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System and Method for Integrated Sensing and Control of Industrial Processes

Background of the Invention
1. Field of the Invention

[001] The present invention relates to integrated systems and methods for sensing
parameters associated with industrial processes and controlling such processes based on the
sensed information. More particularly, the present invention relates to a miniaturized spectral
sensing system, with integrated sensed signal conditioning, signal exchange, and integration

of the sensed information with appropriate process control for improved industrial processes.

2. Description of the Prior Art

[002] The processes employed to make products vary widely from industry to
industry. Those processes may involve the use of complex machinery, interconnected
machinery and equipment, and electrical and chemical exchanges. It is important to ensure to
the greatest extent possible that the features and components of an industrial process
interoperate as effectively as possible. Achieving that goal results in good products and good
productivity. Additionally, it can minimize the impact of the process on the surrounding
environment. Two related aspects of industrial process improvement include the need to
understand the process itself, and control of the process based upon that understanding. In
particular, it is important to be able to determine the characteristics or parameters at each
stage of the process and for the final output of a process, such as the chemical composition,
temperature, and/or pressure of a gas mixture used to make a chemical compound, for
example. Based upon that information, it is important to be able to adjust the process, such as
increasing process temperature, or changing the ratio of reactants, for example, if the output
information deviates from an established set of parameters. The inability to monitor the
process usually means that there is a risk of low quality product, which results in the need to
make corrections after the product has been made. This is both inefficient, and leads to a high
level of wastage, which can often lead to an environmental issue.

[003] There are two established approaches to the monitoring of a process for
chemical composition or physical properties. They are the extraction of grab samples
followed by remote analysis at a suitable control laboratory, and the use of on-line
instrumentation. The first option is inefficient and is not effective for control purposes. The
second option is usually expensive, and as a result, it is normal to implement a single

analyzer at the end of the process. This has limited value for good process control because it
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is too late in the process to make meaningful adjustments. For a complex process, the ideal
situation is to have a multiplicity of measurement points and to monitor the process from the
raw material through to the final product. This has to be cost effective to make the
implementation of multiple sensing points worthwhile. One solution with optical
instrumentation is to use a single analyzer but to multiplex the stream or the optical output.
While this is an option, it has risks because it lacks redundancy--one instrument controlling
an entire process. It is also limited in terms of its response, dependent on the number of
points measured (measurements are made sequentially, not in parallel). The present
invention uses multiple low cost sensing devices, a major advancement, and overcomes
issues related to a lack of redundancy. In fact, one may use a redundancy of sensing devices
to ensure maximum efficiency in the event of the failure of a single sensing device.

[004] Many industry standard methods for process control still rely on Proportional-
Integral-Derivative (PID) controllers, a technology dating back 60 years. Once tuned, the
system is only able to control the process with which it started. Should process behavior
change after start-up, the controller cannot counteract disturbances and the closed-loop
system may become unstable. The traditional fix for time-varying process dynamics is to start
over and manually retune the loop whenever its performance degrades. While that may not be
particularly difficult, repeated tuning can be tedious and time consuming, especially if the
process takes hours to respond to a tuning test. Manual tuning may not even be possible
should process behavior change too frequently, too rapidly, or too much. In the case of model
based controllers, process characteristics such as gain, time constants, and dead time need to
be estimated, often by trial and error, to attempt defining the shape of the process response
curve. It is a long and complex process that requires significant investment of time and
money. The present invention includes the option of a firmware-based control, which is also
miniaturized, and is reduced in size to a small electronic board, which overcomes these
established problems associated with both standard control systems and traditional model
based systems.

[005] When measuring devices are integrated into a process it is normal to employ a
sampling system. The sampling system is typically a collection of valves and sample
conditioning devices (filters, mixing chambers, temperature control loops, etc.) that extract
the sample from the main stream, and present the sample in an ideal format to the
measurement system. Traditionally, this collection of valves and components takes upa
rather large space, and can sometimes be as expensive as the measurement device to

implement. In the miniaturization of the sensing devices, it makes little sense to use such a
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system, in terms of efficiency and cost. Significant benefits are gained if the sensing device
and the sampling system can be integrated where the sample volumes are matched to the
sensing device itself. Recent developments in industrial process improvement initiatives have
been centered on the mechanism for integrating sensing devices into sampling systems. A
good example is the New Sensors/Sampling Initiative (NeSSI) sponsored by the Center for
Process Analytical Chemistry (CPAC) at the University of Washington, an effort by an
industrial consortium to standardize sensors and the sensing platform used for process
monitoring. Initially, traditional parameters such as temperature, flow and pressure, which
can be important indicators of process characteristics, have been addressed. The goal of the
NeSSI is to make measurement techniques uniform across industries with an interest in
participating in the initiative. The platform is a miniaturized version of traditional sample
gathering and handling methodologies and, pursuant to the Instrumentation, Systems, and
Automation Society (ISAS), standard SP76, establishes the interface of the sample gathering
components with sensing devices used to assess the characteristics of the extracted sample.
[006] The benefits of the NeSSI system are its size, the ability to add components as
standard modules, and the ability to integrate the sensing system to form a single stand-alone
unit for sample extraction, conditioning and measurement. The objective is to develop
sensing devices to be compatible with the goals of NeSSI. What is also needed is such a
system that enables sampling and sensing at int?rmediate sites along the way of the process,
thereby permitting process corrections earlier and minimizing defective product output. Note
that NeSSI has been used here as a discussion point, and is not necessarily the only platform
for consideration. There is a movement in a wide variety of fields that involve the handling of
liquids, gases and vapors, including medical and clinical applications, where miniaturized
valves and sample handling/conditioning are involved. The approach to integration of sensing

within these platforms is also given consideration.

