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PIPELINE FLOW CONTROL OPTIMIZATION SOFTWARE AND METHODS

BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The invention relates to software and methods for fluid pipeline optimization
and control, and more specifically, to optimization and control software and methods that can

optimize for transient conditions within the fluid pipeline.

2. Description of Related Art

[0002] Fluid pipeline systems, such as gas transmission pipelines, operate at certain
pressures and with certain flow rates in order to deliver fluid, for example, natural gas, to its
destination. In the case of a gas pipeline, compressors along the pipeline maintain the
pressures necessary to move the gas. In the case of a liquid pipeline, pumps move the liquid

along the pipeline.

[0003] FIGURE 1 is a diagram showing a typical gas pipeline system. Generally,
referring to FIGURE 1, a typical gas pipeline system may include multiple relay compressor
stations with multiple points of supply and deliveries. For example, FIGURE 1 shows a
pipeline system having 6 compressor stations. Each individual station is controlled by
control logic that, among other things, operates compressors and prevents a station from
exceeding its maximum allowable operating pressures. The pipeline operator, through a
supervisory control and data acquisition (SCADA) system, gives each individual compressor
station’s control logic its own target setpoints for suction pressure, discharge pressure and
flow. The station's control logic seeks to maintain these target setpoints by starting and
stopping compressors, as necessary. Additionally, as noted above, the control logic protects

the station from exceeding its maximum allowable operating pressures and maintains it



10

15

20

25

WO 2006/014372 PCT/US2005/023604

within safe operating parameters. However, the station control logic controls an individual

station. Hence, it functions independent of the other stations in the system.

[0004] FIGURE 2 is a diagram showing a pipeline flow control system that may be
utilized to control the pipeline system of FIGURE 1. Generally, referring to FIGURE 2, a
pipeline flow control system may include steady-state Optimization Software that calculates
optimal target setpoints for the pipeline operator to manually send to the individual stations’
control logic. Further, as FIGURE 2 shows, the system may also include a multivariable
control system (“Controller Software”) operating in conjunction with the optimization
software. The multivariable controller software may include a set of controllers that attempts
to drive a set of station discharge pressures to equal a set of discharge pressure targets
calculated by the optimization software, and there may be one controller for each compressor
station that is operating under multivariable control. Each controller attempts to manipulate
the suction pressure of the compressor station it controls in order to drive the discharge .

pressure of the next upstream station toward its optimal discharge pressure target.

[0005] However, fluid pipelines are dynamic systems, and the control systems
described with reference to FIGURE 1 and FIGURE 2 may not anticipate or take into account
certain transient (i.e. non-steady state) conditions. Additionally, because each controller in
the system of FIGURE 2 typically controls its station in light of operating conditions at that
station and the next upstream station only, the controller software is controlling individual
stations on the pipeline, which are all interconnected, based on data gleaned from only a
portion of the stations in the system. Hence, the controller software may not effectively
control all stations on the pipeline system in light of transient conditions affecting the entire

pipeline system or other portions of the pipeline system beyond the control of an individual
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controller. Accordingly, the controller software may, among other things, increase the cost of

transporting fluid through the pipeline.

[0006] Further, the system shown in FIGURE 2 utilizes a single set of tune
parameters to handle all transient conditions but that are aimed at only controlling the
setpoints of the immediate upstream compressor station. However, certain transient
conditions may occur in the pipeline system that can not be efficiently or effectively managed
by only controlling the setpoints of the immediate upstream compressor station. In such
transient conditions, the controller software’s single set of tune parameters does not provide
the capability to adjust station operating parameters to effectively or timely handle the
transient conditions. Hence, in this case, the stations’ control logic over-rides the
multivariable controller software and controls corresponding individual compressor station
targets to near maximum operating pressures. Generally, this leads to an imbalance in the
system, which usually results in not being able to take the full contracted supplies into the

transmission system.

[0007] Additionally, the control system of FIGURE 2 is not able to identify or
transition to a new optimal solution when conditions change (e.g. supplies or deliveries of the
transmission system) that require a change to the optimal compressor configuration. A
particular problem encountered was when to start additional compressors when required for
an optimal fuel-efficient system. Starting the additional compressors too early wastes fuel.
On the other hand, starting the additional compressors too late may céuse a transient
condition that is beyond the capability of the controller software to control, resulting in

station control logic overriding the controller software.
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SUMMARY OF THE INVENTION

[0008] The present invention provides a pipeline flow optimization system that

emulates transient optimization.

[0009] Additional features of the invention will be set forth in the description which
follows, and in part will be apparent from the description, or may be learned by practice of

the invention.

[0010] The present invention discloses a pipeline flow optimization system,
comprising an upset condition handler adapted to provide a multivariable controller with

pipeline flow adjustments to handle one or more upset conditions.

[0011] The present invention also discloses a pipeline flow optimization system
including an upset condition handler, a multivariable controller for controlling components of
a pipeline system, optimization software for calculating steady-state parameters of the
pipeline system and providing the steady-state parameters to the upset condition handler, and
a supervisory control and data acquisition system for a;:quiring pipeline system data. The
upset condition handler receives the pipeline system data from the supervisory control and
data acquisition system and provides the multivariable controller with pipeline flow

adjustments to handle one or more upset conditions.

