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(57) Abstract: A system for determining a quality and/or depth of a fluid in a tank. The system includes a controller, one or more
transducers, and a temperature sensor. A fixed distance transducer transmits a sound wave toward a fixed surface. A depth trans

o ducer transmits a sound wave which reflects off a surface of the fluid. The temperature sensor senses a temperature of the fluid in
the tank and provides an indication of the temperature to the controller. The controller measures the elapsed time for the sound

o waves to travel between the fixed distance transducer and a fixed surface and the elapsed time for the sound waves to travel be
tween the depth transducer and the surface of the fluid held within the container. Using the elapsed times and the temperature of
the fluid, the controller is able to determine a quality and the depth of the fluid.



SYSTEMS AND METHODS OF DETERMINING A QUALITY AND/OR DEPTH OF
DIESEL EXHAUST FLUID

RELATED APPLICATIONS

[0001] This application claims the benefit of prior-filed co-pending United States

Provisional Patent Application No. 61/412,667 filed on November 11, 2010, the entire

content of which is hereby incorporated by reference.

BACKGROUND

[0002] The invention relates to systems and methods for determining the quality or

concentration of a water based fluid and/or the depth of the fluid within a tank. Specifically,

the invention relates to systems and methods for determining the quality and concentration of

diesel exhaust fluid (DEF) contained within a tank and/or the depth of the DEF within the

tank.

[0003] DEF is used to reduce nitrous oxide (NOx) gases in the exhaust of diesel engines.

DEF is a mixture of purified water and 32.5% automotive grade UREA that is injected into

the exhaust as a mist. The mist mixes with the exhaust and breaks down NOx in the exhaust

into nitrogen, water, and carbon dioxide. When contaminants such as diesel fuel, water,

ethylene gycol, etc. mix with the DEF, the ability of the DEF to reduce the NOx in the

exhaust is diminished and/or irreversible damage may occur to the NOx reductant system.

[0004] DEF is stored in a tank of a vehicle and is injected into the exhaust at a ratio of

about 1:50 to the diesel fuel being burned. A level of DEF in the tank is determined so as to

provide an indication to a user when there is a need to add additional DEF.

SUMMARY

[0005] The invention uses immersed piezoelectric ultrasonic transducers to detect a level

of DEF in a tank (e.g., to provide an indication to an operator of the quantity of DEF

remaining), and to determine if the DEF has been contaminated (including determining the

type and amount of contaminant). A concentration level of UREA within the DEF solution is

also measured. An indication can be provided to a DEF control system of quality of the DEF

fluid so a user can take remedial action if necessary.



[0006] In one embodiment, the invention provides a system including a tank, a controller,

a transducer, and a temperature sensor. The temperature sensor senses a temperature of a

fluid in the tank. The controller uses the sensed temperature to derive the temperature-

dependent speed of sound for an ultrasonic signal traveling through the fluid. The controller

generates a first command signal for the transducer. In response, the transducer generates an

ultrasonic sound wave toward a fixed surface and receives an echo of the ultrasonic sound

wave reflected off the fixed surface. The controller determines an elapsed time between the

transmission of the ultrasonic sound wave by the transducer and the reception of the echo by

the transducer. The controller also determines a concentration and presence of any

contaminants in fluid in the tank based on the elapsed time and the sensed temperature of the

fluid.

[0007] The controller also improves the quality of the received ultrasonic echo by

modulating the amplitude of the transmitted ultrasonic sound wave. The controller modulates

the ultrasonic sound wave by varying the amplitude and/or the number of voltage pulses of a

command signal applied to the transducer. Preferably, the transducer is driven at resonance,

where the frequency of the series of voltage pulses matches the transducer's temperature-

dependent frequency characteristics. The controller may utilize a look-up table, including

temperature based information, to generate the command signal.

[0008] The controller also determines if an ultrasonic echo is valid. An ultrasonic echo is

determined to be valid when the echo is received within a predetermined time window. An

echo is further determined to be valid when the amplitude of a signal representative of the

echo is within a predetermined range. An echo is further determined to be valid when the

duration of a signal representative of the echo is within a predetermined range. The

controller generates at least one of an expected elapsed time window, an expected echo

amplitude range, and an expected echo duration range.

[0009] The controller can record multiple echo reflections of a given ultrasonic

transmission to increase the resolution of a recorded time measurement. In addition,

information from the temperature sensor may be distributed to other devices and other

locations through a communications module coupled to the controller.

[0010] In another embodiment, the invention provides a system including a tank, a

controller, a transducer, and a temperature sensor. The temperature sensor senses a



temperature of a fluid in the tank and provides an indication of the temperature to the

controller. The controller uses the sensed temperature to derive a temperature-dependent

speed of sound for an ultrasonic signal traveling through the fluid. The controller generates a

first command signal for the transducer, detects a first echo signal from the transducer, and

determines whether the transducer received the first echo signal within a near-field time. If

the first echo signal was received within the near-field time, the controller detects a second

echo signal having a magnitude within a predetermined range. If a second echo signal is not

detected within a predetermined amount of time, the controller ignores the first echo signal,

and generates a second command signal different than the first command signal. The

controller modifies the second command signal until a second echo signal is detected. The

controller converts either the first echo signal or the difference between the first echo signal

and the second echo signal to a value representative of a distance to the target or a volumetric

representation of the amount of fluid in the tank. To ensure that the controller can distinguish

between a true echo signal and a secondary echo reflection, the controller is programmed to

measure a ring time of the transducer by monitoring an output of the transducer continuously

following a trigger command. The controller considers the ring time complete when the

output signal is high for a predefined period of time. The controller is programmed to

compensate for changes in temperature that can affect ring time and other measured

variables, and determines the ring time of the transducer before making each measurement.