Summary of the Invention

[007] It is an object of the present invention to provide an integrated spectral sensor
and an optional control system for controlling industrial processes. The system includes a
sampling component, a spectral engine including a sensing component and a signal
conditioner, a signal exchange system, and a controller. The sampling component can
include, where required a multiport manifold on a miniaturized sample handling platform
(such as NeSSI) for gathering one or more fluid samples (including reagents) related to the

industrial process to be controlled. The sampling component interfaces with the spectral
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engine that includes an optical sensing system for nonintrusive detection of features of the
sampled fluid. The spectral engine further includes a light or energy source, spectral sensing
component for measuring the characteristic chemical features of the fluid, a sample cell or
chamber that is dimensionally optimized for the light source and sensing component, and a
microprocessor for conditioning the signals output from the spectral sensor. The signal
exchange system may be a wired or a wireless signal transfer device coupled locally or
remotely to the sensor. The optional controller includes the signal processor and one or more
embedded computer programs to evaluate the received signal information and make decisions
on any process modifications to be made. The controller is a predictive controller that
maximizes the ability to adjust process conditions as quickly as possible in response to the
sensed process information. The controller interfaces with one or more process modification
devices, including control valves, chillers and heaters, for modifying, pressure, flow rates and
volumes, and temperatures of the fluid or fluids forming part of the industrial process.

[008] Four example application areas have been identified that can benefit from this
integrated sensor approach, and these include the water, pulp-and-paper, chemical, and
petroleum industries. These applications require on-line, real-time sensors, sensors thaf are
capable of operating in harsh environments, and can provide analytical and physical property
measurements. The present invention addresses these needs. In the case of the chemical
industry, a wide range of applications is envisaged in a wide range of industry sectors, from
specialty chemicals, such as pharmaceutical products to commodity chemicals, such as
petrochemicals and polymers. The applications go beyond just the manufacture of the raw
material and basic chemicals, and can be extended to the blending and formulation of final
products in key high energy consuming industries, including those linked to consumer
products. It is to be understood that the present invention has broader applicability than the
application areas cited.

[009] In conventional industrial process plants, process sensors and actuators are
hardwired using copper wire or fiber optics networking. Because of the high costs associated
with installation, maintenance, and constant reconfiguration of a process, there is a large
opportunity for a major cost advantage for using a wireless communications path to
interconnect the sensors and actuators. This is particularly important when a network of
sensors is being employed. Also, when using an optimizing predictive adaptive control
system, better communications between sensors improves the overall efficiency. For this
reason, the present invention contemplates the option of employing wireless connectivity to

establish data signal transfer.
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[10] The integrated sample, sensing and control system of the present invention
provides a more granular and immediate picture of relevant information associated with an
industrial process. That picture is coupled with effective predictive process control to yield
improved productivity with corresponding reduced impact on the process’s surrounding
environment. These and other advantages will become more apparent upon review of the

following detailed description and the accompanying drawings.

Brief Description of the Drawings

[011] FIG. 1 is a simplified representation of the elements of an example speciral
sensing engine: source, sample interface, light analyzer and detector.

[012] FIG. 2, comprising FIGS. 2A-2C, show example combinations of optical
filters and detector arrays.

[013] FIG. 3 shows the electronic components for the integrated spectral sensor.

[014] FIG. 4 is a simplified representation of standard package configurations for
on-line sensors: absorbance/transmission and fluorescence cells.

[015] FIG. 5, comprising FIGS. 5A-5D, illustrates alternative packaging
configurations of on-line sensors: turbidity, NIR and immobilized reagent versions.

[016] FIG. 6 is an example integration of spectral sensor and reagent dispensing into
manifold system.

[017] FIG. 7 is an example spectral sensor response in the visible region: colored
dyes.

[018] FIG. 8 is an example spectral sensor response in the near infrared region:
common chemicals.

[019] FIG.9 is a simplified flow diagram of the steps associated with the function of

| the optional predictive-adaptive controller.

[020] FIG 10 is a schematic representation of an optional predictive-adaptive control
system.

[021] FIG 11 is an example schematic representation of the predictive-adaptive
control system in a multi-loop implementation.

[022] FIG 12 shows an example mesh-network for wireless communications with

multiple sensors.

