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(7) ABSTRACT

The mass flow controller of the present invention includes a
sensor. This sensor is used to detect a mass flow within a gas
line. Additionally, this sensor provides an output to an
electronic control system coupled to the sensor. The elec-
tronic control system will determine an expected mass flow
based on the output of the sensor. The electronic control
system will adjust a control valve with a control signal to
regulate a first gas flow through the control valve.
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SYSTEM AND METHOD OF OPERATION OF
A DIGITAL MASS FLOW CONTROLLER

RELATED APPLICATIONS

This application is a Divisional of U.S. patent application
Ser. No. 09/350,744, entitled System and Method of Opera-
tion of a Digital Mass Flow Controller, filed on Jul. 9, 1999,
now U.S. Pat. No. 6,343,617, which is hereby incorporated
by reference as if set forth herein in its entirety.

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to systems and methods
for operating a mass flow controller (MFC) with a closed
loop control system utilizing an advanced digital control
algorithm. More specifically, the present invention provides
a closed loop control system for operating a mass flow
controller, wherein all mathematical operators are realized
within a digital processor.

BACKGROUND OF THE INVENTION

Many manufacturing processes require that the introduc-
tion rates of process gases into a process chamber be strictly
controlled. These types of processes use mass flow control-
lers (MFCs) to control the flow rate of gases. Many prob-
lems exist with current technology mass flow controllers.

MFC’s have a high cost of ownership due to unscheduled
maintenance of the tools in which the MFC are installed.
Often there is no indication as to a specific type of failure.
Common practice is to replace the MFC since it is perceived
as a dynamic device that is believed to be inherently
unreliable. As a result, a significant number of MFC’s are
returned to the factory and found to operate as specified
resulting in a no problem found failure analysis.

The lack of internal diagnostics or the ability to provide
remote service of the MFC and remote diagnostics neces-
sitates that a well trained field service engineer or applica-
tion engineer must visit the customer site to provide on-site
tech support and failure analysis once an MFC has been
installed. Another shortcoming is that the individual device
performance, specifically accuracy and response time or
transient performance, is dependent upon a time-consuming,
labor-intensive, manual calibration and tuning process,
using potentiometers or variable resistors.

Today, the manufacturing process is a highly manual
process requiring that a technician use several devices such
as oscilloscopes, different secondary flow measurement
devices, and the like and visual inspections of those other
devices to determine certain signals and tunes the poten-
tiameters to his satisfaction.

This creates a set of devices that are dependent upon the
personnel that tune the devices. The devices are commonly
non-uniform and not repeatable from one unit to the other
creating complex process engineering and characterization
problems so each device has its own unique behavior
associated with the device. MFC behavior is directly a
function of the manual tuning process and the technician that
performs the process. Additionally, the transit response of
traditional mass flow controllers are not uniform. The per-
formance from, for example, 0 or 10% of set point is
different from 0-100%. This varying response creates a
problem for the process control engineers that depend on
these devices. The unique response of an individual device
forces engineers to uniquely characterize MFC device
behavior to account for the variability and the response
times depending upon certain situations. This characteriza-
tion process is both expensive and time consuming.
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Current MFC’s are sensitive to inlet pressure. The mass
flow controller requires a certain inlet pressure specification
and the differential pressure is normally specified to be
approximately 45 PSID so the performance of existing MFC
devices are typically optimized as to one specific pressure.
Trade-offs are made when the inlet pressure is varied over a
particular pressure range, which creates more variability of
the response time and characterization of a device.

One solution to inlet pressure sensitivity requires that the
user install often expensive pressure regulators.

In the gas lines that supply the gas to the MFC it would
be advantageous to have a mass flow controller that is not
sensitive to pressure fluctuations in order that expensive
pressure regulation hardware can be removed. Furthermore,
each device has a pressure transducer adjacent to the pres-
sure regulator which sole purpose is to indicate that the
pressure regulator is functioning.

Furthermore, there is a need to comply with emerging
standards open communication standards and instrumenta-
tion. EIARS485 is an open standard for multi-drop but it
only describes the physical layer. So the software protocol
stack is subject proprietary implementations from one sup-
plier to another. So it is desirable to have mass flow
controllers that have high performance communications
service ability that implement open protocols while not
sacrificing flow control parameters.