[0012] The present invention also disclose a pipeline flow control system including
an optimizer for calculating steady-state parameters of a pipeline system, a controller for
controlling pipeline system components that cause pipeline flow, a data acquirer for acquiring
pipeline system component data and pipeline flow data, and a control logic unit. The control
logic unit adjusts the steady-state parameters of the pipeline system in response to an upset
condition by analyzing the pipeline system component data and the pipeline flow data and

applying an adjustment factor to the controller.
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[0013] The present invention also discloses a method of handling transient conditions
in a pipeline flow optimization system. In the method, one or more adjustment factors are
calculated. Each of the adjustment factors is indicative of a degree to which a correction is
needed for an upset condition. The adjustment factors are stored, one or more of the

adjustment factors are chosen and applied to the pipeline flow optimization system.

[0014] It is to be understood that both the foregoing general description and the
following detailed description are exemplary and explanatory and are intended to provide

further explanation of the invention as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are included to provide a further
understanding of the invention and are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and together with the description serve

to explain the principles of the invention.
[0016] FIGURE 1 is a diagram showing a typical gas pipeline system.

[0017] FIGURE 2 is a diagram showing a pipeline flow control system that may be

utilized to control the pipeline system of FIGURE 1.

[0018] FIGURE 3 is a diagram showing an automated pipeline optimization system

according to an embodiment of the invention.

[0019] FIGURE 4, FIGURE 5, FIGURE 15, FIGURE 16, and FIGURE 17 are
schematic flow diagrams illustrating a pipeline flow management system in accordance with

embodiments of the invention.
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[0020] FIGURE 6 and FIGURE 7 are schematic flow diagrams illustrating the
general process of computing and applying adjustment factors for a number of upset

conditions.

[0021] FIGURE 8 and FIGURE 12 are schematic flow diagrams illustrating the

computation of adjustment factors for a number of upset conditions.

[0022] FIGURE 9, FIGURE 10, FIGURE 11, and FIGURE 13 are schematic flow
diagrams illustrating expressions used to compute adjustment factors for various upset

conditions.

[0023] FIGURE 14 is a schematic flow diagram illustrating the application of the

computed adjustment factors to the pipeline flow control optimization system.

[0024] FIGURE 18 and FIGURE 19 show steps for saving a revised current
nomination and a future nomination, respectively, and FIGURE 20, FIGURE 21, FIGURE
22, FIGURE 23, FIGURE 24, and FIGURE 25 are flow charts illustrating a transition process

according to an embodiment of the invention.

[0025] FIGURE 26 shows general calibration processes that may be completed each
day, and FIGURE 27, FIGURE 28, FIGURE 29, FIGURE 30, FIGURE 31, and FIGURE 32
are schematic flow diagrams illustrating tasks involved in calibrating the system according to

an embodiment of the invention.

[0026] FIGURE 33, FIGURE 34, FIGURE 35, and FIGURE 36 are flow charts
illustrating steps of a method for accurately measuring the fuel savings of the system

according to an embodiment of the invention.
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[0027] FIGURE 37 shows fuel attainment variances that may be taken into account

when measuring the fuel savings of the system according to an embodiment of the invention.

DETAILED DESCRIPTION

[0028] As was described above, aspects of the invention relate to systems and
methods for fluid pipeline flow optimization and, in particular, systems and methods for fluid
pipeline flow optimization that are capable of handing transient or upset conditions. In their
broadest embodiments, software and methods according to the invention ensure that the
demand for a fluid flowing in a pipeline is met. That demand is typically subject to certain
requirements, for example, that particular volumes of the fluid be delivered at pressures
between specified minimum and maximum delivery pressures. Additionally, systems and
methods according to the invention ensure that fluid pipeline transmission facilities are
operating within the engineering design parameters for which they were designed. In
general, those two requirements are met by regular monitoring and by controlling fluid
pipeline parameters to keep them within acceptable tolerances (sometimes referred to as
“deadbands”). Systems and methods according to embodiments of the invention may also
provide human controllers with feedback as to the pipeline’s present fuel efficiency, and may
provide engineers with calibration tools necessary to tune software, systems, and methods

according to the invention.

[0029] Software according to embodiments of the invention provides one or more of
the following three modules or capabilities: upset condition algorithms and upset condition
handling, linepack transition handling, and administrative tools. Upset condition algorithms
recognize when conditions vary from the static optimization and change compressor setpoints
along the gas pipeline to account for the upset while continuing to optimize fuel efficiency

within the given compressor unit configuration. Linepack transition handling algorithms
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calculate the time required to attain optimal pressure targets when a future optimal run
dictates a change in compressor unit configuration. Administrative tools comprise
measurement methods used to determine fuel efficiency performance, and allow accurate cost
savings reports to be generated. Administrative tools may also include calibration tools used

to tune the models created by the software.

[0030] Although most aspects and embodiments of the invention are equally
applicable to any type of fluid pipeline system, including gas pipelines and liquid pipelines,
certain embodiments of the invention will be described with respect to gas transmission

pipeline networks.