Detailed Description of the Preferred Embodiments of the Invention
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[023] The present invention is an integrated system for sensing process
characteristics and controlling the process based on the sensed information. The sensing
aspect of the invention preferably includes one or more miniaturized optical spectral sensors
located at multiple points within a process or an individual process unit. This provides a
means to monitor a process from start to finish, with key intermediate points also covered, as
opposed to the traditional approach of monitoring the product as it is produced at the end of
the production line. An optional component of the system is a wireless communication
interface, based on a proprietary adaptation of a standard wireless platform, associated with
the multiple spectral sensors to allow them to interface with the control component of the
system. The system further includes an optional control component as an adaptive-predictive
control system that makes use of the feedback from the sensors and provides optimized
process control.

[024] An important component of the spectral sensor technology can be broadly
described as an optical spectrometer on a chip. While optical sensors have been available,
the present invention integrates an optical filter assembly with a light or energy sensitive
array. The optical filter technology used is either in the form of a continuous linear variable
filter (LVF), or a filter array (patterned filter or mosaic). In the LVF form the resultant
device, or spectral sensing component, is the most versatile and can be utilized for many
applications. An example format of an LVF -based spectral sensor is shown in FIGS. 1, 2A
and 2C. The spectral sensing component is preferably implemented as part of a photodiode
or a Complementary Metal-Oxide Semiconductor (CMOS) array detector package. The
sensing component of the present invention is based on existing optical sensing technology
modified for the present purpose. An example component has been marketed as a
commercial device by OCLI (a JDS Uniphase company), known as a MicroPac. The device
was not produced in a form that was compatible with the proposed application, and was
intended for lab-based experiments that demonstrated feasibility. As developed, the
MicroPac was based on a silicon photodiode array offering spectral ranges of 400 nm to 700
nm (visible) and 600 nm to 1100 nm (short wave near Infrared (NIR)). The MicroPac had a
complex construction featuring a gradient index (GRIN) lens as an optical interface between
the filter and the photodiode assembly. This was required to preserve the spectral resolution
of the filter because the detector used was a standard commercial package. In the current
embodiment, the LVF is directly bonded to the detector array, and in this form does not
require any form of resolution retaining optics. Sensors derived from these components based

on the LVF can be used for absorption measurements in the visible and near infrared (NIR),
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as well as fluorescence measurements in the visible. Examples of data have been acquired in
al] of these modes, and example spectral response curves for the visible and NIR ranges are
provided in FIGS. 7 and 8. The short wave NIR provides good differentiation based on
chemistry and composition based on vibrational overtones of the component molecules.
However, in cases, such as the digestions in pulp and paper applications, where visible
absorbing and fluorescence centers are also expected to be important, the visible version for
the spectral sensor is used. For applications involving chemistry, where the species to be
measured is not normally visible, the analysis may be performed with the addition of a
reactive chemical reagent. The reagent may be added as an additional chemical to the process
stream, or the process stream can interact directly with versions of the reagent that are
immobilized on or in a solid sdbstrate, which forms part of the optical path as shown in the
examples in FIG 5.

[025] Those skilled in the art of optical sensing technology will recognize that the
short-wave Near Infrared (700 to 1100 nm) works well for a wide range of liquid-based
measurements. In this region, sample pathlengths from 1 to 10 cm are considered to be
optimum, dependent on the material to be measured. Such pathlengths may be used for direct
measurements made on petroleum and liquid chemical products, while shorter path lengths
may be required for darker materials, such as digestion products and materials with high
aromatic content. Although spectral changes in this region are subtle, they can be readily
correlated with both composition and key chemical and/or physical properties. Tools such as
multivariate modeling, sometimes known as chemometrics are common for such applications.
These would be used as appropriate, and the calibration coefficients generated from the
modeling are stored on flash RAM located on-board the sensor.

[026] 1t is also possible to consider indirect methods of measurement while
measuring in this silicon spectral region. These are methods are as noted above, where a
reagent interacts with the stream either as a liquid reagent or on a substrate that interacts with
the process stream, and spectral changes are observed for the substrate. Examples are pH or
chemical reactivity of the siream, where the stream reacts with a reagent that is immobilized
in a porous solid matrix, such as a sol gel or a membrane (organic or inorganic). Systems
featuring immobilized reagents can also be used for gas phase measurements where the gas or
vapor is chemically reactive and is able to form a colored species once it interacts with the
immobilized reagent. An example of such a reaction is with carbon monoxide and a
derivative of hemoglobin. If the reaction is reversible, the sensor may be used for continuous

monitoring. in cases where the resultant reaction is a color change or a change in a level of
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fluorescence. The optical sensor system of the invention may be used to conduct direct
measurements, as well as with immobilized reagents necessary for applications in the water
industry, and in the pulp industry, for example, especially for the measurement of materials
such as sulfides, both in the liquid and gas phases. For applications that feature liquid based
reagents, the reagent or reagents are metered into a mixing chamber which exists as one of
the components of the manifold system. Applications based on chemical reagents do not
necessarily require long optical pathlengths, and pathlengths ranging from 0.25 ¢cm to 2.00
cm are expected to be the norm.

[027] As defined, the spectral sensor can be constructed from either a continuously
variable filter (defined as the LVF) or from a filter matrix or mosaic. This latter approach is
usually optically more efficient and less expensive than the LVF approach. It is often more
specific in application, but less versatile than the LVF system. An illustrated example of a
matrix-based spectral sensor is provided in FIGS 2 and 3. The version shown is a 4-channel
RGBW sensor, and is capable of handling a wide range of color-based applications.