A powerful solution to understanding unknown or poorly
understood processes is to learn of the process through
regression analysis. Regression analysis is a structured
approach utilizing carefully designed experiments to opti-
mize multivariable engineering processes. This technique
allows a process to be understood and potentially exploited
through a series of experiments. The usual method of
estimation for the regression model is ordinary least squares
(OLS).

Regression analysis also allows the creation of diagnostic
procedures that compare the predicted values to actual
values to evaluate the performance of the regression esti-
mates through the use of residuals.

The overall task is to provide the best flow control
performance possible while not sacrificing other issues such
as communications, multiple gas calibrations and cost of
ownership.

SUMMARY OF THE INVENTION

The present invention provides a system and method for
operating a mass flow controller that substantially eliminates
or reduces disadvantages and problems associated with
previously developed systems and methods for operating a
mass flow controller.

The chosen architecture of the present invention does not
sacrifice to flow control for the ability to service a commu-
nications network.

The present invention provides embedded diagnostics
within the chosen architecture or system. Specifically, the
digital engine of the present invention will discretely moni-
tor system variables. These variables include but are not
limited to the flow set-point, solenoid current, ambient
temperature, the resistance of the flow sensor, and the inlet
pressure which may be measured by an external pressure
transducer. Several of these variables are a valuable source
of information to monitor and to reduce MFC pressure
sensitivity. The digital engine also will monitor power
supply voltages.

The internal digital mass flow controller embedded sys-
tem architecture specifically improves to improve the per-
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formance of an MFC over prior art systems and adds several
value-added features.

The mass flow controller of the present invention does not
contain any variable manual adjustments. This provides an
advantage in that all calibration and tuning is completed
digitally via storage of a unique set of constants stored in
non-volatile memory. Access to the relevant memory loca-
tions is provided via the dedicated RS485 interface. The
calibration system host, running the appropriate software
and interfacing to specific flow measuring instrumentation,
can automatically calibrate and tune the mass flow controller
of the present invention for uniform repeatable performance
in static and transient flow conditions. These uniform tran-
sient responses provide an addition advantage of the present
invention. These uniform transient responses are achieved
by using the computational power provided by the selected
digital signal processor as applied in the chosen architecture.
This architecture allows 100% of the control algorithms to
be implemented via software. The software algorithms can
contain mechanisms to invoke unique case-sensitive or
situational parameters that can be selected or tuned to
achieve a uniform and repeatable transient response.

Yet another advantage of the present invention is to
eliminate the need for expensive upstream pressure regula-
tors within a gas supply. The digital engine of the present
invention has the capability to discretely monitor the inlet
pressure via an available A/D input. It is desirable to monitor
the input pressure and desensitize the mass flow character-
istics of the output of the present invention.

A further advantage of the present invention is that it can
contain multiple autonomous dedicated digital communica-
tion ports. This architecture allows multiple digital networks
to be serviced simultaneously. Specific embodiments of the
present invention provide that one network is an RS485 type
network. The chosen DSP includes an embedded UART
peripheral that is dedicated to service RS485 networks. An
additional communication network can be serviced via read-
ing and writing to a dual-port SRAM. The selection of the
dual-port SRAM as a communication partition enables the
support of autonomous interchangeable interfaces. The
present invention should not be necessarily limited to these
two communication ports. Multiple communication ports of
various communication protocols as known to those skilled
in the art can be incorporated into the present invention to
achieve autonomous interchangeable interfaces.

An additional advantage of the present invention is that
the embedded system manages events based upon receiving
sample data from the flow signal at precise discrete intervals
of 1.68 milliseconds. Due to the computational power of the
chosen architecture, the control’s algorithm completes its
task in less than 30% of this time.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present invention
and the advantages thereof may be acquired by referring to
the following description, taken in conjunction with the
accompanying drawings in which like reference numbers
indicate like features and wherein:

FIG. 1 provides a block diagram for one embodiment of
the present invention;

FIG. 2 illustrates a timing diagram of event management
within the present invention;

FIG. 3 contains two sets of flow diagrams illustrating the
method of the present invention;

FIG. 4 describes memory interactions within the present
invention;
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FIG. 5 provides an overview of the communications
associated with one embodiment of the present invention;

FIG. 6 describes a method and system for providing
automated calibration of the mass flow controller of the
present invention; and

FIG. 7 depicts an overview of diagnostic capabilities of
the present invention;

DETAILED DESCRIPTION OF THE
INVENTION

Preferred embodiments of the present invention are illus-
trated in the FIGURE:S, like numerals being used to refer to
like and corresponding parts of various drawings.