The controller sets the near field time at about two and one-third times the ring time.

[0011] The controller also generates a command signal having multiple drive pulses

which modulate the amplitude of the transmitted ultrasonic sound wave to optimize the

quality of the received ultrasonic echo. Preferably, the transducer is driven at resonance with

a series of pulses such that the frequency of the pulses matches the temperature-dependent

frequency characteristics of the transducer. The controller may utilize a look-up table having

temperature based data to generate the command signal.

[0012] The controller also determines if an ultrasonic echo is valid. An ultrasonic echo is

determined to be valid when the echo is received within a predetermined time window, when

the amplitude of a signal representative of the echo is within a predetermined range, and

when the duration of a signal representative of the echo is within a predetermined range. The

controller generates at least one of an expected elapsed time window, an expected echo

amplitude range, and an expected echo duration range.



[0013] The controller also determines the plausibility of a contaminant having been

introduced into the tank (e.g., during filling of the tank). The controller converts one of an

elapsed time of a first echo signal and an elapsed time of a difference between the first echo

signal and the second echo signal to a value representative of a distance to the target or a

volumetric representation of an amount of fluid in the tank. The controller generates a fault

output when the calculated distance or volume of the amount of fluid in the tank exceeds a

capacity of the tank.

[0014] In one embodiment, the invention provides a system including a tank, a controller,

two transducers, and a temperature sensor. The temperature sensor senses a temperature of a

fluid in the tank, and the controller uses the sensed temperature to derive the temperature-

dependent speed of sound for an ultrasonic signal traveling through a fluid in the tank. The

controller generates a first command signal for the first transducer, causing the first

transducer to generate an ultrasonic sound wave toward a fixed target submerged within the

tank. The controller receives a series of echoes of the ultrasonic sound wave as the wave

reflects off the fixed target back to the transducer. The sound wave bounces back and forth

between the target and transducer multiple times. The controller determines an elapsed time

between the transmission of the ultrasonic sound wave by the first transducer and the

reception of the each reflected echo received by the first transducer. The controller also

calculates the speed of sound for the ultrasonic wave traveling through the fluid using the

elapsed time required for the reception of at least one of the reflected echoes and the sensed

temperature of the fluid. Based on the calculated speed of sound and the sensed temperature

of the fluid, the controller determines a concentration of the fluid and a presence of any

contaminants within the fluid in the tank.

[0015] The controller generates a second command signal for the second transducer, and

determines whether the second transducer receives an echo signal within a near-field time. If

the echo signal is received within the near-field time, the controller detects a second echo

signal of a predetermined magnitude from the second transducer. If the second echo signal is

not detected within a predetermined amount of time, the controller ignores the first echo

signal and generates a second command signal different than the first command signal. The

controller modifies the second command signal until the second echo signal is detected. The

controller uses either the time necessary to receive the first echo signal or the time difference

between the first echo signal and the second echo signal to calculate a value representative of



a distance to the target or a volumetric representation of an amount of fluid in the tank. To

ensure that the controller can distinguish between a true echo signal and a secondary echo

reflection, the controller is programmed to measure a ring time of the transducer by

monitoring the output of the transducer continuously following a trigger command. The

controller considers the ring time complete once a detect signal from the transducer is high

for a predefined period of time. The temperature sensor is coupled to the controller and the

controller is programmed to compensate for changes in temperature that can affect ring time

and other measured variables. A communications module coupled to the controller

distributes information from the temperature sensor to other devices and other locations. The

controller determines the ring time of the transducer before making each measurement,

setting the near field time being set at about two times the measured ring time.

[0016] The command signal includes multiple drive pulses which modulate the amplitude

of the transmitted ultrasonic sound wave of both the first and second transducers. The

controller modifies the command signal to optimize the quality of the received ultrasonic

echoes from each transducer. Preferably, the transducers are driven at resonance, with a

frequency of the series of pulses matching the temperature-dependent frequency

characteristics of the transducer. The controller may utilize a look-up table having

temperature based data to determine the characteristics of the command signal.

[0017] The controller also determines if ultrasonic echoes received from the first and

second transducers are valid. An ultrasonic echo is determined to be valid when the echo is

received within a predetermined time window. An echo is further determined to be valid

when the number of received echo reflections is within a predetermined range. The

controller generates at least one of an expected elapsed time window and an expected number

of received echo reflections from the intended target.

[0018] The controller also determines a plausibility of a contaminant having been

introduced into the tank, and generates a fault output should the calculated fluid level exceed

the maximum capacity possible for DEF fluid within the tank.

[0019] The system is able to generate an accurate level measurement in the event of a

temperature sensor failure. The controller determines a first elapsed time for the sound wave

to travel from the first transducer to a fixed reflector and back. The controller also

determines a second elapsed time for the sound wave to travel from the second transducer to



a surface of the fluid in the tank and back. The controller calculates a depth of a fluid in the

tank based on the ratio of the second elapsed time (level) to the first elapsed time (quality).

[0020] In another embodiment, the invention provides a system for determining a quality

and/or a quantity of a fluid in a tank. The system includes a first transducer, a second

transducer, a temperature sensor, and a controller. The first transducer is configured to

generate a first sound wave and to detect an echo of the first sound wave. The second

transducer is configured to generate a second sound wave and to detect an echo of the second

sound wave, the second sound wave echoing off of a fixed structure a known distance from

the second transducer. The temperature sensor is configured to detect a temperature of the

fluid. The controller is coupled to the first transducer, the second transducer, and the

temperature sensor, and has on-board diagnostics configured to detect an error condition

based on an incorrect calculated speed of sound through the fluid, and generate a signal

indicative of the error condition detected.