[028] The sensor hardware for the present invention is not limited to silicon-based
photo-sensing devices, and alternative detector arrays can be used, including InGaAs, PbS,
PbSe and also Micro Electronic Mechanical System (MEMS)-based devices. Such devices
would be considered for extensions into the longer wavelength NIR and for the mid-IR. The
format of the proposed sensor platform may be extended into these other spectral regions. In
the c‘ase of the mid-IR spectral region, these are expected to be mainly for gas and vapor
phase applications. Note that for some applications, the silicon-based detectors may be used
in conjunction with an immobilized reagent for certain gas-phase measurements. For
example, vapor analysis for pulp digestions may be handled by this approach, especially for
the detection of sulfides.

[029] The approach offered is described as being based on a spectral engine. The
spectral engine includes the spectral sensing device (described above), and the energy source,
which can be either a broadband or narrowband source, dependent on the mode of
measurement (broadband sources are used for NIR and visible absorption, narrowband
sources are used for turbidity and fluorescence). White LEDs and tungsten bulbs are used as
broadband source‘s, and individual LEDs are used as narrowband sources. Another
component of the spectral engine is the sample interface, which is typically a cell or chamber.
One of the key benefits offered by the system are that the cell can be optimized in size based
on the source and spectral sensing system. The sizes of the detection devices are 1 x 8 mm

and approximately 3 x 3 mm (matrix sensor). Scaling the sample cell to these dimensions
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results in a net cell volume of a few microliters up to around 80 microliters. The advantage
gained here is that a minimum sample size is required, which effectively eliminates any
sample temperature effects, and significantly reduces the amount of reagents that have to be
dispensed for reagent-based applications. The volume reduction on reagents can be up to
1000 times, which reduces reagent vessel capacities, dramatically reduces consumption, and
cuts operating costs. The final critical set of components of the spectral engine are the
electronic components. An example of the functional electronics is provided in FIG 3. Up to
two microprocessors, and possibly more, may handle the initial data handling (processor #1)
and then the data massaging (processor #2). A final processor may be employed and feature
onboard memory to store methods, calibrations and results, and to handle communications to
displays (if required), external devices via serial connections and also wireless
communications if the option is used.

[030] It is known that measurements from industrial processes require a degree of
sample conditioning. Normally this necessitates the use of a sampling system in conjunction
with a process analyzer. Such an approach negates the cost and size benefits of the proposed
sensor technology. For this reason, the present invention combines the spectral sensing device
with a miniaturized sample handling platform. The NeSSI generation II platform is used as a
practical example of a miniaturized modular approach to sample handling, based on a
manifold, with the provision for modular sensor integration. The spectral sensors of the
present invention can be designed to be compliant with the ISAS SP76 standard which
defines the interface and format of the NeSSI platform. The sensors can also be designed to
interface with any other form of miniaturized sample handling.

[031] The spectral sensor implementation based on NeSSI may be implemented in
several ways. FIG 6 provides a view of the sensing device integrated into a modular base
compliant with NeSSI. FIGS. 4 and 5 show example configurations for the spectral sensor
that meet these requirements. This includes a basic transflectance (absorption/transmission)
arrangement wherein the source (B) radiation is directed into the sample chamber, and the
beam is reflected from the base of the module up into the sensing area of the spectral
sensor(C), which is powered and controlled by onboard electronics (A). These electronics can
be linked to an external network, which may include wired transmission or wireless
telemetry. An alternative arrangement provides a geometry that can be used for fluorescence
measurements, for light scattering measurements, or for dark samples. FIG. 5 shows
alternative arrangements that can be used for turbidity, near-infrared and also for applications

involving immobilized agents.
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[032] The optional control system component of the present invention is an
advanced predictive and adaptive model-based controller suitable for critical and/or
inherently unstable processes. Unlike prior art controllers, it achieves peak performance in a
matter of hours, resulting in major savings of time, money and energy. The predictive
controller does not require a complex predetermined or theoretical mathematical model of the
process. Instead the system “learns” the process dynamics while in use and this is achieved
regardless of the complexity of the underlying process behavior. High order and non-
minimum phase transient response characteristics are captured by the system and are included
in the model. A comprehensive model is developed based on actual process dynamics, not a
theoretical model. The controller then uses this model to make accurate forecasts of process
response. A PC-based controller platform suitable for integration into the sensor platform is
the predictive software made available by Universal Dynamics Technologies, Inc. of
Richmond, British Columbia, Canada and offered under the name Brainwave™.

[033] The control system includes a form of the Brainwave™ platform adapted for
the control component of this invention in the form of firmware, incorporated into hardware
electronics. The control function is in the form of software, firmware, hardware, or
microcode as part of the overall miniaturized form of the invention. While the control
function may be employed as a control means for the entirety of an industrial process, it is
contemplated that the controller provides local optimization of control for small segments of
processes, small stand-alone processes and individual process units. The control system has
two main parts: the adaptive model building component (Process Model Identification), and
the predictive controller. Process Model Identification is achieved quickly by using a
function series approximation technique called Dynamic Modeling Technology (DMT) that is
based on Laguerre polynomials. The controller monitors process response to changes in the
controller output and other feedforward input variables. The transient response of the process
is modeled using a Laguerre function series. The coefficients of this series are automatically
calculated so that an accurate model of the process transfer function is obtained.

