
(Hz)
8

Amplitude
(V)
Repeatability
(S1 v S2) (Hz)
45.82
 1.59e-5
 1.4e-5

50.09
 6.79e-7
 1.8e-4

67.36
 5.78e-5
 1.7e-6

86.35
 3.87e-7
 5.5e-4

91.65
 1.79e-7
 3.8e-4

110.66
 8.69e-7
 3.0e-4

113.18
 6.00e-2
 9.4e-9

115.70
 8.26e-7
 2.8e-4

159.01
 9.32e-3
 9.1e-9

180.54
 2.07e-6
 7.0e-6

204.83
 1.95e-5
 4.4e-6

226.37
 2.80e-4
 2.0e-7

272.19
 9.31e-5
 2.9e-6

339.55
 8.75e-4
 6.3e-8
17
The table lists, for tones identified in both the sensor 1 and sensor 2 of the spectra shown in Fig. 14, the approximate frequency (to two dec-
imal places only), the amplitude observed on Sensor 1, and the difference in frequency observed between sensor 1 and sensor 2. In all cases,
the difference in frequency is less than 1e-3 Hz, even for low amplitude tones, while for the high amplitude tones such as Tones 7, 9 and 17,
there is agreement to better than 1e-7 Hz.



Fig. 15. Sensor 1 Spectrum detail.
The high precision with which tone frequencies are determined enables the identification of the source of each tone. All observed tones are sums of integer multiples of the
two drive tones – Tones 7 and 9 – with two exceptions. Tone 2 is the mains frequency, at approximately 50.09 Hz, while Tone 4, at 86.35 Hz, is the resonant frequency of
another Coriolis meter in the experimental rig. This demonstrates that the Prism FFT technique can be used not only to precisely monitor the operation of the meter itself
(Level I in the NAMUR hierarchy of Fig. 5), but also its direct and plant environments (Levels II and III).
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