[0031] FIGURE 3 shows an automated pipeline optimization (APO) system
according to an embodiment of the invention. Referring to FIGURE 3, systems and methods
according to gas pipeline-based embodiments of the invention typically combine a
multivariable control system (“Controller software”) with optimization simulation
programming (“Optimization Software”) through a supervisory control and data acquisition
(SCADA) system to reduce fuel consumption at compressor stations along the gas pipeline
network. The APO system utilizes an upset condition handler and a linepack transition
handler (“Black Box™) to optimize pipeline operations by accounting for and handling all
upset conditions-and linepack transitions. The upset condition handler handles transient
conditions, including those that previously would have caused the stations’ control logic to
override the controller software. The APO system detects transient conditions occurring
throughout the pipeline system, evaluates and selects a transient condition to address, and
then chooses an optimal solution, from among multiple potential solutions, to address the

selected condition.
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[0032] Accordingly, utilizing the Administrative Tools, the Upset Condition
Handler, and the Linepack Transition Handler in the pipeline flow optimization system of
FIGURE 3 provides a system that may maintain optimal steady-state configurations and
properly adjust optimal steady-state pressure targets through upset conditions; that may
identify through existing field compressor logic, or supply or delivery change of the
predictive models, when a new compressor configuration may be required; that may quickly
transition to the new optimal solution; that may verify results through a verification process
of an Automated Calibration Tool; and that may quantify the results of the pipeline

optimization process through a Fuel Attainment process.

[0033] In embodiments of the invention, the methods according to the invention may
be incorporated into the multivariable control system, or they may be implemented
separately, as shown in FIGURE 3, in which case they would be used to generate inputs into
the multivariable control system. Although any multivariable control system may be used,
GE-CCI’s MVC-4.0® multivariable control system is one suitable system. Further, although
any optimization software may be used, Advantica’s Stoner Gas Solver for EMM (Energy
Minimization Module) is one suitable package. Whether alone or as part of a multivariable
control system, systems, methods and software according to embodiments of the invention
may be programmed and implemented in any one of a number of programming languages,
including C, C++, C#, Java, Visual Basic, and any other programming language able to

implement the tasks of the methods.

[0034] One embodiment of the invention was implemented for testing using a section
of gas transmission line including approximately 220 miles of gas transmission piping with
six compressor stations spaced 40-45 miles apart along the gas transmission line, and certain

portions of the description that follows will refer to specific locations along that testbed gas
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transmission line. However, it should be understood that systems, methods, and software
according to embodiments of the invention may be implemented in fluid pipeline systems of

any size or complexity.

[0035] FIGURE 4, FIGURE 15, FIGURE 16 and FIGURE 17 are schematic flow
diagrams showing the overall control logic used to select the mode of the system. Each time
the system is turned on, the total available horsepower is summed, and other power-on and
initialization tasks may be performed.' (Several exemplary tasks are shown in FIGURE 4).
Once the initialization tasks are performed as per FIGURE 4 and FIGURE 5, the control logic
(i.e. the upset condition handler and the controller software) monitors the operating mode of
the system. During times when the system is operating normally, the system is kept in
“normal” mode. In “normal” mode, the system can handle transient conditions and changes

within certain tolerances.

[0036] If a severe problem should occur in the pipeline, such as the unexpected
shutdown of a compressor that is needed to maintain system integrity, the control logic
changes the mode of the system for that particular compressor to “event.” In “event mode,”
the operator is notified and the control logic that would normally allow compressors to
operate at or near 100% of their rated power without starting new compressors is deactivated
so as to facilitate starting replacement compressors. In addition, appropriate pressure set
points upstream of the station in “event” mode are reduced to “event” mode settings to
minimize the probability that the upstream station will shut down because of over-pressure
alarm conditions. The appropriate target pressures downstream from the station in “event”
mode are reduced by the algorithms described above and below. The operator may also take
additional actions to resolve the problem. When “event mode” is terminated, the system

resets the settings to conform to “normal mode” settings. As compared with standard

10
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multivariable control systems, “event” mode in systems according to the present invention is

typically invoked only selectively and only to the extent needed to maintain system integrity.

[0037] In both “normal” and “event” modes, the system uses a factor- or parameter-
based method for dealing with upset or transient conditions. This method is generally
illustrated in the schematic flow diagram of FIGURE 6. The actual upset or transient
conditions that the system detects and handles may vary from pipeline to pipeline, and are
generally defined depending on the type of pipeline and the needs of the users. However, the
parameter-based method will be described with respect to certain standard upset conditions

for a gas pipeline.

[0038] As shown in FIGURE 6, in general, the system initializes an array or other
data structure. In other words, the system clears out old data and inputs current data. Prior to
initializing the array or data structure, the system determines whether to adjust a flow target,
as shown in FIGURE 6 and FIGURE 7. Each data location within the array or other data
structure contains a value for an adjustment factor indicative of the degree to which a
correction is needed for a particular upset condition. The system engages in an iterative
process of calculating the values of each of the adjustment factors and storing them in the
array or other data structure. Once values for each adjustment factor have been calculated,
the system selects and applies the most necessary of the adjustment factors. Typically, the
most necessary of the adjustment factors would be the adjustment factors with the largest

values in the array or other data structure, although this need not be the case.