[034] In process control, process transfer functions are trénsient and the Laguerre
functions are well suited to modeling these types of transient signals because they have a
similar behavior to the process being modeled. The Laguerre modeling method produces a set
of weights for the Laguerre functions in the series so that when summed, a high fidelity
model of the original transient signal is obtained. The set of “weights/coefficients” is called
the Laguerre spectrum for the signal. In short, changes in the transient behavior of the process

will trigger the controller to adjust the model to the new characteristics by automatically

10
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generating a new Laguerre spectrum. The effects of measured process disturbances are also
modeled to incorporate adaptive feed-forward compensation into the control strategy
resulting in further performance improvements. As illustrated in FIGS. 9 and 10, for each
model, there is an internal representation of the 'state' of the system with respect to the recent
changes in each input to the process (i.e.i Control output, FF1, FF2, and FE3). This
representation is used together with the model to make predictions about future changes that
may occur in the process. Each model contributes its component of the expected change in
the process. All of these predicted changes are summed together to reveal the 'net’ effect on
the process in the future. The process models, the system state, and the net predicted change
in the process are then used to determine the necessary control action. This problem is solved
by calculating a control change that (if all conditions remain unchanged) returns the process
to the set point as rapidly as possible. This technique is known as horizon predictive control
whereby the process model is used to compare the predicted value of the process to the
desired target value. Any difference becomes the amount that the process has to change and
the process models are used to solve the control action required.

[035] Inan embodiment of the invention requiring control of multiple functions, a
multi-loop approach is used for the control of large coupled processes as represented in FIG.
11. Advanced controls can be applied to most complex applications such as distillation
columns, pulp and paper processing, multi-unit batch reactors, and other complex processes
where manipulation of one process variable disturbs many others or where parallel process
are attempting to achieve multiple objectives simultaneously. In the proposed control system,
these problems become opportunities for improvement that translate into lower cost, higher
quality, increased production, and a more efficient use of energy.

[036] The optional control system of the invention is designed to improve the
accuracy and efficiency of an existing industrial process control arrangement. This is
enhanced by the use of the spectral sensing devices, which are ideally distributed at key
locations throughout the process. There is minimum hardware required and it readily
becomes the technology of choice where PID controllers cannot deliver increased levels of
process control performance. It may be interfaced to existing Distributed Control Systems
(DCS) using an OLE for Process Control (OPC) server. The system may be configured to
synchronize the predictive-adaptive controller with the DCS so that safety logic automatically
switches back to traditional PID control in the event of a malfunction.

[037] In order to make full use of a multiple sensor-based control system in a

manufacturing plant it is necessary to develop an economical method for interfacing the
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sensors to the control system. Conventionally, one would hardwire the sensors in place, but
in a system where a multiplicity of sensors is used, the efficiency and cost benefits can be
rapidly diminished based on the cost of installation. The present invention provides the
optional feature of wireless signal exchange. It is known that traditional approaches to the
implementation of wireless in a plant environment are fraught with difficulties because of
environmental interference. However, the present invention minimizes the negative impact
associated with such a signal exchange method by using redundant wireless connections. As
shown in FIG.12, a mesh based wireless communications system (Comsys) is designed to
provide a reliable fully connected path

between the sensors and the control system.

[038] The optional Comsys system has two major elements: 1) Wireless Network
Access Points (NAPs) and 2) Wireless Sensors (S). In a preferred embodiment, the NAPs are
fixed modules in a ring that loops around the plant or the process unit, and are powered by
AC mains line power with battery backup. The distance between each NAP is such that they
have a reliable wireless path between each NAP. Even if there are no sensors within range of
an NAP (as shown in right side of FIG. 12), there is an NAP provisioned to ensure the ability
to relay communications traffic from point-to-point. Reliability is further enhanced in such a
mesh network by allowing for the NAPs to be arranged in a ring that loops into the network
operations center, so that the failure of any one NAP will not cause a loss of connectivity and
control. The sensors shown in FIG. 12 may be line or battery powered with the necessary
power control intelligence to conserve battery power and report battery health and battery
condition as required. Each sensor point communicates data to the nearest NAP, which in
turn will manage contention on the network and relay the sensor traffic back to the network
operations center and the control system. To further enhance the system operation and
reduce the costs of installation and reconfiguration, an application layer protocol resides on
top of IEEE 802.11b standard designed to manage wireless traffic, and to provide for self
discovery and configuration of the system. The application layer optionally provides
functions for self-discovery, geolocation, and test of the network.