[0021] Other aspects of the invention will become apparent by consideration of the

detailed description and accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Fig. 1 is a diagram of a system for sensing the quality of the fluid within the DEF

tank.

[0023] Fig. 2 is a diagram of a system for sensing the level of the fluid within the DEF

tank

[0024] Fig. 3 is a diagram of a system for sensing the quality and the depth of DEF in a

tank.

[0025] Fig. 4 is a block diagram of the systems of Figs. 1 and 2 .

[0026] Fig. 5 is a block diagram of the system of Fig. 3 .

[0027] Fig. 6 is a chart of the speed of sound versus temperature for various DEF

concentrations.



DETAILED DESCRIPTION

[0028] Before any embodiments of the invention are explained in detail, it is to be

understood that the invention is not limited in its application to DEF or UREA based fluids

and it is understood that the invention is not limited in its application to the details of

construction and the arrangement of components set forth in the following description or

illustrated in the following drawings. The invention is capable of other embodiments and of

being practiced or of being carried out in various ways.

[0029] The level of DEF in a tank can be monitored by conventional methods including

resistive float transducers, ultrasonic transducers (air-coupled), etc. Ultrasonic transducers

emit a sound wave that reflects off a surface. The transducer acts as a receiver that receives

the echo of the sound wave from the surface. Based on the time of flight of the sound wave

to the surface and back, a controller determines, using the speed of sound, the distance to the

surface. Because the speed of sound is constant in air (with some slight changes based on the

temperature of the air), it is easy to perform the necessary calculations in an air-coupled

transducer.

[0030] Alternatively, a fluid-coupled ultrasonic transducer can be used to monitor the

quality and/or the level of the DEF within the tank. With a fluid-coupled transducer, the

transducer is immersed in the fluid and positioned at the bottom of the tank. To determine

the quality of DEF, ultrasonic sound waves are directed towards and reflected off of a fixed

target immersed in the fluid. The sound waves generated by the transducer echo off of the

fixed target (i.e., a reflector) which is located a known distance from the transducer and are

detected by the transducer. To determine the level of DEF, the ultrasonic sound waves from

the transducer are directed up towards the surface of the fluid. The sound waves generated

by the transducer echo off the surface of the fluid and are detected by the transducer. This is

similar to the air-coupled transducer with one caveat; the speed of sound varies greatly

depending on the type of fluid and, to a lesser extent, the temperature of the fluid.

[0031] Fig. 1 shows a quality sensing system 100 for determining a quality of DEF 105 in

a tank 110. The quality sensing system 100 includes a piezoelectric ultrasonic transducer

115, and a printed circuit board 120 having a temperature sensor 125 (e.g., a thermistor) and

other components (not shown). The transducer 115 and the printed circuit board 120 are

positioned at the bottom of the tank 110. The temperature sensor 125 is positioned such that



the temperature sensor 125 detects the temperature of the DEF 105 in the tank 110. The

transducer 115 acts as both a transmitter and a receiver. Ultrasonic sound waves 130

generated by the transducer 115 propagate through the fluid 105 and are reflected off of a

reflector 135 back towards the transducer 115. The reflected ultrasonic sound wave 130 is

detected by transducer 115, and reflects off the transducer 115 back towards the reflector 135.

The ultrasonic sound wave 130 travels back and forth between the reflector 135 and the

transducer 115 multiple times. The quality sensing system 100 can be integrated into the tank

110 or can be a separate assembly mounted in the tank 110.

[0032] Fig. 2 shows a level sensing system 200 for determining a quantity of DEF 105 in

a tank 110 by sensing a level of a surface 205 of the DEF 105 in the tank 110. The level

sensing system 200 includes the same components as the quality sensing system 100 except

that a piezoelectric ultrasonic transducer 210 is positioned at the bottom of the tank 110 such

that ultrasonic sound waves 215 produced by the transducer 210 reflect off the surface 205 of

the DEF 105 instead of a fixed reflector.

[0033] Fig. 3 shows a combination sensing system 300 for determining both a quality and

a quantity of DEF 105 in a tank 110. The combination sensing system 300 includes two

piezoelectric ultrasonic transducers 115 and 210. A quality transducer 115 is positioned to

reflect ultrasonic sound waves 130 off a reflector 135 and a quantity (or level) transducer 210

is positioned to reflect ultrasonic sound waves 215 off a surface 205 of the DEF 105.

[0034] Fig. 4 shows a block diagram of the quality sensing system 100 and the quantity

sensing system 200. In addition to the transducer 115/210 and the temperature sensor 125,

the system 100/200 includes a controller 400, a signal conditioning circuit 405, a driver 410,

a power conditioning circuit 415, and an output driver 420. The controller 400 includes a

processor (e.g., a microprocessor, microcontroller, ASIC, DSP, etc.) and memory (e.g., flash,

ROM, RAM, EEPROM, etc.), which can be internal to the controller 400, external to the

controller 400, or a combination thereof. One or more of the signal conditioning circuit 405,

the driver 410, the temperature sensor 125, and the output driver 420 may be included in the

controller 400. The transducer 115/210 operates in two modes, as a piezoelectric transmitter

and as a piezoelectric receiver. When the transducer 115/210 is stimulated by an electric

voltage at a resonant frequency of the piezoelectric crystals of the transducer 115/210, the

transducer 115/210 emits the ultrasonic sound wave 130/215. When the transducer 115/210

is stimulated by an ultrasonic sound wave 130/215 (e.g., an echo) at a resonant frequency of



transducer 115/210, the transducer 115/210 generates an output signal indicative of the sound

wave. The signal conditioning circuit 405 serves to amplify and filter a low level signal

received from the piezoelectric transducer 115/210 in response to being stimulated by a

received ultrasonic sound wave 130/215.

