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MULTIPLE-INPUT/MULTIPLE-OUTPUT CONTROL BLOCKS WITH
NON-LINEAR PREDICTIVE CAPABILITIES

. The present mvent]on relates generally to process control systems and, more
part]cularly, to the use of advanced control blocks such as model predictive control blocks or

optimizers, in process control systems havmg non-linear response characteristics.

Process control systems, such as distributed or scalable process control systems like
those used in chemical, petroleum or other processes, typically include one or more process
controllers communicatively coupled to each other, to at least one host or operator -
workstation and to one or more field devices via analog, digital or combined analog/digital
buses. The field devices, which may be, for example valves, valve positioners, switches and
transmitters (e.g., temperature, pressure and flow rate sensors), perform functmns within the
process such as opening or closing valves and measuring process parameters. The process
controller receives signals indicative of process measurements made by the field devices .
and/or other of m_formahon pertaining to the field devices, uses this information to implement
a control routine and then generates contro] i gnals which are sent over the buses o the field
- devices to control the operation of the process. Information from the field devices and the
controller is typically made available to one or more applications executed by the operator
workstation to enable an operalor to perform any desired function with respect to the process,

such as viewing the current state of the process, modlfymg the operation of the process, etc.

In the past, convennonai field devices were used to send and receive analog (e.g., 4
to 20 milliamp) signals to and ﬁ'om the process controller via an analog bus or analog lines.
These 4 to 20 ma signals were limited i 1n nature in that they were indicative of nieasurements |
made by the device or of control sxgnals generated by the controller required to control the
operation of the device. However, in the past decade or so, smart field devices mcludmg a
microprocessor and a memory have become prevalent in the process contro] industry. In
addition to performing a primary function within the process, smart field devices store data
pertaining to the device, communicate with the controller and/or other devices in a digital or
combined digital and analog format, and perform secondary tasks such as self-calibration,.
identification, diagnostics, etc. A number of standard and open smart device communication
protocols such as the HART®, PROFIBUS®, WORLDFIP@, DevicéNet@, and CAN
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protocols, have been developed to enable smart field devices made by different
manufacturers to be used together within the same process controI network. Moreover, the
all- -digital, two-wire bus protocol promulgated by the Fieldbus Foundation, known as the
FOUNDATION™ Fieldbus (hereinafter "Fieldbus") protocol uses function blocks locsted in
different field devices to perform control operations previously performed within a
centralized controller. In this case, thc cmldbus field devices are capable of storing and
executing one or more function blocks each of which receives inputs from and/or prowdes
outputs to other functlon blocks (either within the same device or within different dcwces)
and performs some process control operation, such as measuring or detecting a process
parameter, controlling a device or performing a control operatlon like 1mplcment1ng, a
proportional-derivative- -integral (PID) control routine. The different function blocks within a
process control system are conﬁgured to com.mumcate with each other (e B.,-0ver a bus) to
form one or more process control loops, the individual operations of which are spread

throughout the process and are, thus, decentrahzed

In any event, the process controllers (or field devices) are typically programmed to |
‘execute a different al gorithm, sub-routine or control loop (which are all control routines) for
each of a number of different loops defined for, or contained within a process, such as flow
control loops, temperature control loops, pressure control loops, etc. Generally speaking,
each such control loop includes one or more input blocks, such as an analog input (AI)
function block, a single-output control block, such as a proportlonal-mtcgraI derivative (PID)
or a fuzzy logic control function block, and a single output block, such as an ana]og output
(AO) function block. These control loops typically perform sxnglc—mput/smgle—output
control bccaUSc the control block creates a single output used to control a single process
input, such as a valve position, ctc. However, in certain cases, the use of a number of
independently operating, single-input/single-output control loops is not very effective
because the process varjables or process outputs being controlled are effected by more than a
single process input and, in fact, each process input may effect the state of many process
outputs. An example of this might occur in; for example, a process having a tank being filled
by two input lines, and being emptied by a single output line, each line being controlled by a
different valve, and in which the temperature, pressure and throughput of the tank are being
controlled to be at or near desired values. As indicated above, the control of the throughput,
the temperature and the pressure of the tank may be performed using a separatc'throughput

control loop, a separate temperature contro} loop and a separate pressure control loop.

-2-



However, in thié-situation, the operation of the temperature control loop in-changing the
setting of one of the input valves to control the temperature within the tank may cause the
preésufe within the tank to increase, which, .for example, causes the préssure loop to open the
outlet valve to decrease the pressure. This action may then cause the throughput control loop
to close one of the input valves, thereby effecting the temperature and céusing the
temperature control Joop to take some other action. As will be understood in this example,

| the single-input/single-output control loops may cause the process outputs (in this case,
throughput, temperature and pfessure) to oscillate without ever reaching a steady state

condition, which is undesirable.

T Model predictive control (MPC) or other types of advanced control have been used
in the past to perform control in these types of situations. Generally speaking, model
predictive control is @ multiple-input/multiple output control strategy in which the effects of
changing each of a number of process inputs on each of a number of process outputs is .

-measured and these measured responses are then used to create a typically linear fﬁodel of the

- process. The linear moldel of the process is inverted mathematically and is then used as a
mUIﬁplc-input/mu]tiple-ou.tput controlier to control the process outputs based on changes
made to the process inputs. In some cases, the process model includes a process output
response curve for each of the process inputs and these curves may be created based on a

series of] for example, pseudo-random step changes delivered to each of the process inputs,
These response curves can be used to mode! the procesé in known manners. Model
predictive control is known in the art and, as ai result, the specifics thereof will not be
described herein. However; model predictive control is described generally in Qin, S. Joe
and Thomas A, Badgwe]l; “AnlOverview of Industrial Model Predictive Control
Technology," AIChE Conference, 1996. Furthemiore, U.S. Patent No. 6,445,963, the
disclosure of which is hereby expressly incorporated by }cference herein, discloses 2 method
of integrating a model predictive control block into a process control system for use in

controlling a process.

While model predictive control blocks work well in standard précesses with
behaviors that can be generally modeled using linear techniques, it is difficult to use model
predictive control blocks to contro] processes (or using process outputs) that exhibit non-
linear behavior or that have a non-linear relationship with respect to the control inputs
delivered 1o the process. In general, it is believed that MPC applications for non-linear

processes would need to be adapted to provide non-linear optimization, to include non-linear

-3.
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controller generation and to use non—iineér models instead of linear models within. the MPC
block. For example, it is known to provide non-linear modeling in series with a linear MPC
technique to thereby adapt the inputs to the MPC block or the control outputs of the MPC |
block for non- lmear processes. Such non-linear modehng may.take the form of first pnncrple
models, high fidelity s:mulatlon a mixture of non-linear gains and linear dynamws (W1ener

or Hammerstein models) or neural network models. Additionally, it is known to adapt an
MPC technique to include non-linear capability by using a neural network to recalculate the
process model gains during each scan of the process control routine. However gain
reca]culanon is complex, involves calculation of derivatives from the process model resulting .
in additional modehng errors, can be computationally expensive and quite time consummg to .
implement. Thus, these methods of MPC adaptation are difficult and complex to implement
within the MPC logic and may not be truly justified or practical in most process ialant

situations.