[039] The fundamental aspects of the present invention lead not only to increased
productivity, but also to an energy saving and process efficiency capability in at least the four
target industries: water, paper, chemical, and petroleum industries. In the case of water, it
also leads to increased public safety. It is expected to provide similar advantages in

consumer-oriented markets, including food and dairy processing, beverages, and household
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products (cleaners, etc.). The technology of the current invention will be particularly useful
in the four noted fields of application:

Water application: continuous monitoring of public water supplies for residual chlorine
content, and similar parameters that are important to public safety. Residual chlorine
(disinfectant) is an important marker in drinking water supplies for the unexpected
introduction of toxic and biohazard materials. The latter can range from the accidental
introduction of bacteria via a breakage in a feeder pipe, to the deliberate introduction of
dangerous materials. The system can also be configure to measure heavy metals (lead,
chromium, mercury, etc.) and also environmental contaminants, such as phosphate, nitrate
and arsenic. While the systems as described can be configured for public water supplies,
stripped-down versions can also be configured for public buildings, office buildings,
hospitals, and even residential water supplies.

Petroleum applications: monitoring of process streams for raw materials, intermediates and
final products. In an average refinery there are many process units, and many of these units
have several critical points where measurements can be made. Examples include the
reformer, cat crackers and the blenders. The convenience and cost potential of the invention |
may enable many more points to be monitored, thereby permitting a higher level of overall
predictive control. Many of these processes are energy intensive, and so significant savings in
terms of improvements in efficiency and reductions in environmental emissions are
anticipated with the implementation of this technology.

Chemical applications: there are numerous potential applications for the invention in the
chemical and petrochemical industries. These can range from the production of raw materials
to various processes used in the pharmaceutical and biotechnology industries. It is anticipated
that it is well suited for the petrochemical related industry, where a significant amount of
energy is involved, and where good monitoring and control can provide better overall
efficiency and product quality. A practical example is the production of carbon black, where
the composition of the input streams is used to provide additional information to the control
system.

Pulp and paper products: there are several potential areas of application for the present
invention in the pulp and paper industries. The most important, from the point of view of
control, are probably in the digestion, pulping, and bleaching areas. The use of near infrared
for the measurement of parameters such as Kappa has already been demonstrated, and the use
of visible methods are feasible for determining lignin-related information. Another important

area is bleaching. Both direct methods involving NIR, and indirect methods, involving
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immobilized agents are expected to work for this application. Control of both the digestion
and the bleaching are important for the overall process, and good control parameters for

digestion are expected to provide important energy savings.

[040] While the present invention has been described with particular reference to
certain specifically described components and methods, it is to be understood that it includes

all reasonable equivalents thereof.
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CLAIMS

Having thus described the invention, what is claimed is:

1. An optical spectral sensing device, for determining properties of a sample, said device

comprising:
an integrated energy source and an integrated spectral sensing detector package,

an optimized sample chamber or cell dimensionally designed to match the active area of the

spectral detection device without the aid of additional interfacing optics;

integrated electronics for providing energy for said source and for receiving a signal
generated by said spectral detector in response to energy coupled to said detector by said
sample chamber or cell, said integrated electronics providing direct output of sample

properties of said sample;

on-board computer processing means including memory storage for data, calibration

coefficients, methods and results;

on-board data communications including the output to a visual display and communications

of results to a process monitoring computer; and

a manifold-based sampling system to provide the primary interface to said spectral sensing
system, and to provide necessary support for the analytical system in terms of sample

conditioning and reagent interfacing.

2. The device of claim 1, wherein said optical structure is formed in configurations that allow
for at least one of transflectance, transmittance/absorption, fluorescence, or light scattering

measurements.

3. The device of claim 1, wherein said optical structure is fabricated from a material that can
be machined, polished or molded to provide a sample interface with a cross-section that has

optimal coupling between the energy source and spectral detection system.
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4, The device of claim 1, further comprising an integrated spectral measurement system
either based on the use of a continuous linear variable filter (LVF) or discrete optical

components that comprise a matrix or mosaic-based filter-detector measurement system.

5. The device of claim 4, wherein when a plurality of faceted surface pairs exists, the angles
of the facets for the individual pairs may be different to facilitate angle tuning of the optical

structure.

6. The device of claim 3, further comprising a cylindrical based package, wherein the
cylindrical base facilitates sealing and a compatible interface to the NeSSI Series Il manifold-

based sampling system.

7. The device of claim 1, wherein said optical structure of the sample interface is optimized
to minimize the volume of sample required and/or reagents required for a specific

measurement.

8. The device of claim 7, wherein in the optical transmission/absorption mode where energy
passes into the sample, energy traverses the sample into a retro-reflective optical structure

and re-enters the sample interface and is imaged on to the spectral sensing device.

9. The device of claim 7, wherein, in an optional optical scattering mode, where energy
passes into the sample, interacts with the sample, and scattering radiation that results from
this interaction is observed by a pick-off mirror system in the optical structure, said energy

propagating at 90° with respect to normal passage of energy through the sample.
10. The device of claim 1, wherein said source and detector are located at matched positions
to provide an optimum passage of energy through said optical structure utilizing at least one

of internal reflection, light transmission and light scattering,

11. The device of claim 9, wherein in the case of scattering or fluorescence, the detector is

mounted in secondary positions, thereby ensuring optimum energy collection.
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12. The device of claim 9 wherein, the integration of the source and detector constitutes the

formation of an integrated internal sensing module to complement the optical structure.