[0035] Fig. 5 shows a block diagram of the combination sensing system 300. The system

300 includes a quality transducer 115, a level transducer 210 and the temperature sensor 125.

The system 300 also includes a controller 400, a first signal conditioning circuit 405, a

second signal conditioning circuit 405', a first driver 410, a second driver 410', a power

conditioning circuit 415, and an output driver 420. The controller 400 includes a processor

(e.g., a microprocessor, microcontroller, ASIC, DSP, etc.) and memory (e.g., flash, ROM,

RAM, EEPROM, etc.), which can be internal to the controller 400, external to the controller

400, or a combination thereof. One or more of the signal conditioning circuits 405 and 405',

the drivers 410 and 410', the temperature sensor 125, and the output driver 420 may be

included in the controller 400. The transducers 115 and 210 operate in two modes, as a

piezoelectric transmitter and as a piezoelectric receiver. When the transducers 115 and 210

are stimulated by an electric voltage at a resonant frequency of the piezoelectric crystals of

the transducers 115 and 210, the transducers 115 and 210 emit the ultrasonic sound waves

130 and 215, respectively. When the transducers 115 and 210 are stimulated by ultrasonic

sound waves 130 and 215, respectively, (e.g., an echo) at a resonant frequency of the

transducer 115 and 210, the transducers 115 and 210 generate an output signal indicative of

the received sound wave. The first signal conditioning circuit 405 serves to amplify and filter

a low level signal received from the quality piezoelectric transducer 115 in response to being

stimulated by a received echo from ultrasonic sound wave 130. The second signal

conditioning circuit 405 ' serves to amplify and filter a low level signal received from the

level piezoelectric transducer 210 in response to being stimulated by a received echo from

ultrasonic sound wave 215.

[0036] In operation, the controller 400 sends a low level series of drive pulses and a drive

pulse amplitude command signal to the driver 410. The drive pulses are at the resonant

frequency of the transducer 115/210. The driver 410 amplifies the low level signal, applying

a series of high voltage pulses to the transducer 115/210, causing the transducer 115/210 to

emit the ultrasonic sound wave 130/215 at an amplitude proportional to the number of

resonant drive pulses applied to the transducer 115/210. The ultrasonic sound wave 130/215



propagates through the fluid and is reflected off of the reflector 135 or the surface 205 back

towards the transducer 115/210. The returned ultrasonic echo causes transducer 115/210 to

resonate, creating a low level voltage signal which is amplified, filtered and shaped by signal

conditioning circuit 405 and detected by the controller 400. The time necessary for the

ultrasonic sound wave 130/215 to propagate through the DEF 105 from the transducer

115/210 to the reflector 135/surface 205 is stored in the memory of the controller 400 as a

first echo reflection. Given sufficient amplitude, the ultrasonic sound wave 130/215

propagates back and forth between transducer 115/210 and the reflector 135/surface 205,

creating a series of echo reflections. Typically 4 or 5 reflections are received for a given

transmission. The reflections are measured and stored in the memory of the controller 400

for processing.

[0037] The number of echo reflections used by the system is dependent on the resolution

required to discriminate between DEF concentration levels. For example if one echo

reflection requires a first time to propagate through the fluid from transducer 115/210, reflect

off of reflector 135 or surface 205, and return, a second echo reflection will require twice the

first time to propagate, and a third echo reflection will require triple the first time, etc. Given

this, two reflections provide twice the resolution of one reflection, three reflections provide

three times the resolution, and so on. In a typical application, 4 to 5 reflections provide a

good balance between the resolution required and the practical dimensions of sensor systems

that can readily be assembled into a DEF tank.

[0038] When excited by the driver 410, the transducer 210 continues to resonate, or ring

out, for a finite amount of time after the drive voltage has been removed. During this period

of time the transducer 210 cannot be used as a receiver to detect an echo reflected off the

surface 205 of the fluid 105, limiting the minimum fluid level that can be resolved by the

capacity sensing system 200. Careful design can reduce the ring time but it cannot be

eliminated entirely. An alternative approach for measuring the level of fluid in the tank when

the tank is empty or nearly empty is to drive the level sensing transducer 210 with a large

enough amplitude to create multiple reflections of the ultrasonic sound wave 215 between the

surface 205 of the fluid 105 and the transducer 210 such that the ultrasonic sound wave 215

continues to reflect back and forth after the transducer 210 has stopped ringing. The time for

the sound wave 215 to travel back and forth between the transducer and the surface 205 of



the fluid 105 can then be calculated using a differential method, e.g., taking the time

difference between two successive echo reflections.

[0039] The controller 400 generates a command signal which controls and modulates an

amplitude of the ultrasonic sound wave 130/215 so as to achieve the desired number of echo

reflections. The controller 400 performs this function by increasing or decreasing the number

and/or amplitude of resonant voltage pulses applied to the temperature-dependent transducer.

The number of resonant pulses applied to the transducer typically ranges from a low of 1

pulse to a high of 16 or more pulses, although other numbers of pulses may be applied. A

switched capacitor charge pump is preferably used to increase or decrease the amplitude of

the transducer drive voltage applied to the driver 410 under the control of controller 400. The

drive voltage typically varies from low of 2 volts to a high of 30 volts. The number and

amplitude of drive pulses is selected based on the number of echo reflections that are

received. If the number of echo reflections falls below a preset quantity (calculated based on

the relative distance being discerned), the controller 400 increases the amplitude and/or

number of drive pulses. Conversely, if the number of echo reflections is greater than the

preset quantity, the controller 400 decreases the amplitude and/or number of drive pulses

applied to the transducer 115/210 (reducing unwanted distortion and noise). Thus, a closed

loop gain control is created for the transmission and detection of the ultrasonic sound wave

130/215 echo reflections.