While these problems exist for model predictive controllers, the same or similar
problems exist in the development and use of other advanced multiple-input/multiple output

control blocks or systems, such as neural network control]ers multi-variable fuzzy logic

controllers, real time optimizers, etc.

A multiple-input/multiple-output control routine, such as a model predictive control

| Toutine, includes a generally linear process model that produces a prediction vector for one or

more précess oulputs and a non-linear process model that produces a prediction sigrial, which
may be a prediction vector 6r a steady state prediction value, to be used to correct the '
prediction vector for the one or more of the process outputs. The corrected prediction vector
is then used in a normal manner 1o produce a set of control signals for controlling the process,
The non-linear process model and the advanced control routine, such as the model predictive
control routine, may be developed and operated in known and relatively simple manners
which make this system each to implement and use when controlling a process having non-
linear characteristics. Further, this system does not need to be modified to integrate a non-
linear mode] into an multiple-input/multiple-output control block or to recalculate the
controller gains used by the multiple-input/muitiple-output control block. Furthermore, the

non-linear process model is easy to develop (as it will generally reflect or model the non-



linear nature of one output to one or more inputs) and may generally remain the same throughout
operation of the process.

In one embodiment, a process controller adapted to be used to control a process having a
set of process outputs effected by a set of process control input signals includes a multiple-
input/multiple-output controller adapted to receive an indication of the process outputs to
develop the set of process control input signals and a process model, which may be a non-linear
process model, adapted to receive the set of process control input signals to produce a prediction
signal for one of the process outputs. The multiple-input/multiple-output control element, which
may be a controller, an optimizer, etc., includes another process model, which may be a standard
linear process model, that develops a prediction vector for each of the process outputs and a
correction unit adapted to modify the prediction vector for the one of the process outpuis using
the prediction signal for the one of the process outputs to thereby adjust for the non-linearities of

the process.
According to a first aspect of the invention, we provide a process control element

adapted to be used as a portion of a process control routine implemented on a processor to
control a process that includes a set of process outputs effected by a set of process control input
signals, the process control element comprising a computer readable medium and a control
element stored on the computer readable medium and adapted to be executed on the processor to
implement multiple-input/multiple output control of the process, the control element including a
first process model adapted to receive the set of process control input signals to produce a
prediction signal for one of the process outputs, and a multiple-input/multiple-output control
element adapted to receive an indication of the process outputs to develop a set of control
signals, the multiple-input/multiple-output control element including a second process model
adapted to develop a prediction vector for each of the process outputs and a correction unit
adapted to modify the prediction vector for the one or more of the process outputs using the
prediction signal for the one or more of the process outputs,

Acéording to a second aspect of the invention, we provide a method of controlling a
process having a set of process outputs effected by a set of process control inputs, the method
comprising using a first process model to develop a prediction vector for one or more of the
process outputs, using a second process model to produce a prediction signal for one of the

process outputs using the set of process control signals, correcting the prediction vector for the
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one of the process outputs using the prediction signal for the one of the process outputs to
produce a corrected prediction vector, and using the corrected prediction vector to produce a set
of control signals for use in controlling the process,

According to a third aspect of the invention, we provide a process controller adapted to be
used to confrol a process having a set of process outputs effected by a set of process control input
signals, the process controller comprising, a multiple-input/multiple-output controller adapted to
receive an indication of the process outputs to develop the set of process control input signals,
the multiple-input/multiple-output control element including a first process model that develops a
prediction vector for each of the process outputs, a second process model adapted to recetve the
set of process control input signals to produce a prediction signal for one of the process outputs
and a correction unit adapted to modify the prediction vector for the one of the process outputs
using the prediction signal for the one of the process outputs.

The invention will now be described by way of example only with reference to the

accompanying drawings, wherein;

Fig, 1 is a block/schematic diagram of a process control system incorporating an advanced
control system having a multiple-input/multiple output control block adapted to include non-
linear predictive capabilities;

Fig, 2 is a block diagram of one embodiment of the advanced control system of Fig. 1
having a model predictive control block and a neural network process model connected within a

process control routine to control a process exhibiting non-linear input/output characteristics;

Fig. 3 is a detailed block diagram of theadvanced control system of Fig. 2;

Fig. 4 is a graph illustrating a prediction vector developed by the model predictive
control block of Fig, 3 at different stages of creation and compensation by a prediction signal
developed by a nor-linear process model;

Fig. 5 is a block diagram of an advanced control system having a model predictive
control block and multiple neural network process models connected within a process control
routine to control a process;

Fig. 6 is a block diagram of an advanced control system having a model predictive

control block and an advanced or high fidelity process model connected within a process control

routine to control a process; and



Fig. 7 is a block diagram of an advanced control system having an optimizer block,

a controller and a neural network process model connected within a process control routine to

control a process.

Referring now to Fig. 1, a process control system 10 includes a process controller
12 connected to a data historian 14 and to one or more host workstatlons or computers 16
(which may be any type of personal computers, workstations, etc. each having a dlsp]ay
screen 17), via a communications network 18, The controller 12 is also connected to field
devices 20-27 via input/output (V/O) cards 28 and 29. The communications network 18 may
be, for example, an Ethernet communications network or any other suitable or desirable
communications network while the data historian 14 may be any desired type of data
collection unit having any desired type of memory and any desired or known software,
hardware or firmware for stormg data. The controller 12, which may be, by way of examp]e,
the DeltaV™™ controller sold by Fisher-Rosemount Systems, Inc., is communicatively
connected to the field devices 20-27 using any desired hardware and software associated
with, for example, standard 4- 20 ma devices and/or any smart communication protocol'such

as the Fieldbus protocol, the HART protocol, eic.