13. The device of claim 1, having an integrated internal sensing module with an energy
source, wherein said source comprises a solid-state device primarily designed to emit a near

continuum of light or energy with an optimized spectral range of 400 nm to 700 nm.

14. The device of claim 1, having an integrated internal sensing module with an energy
source, wherein said source comprises a broadband tungsten source, primarily designed to
emit a near continuum of light or energy with an optimized spectral range of 500 nm to 1100

nm.

15. The device of claim 1, wherein said optical structure, and said package are housed within
an enclosure that protects internal components from the operating environment and the

sample.

16. The device of claim 15, wherein said enclosure is fabricated from machined metal parts.
17. The device of claim 16, wherein said device is renewable and disposable.

18. The device of claim 16, wherein said enclosure is constructed of a thermally insulating
material to reduce the internal heat within the sensor, or said enclosure is structured

externally to include cooling fins or structures to dissipate heat from the device.

19. An integrated sensing module having a detector comprising a solid-state device either
matched directly in spectral response to a source, or capable of responding to wavelengths
over a broad spectral range from one or more sources, sensitive in spectral regions of UV-
visible wavelengths (350 nm to 700 nm) near infrared (600 nm to 2500 nm) and mid-infrared

(2.5 pum to 25 pm, 2500 nm to 25000 nm).

20. The sensing module of claim 19, wherein said detector is located in either a primary
location for the detection of source radiation from transflectance or transmission absorption

measurements, or a secondary location at the center or close to the center of the module, for
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the detection of radiation from fluorescence or from energy scattered from a fluid under

study, or both locations.

21. The sensing module of claim 19, further comprising one or more on-board processors,
wherein reference spectral data recorded in the absence of analyte material can be stored in
flash RAM, and wherein said reference spectral data can be used to provide a ratio of energy
detected by a sample measurement and energy obtained from the reference data, thereby

providing a direct measure of the energy absorbed by the sample and system optics.

22. The sensing module of claim 21, wherein the spectral data recorded can represent the
optical interaction of multiple analytes thereby enabling more than one analysis to be
performed, or where a more complex analysis can be performed in the event that a condition
being monitored provides different independent responses at different wavelengths, said
sensor module providing an output for either multiple components or the measurement of a

complex condition by use of modeling techniques.

23. The sensing module of claim 19, further comprising a processor for processing the signal
produced from the detector or detectors, and an on-board memory provision to enable
calibration coefficient data to be stored for simple and complex calibrations, including simple
linear response calibrations, second order and higher response calibrations, and multivariate
models for complex calibrations and/or multicomponent analyses, and wherein said on-board

memory supports storage of methods to link calibration data.
24. The sensing module of claim 19, further comprising a processor for processing a signal
produced by the one or more detectors, and an on-board memory provision to enable multiple

calibrations to be stored, and multiple methods for using said calibrations.

25. The sensing module of claim 23 further comprising built-in or downloaded calibration

coefficients for said processor.

26. The sensing module of claim 21, wherein said processor further comprises one or more
of:
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a computation means for performing computations including concentration

calculations;
processing of intelligent sensor outputs;

support for standard data formats, standard protocols and standard forms of

communications, including serial and bus-oriented communications formats; and

support of hardware-based and wireless-based communications protocols.
27. The sensing module of claim 22, wherein the sensing module is integrated into a modular
manifold-based sampling system, and where the mechanical interface is optimized to mate

with hardware that is defined by industry standards.

28. The sensing module of claim 27, wherein the sensing module includes sampling modules
that can be used to dispense and mix reagents with the sample stream. The resultant reacted
solution is fed into a sample interface that is optimized in internal dimensions to minimize the

volume of chemical reagents required for the measurement.

29. The sensing module of claim 25, wherein output therefrom is received by a process
control system, wherein said process control system includes one or more built-in predictive-
adaptive control algorithms to monitor the process and to provide instructions for the

optimization of the control of the process being monitored.

19



PCT/US2004/025502

WO 2005/029541

2l jo | ainbi4

(eoepoyu] ojdweg
paziwido)
) ajduweg
Kewry 19)j14 feondo
JBISON 10 shonunuo)

82Inog

I

Aelry 10)2930Q
Jeuoisuawiqg-g
10 JeaurT]

10}09}9 pue JazAjeuy ybi ‘9oeyiaju] ajdwesg ‘@924nog
:auibug Buisuag je1joadg sjdwexg ue jo sjuswalg

1/12



PCT/US2004/025502

WO 2005/029541

2l 10 g ainbi-

10}28uUuo’n
X9]4 uo pajunopy Jusuodwon Aeuy X3RN 193114 YIM Jusuodwon Aey
10390939 pojelbaju] ajdwexy 9z ainbi4 103)093}9( peolelbaju] ojdwexs :gz 2inbi4