[0040] The controller 400 defines a near field operational mode as that which occurs

when the first echo reflection identified occurs during a period of time equal to or slightly

greater than twice the average ring time for the transducer 210. The controller 400 defines

far field operational mode as that which occurs when the first echo reflection occurs outside

of the time period defined by near field operational mode or, in other words, if the first echo

reflection is received at a time interval greater than that of twice the average ring time for the

transducer 210. In near field mode, the controller 400 modulates the power to the transducer

210 to ensure that at least two validated echo reflections are received following the

conclusion of the ring period. In far field mode the controller 400 modulates the power to the

transducer 210 to ensure that at least one valid echo reflection is received following the

conclusion of the ring period.

[0041] The resonant frequency of a piezoelectric crystal, such as transducer 115/210,

changes with temperature. The ability to modulate and control the amplitude of the



ultrasonic wave 130/215 is dependent on driving the transducer 115/210 at its resonant

frequency. The controller 400 performs this function by changing the frequency of the pulses

applied to the transducer 115/210 based on the temperature sensed by the temperature sensor

125. The relationship between piezoelectric resonant frequency of the transducer 115/210

and temperature is specific to the selected type, size, shape, and mechanical design of the

piezoelectric material. The temperature-dependent relationship is measured empirically for

the design, and then is set forth in the form of a look-up table within the controller 400.

Using a frequency specified in the look-up table for the measured temperature, the controller

400 selects and controls the transducer 115/210 drive frequency.

[0042] Ultrasonic waves 130/215 propagate throughout the tank 110, creating reflections

off the walls of the tank 110 and other components submersed in the fluid. These reflections

can interfere with the echo reflections from the reflector 135 and or surface 205. This can

create false echo reflections that add to a string of recorded echo reflections or cancel a

desired echo reflection within the string. In addition, movement of the fluid, temperature

gradients, air bubbles, and other contaminants can interfere with the ultrasonic sound waves,

creating shifts in time or generating noise within the received string of echoes. To ensure that

the received echoes are not corrupted, the controller 400 validates a returned string of echoes

by applying a window filter that checks a time for each returned echo against a known

standard time along with a predetermined allowance for a change that can occur from one

measurement to the next. The principle of the method is based on the fact that fluid

properties change relatively slowly in comparison to the rate at which the measurements are

being made. For example, during operation of a DEF system, except when the tank 110 is

being filled, the level of fluid 105 in the tank 110 changes very slowly (e.g., over several

minutes). In a practical implementation, measurements are made 20 times per second,

whereas it takes tens of seconds for the properties of the fluid to change following a tank fill

or the introduction of a contaminant. Therefore, parameters for an expected or allowable

time window can be designed and applied to each returned echo time. The returned echo

time is considered valid if it falls within the defined time window. Conversely, the returned

echo time is considered invalid if it falls outside the defined time window. Invalid echo times

are discarded by controller 400, while valid echoes are used to calculate the concentration of

the DEF 105 present within the tank 110.



[0043] Fig. 6 shows a graph of the speed of sound versus temperature for a plurality of

mixtures of automotive grade UREA and purified water (i.e., DEF). Based on the quantity of

water versus UREA, and the temperature of the mixture, the speed of sound through the fluid

can vary from about 1400 meters per second (m/sec) to about 1680 m/sec. in the quality

sensing system 100 (and the combined sensing system 300), the physical distance between

the transducer 115 and the reflector 135 is fixed. Therefore, the speed of sound, at a given

temperature, through the fluid can be expressed by the relationship:

[0100] Speed of Sound (T) = D x N x 2/ T, where

where D is the distance between the transducer and the reflector,

T is the time measurement for the multiple echo reflection, and

N is the number of reflections.

[0044] Based on this formula, the controller 400 calculates the temperature-dependent

speed of sound for the ultrasonic wave traveling through the DEF fluid, and then determines

the concentration of the UREA solution by applying the calculated speed of sound and

measured temperature to a look-up table such as that show in Fig. 6 . As can be seen, using

multiple reflections improves the resolution of the measurement by a factor equivalent to the

number of reflections used. Alternatively, it is possible to create a look-up table using the

data from Fig. 6 and known physical parameters of the sensor system 100, enabling the

controller 400 to directly interpolate the fluid concentration from the table based on the

measured temperature and the validated echo reflection time, for a given number of

reflections. Use of a look-up table reduces the memory needed by the controller 400, and

improves the processing speed of controller 400.

[0045] A digital or analog representation of the concentration of the fluid 105 is

communicated from the controller 400 to the output driver 420, which conveys the

measurements to an external controller for managing and controlling the function of a

vehicle's DEF system. The output driver 420 may be in the form of a digital driver such as

J1939 or CAN bus for communicating directly to the vehicle's data bus, or the output driver

420 may generate another suitable analog or digital signal, depending on the needs of the

specific application.

[0046] It is possible for contaminants to become introduced into the tank (e.g., when

filling the tank). Table 1 depicts the approximate speed of sound for a number of potential



contaminants that could be introduced rather than the specified 32.5% UREA solution when

filling a DEF system. As can be seen from Table 1 the speed of sound for common

automotive liquids differs greatly from the DEF solution. Introduction of a contaminant into

the tank 110 changes the speed of sound within the liquid 105, which is readily detected as

either a shift in the UREA concentration level for small deviations, such as diluted UREA, or

an out of range measurement for large deviations, such as would be the case with diesel fuel.

Table 1

[0047] Contaminants introduced into the DEF solution 105 can affect the ability of the

DEF system to convert the NOx in the diesel exhaust to nitrogen, water, and carbon dioxide.