The field devices 20-27 may be any types of devices, such as sensors, valves,
transmitters, positioners, etc. while the 1O cards 28 and 29 may be any types-of I/O devices
conforming to any desired com‘mum’catidn or controller protocol. In the ‘embodiment
illustrated in Fig, 1, the field devices 20-23 are standard 4-20 ma devices that communicate
over analog lines 1o the VO card 28 or are HART devices that communicate over combined
analog and digital lines to the /O card 28 while the field devices 24-27 are smart devices,
such as Fieldbus field devices, that communicate over a digital bus to the I/O card 29 ﬁsing
Fieldbus protocol communications. Generally speaking, the Fieldbus protocol is an
all-digital, serial, two-way communication protocol that provides a standardized physical
interface to a t;wo-wire Joop or bus which interconnects field dévices. The Fieldbus protocol
provides, in effect, a local area network for field devices within a process, which enables
these field devices to perform process control functions (using function blocks defined
according to the F ieldbus protocol) at locations distributed throughout a process fac:]:ty and

'to communicate with one another before and after the performance of these process control -

functions to implement an overall control strategy. Of course, the field devices 20-27 could
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conform to any other desired standards or protocols, including any standards or protocols

developed in the future. |

The controller 12 includes a processor 12a that implements Or executes one or more
process control routines, which may include control ]oo;ﬁs, stored in a computer readable
memory 12b therein or otherwise associated therewith and communicates ﬁ}i.th the devices
20-27, the host computers 16 and the data historian 14 to control a process in any desired
manner. It should be noted that any control routines or elements described herein may have
parts thereof implemented or executed by processors in differcnt controllers or other devices,
such.as one or moré of thé field devices 24-27 if so desired. Likewise, the coﬁtrol‘routines or
elements described herein to be implemented within the process control system“'IO-r'nay take
any form, including software, firmware, hardware, etc. For the purpose of this invention, a
process control element can be aﬁy part or pOrtion of a process control system including, for
example, a routine, a block or a module stored on any computer readable medium. Control
routines, which may be modules or any part of a coﬁtrol procedure such as a subroutine, parts
of a subroutine (such as lines of code), etc. mhy be implemented in any desired' software
format, such as using Jadder logic, sequentlal function charts, function block d1agrams or any
other soﬂware programming language or design paradigm. Likewise, the control routines
may bc hard-coded into, for example, one or more EPROMs, EEPROMs, application specific
integrated circuits (ASICs), or any other hardware or firmware elements. Still further, the
control routines may be designed using any design tools, including graphical design tools or
any other type of software/hardware/firmware programming or design tools. As aresult, it
will be understood that the control]er' 12 may be configured to implement a control strategy - -

or contro] routine in any desired manner.

. In one embodiment, the controller 12 impleménts a control strategy using what are
commonly referred to as function blocks, wherein each function bl.lock is a part (e.g., a
subroutine)} of an overall control routine and operates in conjunction with other function
blocks (via communications called linksj to implemen"r process control loops within the
process control system 10. Function blocks typically perform one of an input function, such
as that associated with a transnﬁitter, a sensor or other process parameter measurement dévice,
a control function, such as that associated with a control routine that performs PID, fuzzy
logic, etc. control, or an output function which controls the operation of some device, such as
a valve, 10 perform some physical function within the process control system 10. Of course,

hybrid and other types of function blocks exist. Function blocks may be stored in and
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executed by the controlléer 12, which is typically the case whon these function blocks are used
for, or are associated with standard 4-20 fna devices and some types of smarn field devices
such as HAR‘TVdevices" orimay be stored in and implemented by the field devices themselves,
which can be the case with Fieldbus devices. While the description of the control system is
provided herein using a function block control strategy, the control strategy or control loops
or modules could also be Jmp]emenied or designed using other convenhons such as ladder

logic, sequential function charts, etc. or using any other desired programming ]anguage or

paradigm,
. As zllustrated by the exploded block 30 of Fig. 1, the controller 12 may include a

number of single-loop control routines, illustrated as routines 32 and 34, and, if desired, may

zmpIemeng one or more advanced control loops, illustrated as a control Ioop 36. Eachsuch

loop is typically referred to as a control module. The single -loop contro} routines 32 and 34

are illustrated as perfonmng signal Joop control using a single-input/single- -output fuzzy logic

control block and a single-input/single-output PID control block, respectively, connected to
| appropriate analog input (AI) and analog output {AQO) function blocks, which may be
associated with process control devices such as valves, with measurement devices soch as
temperature and pressure transmitters, or with any other device within the process control
system 10. The advanced control loop 36 is illustrated as including an advanced control
system 38 having inputs commumcanvely connected to numerous Al function blocks and
outputs communicatively connected to numerous AQ function blocks, although the mputs
and outputs of the advanced contro] system 38 may be connected to any other de51red
_ﬁmctaon blocks or control elements to receive other types of inputs and to prowde other types™
of control outputs. The advanced control system 38, which is adapted to control processes
exhibiting non-linear input/output characteristics as described in more detail herein, generally
includes any type of multiple~input/o1u1tip]e-output control routine (typically used to control
two or more process outputs by providing control signals to two or more process inputs) and
one or more non-linear or advanced process models which are developed to acourately model
the non-linear characteristics of the prooess‘ Thus, while the advanced contro} system 38 will
be described herein as using a model predictive control (MPC) block, the advanced contro]
system 38 could incorporate or use any other multiple-input/multiple-output block, such as a

neural network control block, a multi-variable fuzzy logic control block, a real-time optimizer

block, ete.



Jt will be understood that the function blocks illustrated in Fig. 1, including the
advanced control system 38 which can be implemented as one or more interconnected
function blocks, can be executed by the controller.12 or, alternatively, can be located in and

executed by any other prbcessing device, such as one of the workstations 16 or even one of
the field devices 24-27, ' 7

v Asillustrated in Fig. 1, one of the workstations 16 includes an advariced control
block generation routine 40 that may be used to ércate download and implement the
advanced control system 38 essentially in a manner as described in U.S. Patent No.
6, 445 ,963, which is.assigned to the assignee hereof and which is hereby expressly
incorporated by reference herein. The only difference is that, in the creation of the advanced
control system 38, the routine 40 may also be used to create and download one or more non-
hnear process models, such as one or more neural network process models, as part of the
advanced control system 38 conunumcatlvely connected to an MPC control block as
described in detail herein with respect to Figs. 2-6. While the advanced control block
generation routine 40 may be stored in a melﬁory within the workstation 16 and executed by
“a processor therein, this routine (or any part thereof) may additionally or alternatively be

stored in and executed by any other device within the process control system 10, if so desired.