[0039] For example, in FIGURE 6, the array contains space for the values of ten
adjustment factors, indexed 1-10, although as many adjustment factors as desired may be
monitored by systems, methods, and software according to the invention. It should also be

understood that the upset conditions and corresponding adjustment factors may include both

11
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adjustment factors for which the system can take automatic action to correct and adjustment
factors for which the only action is to notify the human operator of the condition. This will

be described below in more detail.

[0040] FIGURE 8 and FIGURE 12 are schematic flow diagrams illustrating the
iterative calculation of each of the adjustment factors for the respective upset condition. As
shown in FIGURE 8, the first upset condition (j=1) is the condition in which the flow at the
intake (“Station #1” in the figure) is less than the target flow rate. The second upset
condition (j=2) is the condition in which an upstream compressor station is in a high-flow
transient condition. The third upset condition (j=3) is the condition in which one or more of
the compressor station discharge pressures is close to or at the maximum operating pressure
(“MOP” in the figure). The fourth upset condition (j=4) is the upset condition in which the
throttle or speed driver of one or more compressors is near 100%. The fifth upset condition
(§=5) is the upset condition in which the throttle or power of one or more compressors is near
0%. The sixth upset condition (j=6) is the upset condition in which the cooler temperature is
close to maximum. The seventh upset condition (j=7) is the upset condition in which an
engine needs to start in a station that is already running. Referring to FIGURE 12, the eighth
upset condition (j=8) is the upset condition in which a discharge pressure at a particular
location (“Station #5” in the figure) is close to a delivery pressure required by a customer (
“Customer #1” in the figure). The ninth upset condition (j=9) is the upset condition in which
the supply pressure at a particular point in the pipeline (“Supplier #3” in the figure) is close to
the pressure in the pipeline. The tenth upset condition (j=10) is the upset condition in which
the delivery pressure at a particular point in the pipeline (“Customer #2 delivery pressure” in
the figure) is close to the pressure in the pipeline. The eighth, ninth, and tenth upset
conditions are conditions that the multivariable control system may not be able to directly

address, so action on those three upset conditions is limited to notifying the human operator.
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However, as was noted above, the array of adjustment factors for upset conditions may
include any number of factors and may include both factors for upset conditions that can be
handled automatically and factors that require operator notification in any combination. In
some embodiments, only factors that can be handled automatically may be included in the
array or other data structure. As shown in FIGURE 6, FIGURE 8 and FIGURE 12, once
adjustment factors are calculated for each of the ten upset conditions defined in this

embodiment of the invention, the appropriate adjustment factors are chosen and applied.

[0041] FIGURE 9 is a schematic flow diagram illustrating the calculation of the first
through third adjustment factors (j=1, j=2, and j=3). As was described above, the first
adjustment factor relates to the upset condition in which the flow at the intake point in the
pipeline is less than the target flow. In this upset condition, it is assumed that the gas supplier
will eventually increase the flow into the pipeline so as to meet their contractual obligations.
Therefore, in the case of low flow at the intake, systems according to the invention lower the
discharge pressure target at the intake. This creates capacity in the system downstream to
accommodate the gas that will be pumped into the system later. It also reduces the stress on
the compressors as the gas is added at increased flow rates later. The expression used to
calculate the first adjustment factor is shown in FIGURE 9. Descriptions of the variables

used in FIGURE 9 are given below in TABLES 1 and 2.

[0042] As was described above, the second adjustment factor relates to the upset
condition in which the discharge pressure is greater than the target discharge pressure. When
the discharge pressure is greater than the target discharge pressure, systems according to
embodiments of the invention lower the target discharge pressure at downstream compressor

stations. This causes downstream compressors to speed up faster and reduces excess
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linepack. Essentially, it improves the response time of the system. The expression used to

calculate the adjustment factor is shown in FIGURE 9.

[0043] The third adjustment factor, the calculation of which is also shown in FIGURE
9, relates to the upset condition in which a discharge pressure at one of the compressor
stations is close to the maximum operating pressure in the pipeline. As those of skill in the
art will appreciate, having the discharge pressure at a compressor station at a pressure close to
the maximum operating pressure is generally an undesirable condition. Therefore, in this
condition, the system lowers the target discharge pressure at downstream compressor stations
so that the downstream compressors will “pull” the pressure away. The expression used to

calculate the adjustment factor is shown in FIGURE 9.

[0044] FIGURE 10 is a schematic flow diagram illustrating the calculation of the
fourth, fifth, and sixth adjustment factors (j=4, j=5, and j=6). As was described above, the
fourth adjustment factor relates to the upset condition in which the throttle or speed driver of
one or more of the compressors is close to 100%. Therefore, in this condition, the system
lowers the target discharge pressure downstream, which reduces the speed driver or throttle
of the downstream compressors and allows the supply pressure to control the pressure in the
pipeline. The expression used to calculate the adjustment factor is shown in FIGURE 10.

