Application Report
High Resolution Ultrasonic Liquid Level Sensing
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ABSTRACT

This application report describes how ultrasound can be used with the MSP4030FR604x MCUs for enabling high
resolution (20 microns) liquid level sensing measurements with low power (25 pA) and build a cost effective
system.

Demo source code and schematics are provided to accelerate the development of ultrasonic sensing
applications. The files can be downloaded from USSSWLib_Gas 02_30_00_03.

For more information on the example code and GUI used in this application report, see Ultrasonic Sensing
Subsystem Reference Design for Gas Flow Measurement. This application report uses the standard example
and GUI without modification.

Table of Contents

B L1 4 e Yo [UTod AT o TN 2
1.1 TrANSAUCET PIACEMENL.......uiiitiiieeiiiieie ettt ettt et eeeeeeeeeeeeeeeeseee e aasssatsbasaaeeaseeeeeeaeaeaeaeaaeseeeaaaaaasssssssssnrnns 4
1.2 EVMA430-FRB043 CONfIQUIAION. .......ccuiiiiiiiie ettt ettt et e ettt e e et e e et e e e eate e e sabe e e e ebaeeeeaseeesseeeeesbeeeensaeeenneas 4

b 1153 A 2 LY UL PP 6

3 0PENSCAD 3D TESt FIXEUIE. ......coiiiiiiiiiii ittt e e e e ettt e e e e s tae e e e e e easssaeeaeeaaasseeeeeesansbaeeeeseasssseeaeeaanssaneaeeaan 8

N = (= =Y (o= TR 8

B REVISION HISTOIY ... .o ittt e e e ettt e e e s e taeeeeeeeasbeaeeeeaassseeeeeeaasseeeeeeasssaeeeeaanssseeaeeeanssseneeeennses 8

Figure 1-1. 3D Printed FixXture @and EVIM... ...t ettt ettt e be e e e st e e e sann e e s aneee s 3
Figure 1-2. Jiakang 200 KHZ TraNSAUCET ..........cii ittt ettt ettt e s h e e et e e e ae e e sa bt e e et e e e esbe e e aabe e e enee e e enns 4
Figure 1-3. URrasoniC CONfIGUIATION. ...ttt b ettt st e e e a bt e e et et e s b e e e e aa b et e ebbe e e eaneeesneeeeas 4
Figure 1-4. Design Center CONfIGUIATION.........ouii ettt bt e b e e e st e e ebbe e e naneeesneeeeas 5
Figure 1-5. Design Center Configuration (CONTINUEA).........cuiiiiiiiiiiiie et e e e e 5
[ To [0 (= R N B TG 0T (F = TP PSSP PU PP OTPPN 6
Figure 2-2. Liquid Level SeNSING TESt RESUILS............oo i e et e s nneee s 7
Trademarks

All other trademarks are the property of their respective owners.

SLAA951A — AUGUST 2020 — REVISED SEPTEMBER 2020 High Resolution Ultrasonic Liquid Level Sensing 1
Submit Document Feedback

Copyright © 2020 Texas Instruments Incorporated


https://software-dl.ti.com/msp430/msp430_public_sw/mcu/msp430/USSSWLib/USSSWLibGas/latest/index_FDS.html
http://www.ti.com/lit/pdf/TIDUEJ6
http://www.ti.com/lit/pdf/TIDUEJ6
http://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLAA951A&partnum=

13 TEXAS
INSTRUMENTS

Introduction www.ti.com

1 Introduction

Low cost liquid level sensors are commonly implemented with ultrasonic, optical, mechanical, and impedance
based techniques. These sensors are commonly used in coffee machines, water dispensers, and fuel gauges.
Ultrasound can provide superior results over optical techniques due to the ability of sound to propagate through
vapor. Optical techniques can also encounter problems when reflective containers are used.

The ultrasonic transducer does not need to be in contact with the fluid. Therefore, ultrasound is resilient to fluid
residues that can compromise the accuracy of mechanical or impedance based sensors. Ultrasonic sensors can
also provide high resolution measurements (~20 microns) without imposing any special requirements on the
container which holds the liquid. These measurements can be conducted with less than 25 pA of current
consumption when using the MSP430FR6043. The MSP430FR6043 solution uses an ADC-based correlation
technique that enables higher-resolution time of flight measurements when compared to other ultrasonic timer
based solutions.

The EVM-FR6043 comes with software that enables ultrasonic absolute time of measurements to be taken and
visualized through a GUI as described here: Ultrasonic sensing subsystem reference design for gas flow
measurement. In the experiments described in this document, the EVM430-FR6043 is used with a single
Jiakang 200 kHz transducer, which can be sourced from Jiakang. A 3D printed fixture is used to mount the
transducer for experimentation. A half teaspoon of liquid is added to the cup to demonstrate the sensitivity of the
system.
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Figure 1-1. 3D Printed Fixture and EVM
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Figure 1-2. Jiakang 200 kHz Transducer

1.1 Transducer Placement

In order to obtain proper signal levels, the transducer should be placed as close as possible to the liquid level
that is being sensed. Figure 1-3 depicts how the transducer is mounted with respect to the container and the
water which is in it. The ultrasonic wave is reflected from the surface of the water and the roud trip time of flight
is determined based on the correlation between the transmitted and received ultrasonic signals.