Fig. 2 is a block diagram illustrating one embodiment of the advanced control
system 38 communicatively connected to a process. Generél]y speaking, the advanced
control system 38 of Fig. 2 includes a non-linear process‘mode] 42, which may be a steady-
state non-linear process m’o&el, communicatively coupled to a multiple-input/multiple-output -
control block which, in this case, is illustrated as an MPCTcontrol block 44. Process outputs
48 (which may be control and constraint measurements or parameters) of a process plant 50
are fed back to the input of the MPC block 44 as is typical in MPC control. Likewise, a set of
measured or known process disturbance ihputs 52 are provided to both the process plant 50
- and to the input of the MPC block 44, as is also typical in known MPC techniques. The MPC
- control block 44 may include standard MPC logic having a'linear procéss model therein and
may generaily operate in a typical or known manner to develop a set of process contro]
signals or manipulated variable control signals 54, except that the MPC block 44 uses one or
more prediction signals developed by the non-linear process model 42 to compensate for the
non-linear nature of the process 50. As illustrated in Fig, 2, the non-linear process model 42
receives, as inputs thereto, a set of various inputs 56 to the process plant 50 including the

manipulated variable control signals 54 developed by the MPC block 44 and the disturbance

10



inputs 52 provided to the process 50. The process model 42 may also recewe the process
outputs 48 which the process model 42 may use to perform model output adjustment based
on the current outputs of the process 50. The non-linear process mode] 42 which may be, for
exampie, a neural network process model, uses the inpufs 56 and a process model that more
accurately models the non-linear input/output charabferistics of the process 50 to produce one
or more prediction signals 60, and provides these predzctlon 31gnals 60 to the MPC block 44.
The MPC block 44 uses standard MPC logic, in conjunction with the prediction si ignals 60,
which may be steady state prediction signals or predlctlon vectors predicting the multiple
future values for one or more of the process outputs 48, to develop a more a accurate or
useful set of mampulated variable control signals 54 to control the process in spite of the

presence of non-linear process characteristics.

Ut While the non~1mear process model 42 is illustrated in Fig. 2 as providing three
predlctlon signals 60 to the MPC block 44, the process model 42 could provide any other
number of prediction signals, including only one prediction signal 60, to the MPC block 44,
Of course, the actual number of outputs of the non-linear model 42 that will be provided to
and uwsed by the MPC block 44 will be dependent on the non-linear nature of the process 50
or, more specifically, the non-linear relationship between one or more of the process inputs

52 and 54 and the process outputs 48,

v+ ' Fig 3 illustrates the MPC block 44 in more detail when connected to the non-linear
process model 42 and to the process 50. The MPC block 44 illustrated in Fig. 3 may be, for
example, any standard, square M by M (where M can bc any number equal or greater than

~ onej MPC routine or procedure having the same number of inputs as outputs. If desired,
however, the MPC block 44 could be non- -square, i.e., having a different number of i inputs
than outputs. The MPC block 44 of Fig. 3 receives, as inputs, a set of N control and auxlhary
variables CV and AV (which are vectors of values) as measured within the process 50, a set
of dxsturbance variables DV which are known or expected changes or disturbances provided
to the process 50 at some time in the future and a set of steady state target control and
aux1hary variables CVr and AV (e. g., set points) provided from any desired source, such as
an operator an optimizer, etc. The MPC block 44 uses these inputs to create the set of M
manipulated variable signals MV (in the form of control signals) and delivers the
manipulated variable si gna]s MYV to control the process 50 as process mputs it being
understood that the MPC b]ock 44 may produce the set of manipulated variable signals MV
in any desired form and that the mampulated variable signals MV that may be provided to
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other function blocks which, in tumn, may be connected to control inputs of the process 50 in

any desired manner.

T Asis known, the MPC block 44 includes a coi)trol_prediction process hiodel 70,
which may be an N by M+D step response matrix (where N is the number of control
variables CV (process oﬁtputs) plus the number of auxiliary variables AV, M is the number
of manipulated variables MV and D is the number of disturbance variables DV). The control
predwtlon process model 70 produces on an output line 72 a previously calculated predlcnon
for each of the control and auxiliary variables CV and AV and a vector summer 74 subtracts
these predicted values for the current time from the actual measured values of the control and

auxiliary variables CV and AV to produce an error or correction vector on an input 76.

The control prediction process model 70 then uses an N by M+D step response
matrix (which may include a time response of each of the N process outputs to each of the
M+D process inputs in response to a step change in the process inputs) to predict a future
control parameter for each of the process outputs over the prediction horizon based on the
disturbance and manipulated variables provided to other inputs of the control prediction
process model 70. The control prediction process model 70, which is generally a linear
process model having a transfer function that defines the response of each process output to
each of the process inputs, also produces- predicted steady state values of the process outputs
at the end of the prediction horizon. The set of predicted values for each of the process
outputs up to and including the prediction horizon is a prediction vector for that process
output. However, because these prediction vectors are based on a linear or step response
model, this prediction vector does not take in:o account or model any non-linear
characteristics or relationships between particular process outputs and process inputs. In
particular, the re]ationéh_ip between one of the process inputs and the process outputs may not
be able to be accurately modeled using a linear or step response curve as is typically
performed by the process model block 70. Thus, when one or more of the process outputs
exhibits a non-linear relationship to one or more of the process inputs, the prediction vector
developed by the process model block 70 is inaccurate due to these un- modelcd non-
linearities, '

To compensate for such non-linearities, a correction or compensation unit 78
receives and uses the prediction signals 60 (which may each be a single steady state
prediction value or a prediction vector having multiple prediction values at different times in

the future) developed by the non-lincar process model 42 and produces a compensated
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prediction vector that incorporates or accounts for the process non- -linearities for each of the
non-linear control and auxlhary variables (process outputs) It will be understood that the
cotrection unit 78 may correct each control or auxiliary vanable prediction vector (i.e., each
process output predlctron vector) separately using a different prediction sxgnal 60 developed
by the non-linear process model 42. Additionally, the correction unit 78 need only
compensate the prediction vectors for process outputs that exhibit a non-linear relationship
with one or more of the process mputs while leaving the prediction vectors as developed by
the linear prediction process model 70 for each of the other linear process outputs unaltered
In this case, for example, the non-linear process model 42 may develop a separate or dxfferent
prediction mgnal 60 for each of a sub-set of the control and auxiliary variables (process
outputs) used by MPC block 44 which exhibit a non-linear relationship with one or more of _
the process inputs (the manipulated or disturbance variables) and the correction unit 78 may
compensate each of the prediction vectors for the process outputs within the subset separately
while leaving the other brocess output prédiction vectorsr as developed by the control -

prediction process model 70 unaltered.

The MPC block 44 also includes a control target block 80 that determines a control
target vector for each of the N target control and auxiliary variables CVr and AVy (the térget
process outputs) provided thereto using a trajectory filter 82 previously established for the
block 38. In particular, the trajectory filter 82 may provide a unit vector defining the manner
-in wilich control and auxiliary variables are to be driven to their target values over time. The
control target block 80 uses this unit vector and the target variables CVr and AVT to produce
a target vector for each of the control and auxiliary variables (process outputs) defining the
changes in the target variables CVr and AV over the time period defined by the .predictigin
horizon time. A vector summer 84 then subtracts the conﬁpen’sated prediction vector for each
of the control and auxiliary variables CV and AV (the process outputs) from the target
vectors to define an error vector for each of the control and auxiliary variables cv and AV
(the process outputs). The error vector for each of the contro] and auxiliary variables CV and
AV jg then prbvidcd to an MPC algorithm in a block 86 which operates in a standard manner
to select the manipulated variable MV steps that minimize, for example, the least squared
error, over the prediction horizon. Of course, the MPC algorithm block 86 may use an M by
M process model or contro] matrix developed from relationships between thq N control and
auxiliary variables input to the MPC block 44 and the M manipulated variables output by the
MPC block 44. These relationships are generally determined by inverting the control matrix

13



used by the block 70, which inversion process is time consuming and difficult to regenerate

during operation of the process 50.