Descriptions of the variables used in FIGURE 10 are given below in TABLES 1 and 2.

[0045] The fifth adjustment factor relates to the upset condition in which the throttle
or speed driver of one or more of the compressors is close to 0%. When the speed driver is
close to 0%, the discharge pressure is constrained and will not be able to decrease. In this
condition, the system lowers the discharge pressure target, which creates more available
capacity downstream in the pipeline. Then if a compressor station down stream should crash,

there will be sufficient time to recover before the station near 0% speed driver also crashes

14
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due to over pressure. The expression used to calculate the adjustment factor is shown in

FIGURE 10.

[0046] The sixth adjustment factor relates to the upset condition in which the cooler
temperature is close to maximum. When the cooler temperature is close to maximum, the
suction pressure is constrained and will not be able to decrease. In this condition, the system
lowers the discharge pressure target, which reduces the compression ratio and lovx;ers the
discharge temperature unconstraining the suction pressure. The expression used to calculate

the adjustment factor is shown in FIGURE 10.

[0047] FIGURE 11 is a schematic flow diagram illustrating the calculation of the
seventh adjustment factor (j=7). As was described above, the seventh adjustment factor
relates to the upset condition in which an engine needs to start in a station that is already

running. When an engine needs to start in a station that is already running, the station

~ controller will not allow the engine to start if the discharge pressure is greater than the limit

for starting engines. In this condition, if the discharge pressure is greater than the limit for
starting an engine, the system reduces the discharge pressure in time to start the engine. The

expression used to calculate the adjustment factor is shown in FIGURE 11.

[0048] FIGURE 13 is a schematic flow diagram illustrating the calculation of the
eighth, ninth, and tenth (j=8, j=9, and j=10). The eighth adjustment factor relates to an upset
condition for which automatic handling is not available, although in some embodiments, the
system might handle the upset condition automatically, at least to some extent. In the upset
condition to which the eighth adjustment factor relates, the pressure at a particular point in
the pipeline (“Station #5”, as identified in FIGURE 13) is close to the limiting pressure
required by a customer (“Customer #1”, as identified in the figure). (More particularly, the

algorithm queries whether a particular transmission line is flowing to the supplier and, if so,

15



10

15

20

25

WO 2006/014372 PCT/US2005/023604

to what degree a valve is open.) If the condition is true, a warning such as, “Customer #1
pressure close to Station #5°s discharge header #2 pressure. Either change Station #5 loop
configuration or raise downstream suction pressure,” may be provided. The expressions
used to calculate the eighth adjustment factor are shown in FIGURE 13. The ninth and tenth
adjustment factors also relate to pressure and flow upset conditions within the pipeline that
might make it difficult for the pipeline to supply a particular flow rate of gas at a particular
pressure so as to meet contractual obligations. In each case, the operator is provided with a
warning similar to that described above, and appropriate action is taken. The expressions

used to calculate the ninth and tenth adjustment factors are shown in FIGURE 13.

[0049] As those of skill in the art will note, the first seven adjustment factors deal
with transient conditions in the pipeline that can be controlled by the pipeline control system,
whereas the eighth, ninth and tenth adjustment factors deal with upset conditions that are
outside the scope of control of the pipeline control system. Although this distinction applies
in the present example and may not apply in all embodiments of the invention, the capacity of
software, systems, and methods according to the invention to indicate possible problems in
the pipeline that are beyond the scope of the multivariable control system logic to handle may
be a beneficial feature. Additionally, as was noted above, the multivariable control system
may also be programmed to handle the kinds of upset conditions represented by the eighth,
ninth and tenth adjustment factors. Furthermore, the additional adjustment factors may be
factors required for or desirable in specific pipelines or in specific configurations of software,

systems and methods according to the invention.
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Table 1
APO: Autonated Pipeline q:tinizaﬁon Note: All Darrinion Logic & Canoepts are property of Darrinion Trensrission.
Control Software Variables List
24JUN2005
Note: Develop Engineer screen for updating & evelualing these
vaicbles
Variables List 1
Variables: Description:
Q Flow Rate value into Stetion #1 (VVICFD)
FT Flow Target nowinto Station #1 (MMCFD)
FFT Future Flow Target into Station #1 (VIVICFD)
c # of Conrpressor Station: Station#1=0, Station#2=1, Station #3=2, Station #4=3, Station #5=4, Station #6=5
) # of Downstream Compressor Station whose Ps is maniputated by Corttrol Loop
t #of lbstrean(b«mm&aﬁmmhoseTangsdwgeH&ureiswnﬂdledWCorﬂdbop
Event_Offset Discharge Pressure Target Offset for stations upstream of a station in Event Mode.
TN Current Time (Microsoft Exoel Datetime format current time value adjusted to MMC time)
TS Time Start; Time future flowtarget becomes effective (Datefime formet)
B Time Flow Target is computed to Begin increasing from prior velue to future value (Datetime format)
TE Time Flow Target is conputed to reach future value (Datetime format)
LT Lead Tire (Dead Band)
i Value (Control Loop) t led D re T: s Manipulated Suction Pressure
0 0 Station #1 1 Station#2
1 0 Station#1 2 Station#3
2 1 Station #2 2 Station#3
3 1 Station #2 3 Stetion#4
4 2 Station #3 3 Station#4
5 2 Station #3 4 Stetion#5
6 3 Stetion #4 4 Station#5
7 3 Station #4 5 Station #6
8 4 Station#5 5 Station#6
j Value Adjustment Factor:  Description