Accordingly, it is desirable to determine if there are contaminants in the DEF, and what the

contaminants are. The controller 400 can be configured to generate a diagnostic output, or

out of range output signal, at output driver 420 whenever the measured speed of sound for a

given temperature exceeds or falls below that which has been defined within the UREA

concentration look-up table. Alternatively, the controller 400 can be used to selectively

identify specific contaminants, such as diesel fuel, and then output the information in the

form of a digital message, or to store the occurrence as a diagnostic event for future

interrogation. In either case, the out of range output enables a DEF system can take action,

shutting down the DEF system, or in certain cases disabling the vehicle, to prevent

irreversible damage to DEF system components. The DEF system can also notify the user

(e.g., lighting a tell tale light on a dashboard of a vehicle) if the quality of the UREA cannot

sufficiently breakdown the NOx in the diesel exhaust. As used in the specification and

claims, "contaminant" and "contamination" refer to the introduction of a contaminant into the

UREA and also the dilution of the UREA (e.g., the introduction of water).



[0048] In the level sensing system 200 (and the combined sensing system 300), the

physical distance between the transducer 210 and the surface 205 of the fluid 105 can be

calculated based on the known speed of sound for the liquid and any mechanical offset that

may exist between the transducer 210 and the bottom of the tank 110 as expressed by the

relationship:

[0101] Level = Offset + Speed of Sound (t) x T/2

where, Offset is the mechanical offset between the bottom of the tank 110 and the

transducer 210,

Speed of Sound (t) is the temperature-dependent speed of sound for the fluid,

and

T is the time measurement for the validated echo reflection.

[0049] Based on the quantity of water versus UREA in the DEF tank, and the temperature

of the mixture, the speed of sound through the fluid can vary from approximately 1530

meters per second (m/sec) to about 1680 m/sec at room temperature (see Fig. 5 and Table 1).

In normal operation the DEF system is operating with a UREA concentration level of 32.5%

resulting in a speed of sound of 1630 m/sec at room temperature.

[0050] Controller 400 calculates the fluid level based on the known mechanical offset,

the measured time for the echo reflection T, and the temperature-dependent speed of sound

for the ultrasonic wave 215 traveling through the DEF fluid 105. A look-up table is

preferably used to calculate the temperature-dependent speed of sound based on the measured

temperature. Alternatively, it is possible to create a look-up table using the known physical

parameters of sensor system 200 and the temperature-dependent speed of sound data for the

fluid 105, enabling the controller 400 to directly interpolate the fluid level from the table

based on the measured temperature and the validated echo reflection time T. Use of such a

table reduces the memory space requirements and improves the processing speed of

controller 400.

[0051] A digital or analog representation the level is communicated from the controller

400 to the output driver 420 to convey the measurements to an external controller for

managing and controlling the function of the vehicle's DEF system. The output driver 420

may be in the form of a digital driver such as J 1939 or CAN bus for communicating directly



to the vehicle's data bus or the output driver 420 may generate another suitable analog or

digital signal, depending on the needs of the specific application.

[0052] When contaminants become combined with the DEF 105, the speed of sound

through the combined fluid can change drastically. It is possible for contaminants to become

mixed with the DEF 105 prior to being introduced into the tank 110, or the contaminants

could be introduced directly into the tank 110, mixing with the DEF 105. Many of the

potential contaminants in Table 1 have speeds of sound which are in slower than that for DEF

solution comprised of 32.5% UREA. Specifically, diesel fuel, brake fluid, power steering

fluid, washer fluid, and water all have speeds of sound which are slower than the 1630 m/sec

speed of sound associated with the 32.5% UREA solution. A slower speed of sound results

in increased measurement times for the reflected echo over that which would have occurred

for the specified DEF solution. Therefore if a contaminant was introduced when filling the

tank then the level sensor system 200 would generate a level measurement in excess of the

capacity of the tank 110. Knowing this the controller 400 can be programmed to perform a

plausibility check to determine if a contaminant was introduced into the tank 110 by

comparing the calculated level against the absolute physical capacity for the tank 110.

[0053] The controller 400 generates a diagnostic output or out of range output signal

whenever the measured level exceeds the capacity of the UREA tank. This out of range

output enables a DEF system controller to take action, shutting down the DEF system, or in

certain cases disabling the vehicle, to prevent irreversible damage to DEF system

components. The DEF system can also notify the user (e.g., lighting a tell tale light on a

dashboard of a vehicle) if the quality of the UREA cannot sufficiently breakdown the NOx in

the diesel exhaust.

[0054] The introduction of contaminants such as ethylene glycol and others which are

more dense than the DEF fluid can stratify within the DEF tank 110 forming layers with the

heavier contaminant covering the sensor system 300, and the lighter DEF layer forming up

above. In such a case, the quality (concentration) measurement would reflect the properties

of the contaminant, and the sensor system 300 would generate an appropriate output as

previously described. Quality sensor system 100 would also detect the dense contaminant.

[0055] The introduction of contaminants such as diesel fuel, brake fluid, gasoline and

others which are less dense than the DEF fluid can stratify within the DEF tank 110 forming



layers with the heavier DEF fluid layer covering the sensor system 300, and the lighter

contaminant layer forming up above. In such a case the concentration measurement

generated by the quality sensing transducer 115 would look normal, whereas the level

measurement from level sensing transducer 210 would suggest a much higher level of DEF

105, due to the longer travel time for the sound wave passing through the less dense

contaminant layer. A slower speed of sound results in increased measurement times for the

reflected echo over that which would have occurred for the specified DEF solution.

Therefore, if a contaminant was introduced when filling the tank, the level sensing function

would generate a level measurement in excess of the capacity of the tank 110. The controller

400, is programmed to perform a plausibility check to determine if the determined level

exceeds the maximum level in the tank 110. The controller 400 generates a diagnostic

message or an out of range output signal through output driver 420 for the quality sensor

output and/or the level sensor output whenever the measured level exceeds the capacity of the

tank 110.