. of course, the MPC algorithm block 86 may operate in any known manner to
determine a set of manipulated variables to be delivered to the process 50 to drive the process
outputs (1He control and auxiliary variables CV and AV) to the desired set points CVyt and
AVr. While the control block 86 is illustrated as including a square control matrix developed
froma square process model, this need not be the case and, in fact a non-square contro}
matrix can be used if 5o desired, it being understood that such a non-square control matrix is
generally harder to determine due to the complex 'mathemetica] procedures needed to develop
such a non-square control matrix. However, the control matrix used by the block 86 is
generally developed from a linear process model, i.e., the one used i in the block 70 and thus
does not produce the exact mampulated or control signals that will dnve the process outputs
of the process 50 to the desired set points in the fastest manner. However, because the error
signals developed and provided to the MPC algorithm block 86 do account for the non-linear
nature of the process outputs because of the correction unit 78, the MPC‘ algoﬁﬂlm block 86

will drive the process outputs to the desired set points in a manner that is generally

acceptable.

Furthermore, if desired, the MPC block 44 may include or be run with an opnmlzer
whlch opt1mlzes the operation of the MPC block 44. One such optimizer is described in
' detall in U.S. Patent Application Serial Number 10/241,350, entitled "Integrated Model
Predlctlve Control and Optimization in a Process Control System," filed on September 11,
2002, and published as ApplicationNo. __, which is assi gned to the assignee hereof and
the dise]esure of which is hereby expressly incorporated by reference herein. Thus, it will be
noted that the MPC block 44 may operate or function in any desired or known manner but
incorporate the correction unit 78 to correct a predicted process output vector developed
using a linear process model with a prediction signal developed by a non-linear process
model or otherwise highly accurate process model, before such prediction vector is uﬁed to

create one or more manipulated (control) signals to be used to control the process 50.

[0033}  Fig. 4 illustrates a graph 90 plotting the prediction vector (magnitude versus time)
for one of the process outputs CV as this prediction vector is created and corrected in the
linear process model 70 and the correction unit 78. Generally speaking, the line 92 of the
graph 90 represents the prediction vector for the process output CV over time until the

prediction time horizon (k+p) as developed during the last scan of the process (i.e., for the
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time &-7). At each controller scan or execution time k, the predlctlon vector 92 fm the time k-
1 15 updated in three steps to produce a prediction vector for the time £, as represented by the
line 94, In partlcu]ar the predi ction vector 92 (made at the time 4-/) is shified one scan to
the left to account for the time change from k-7 to k. Next a step response, scaled by the
current change on the process inputs which effect the process output CV is added to the
shifted prediction vector 92 to produce the prediction vector 94. Next, the entire prediction
vector 94 is shifted or moved to the point at the current time £ to match the currently
measured process output at the time k& (for a filter coefficient equai to 1, orin general a

prediction shift is applied to the prediction vector 94 as a function Fw, ) to produce the

prediction vector 96, Normally, these steps are performed by the MPC prediction block 70
using the linear process model. However, if the process 50 is non-linear and a predicnon :
signal for the process output CV based on the current process inputs is available, the
prediction vector 96 is modified by the correction unit 78 using the available non-lmear

predlctlon signal to produce the corrected prediction vector 98.-

. Inparticular, if the prediction signal 60 from the non-linear process model 42 is a
prediction vector, the correction unit 78 may simply replace the prediction vector 96
developed by linear modeling with the prediction sxgnal 60 so that the predlctxon vector 98 is
essentially the prediction si ignal 60 developed by non-linear process model 42. Such a non-
linear predlctlon vector may be produced with a dynamic neural network process model (i.e.,
a non-linear process model). However dynamic neural network modeling is difficult to
dcvelop and is not commonly applied. If, on the other hand, the prediction s:gnal 60 from the 7
non-Jlinear process model 42 is a steady state signal indicating the predicted steady state of
' the process output CV at the control time horizon assuming the current inputs to the process
50 remain the same, then the non-linear process model prediction signal 60 may be used to
adjust the prediction vector 96 to produce the predictioﬁ vector 98 usirlg any desired
technique, It should be noted that, if the'non linear process model 42 is a neural network
process model, the steady state value of the process output CV can be produced or developed
by freezing the current neural network model inputs and developing the neural network

model] output at the end of the process time to steady state (e.g., control time horizon).

. One method of modifying the prediction vector 96 developed by the linear process
model 70 using the prediction si gnal 60 developed by the non-linear process model 42 js to
set the value of the prediction vector 96 at the end of the prediction horizon equal to the

predicted steady state value 60 and then to proportionally modify each of the other values of
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the prediction vector 96 based on the time of each such point. If ASS is a correction at the
.end of prediction horizon at the scan £+, then correction in any point / in the future can be

‘expressed as:
RO Annkﬂ(p—l)(l-e“f‘J

where:
5 18 the scan period;
i is the scan number in the future (i is equal to or between 0 and p-1); and

1 is the assumed process output time constant, which may be taken as the largest step
response time constant for the corrected output. If desired, T may be a fraction of the time to
steady state, such the time to steady state divided by 3 or 4. '

Based on this equation, 'A;k-n“[ﬁnk“ 0% An,, (M., Ay, (D00, Any L (p —l)]T is a vector

with the same dimension as xi. (deﬁned below) accounting for the correction from the non-

linear process model. Thus,
A‘S'.S',f.ﬂ =Any (p=D)=nm, (p=1) =y, (p-1) where.ASSw‘ is the correction at the end of
prediction horizon. As will be understood for these équations, _

nn, ., (p —1)1s future (steady state) output value devc]oped by non-linear process
model at the scan k+17; ' _ _

Yea(p—1)is the predicted {zalue of the process output p -7 scans in the future as

developed by the linear process model at the scan k+/; and

Xpn s the prediction vector for linear modeling developed at the scan k+J where
generally, x; = [ (0, D, 3, (@)y0s ¥ (- 1)]T is a vector of the process output
prediction at a time %, for 0,1,2,...p-1 steps ahead.