The present invention provides an architecture system for
a digital mass flow controller control system that includes
embedded diagnostics within the control system.
Specifically, the digital engine of the present invention will
discretely monitor specific system variables for the purpose
of improving troubleshooting and preventive maintenance
programs. These variables include but are not limited to the
flow set-point, solenoid current, ambient temperature, the
base resistance of the flow sensor, the inlet pressure which
may be measured by an external pressure transducer. These
variables are a valuable source of information to monitor
and to reduce MFC pressure sensitivity. The digital engine
also will monitor power supply voltages.

The monitored variables are used to determine a more
accurate flow measure within the MFC of the present
invention.

The present invention uses a digital engine, meaning
digital signal processor interfaced to an A-to-D converter.
And specifically, in one embodiment of the present invention
an architecture or a digital signal processor that has 16
channels of 10-bit A-to-D conversion has been chosen. In
this architecture, embedded A-to-D channels are used for
acquiring the desired data. The present invention uses an
external intelligent A-to-D converter to digitize the sensor
output since it requires higher resolution than 10 bits. In
addition to those monitored parameters, several flow control
events are monitored including the steady to state error.
Further, the accuracy of the flow controller with respect to
the set point provided by the user’s tool is continuously
monitored. The present invention also measures the valve
leakage.

The present invention contains a unique algorithm
executed by a digital engine. The specific algorithms will
determine whether or not the set-point for flow control is
zero and if measured flow is greater than 2% of full scale
which is an industry standard to provide a warning that the
valve is leaking. A common failure mode for the MFC is a
failed actuator or valve. This failure manifests itself either as
a leak or inability to control. Therefore, one would measure
steady state error, valve leak and measure whether or not
significant overshoot exists of the response at rising or
ascending set points. For example, if one observes the
set-point 2.0 from zero to 100% full scale and if the set-point
exceeds or the response overshoots a predetermined value,
then a warning is provided to the user. Providing access to
all of these monitored parameters will reduce down time and
the unnecessary removal of MFC devices otherwise properly
functioning. The architecture of the present invention mini-
mizes the time required to service and repair MFC devices
that are not functioning properly because of the level of
diagnostics provided to localize the full analysis process to
specific areas.

It is desirable that open communication networks, such as
Devicenet™, and the like, will be available for the flow
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control process management system to control the device.
Another communications port is dedicated to service.
Therefore, an RS485 port or other like port is dedicated to
providing service. Therefore, communication is established
via the open communications port for process control. There
is a dedicated RS485 network that has a proprietary com-
munications protocol that is compliant with the OSI model
for networking within the present invention.

An OSI model for networking is an open system. The OSI
model is a method that is commonly used to network PC’s.
This model is a low-level, broad model for implementing
open systems interconnects for PC’s.

The dedicated factory service port enables the present
invention to provide remote diagnostics. The port can be
used to implement local monitoring when linked to a dedi-
cated laptop notebook or PC. Network monitoring via the
port can be implemented by interfacing a laptop notebook or
PC to the RS485 interface and outfitting or integrating a
modem into the PC. Therefore an engineer, with modem
access, can dial into the local computer and interrogate the
present invention transparent to the flow control events.
Further, the embedded diagnostics may be utilized by this
engineer to provide a higher level of detail concerning
potential failure modes.

The FIGUREs support the problems addressed by the
present invention, as well as illustrating why the present
invention’s architecture provides advantages and features
that are a function of solving the problems associated with
the prior art.

FIG. 1 provides a block diagram for one embodiment of
the present invention’s embedded system or architecture.
Block 12 represents the flow sensor. An A-to-D converter 14
monitors flow sensor 12. A-to-D converter 14 is interfaced
to a 16-bit microcontroller or digital signal processor (DSP)
16.

One embodiment of the present invention utilizes a Texas
Instrument TMS320F240 DSP as DSP 16. This DSP con-
tains embedded flash memory that allows the software code
within the DSP to be upgraded from an external network
connection.

DSP 16 stores internal algorithms or software that can be
executed to implement a closed loop control system. DSP 16
provides an electronic signal 72 to valve drive module 18.
Valve drive module 18 in turn provides current to solenoid
20. Solenoid 20 serves as the actuator mechanism to control
valve 22.