Water

Figure 1-3. Ultrasonic Configuration

1.2 EVM430-FR6043 Configuration

The transducer is connected to one of the transducer connectors with a jumper wire between the two positive
transducer connectors (J5 pin 1 and J6 pin 1). The EVM is used with the standard gas meter software. The EVM

schematics can be found here: TIDM-02003 Schematic.
The Design Center GUI is used to configure the MSP430FR6043 and capture data.
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The Design Center configuration used for testing can be seen in Figure 1-4 and Figure 1-5.
| configuration | wavetorms | ADC Capture | Frequency Sweep | Calibration | Debug Wavetorm |
J [ advanced | catration |
Software Parameters
Transmit frequency (kHz) F1 180 kj F2 230 'j FltoF2Sweep |*
Gap between pulse start and ADC capture (us) | 300 B
Number of Pulses 6 B
UPS and DNS Gap (uss) | 8000 [3]
UPSO0 to UPS1 Gap (ms) 150
GUI Based Gain Control 13.04db B
Meter Constant 6100, | &n || &m
‘Options
Request Update J l Save Configuration J { Load Configuration | { Reset Values J | Generate Headers
Timing Diagram
6 Excitation Pulses
Channel 1
HID connected to MSP430FR6043 on Evaluation Module 3 Texas INSTRUMENTS
Figure 1-4. Design Center Configuration
J Configuration I Waveforms IADC Capture ] Frequency Sweep ] Calibration ] Debug Waveform ]
[+ I ; [ cativraton |
Advanced Software Parameters
USSXT (kHz) 8000 | Algorithm Option Hilbert Wide | v
ADC Sampling Frequency (kHz) 200 Envelope Crossing Threshold 50 @
Signal Sampling Frequency (kHz) 1000.0 B Start PPG Count (ns) 200,000 E
ADC Over Sampling Rate 8 Turn on ADC Count (ns) 20,000 E
Delta TOF Offset (ps) 0 B Start PGA and IN Bias Count (ns) 200,000 B
Abs TOF Additional Delay (ns) o [5) USS XTAL Settling Count (s) 4,000 [5J
Capture Duration (us) 400 External Amplifier Count (ns) 10,000 E
Interpolation Correction Table Size Disabled User Param #8 128
Search Range izu@
User Param #10 0 @
Options
{ Request Update J l Save Configuration J { Load Configuration i { ResetValues J l Generate Headers. J
Timing Diagram
6 Excitation Pulses
Channel 0
Channel 1
HID connected to MSP430FRE6043 on Evaluation Module {LI Texas INSTRUMENTS
Figure 1-5. Design Center Configuration (continued)
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2 Test Results

Test results below show the Captured ADC waveform and the transition that occurs in the absolute time of flight
when a half teaspoon of liquid is added to the cup. This test was performed at room temperature.
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IID connected to MSP430FR6043 on Evaluation Module Q TEXAS INSTRUMENTS

Figure 2-1. ADC Capture
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From Figure 2-2, it can be seen that there was a change of approximately 3 us in the absolute time of flight after
adding a half teaspoon of liquid to the coffee cup. During this liquid addition, a transition between the upstream
and downstream signals can also be seen in the delta Time of Flight (surface movements can also be resolved).
The test setup described in this document can sense changes in the absolute time of flight of less than 50 ns. At
room temperature, the speed of sound travels at 343 m/s through air. A temporal resolution of 50 ns would
therefore translate into a spatial resolution of 17 pm. Because the distance traveled is twice the distance
between the transducer and the liquid, the level sensing resolution is around 8.5 um.
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Figure 2-2. Liquid Level Sensing Test Results

The minimum distance from the transducer is about 1.5 cm due to ring down (at 3.3 V). The maximum distance
from the transducer is about 20 cm.

As can be seen through this simple experiment, the MSP430FR6043 enables best in class liquid level sensing at
a fraction of the cost and hardware required by other solutions.
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3 OpenSCAD 3D Test Fixture

OpenSCAD is a freely available CAD tool that enables parametric generation of 3D models, which can be
exported for 3D printing. In order to generate the 3D printable model used in these experiments, cut and paste
the openscad code shown below into OpenScad, Render the Design, Export to STL, and generate the gcode for
your 3D printer, and 3D print the fixture.

TRANSDUCER RADIUS=8.25;
HOLE_RADIUS=3;

LID RADIUS=40;

LID LENGTH=3;

difference () {
union () {
translate ([0, 0, 01])
rotate ([0, 0, 01])
cylinder (h = LID LENGTH, r = LID RADIUS);
}
union () {
translate ([0, 0, 0])
rotate ([0, 0, 01])
cylinder (h = LID LENGTH, r = TRANSDUCER_RADIUS);
translate ([0, 15, 0])
rotate ([0, 0, 0])
cylinder (h = LID LENGTH, r = HOLE_RADIUS);
}
}
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