Adjust Flow Target for New Nomination

Compensate for Station #1 flow less than target

Corrpensate for upstream station in high flowtransient condition

Move station discharge pressures away from MOP

Reduce discharge pressure when throttle close to 100%

Reduce discharge pressure when throttle close to 0%

Reduoe Discharge Pressures when Cooler Discharge Termperature dose to Meximum
Reduce Discharge Pressure when Engine needs to Start

Inform Dispatcher when Station #6 Pd dlose to Customer #ipressure

Inform Dispatcher when Supplier #3 Supply pressure dlose o Dorinion pressure
Inform Dispatcher when Customer #2 Delivery pressure close to Dominion pressure

SOWONOOHWN =0

o
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Table 2
APO: Aut ted Pipelme Optimzahon Noter All Daminion Logic & Concepts are property of Dorrinion Transrission
MVC Control Software Variables List
24JUN2005 : : Nate: Develop Engi f ing & evelLeting these
Variables List 2 @ Daveicp Engineerscreanfor Lpcting & vl fing

1-D Array Variables: Description:

ol 0: Station is Bypassed 1 Stefionhas at least one unit Online on aloop controlled by MVC

ETHP, Total available HP of units that are running now at station

NTHP, New Total HP computed by Transition when a Compressor needs fo Start

AlLHP On, 0 Thereis afuture Transition that will require additional net HP to come online 1: No future HP increase is required

N 0: Loopiisoff 1: If MVCis running, then MVC is controlling Loopii

ucs Unit Change Cushion in Hours for lowering DPT, when a conpressor needs to start. (UGG =LIMT;/ 24)

CST, Compressor Start Time (Datetime format) as computed in Transition Logic

DR, Discharge Pressre Value at Controlled Station

DPMT, Minimum Alloweble MVC Pressure Target (OPLO from Engineer Screen 1)

DFT, MVC Pressure Limit set by Dispatcher on MMOOC (WVC Qperating Console)

DPTG, Adjusted MVC Pressure Target sent to Loop Cortroller

MOP, Maxirum Operating Pressure (get from existing CNGDISP_MVCVAL1-6) a Corntrolled Station

CT, Cooler Outlet Temperature

CIL, Cooler Outlet Temperature Limit that overrides primery station controller setpairts

SR, Suction Pressire Setpoirt at manipulated station

DPSN, DsdﬂgeﬂwesapdmmmeanaﬂdmdlommdldmgmndaﬁmaeinmmMode
DPSE, Dsd*argeﬁmxesapdmatmeamerﬂofoomrdloopvmenlredamsheamstaﬁmmdstostananergine
DPS, Most recertt Discharge Pressure Setpoint that wes sent to compressor station at upstream end of control loop

D Speed Driver at controlled station (upstream)

SPerrorimit, Neximum enor allowed between SP; and NEWSP, before EVENT is dedaired

NEWSP, Next desired sudtion setpoint as calulated on Engineer | screen

HPA, Available HP at the station computed by surmrming the EVVi computed HP for each urit that is nowavailable in SCADA

HPR Required HPfor the station as computed by Black Box first itterafion after Dispatcher switches "Dispatcher Request MVC"="ON'

R, R, = 1if Stationis running (Flow Setpoirt from SCADA > 0). Applies only to Relay Loop in muiti loop Stations

2.D Array Variables: ‘

MLLT, Mutipiier for DPTC adjustment (j > 0) or Expected average rate of change for Station#1 Discharge Pressure while FT is
! increasing (PS! / Minute) for Flow Target Adjustmertt j =0)

BXP Exponent for DPTC adjustment or Flow Target Adjustment

LMT, Lirrit used in Flow Target Adjustment & Cormpressor Start Adjustment

THRSLD, Theshald P, Q, or SD at which X, is computed

n ' Damping factor: nis one less than the number of time cydes X, is averaged over (0 <=n < 100)

X0 jth Adjustment factor for ith Control Loop at time r=zero (now)

X, Table of n historical adjustment factors used for each of | cortrol loops (n dimensioned from 0 - 99)

[0050] Once the various adjustment factors have been determined and stored in the
array or other data structure, the system proceeds to determine which of the adjustment
factors should be applied. The general process of applying the adjustment factors is shown in
the schematic flow diagram of FIGURE 14. In general, an adjusted discharge pressure target
is calculated by adding a negative correction equal to the largest (e.g., most negative) of the
adjustment factors to a discharge pressure limit which is the highest pressure desired in the
pipeline. A time averaging technique is used to smooth the response. If the calculated
adjusted pressure target is less than minimum allowable pressure, the calculated adjusted

pressure target is set equal to the minimum allowable pressure. The adjusted pressure target
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is output to the multivariable controller, and the process continues by once again calculating a

set of adjustment factors for the next cycle.