The prediction vector x4 is the corrected prediction vector 98 (Fig. 4) which equals _;m +

" Anga The correction at the present time be can be set as A, (0)=0 to match the current

measurement of the process output CV and the predicted value at this time. -
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It will be understood from these equations that the prediction vector to be corrected
for each of the process outputs includes a steady state value at a time horizon aﬁd fhat the
correctlon modifies the prediction vector produced by the linear process mode] (such as in the
- MPC controller block) by adding to that predlctlon vector a dlffercnce between the
predictions at the end of time horizon developed by the linear and the non—lmear models
multiplied by a first or higher order exponential fuﬁction. In some embodiments, the first or
higher order éxponentia] function may use time constants equal to the process output time to
steady state or, alternatively, may use time constants equal to some fraction of the process

output time to steady state,

Alternatively, if process time constants are identified with a significant error, the

prediction vector 96 can be corrected using process time to steady state

Anlr+1(i) = Annkﬂ (p - 1) (1 - e"ﬁj

where 7SS is time for the prdcess steady state and 3<a <5

¢ ' In general, higher order functions can be applied for developing a correction over

the prédiction horizon:
An, (@) = Ann, (p-1)f(,s,TSS)

where [ (: 5,755 is a general exponential function hlgher than the first order that is used for
predxcnon comrection. Asa general rule, it is advisable for the predlctlon correction to be the

same order function as used for linear step responses for the considered output.

Each of these methods sets the intermediate prediction values (between the present
time k and the time horizon k+p) in a way that preserves the dynamics of the response which,
in turn, makes the rhoﬂe]ing results compatible with Wiener and Hammerstein modeling. Of
course, if desired, o?her manners of correcting the prediction vector developed by the linear
process model 70 with the predictioﬁ signal 60 developed by the non-linear process model 42

can be nsed as well or instead of those described herein.

{0039] It will be understood that the method of correcting a mode] prediction vector
developed using a linear process model with the output of a non-linear ?i'ocess model to
compensate for non-linearities within a process as described herein is relatively easy and

simple to jmplement during operation of the process without the need of a lot of
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computationa] processing to regenerate controller gains or non-linear model variables. It will
also be understood that, bécause the MPC block 44 is still using a linear proéeés model.,. the
control 6utputs are not exactly configured to optimally drive the process 50 so that the
process outputs reach the desired target values. Howevef, because the process output
prediction vectors are updated using the non-linear process model 42 after each scan, or
periodically throughout operation of the process, i.e., after éach n scans (wheren can be any
desired number), the MPC Qontrdl matrix 86 will produce control signals that cause the
process outputs to converge to the desired or targét values relatively quickly despite the non-

linearities within the process 50.

It will also be inderstood that, for the prediction signal 60 developed by the non-
linear process model 42 to be applied correctly, this prediction signal should be developed for
the same set of inputs used to develop the prediction vector at the output of the linear mode]
block 70. Assuring that the non-linear process model 42 and the MPC block operation are
synchronized is an important detail and care should be taken so that the future or predicted
outputs of these blocks are not shifted one scan with respect to one another. Thus, it is
preferred that the block execution order includes executing the non-linear process model 42
before executing the MPC block 44 so that the prediction signal 60 is available when the
pi'ocess model 70 for the MPC block 44 is executed.

If the non-linear process model 42 is a neural network process model, filtering for

-

neural network future prediction can be applied in a similar way as for the prediction shift. In

- particular, the modeling linear equation could be modified in the following way: -

— - - - -

Xirt = Axk + BAvus + Fwi + fAng
i}

yo = ka-ﬂ

or

. - -

Xkl =Xan + JAne
“n

Yo = Cxian

where:

A, B, C are process model matrices

0<F <1 isthe filter for unmeasured disturbances correction and

0= f <1 isthe filter for neural network correction.

Of course, modifications of the above equations can be applied as well.
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Fig. 5 illustrates a fﬁrther advanced coﬁtro] system 100 coupled to fhe process 50.
The advanced control system 100 includes an MPC block 44 and two neural network process
models 102 and 104, each of which produces a prediction signal 106 or 108 that are provided
to the MPC block 44. Simiiar to the MPC block 44 of Fig. 2, the MPC block 44 receives the
~process outputs 48 and the disturbance and constraint variables 52 as inputs thereto and
operates generally as discussed above with respect to the configuration of Fig. 3. Likewise,
each of the neural network process models 102 and 104 receives as inputs 56, the control and
mﬁnipulated inpﬁt signals 54 and the disturbance and constraint variables 52. The neural
network process models 102 and 104 are trained in any standard or known manner and are of
' standard neural network design to model or predict one of the outputs of the process 50 based -
“on the inputs thereto. Generaily speaking, the outputs i06 and 108 may be prédiction vectors
for the respective process output or may be steady state prediction values that predict the
steady state value of the process output assuming the inputs to the process model i02 or 104

remain the same.

, As will be understood, the MPC block 44 uses each of the prediction signals 106
“and 108 to-separately correct or compensate different pfedicticin vectors within the MPC
block 44 in the manner generally descﬁbed above with respect to the signal 60 in the
embodiment of Figs. 3 and 4. Furthérmore, while two neural network process models are
illustrated in Fig. 5, any other number of neural network process models could be used to
produce any number of prediction éigléls for the different process outputs that exhibit non-
linearities with respect to one or more process inputs. Generally speaking, a separate neural
network process model will be. provided for each different process output which has a non-

linear characteristic. However, this need not necessarily be the case.

Fig. 6 illustrates a further embodiment of an advanced control system 109 including
an MPC block 44 and a high fidelity process mode] or simulation 110 such as that provided
by HIYSYS™, Cape™ or any other high ﬁ_defity process model. Such a high fidelity process
model 110 may be a multip'le-input/mul’tiple—output process model, a mulitiple-input/single-
output process model (linear or non-linear) based on first principles, neural network logic,
fuzzy logic or any other logic that produces a prediction signal for one or more of the process
outputs based on the process inputs. As will be understood, the MPC block 44 uses each of
the different prediction sj gnéls to correct or coxﬁpensate different prediction vectors for the

process outputs as developed by the MPC prediction block 70 of Fig. 3. Also, while Fi g6
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illustrates that the high fidelity brocess model 110 produces-three prediction signals, the high
fidelity process model 110 could produce any other number of prediction signals for use by
the MPC block 44, with the exact number generally being dependent on the number of

process outputs that exhibit a non-linear response to one or more of the process inputs.

't Fig 7 illustrates a further embodiment of an advanced control system 120 in which
a non-linear process model 122 produces .a prediction signal 124 for ‘_a process-output and
provides the prediction signal 124 to an optimizer 126 which, in turn, uses the an internal
linear process model and the prediction signal 124 to produce one or more contro] target
outputs that are delivered to and used by a controller 128, which may be an MPC controller,
to develop a set of contro] signal for use in controlling the process plant 50. It will be
understood that the optimizer 126 includes a linear process model 130‘that models the
process 50 and that is used, in any standard or known manner, to produce one or more
process output prediction vectors which are then corrected or compensated in a correction
unit 132 uging the prediction signal 124 and that such corrected prediction vectors are'then
used to generate or develop the control target signals (desired control signals) for use in
driving the controller 128. Such correction or compensation may be performed in a manner
similar to any of those mmhers described above with respect to Figs. 3 and 4 or in any other
desired manner. The optimizer 126 may be any desired type of optimizer including, for
example, the optimizer disclosed in US Patent Application 10/241,350 discussed above, It
will be understood that the optimizer 126 is part of the mu]tiplé—input/muitiple-output control

routine having an additional controller 128 that receives indications of the process outputs

—

developed by the process plant 50.