[0056] The out of range output enables the DEF system controller to take action and shut

down the DEF system, or the vehicle, to prevent irreversible damage to DEF system

components and in addition notify the user (e.g., lighting a tell tale light on a dashboard of a

vehicle) if the quality of the UREA will not be able to sufficiently breakdown the NOx in the

diesel exhaust.

[0057] The controller 400 can also identify the introduction of a contaminant during a

tank fill, providing that the level of DEF fluid 105 remaining within the tank is sufficient to

immerse the quality sensing transducer 115, and the contaminant being introduced into tank

110 is lighter than the DEF, as would be the case with diesel fuel, brake fluid, gasoline and

others. In such a case the resulting mixture will stratify with heavier DEF forming a layer on

the bottom of the tank and the contaminating fluid forming a layer above the DEF. The level

calculation based on the ratio between the time for the echo reflection generated in the level

mode of operation against the time for the echo reflection generated in the quality mode of

operation will exceed the capacity of the tank due to the differing speeds of sound between

the DEF layer used for the quality sensing time measurement and the DEF/contaminant

mixture used for the level sensing time measurement.

[0058] The sensor system 300 includes on-board diagnostic functions enabling it to detect

failures of various components of the system 300. For example, the system 300 determines



that there is an error when it detects the concentration level of the UREA decreasing (i.e.,

becoming diluted) at the same time as the level of the UREA is decreasing. This can be

caused when the speed of sound determined using the quality transducer 115 is slower than

the actual speed of sound. When the system 300 determines that the UREA is being diluted,

the calculated speed of sound increases. Because of the error in determining the speed of

sound, it is possible that the tank 110 is being filled, causing the dilution of the UREA, but

for the level determination to calculate that the level of UREA is actually decreasing.

Because the UREA cannot become diluted when the level of the UREA is decreasing, the

system 300 determines an error exists.

[0059] In addition, should the speed of sound determined using the quality transducer 115

be faster than the speed of sound actually is, the system 300 determines the level of UREA in

the tank 110 is higher that it actually is. Upon the tank 110 being filled, there will be a point

in which the calculated level will exceed the known actual maximum level. In such a case,

the system 300 determines an error exists.

[0060] Following a failure of the temperature sensor 125, the sensor system 300 can

continue to operate with reduced functionality. When the temperature sensor 125 fails, the

controller 400 calculates fluid level based on the ratio of the time for the echo reflection

generated in the level mode of operation (transducer 210) against the time for the echo

reflection generated in the quality mode of operation (transducer 115). Given that the quality

function traverses a fixed known distance (e.g., to reflector 135), the controller can calculate

the level of fluid by multiplying the distance between the quality sensing transducer 115 and

reflector 135 by the calculated ratio of the received echo times.

[0061] Thus, the invention provides systems and methods for accurately determining the

quality and, or depth of a liquid within a tank.



CLAIMS

What is claimed is:

1. A system for determining a quality and/or a quantity of a fluid in a tank, the system

comprising:

a transducer configured to generate a sound wave and to detect an echo of the sound

wave, the transducer positioned near the bottom of the tank such that the sound wave travels

toward a fixed object, the fixed object positioned a known distance away from the transducer;

a temperature sensor configured to detect a temperature of the fluid; and

a controller configured to

produce a signal to drive the transducer to produce the sound wave,

receive an indication of the detected echo from the transducer,

receive an indication of the temperature of the fluid from the temperature

sensor, and

determine whether a contaminant exists in the fluid based on the temperature

of the fluid and a time period from when the sound wave is produced to when the

echo is detected.

2 . The system of claim 1, wherein the transducer produces an ultrasonic sound wave.

3 . The system of claim 1, wherein the controller modulates the sound wave to improve

the quality of the received echo by varying an amplitude of the signal driving the transducer.

4 . The system of claim 1, wherein the controller modulates the sound wave to improve

the quality of the received echo by varying a quantity of pulses of the signal driving the

transducer.

5 . The system of claim 1, wherein the controller drives the transducer at a frequency that

matches a temperature-dependent resonant frequency of the transducer.

6 . The system of claim 5, wherein the controller uses a look up table to determine the

temperature-dependent resonant frequency of the transducer.



7 . The system of claim 1, wherein the controller determines that the detected echo is

valid when the echo is received by the transducer within a predetermined time limit.

8. The system of claim 1, wherein the controller determines that the detected echo is

valid when an amplitude of the echo is within a predetermined range.

9 . The system of claim 1, wherein the controller determines that the detected echo is

valid when a duration of the echo is within a predetermined time range.

10. The system of claim 1, wherein the controller increases a resolution of the determined

echo time by measuring and averaging the time between successive echoes.

11. A system for determining a quality and/or a quantity of a fluid in a tank, the system

comprising:

a transducer configured to generate a sound wave and to detect an echo of the sound

wave;

a temperature sensor configured to detect a temperature of the fluid; and

a controller configured to

produce a first signal to drive the transducer to produce a first sound wave,

receive an indication of a first detected echo from the transducer,

receive an indication of the temperature of the fluid from the temperature

sensor, and

determine whether the first detected echo was received within a near-field

time.

12. The system of claim 11, wherein the controller is further configured to detect a second

echo when the first detected echo was within the near-field time.

13. The system of claim 12, wherein the controller produces a second signal different

from the first signal to drive the transducer to produce a second sound wave when a

magnitude of the detected second echo is less than a predetermined threshold, the controller

determining if a first echo of the second sound wave is detected in a near-field time and

detecting a second echo of the second sound wave when the first echo of the second sound

wave is in the near-field time.