[0051] The foregoing describes the process of calculating ten adjustment factors, and,
for ease of description, describes the process in certain respects as using one- and two-
dimensional arrays or other data structures. However, as those of skill in the art will realize,
each of the ten adjustment factors would generally be calculated for a plurality of points
along the pipeline. For example, in the exemplary test system desctibed above with six
compressor stations, the ten adjustment factors may be calculated for each and every one of
the compressor stations. Therefore, the array or data structure used to contain the data may
be multidimensional. As shown by the index subscripts on the variables shown in the figures
and described in TABLE 1, certain of the variables are expected to be multi-dimensional,
although in a sufficiently simple system (e.g., one compressor station), they need not
necessarily be multidimensional. Embodiments of the invention may also store past

adjustment factors to use as predictive data for future calculations, for calibration, or for other

purposes.

[0052] As was noted briefly above, although there are ten adjustment factors in this
example, embodiments of the invention may calculate and take into account any number of

adjustment factors.

[0053] Software, systems and methods according to embodiments of the invention are
also configured to handle linepack transitions, which are changes in the amount of gas or
liquid flowing in the pipeline. These linepack transitions are typically caused by changes in
demand, although they need not be. (Those of skill in the art will note that some of the upset
conditions described above, in effect, deal with linepack transition.) The linepack transitions

may be predicted by the system by accessing past flow data and examining patterns in
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demand over time, or the system may be given an explicit warning by a human operator and

the procedures initiated manually.

[0054] In general, the pseudocode or set of tasks involved in linepack transitions is as
follows:
a. If pack increase:

Compare maximum power of compressors running now to maximum
power of compressors proposed by the energy minimization module output (EMMO).

Using lowest horsepower configuration, compute minimum thru put
and fuel usage when pumped from average of beginning and ending suction pressure
to average of beginning and ending discharge pressure.

Determine time and quantity of fuel used to increase pack to correct
level.

Run compressor station at this fuel rate until determined time.

b. If pack decrease:

Compare maximum power of compressors running now to maximum
power of compressors proposed by EMMO.

Using highest horsepower configuration, compute maximum thru put
and fuel usage when pumped from average of beginning and ending suction pressure
to average of beginning and ending discharge pressure.

Determine time and quantity of fuel used to decrease pack to correct
level.

Run compressor station at this fuel rate until determined time.

C. After Pack is set to correct level at each running compressor station as
computed above, run compressor at flow rate and fuel usage level as determined by steady

state EMMO solution.
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- Create EMMO Now and EMMO Future data bases
Use only compressor configuration of EMMO Now and Future

databases in calculating time required.

[0055] More specifically, FIGURE 18 and FIGURE 19 show steps for saving a
revised current nomination and a future nomination, respectively. FIGURE 20, FIGURE 21,
FIGURE 22, FIGURE 23, FIGURE 24, and FIGURE 25 are flow charts illustrating a

transition process according to an embodiment of the invention.

[0056] Embodiments of the invention may also provide a number of administrative
tools, as shown in FIGURE 3. The administrative tools are useful in monitoring the
performance of the system and in calibration of the models. An outline of the functions of

the administrative tools is described below.

[0057] Tools used to monitor the performance of the system include (i) Fuel
Attainment and (ii) Dispatcher Reporting. Fuel Attainment is an off-line tool that uses
combinations of planned nomination data, system capabilities, historical measured data and
pipeline models to determine the calculated fuel usage for the pipeline for given time periods.
Results of the Fuel Attainment combinations can be compared to actual measured fuels and to
each other to determine system efficiencies and root causes for inefficiencies.

Fuel Attainment combinations include the following named results:

(i) Plan Optimum — Optimized amount of fuel that would have been calculated if full
capabilities were available.( all Stations and Compressors are available for selection)
(ii) Plan — Optimized amount of calculated fuel given planned nomination data and available

system capabilities at the time the optimization occurred.
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(iii) Operational Optimum — Optimized amount of calculated fuel holding compressor
configurations to their planned nomination settings, station targets to their respective
maximum system capabilities, and using actual data for all other model inputs.

(iv) Flow Variance — Same as Operational Optimum while holding all flows external to the
pipeline model constant at their planned rate.

(v) Temperature Variance — Same as Operational Optimum while holding all temperatures
used in the model to their planned values.

(vi) Pressure Variance — Same as Operational Optimum while holding all inlet and outlet
pressures used in the model to the planned values.

(vii) Pressure Target Variance — Same as Operational Optimum while holding all station
targets to the planned values.

(viii) Units Used Variance — Same as Operational Optimum while holding all compressor

usage to the planned values.

[0058] Dispatcher Reporting is an on-line tool that uses real-time and historical data,
system capabilities along with pipeline models to determine the current calculated fuel
efficiencies for the pipeline. This tool continually publishes current and summary shift

efficiencies for dispatchers for display on SCADA terminals.