Furthermore, it will be understood that the-technique of using a prediction signal
developed by a highly accurate or non-linear process model to correct or compensate a
prediction vector produced by a linear process model to compensate for process non-
linearities may be used in any other controller component besides a controller routine and an

optimizer routine, as specifically described herein.

While the advanced control blocks 38, 100, 109 and 120 have been illustrated
herein as a separate function block having an MPC block 44 or 128 and one or more separate
process model blocks 42, 102, 104, 110 122, the advanced control block 38 may be
implemented simply by comunicatively interconnecting an MPC block and one or more
process model blocks, each of which could be separate function blocks. Altematively, if

desired, the process models 42, 102, 104, 110 and 122 described herein may be incorporated
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into-or be a part of the MPC block 44 or 1 28. Furthermore, while the advancéd control
blocks or systems 38, 1‘00, 109 and 120 are described herein as inc]uding an MPC block as a
multipie~i11put/milltiple-output control block, other multiple—infuut/mu]tipl&output control
b]ocks-may be used instead, such as fuzzy logic control blocks, optimizer blocks or any other
conirol routines or part of control routines that use a linear process model to develop control

signals for a process.

As will be understood, the MPC or advanced control logic routines and methods
described herein enable a user to create advanced control blocks such as MPC control blocks
that can be used in processes having non-linear properties without havmg to integrate a non-
linear process model thhm the standard linear MPC logic. Thus, this system enables known
and relatively simple to implement non-linear process models, such as neural network
process models, to be used to correct a linear MPC operation to provide better control in non-

linear processes with relatively small effort, simple implementation within a process control

routine, flexibility and minimal intrusion into the MPC control logic.

o While the advanced control blocks have been described herein as being used in -
conjunction with Fieldbus and standard 4-20 ma devices, they can, of course, be implemented
using any other process control communication protocol or programming environment and
may be used with any other types of devices, function blocks or controllers. Moreover, it is
noted that the use of the expression "function block" herein is not limited to what the
Fieldbus protocol or the DeltaV controller protocol identifies as a function block but, instead,
includes any other desired type of block, program, hardware, firmware, etc., associated with
any type of control system and/or communication protocol that can be used to implement
some process control function. Also, while function blocks typically take the form of objccts

within an object oriented programming environment, this need not be case.

Although the advanced control blocks and associated MPC blocks and non-linear
process models described herein are preferably implemented in software, they may be
implemented in hardware, ﬁrrﬁware, etc., and may be execuied by any other processor
associated with a process control system. Thus, the routines 38, 42, 44, 100, 102, 104, 109,

- and 110 described herein may be impiemented ina standérd multi-pijrpose CPU or on
specifically designed hardware or firmware such as, for example, ASICs, if s0 desired. When
implemented in soﬂwafe, the software may be stored in any computer readable memory such
as on a magnetic disk, a laser disk, an optical disk, or other storage medium, in a RAM or

ROM of a computer or processor, etc. Likewise, this software may be delivered to a user or
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to a process control system via any known or desired delivery method including, for example, on
a computer readable disk or other transportable computer storage mechanism or modulated over
a communication channel such as a telephone line, the Internet, etc. (which is viewed as being
the same as or interchangeable with providing such software via a transportable storage medium),
Additionally, different portions of this software may be separately implemented on different

processors and/or within different devices, if so desired.
Thus, while the present invention has been described with reference to specific examples,

which are intended to be illustrative only and not to be limiting of the invention, it will be ,
apparent to those of ordinary skill in the art that changes, additions or deletions may be made to
the disclosed embodiments without departing from the spirit and scope of the invention.

In the present specification "comprise" means "includes or consists of" and "comprising"
means "including or consisting of".

The features disclosed in the foregoing description, or the following claims, or the
accompanying drawings, expressed in their specific forms or in terms of a means for performing
the disclosed function, or a method or process for attaining the disclosed result, as appropriate,

may, separately, or in any combination of such features, be utilised for realising the invention in

diverse forms thereof.
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CLAIMS

L. A process control element adapted to be used as a portion of a process control
routine implemented on a processor to control a process that includes a set of process outputs
effected by a set of process control input signals, the process control element comprising:

a computer readable medium; and

a control element stored on the computer readable medium and adapted to be executed
on the processor to implement multiple-input/multiple output control of the process, the control
element including;

a first process model adapted to receive the set of process control input signals to
produce a prediction signal for one of the process outputs; and

a multiple-input/multiple-output control element adapted to receive an indication of the
procéss outputs to develop a set of control signals, the multiple-input/multiple-output control
element including a second process model adapted to develop a prediction vector for each of the
process outputs and a correction unit adapted to modify the prediction vector for the one or more

of the process outputs using the prediction signal for the one or more of the process outputs.

2 The process control element of claim 1, wherein the first process model is a non-linear

process model.

3 The process control element of claim 1, wherein the second process model is a linear

process model.

4. The process control element of claim 1 or claim 3, wherein the first process model is

neural network process model.
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5. The process control element of claim 4, wherein the mu]tiple—input/multiplé»
output control element is a model predictive control controller and wherein the set of control

signals are adapted {o be delwered as the process control mputs si gnals to control the process .

outputs,

6. The process contro] element of claim 4, wherein the multipie—input/mu]tip]e-
~ output contro] element is an optimizer and wherein the set of control signals includes targets

for a process controller.

7. The process control element of claim 1, wherein the first process model is a

non-linear process model and the second process model is a linear process model.

8. The process control element of claim 7 wherein the first process model
produces a second prediction vector for the one of the process outputs as the prediction signal
and the correction unit is adapted to modify the prediction vector produccd by the second

process model by replacing the prediction vector with the second prediction yecitor.

9. The process control element of claim 7, wherein the first process model
produces a steady state value for the one of the process outputs as the prediction signal and
the correction unit is adapted to modify the prediction vector produced b; the second process
model by combining the_ steady state value for the one of the proceés outputs with the

prediction vector for the one of the process outputs.

10.  The process control element of claim 9, wherein the prediction vector for the.

" one of the process outputs includes a steady state value at a time horizon and wherein the
correction unit is adapted to modify the prediction vector produced by the second process
model by adding to the prediction vector produced by the second process model a difference
between first and second model predictions at the end of time horizon multiplied by a first or

higher order exponential function.

24



11.  The process control element of claim 9, wheréin the prediction vector for the

- one of the process outputs includes a steady state value at a time horizon and wherein the

~ correction unit is adapted to modify‘ the ﬁre_:diction vector produced by the second process
model by adding to the prediction vector produced by the second process model a difference
between first and secdnd.mode;l predictions at the end of time horizon multiplied by a first or
higher order exponeniia] function with time constants equal to a fraction of the process output

time to steady state.