(peyenysnjj| uoisiap

4A1) Aeary 1030939Q oY) pue siajjid
jeando jo Buijdnos joa11q vz 24nb614

sKealy 10}29)9( pue sia}|i4 [eonndQ jo suoneuiquon ajdwexy

2/12



PCT/US2004/025502

WO 2005/029541

2l Jo ¢ ainbi

uoneuiquion
Kedry 10)9939Q
[A9}]14 JlesON

suonesIunwwo?) puy
uonendwo’ jesawinN
‘uonjoe.axg ejeq 1o}
10SS9201doJdIN — Z-d77

uoljeuiquod
Aedry 1030939Q
/18114 snonuiuon

suolj}esIunwwon)
SSOJaIIM

KAjan3oauuo)
paiimpleH
— jell9g

h Bujewso ejeq pue
uonisinbay eje(q 10}
(snun sjqepod) Aedsia | | cco001dosony — L-g

losuag |esjoadg pajeibaju] oy} 1o} sjusuodwio) o1U043O9|]

3/12



PCT/US2004/025502

WO 2005/029541

2l 0 ¢ ainbi-

< [|©2 92Ud92saI0ON|4

|19 uondiosqy

[odieg 18D :d
10}09)a( [enoads 9
(s)eoinog :g
SOIUOIJO08|T 1Y

S||99 95uUddsaION|4 puUk UoIsSIwisuel ] /ooueqlosqy
:S10SUDS duIT-uQ 10} suoneinbijuon abeyoed plepuels

4/12



PCT/US2004/025502

WO 2005/029541

) Jo g ainbi4

sapinb 3ybi uo

sjuabe pazijiqowwyj 8aInog dwe

!
m usjysbuny |
. oowsy yim
| 1190 uopdiosqy |
| HIN g6 8nbiy
.__mw w_wwwwm | 1190 Aypiguny.
VG ainbl
pazijiqowuw| v =
Qs a4nbi4
sjuabeal
pazijiqowwy
Uilm
sajesisqng

| o|dwex3 ‘|89 uabeay
pazijigoww] :0G ainbi4

|
y it
|
{

|
SUOISI9OA Jusbeay pazijiqoww] pue YN ‘AIpigint
1S10SUdS duIT-uQ jo suoneinbyuon Buibeyoed aAneuls)y ajdwexy

5/12



PCT/US2004/025502

WO 2005/029541

Buisuadsig-o.oi

2l Jo 9 ainbi4

uoneplien
'8 uone.qiied
L, 8ur-uo

<= }]30 3DUIDISALION]S

1199 uondiosqy

o e AL X

sjuabesy

|eleg |19d :d
J0y09)9( |enoads 1o
(s)sainog :g

Josuag [eanhjeuy (¥)
Jojenjoy/aAlep (A)
Josuag dwa} (L)
Josueg ainssaid (d)

$o1U0N93(T Y

wia)sAg pjojiue ojul buisuadsiq
Juabeay pue Josuag |esydoadg jo uone.ibajul

6/12



PCT/US2004/025502

WO 2005/029541

Zl JOo /2 @inbi4

wu ‘yjbusjenep

004 0S9 009 0§69 009 0S¥y 00¥

!
i
W_
3

i
i
M
|

7]
onjg—— m
& 0O
“ —_
: P9y “ puw._
M | :
MOJjJP A m O

saAqg paiojon :uoibay ,
9|qISIA 9y} ul asuodsay Josuag |enyoadg ajdwexy w

7/12



PCT/US2004/025502

WO 2005/029541

2l jo g ainbiy

wu BusiEAeiA
0013 000l 006 008 0L 009

e 00
- 10
- &0
[Addosdos) ——- e
[OUEUT e €0

DUOITNY e
- 0
- &0
- 20

‘s[eswiay) uowwo? :uoibay paJelju] JeaN
|2y} ul asuodsay Josuag [esjdads djdwex] !

Q0URGIOSHY

8/12



PCT/US2004/025502

WO 2005/029541

H5HOdSHA

-=ail

553.20dd LIGHT

LNIOJ LES -

2\ Jo 6 aInbi4

- MATIOULNOD - Be-
CELYINATYD

 TOULNOD ‘|-
. ELVEan

J9]|0J3u09) dAndepy-oAl}oIpald
JeuondQ ayj jo uonoung ay L

9/12



PCT/US2004/025502

WO 2005/029541

2l 1o 0} ainbi4

a|qeliep Ssa%0id = Ad
a|qeleA [oU0D) = AD

(44) p1emio)-pasy

wa)sAg [0J3U09 aAldIpald [euondQ Jo onewayoss

10/12



PCT/US2004/025502

WO 2005/029541

A 4

»
»

—>

2l 10 || ainbi-

19jjoJ3u0d 01

»

»
L

—»

€AO

J9]jo1juod 0}

(4,

—QO

¢ julod 38

—O

Z wiod jog

IAD

} Juiod 398

Spiemioy} pasd

uonejuswajdw| doo7-i3INA . ul
wiv)sAg [013U0) BARDIPAld JO dnjewayodg sjdwexs

11/12



PCT/US2004/025502

WO 2005/029541

2l Jo gl ainbi4

HEFTETTETL, ™ || o

Bulysulg auyoey Burig

Buiddiyg pue paefpoopy

Bl=

19jUa9
suopneladQ yiomaN

sJosuasg a|dinA ym

SUOIJe2IUNWWOY) SSI|AIIA 10} YIoM)aN-ysaN |dwex

12/12



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