14. The system of claim 13, wherein the controller produces additional different signals

until a second echo is detected with an amplitude greater than the threshold.

15. The system of claim 12, wherein the controller determines one of the presence of a

contaminant in the fluid and the volume of the fluid based on the temperature of the fluid and

a time period from when the first echo is detected to when the second echo is detected.

16. The system of claim 11, wherein the controller is further configured to monitor a ring

time of the ultrasonic transducer, and ignore echoes detected during a predetermined period

of time following the end of the ring time.

17. The system of claim 16, wherein a near-field time is calculated based on a multiple of

the ring time.

18. The system of claim 11, wherein the controller modulates the sound wave to improve

the quality of the received echo by at least one of varying an amplitude of the signal driving

the transducer and varying a quantity of pulses of the signal driving the transducer.

19. The system of claim 11, wherein the controller drives the transducer at a frequency

that matches a temperature-dependent resonant frequency of the transducer, the controller

using a look up table to determine the temperature-dependent resonant frequency of the

transducer.

20. The system of claim 11, wherein the controller determines that the detected echo is

valid when the echo is received by the transducer within a predetermined time limit, has an

amplitude that falls within a predetermined range, has a duration within a predetermined time

range, or a combination of the foregoing.



21. The system of claim 11, wherein the controller is further configured to detect a second

echo when the first detected echo was within the near-field time, and produces a second

signal different from the first signal to drive the transducer to produce a second sound wave

when a magnitude of the detected second echo is less than a predetermined threshold, the

controller determining if a first echo of the second sound wave is detected in a near-field time

and detecting a second echo of the second sound wave when the first echo of the second

sound wave is in the near-field time, the controller further configured to produce additional

different signals until a second echo is detected with an amplitude greater than the threshold.

22. A system for determining a quality and/or a quantity of a fluid in a tank, the system

comprising:

a first transducer configured to generate a first sound wave and to detect an echo of

the first sound wave;

a second transducer configured to generate a second sound wave and to detect an echo

of the second sound wave, the second sound wave echoing off of a fixed structure a known

distance from the second transducer;

a temperature sensor configured to detect a temperature of the fluid; and

a controller configured to

produce a first signal to drive the first transducer to produce the first sound

wave,

receive an indication of a first detected echo from the first transducer,

receive an indication of the temperature of the fluid from the temperature

sensor, and

determine whether the first detected echo was received within a near-field

time.

23. The system of claim 22, wherein the controller is further configured to detect a second

echo when the first detected echo was within the near-field time, and produces a second

signal different from the first signal to drive the transducer to produce a second sound wave

when a magnitude of the detected second echo is less than a predetermined threshold, the

controller determining if a first echo of the second sound wave is detected in a near-field time

and detecting a second echo of the second sound wave when the first echo of the second

sound wave is in the near-field time, the controller further configured to produce additional

different signals until a second echo is detected with an amplitude greater than the threshold.



24. The system of claim 23, wherein the controller determines the presence of a

contaminant in the fluid based on a time period from when the second sound wave is

produced to when the echo is detected, and determines a volume of the fluid in the tank based

on one of a time period from when the first sound wave is produced to when the first echo is

detected and a time period from when the first echo is detected to when the second echo is

detected.

25. The system of claim 24, wherein the controller uses the temperature of the fluid to

determine the presence of a contaminant in the fluid and the volume of the fluid in the tank.

26. The system of claim 22, wherein the controller modulates the first sound wave to

improve the quality of the received echo by at least one of varying an amplitude of the signal

driving the first transducer and varying a quantity of pulses of the signal driving the first

transducer, and wherein the controller modulates the second sound wave to improve the

quality of the received echo by at least one of varying an amplitude of the signal driving the

second transducer and varying a quantity of pulses of the signal driving the second

transducer.

27. The system of claim 22, wherein the controller drives the first and second transducers

at a frequency that matches a temperature-dependent resonant frequency of the transducers,

the controller using a look up table to determine the temperature-dependent resonant

frequency of the transducers.

28. The system of claim 22, wherein the controller determines that the detected echo of

the first sound wave is valid when the echo is received by the first transducer within a

predetermined time limit, has an amplitude that falls within a predetermined range, has a

duration within a predetermined time range, or a combination of the foregoing and wherein

the controller determines that the detected echo of the second sound wave is valid when the

echo is received by the second transducer within a predetermined time limit, has an amplitude

that falls within a predetermined range, has a duration within a predetermined time range, or

a combination of the foregoing.



29. The system of claim 22, wherein the controller determines a volume of fluid in the

tank based on a ratio of the time period from when the second sound wave is produced to

when the echo is detected, and one of on a time period from when the first sound wave is

produced to when the first echo is detected and a time period from when the first echo is

detected to when the second echo is detected.

30. A system for determining a quality and/or a quantity of a fluid in a tank, the system

comprising:

a first transducer configured to generate a first sound wave and to detect an echo of

the first sound wave;

a second transducer configured to generate a second sound wave and to detect an echo

of the second sound wave, the second sound wave echoing off of a fixed structure a known

distance from the second transducer;

a temperature sensor configured to detect a temperature of the fluid; and

a controller coupled to the first transducer, the second transducer, and the temperature

sensor, and having on-board diagnostics configured to

detect an error condition based on an incorrect calculated speed of sound

through the fluid, and

generate a signal indicative of the error condition detected.

31. The system of claim 30, wherein the calculated speed of sound through the fluid is

erroneously low and the controller detects the error condition based on a determined dilution

of the fluid and a determined drop in a level of the fluid.

32. The system of claim 30, wherein the calculated speed of sound through the fluid is

erroneously high and the controller detects the error condition based on a determined level of

the fluid exceeding a maximum limit.
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