12. The process control element of claim 1, wherein the first process model
produces a second prediction vector for the one of the process outputs as the prediction signal
and the correction unit is adapted to modify the prediction vector produced by the second

process model by replacing the prediction vector with the second prediction vector,

13. The process control element of claim 1, wherein the first process mode!
produces a steady state value for the one of the process outputs as the prediction' signal and
the correction unit is adapted to modify the prédiciion vector produced by the éecond process
model by combining the steady state value for the one of the process outputs with the

prediction vector for the one of the process outputs.

. 14, The.process control element of claim of claim 13, wherein the prediction
vector for the one of the process outputs includes a steady state value at a time horizon and
wherein the correction unit is adapted to modify the prediction vector produced by the second
process model by multiplying the pred_ictipn' vector produced by the second process model by
a component using a ratio of the stéady state value for the one of the process outputs and the

steady state value at the time horizon of the prediction vector for the one of the process

outputs.
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15.. The pfocess éoniro] eierﬁent of claim of claim 13, wherein the prediction

- vector for the one of the process outputs includes a steady state value at a time horizon and
wherein the correction unit is adapted to modify the prediction vector produced by the second
process model by multiplying the prediction vector produced by the second proceés mode]l f_:y
a component using a difference between the steady state value for the one of the prbcess -

outputs and the steady state value at the time horizon of the prediction vector for the one of

the process outputs.

16. A method of controlling a process havmg a set of process outputs effected by a

set of process control inputs, the method comprising;

using a first process model to develop a prediction vector for one or more of the
process outputs; '

using a second process model to produce a prediction signal for one of the process
- outputs using the set of process control signals;

correcting the prediction vector for the one of the process outputs using the prediction

signal for the one of the process outputs to produce a corrected.prediction vector; and

using the corrected prediction vector to produce a set of control signals for use in

controlling the process.

17. The method of claim 16, wherein using the first process model includes using -
. a first linear process mode] as part of a multiple-input/multiple-output control routine that
receives an indication of the process outputs and wherein using the corrected prediction
 vector includes using the multiple-input/multiple-output control routine to produce the

control signals to be delivered to the process control inputs from the corrected prediction

vector.

18, The method of claim 17, wherein using the first linear process model as part of -
a multiple-input/multiple-output control routine includes using a model predictive control

routine as the multiple-input/multiple-output control routine.
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19, The method of claim 17 or claim 18, wherein using the second process model includes

using a non-linear process model.

20. The method of claim 19, wherein using the second process model includes using a

neural network process model.

21. The method of claim 20, wherein using the second process model includes producing a

steady state prediction value of the process output as the prediction signal.

22, The method of claim 20, wherein using the second process model includes producing &

high-fidelity prediction vector for the process output as the prediction signal.

23, The method of claim 16, wherein using the second process model includes producing a
steady state value for the one of the process outputs as the prediction signal and wherein
correcting the prediction vector includes modifying the prediction vector produced by the first
process model by combining the steady state value for the one of the process outputs with the

prediction vector for the one of the process outputs.

24, The method of claim 23, wherein using the first process model includes producing the
prediction vector for the one of the process outputs to include a steady state value at a time
horizon and wherein modifying the prediction vector includes adding to the prediction vector a
difference between the steady state value at the time horizon of the prediction vector and the

prediction signal at the time horizon multiplied by a first or higher order exponential function.
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25.  The method of claim 23, wherein using the first process mode! includes
producing the prediction vector for the one of the process outputs to include a steady state
value at a time horizon and wherem m0d1fymg the prediction vector includes adding.to the
prediction vector a diff: crence between the steady state value at the time horizon of the
prediction vector and tfxe prediction signal at the time horizon multiplied by a first or higher
order exponential function with time constants equal to a fraction of the proéess output time

to steady state,

26. The method of claim 16, wherezn using the first process model includes usmg
a first linear process model as part of a conirol optimizer that receives an indication of the
process outputs and wherein using the corrected prediction vector includes using the control

optimizer to produce a set of target signals for a controller using the corrected prediction

vector,

27. A process controller adapted to be used to control a process having a set of
process outputs effected by a set of process contro] input signals, the process controller
comprising:

a multiple-input/multiple output controller adapted to receive an indication of the

process outputs to develop the set of process control input signéls the multiple-

input/multiple-output control element mc]udmg a first process model that develops a

prediction vector for each of the process outputs

a second process model adapted to receive the set of process contro} input signals to

produce a prediction signal for one of the process outputis, and

and a correction unit-adapted to modify the prediction vector for the one of the

process outputs using the prediction signal for the one of the process outputs.

28. The process controller of claim 27, wherein the second process model is a

non- ]mear process model.



29. The process controller of claim 27, wherein the first process model is a linear process

model.

30. The process controller of claim 27 or claim 29, wherein the second process model is

neural network process model.

31 The process controller of claim 30, wherein the multiple-input/multiple-output controller

is a model predictive control controller.

32, The process controller of claim 31, wherein the second process model is a non-linear

process model.

33. The process controller of claim 32, wherein the second process model is a neural

network process model.

34, The process controller of claim 27, wherein the first process model is a linear process

model and the second process model is a non-linear process model.

35. The process controller of claim 34, wherein the second process model produces a second
prediction vector for the one of the process outputs and the correction unit modifies the

prediction vector produced by the first process model by replacing the prediction vector with the

second prediction vector.

36. The process controller of claim 34, wherein the second process model produces a steady
state value for the one of the process outputs as the prediction signal and the correction unit
modifies the prediction vector produced by the first process model by combining the steady state

value for the one of the process outputs with the prediction vector for the one of the process

outputs.
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37. The process controller of claim 36, wherein the prediction vector for the one of the
process outputs includes a steady state value at a time horizon and wherein the correction unit is
adapted to modify the prediction vector produced by the first process model by adding to the
prediction vector produced by the first process model a difference between first and second
model predictions at the end of time horizon multiplied by a first or higher order exponential

function,

38. The process controller of claim 36, wherein the prediction vector for the one of the
process oufputs includes a steady state value at a time horizon and wherein the correction unit is
adapted to modify the prediction vector produced by the first process model by adding to the
prediction vector produced by the first process model a difference between first and second
model predictions at the end of time horizon muitiplied by a first or higher order exponential

function with time constants equal to a fraction of the process output time to steady state.

39. A process control element substantially as described herein and/or with reference to the

accompanying drawings.

40. A method of controlling a process substantialty as described herein and/or with reference

to the accompanying drawings,

41. A process controller substantially as described herein and/or with reference to the

accompanying drawings.

42.  Any novel feature or novel combination of features described herein and/or in the

accompanying drawings.
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