Block 24 provides a voltage reference to the A-to-D
converter 14. A-to-D converter 14 is embedded in flow
controller or DSP 16.

There are two types of A-to-D converters:

(1) those embedded in flow controller or DSP 16, and

(2) an external instrumentation class A-to-D converter. Adja-
cent to the voltage reference is a serial electronically
erasable programmable read-only memory (EEPROM) or
non-volatile RAM (NVRAM) 26. EEPROM 26 is used to
store unique calibration and gas-specific data with serial
number, service data and various diagnostic codes. Diag-
nostics are one of the major features that the architecture
of the present invention brings forth. To the right of the

DSP 16 is a bi-color LED circuit 28 and a static ram or

SRAM 30. In addition to SRAM 30 is external dual port

ram 32 (DPRAM). DRAM 32 is connected to communi-

cations co-processor 34. Communications co-processor

34 is interfaced to a sensor bus network with transceiver

36. This sensor bus network may be a DeviceNet,

LonWorks, Profibus, ethernet or other like network as

known to those skilled in the art.
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An additional networking interface is provided via RS485
transceiver 38 embedded within flow controller or DSP 16.

The above blocks represent the major functional blocks
located within the embedded system of one embodiment of
the present invention.

Various networks may interface with the present inven-
tion. The embodiment above illustrates two network con-
nections. However, the present invention need not be limited
to two connections and may contain additional network
connections. Multi-drop network 40 may interface with
RS485 port 38. Multi-drop networks 40 and DeviceNet
network 42 are examples of potential network connections.
Multi-drop network 40 requires local PC 44 to act as a host.
Local PC host 44 may contain a modem connection 48
allowing the present invention to be accessed via another
modem 48 located or interfaced to remote PC 50.

DeviceNet network 42 can either be a peer-to-peer or
peer-to-host type network. If the network has a peer-to-host
relationship with respect to the DeviceNet network 42, the
PC host can also monitor the network. This PC host may be
PC 44 but need not be monitored by PC 44. Hence, this
potentially separate PC is denoted as PC 52. This particular
PC host 52 can also interface to a modem 54. Modem 54 can
link via a telecom connection that can link remote modem 48
and associated remote PC 50.

Several signals and associated path warps are contained
within this embodiment of the present invention. First, flow
sensor 12 is excited with a current source 13 generating
approximately 11 milliamps. Using thermal or heat transfer
laws, as known to those skilled in the art, the mass flow rate
is sensed. Signal 15, generated by flow sensor 12, is moni-
tored by an A-to-D converter 14. This A-to-D converter is
intelligent. Not only does A-to-D converter 14 monitor the
flow signal; A-to-D converter 14 is programmable with
respect to the resolution and sampling frequency.

The sampling frequency chosen for one embodiment is
610 Hz. 610 Hz provides a sampling period of 1.6 millisec-
onds. It is important to note that A-to-D converter 14 has a
data ready signal which interrupts the microcontroller to let
it know that it has a full set of sample data. This is important
because of a multi-tasking embedded system that serves
several input/output functions. The data ready signal inter-
rupts the entire software, minimizing the effect of time
delays that create inaccurate flow samples. The data ready
signal issued provides the main trigger for the main func-
tional software block, or software engine. Next a data signal
may be sent over A-to-D converter 14 serial interface 56
which may be referred to as an SPI™ TM interface.

Via serial interface 56, flow controller 16 monitors A-to-D
converter 14 and acquires a sample representative of the
measured flow signal 15. This is repeated each time that the
data ready signal indicates that A-to-D converter 14 has a
new sample. In one embodiment, A-to-D converter 14 does
this precisely at 1.6 millisecond intervals. However, it
should be noted this interval is programmed and therefore
flexible. 1.6 milliseconds was chosen for this embodiment
because flow sensor 12 has an effective bandwidth of
approximately 100 to 120 Hz. Therefore, 610 Hz was chosen
as an effective sampling frequency to appropriately recon-
struct the flow signal due to the analog-to-digital conversion
process. Additionally, 610 Hz was chosen to provide enough
time to serve other functions in a way that does not interrupt
the data signal or interfere with other serviced events. This
allows a master signal to be used as a trigger, leaving time
to service other events.

On the left-hand side of flow controller 16, several
external signals or analog signals 58—68 are monitored or





