[0059] FIGURE 33, FIGURE 34, FIGURE 35, and FIGURE 36 are flow charts
illustrating steps of a method for accurately measuring the fuel savings of the system
according to an embodiment of the invention. Because of the various deliveries, supplies,
and operating conditions, historic performance indicators such as fuel per volume pumped
may be inappropriate to accurately measure fuel savings. Rather, a more accurate
measurement may be obtained by dividing the optimal (calculated) fuel + transition fuel by

the actual fuel used.
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[0060] Additionally, accurately measuring fuel savings includes taking account of
operational variances, such as when inputs into a forecasted optimization run vary from the
actual inputs. For example, it is important to capture the fuel costs when a compressor goes
down or is not available to run in the optimal solution. Costs may then be quantified to help
determine whether to proceed with additional maintenance programs or capital expenditures.
FIGURE 37 shows fuel attainment variances that may be taken into account. Table 3 below

provides definitions for the variances shown in FIGURE 37.
Table 3

Variance Definitions
1. Planned Units Available Variance % = |[i] Plan Optimum - [ii] Plan | / [ii] Plan
2. Plan Attainment = [iii]Operational Optimum / [ii] Plan
3. Fuel Attainment = [iii] Operational Optimum / [0]Actual Fuel Used

4. Flow Variance % = | [iv] Flow Variance - [iii] Operational Optimum]| / [iii] Operational
Optimum

5. Temperature Variance % = | [v] Temperature Variance - [iii] Operational Optimum | / [iii]
Operational Optimum

6. Pressure Variance % = | [vi] Pressure Variance - [iii] Operational Optimum | / [iii]
Operational Optimum

7. Pressure Target Variance % = | [vii] Pressure Target Variance - [iii]Operational Optimum |
/ [iii] Operational Optimum

8. Units Used Variance % = | [viii] Units Used Variance - [iii] Operational Optimum | / [iii]
Operational Optimum

[0061] The tool used for calibrating the models is the Automated Calibration Tool,

which is designed to give the engineers appropriate data to analyze and calibrate the models.
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To ensure reliable calibration, the system finds an appropriate steady state interval for
calibration by ensuring that the pipeline data is sufficiently static and unchanging over a
programmed number of consecutive hours. For example, the initial program may download
actual data after automatically finding 6 consecutive hours of static operating conditions.
Calculations relating to the models’ data are then compared to actual data. These values are

stored and the engineer is notified when the values fall outside of designed limits.

[0062] Included in the Automated Calibration Tool is:
(i) Segment Calibration — Compares model results to actual results for line segments. The
parameters used to calibrate the model can include, but is not limited to:

Efficiency

Roughness

Heat Coefficient

Ground Temperature

Gas Temperature
(ii) Station Calibration - Compares model results to actual results for stations. Stations are
comprised of differing compressor unit types and numbers. The calibration procedure will be
a combination of station and unit level configurations. The parameters used to calibrate the
model can include, but is not limited to:

Inlet Pressure drop

Outlet Pressure drop

Temperature drop through coolers
Reciprocating uﬁits:

Swept volume

Compression Ratio

Maximum and minimum clearance
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Maximum and minimum horsepower

Heat rise coefficient

Fuel

Volume

Mechanical efficiency factor

Compressor efficiency factor
Centrifugal units:

Maximum and minimum horsepower

Head curve

Mechanical efficiency factor

Heat rise coefficient

Fuel

Volume
(iii) Model Variance — Non-optimized amount of calculated fuel given actual system
utilization, measured data, and pipeline modelsl. Pipeline models for Model Variance are
connected, unlike Station and Segment Calibration, which considers station and pipeline
segments in isolation. The formula for Model Variance is:

Mvar(Nom) = Model(Nom,SystemUtil(Nom),Mdata(N om) — FuelActual(Nom)

Where:
Nom — Time-period between transient conditions.
SystemUtilNom) ~ — Actual System Utilization during the nomination. (i.e. compressor

statuses, station utilization, etc.
Mdata(Nom) — Average Measured data during the nomination.
Model(Nom,SystemUtil(Nom),Mdata(Nom)) — A function that calculates unoptimized fuel

usage for a given pipeline, nomination, system utilization, and measured data.
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Mvar(Nom) — Calculated Model Variance during a nomination.

[0063] FIGURE 26 shows general calibration processes that may be completed each
day as a scheduled event or run on demand. FIGURE 27, FIGURE 28, FIGURE 29,
FIGURE 30, FIGURE 31, and FIGURE 32 are schematic flow diagrams illustrating tasks
involved in calibrating the system. Model, segment and station calibration processes store
streams of calculated data that may be compared to actual measured data, thereby allowing a
determination to be made whether a specific model is properly calibrated. When a section of
calculated and actual data streams are within a defined tolerance, the model is within

calibration limits for that particular time-period.

[0064] Model validation is the process of automatically comparing streams of actual
measured data to streams of calculated data. This process uses predefined validation
parameters for each stream pair to: (i) validate calculated data; (ii) create alarms for
calculated data that is out of tolerance; and (iii) create a calculated-data archive that may be

graphed later by the user.

[0065] Validation may be configured to allow any actual measured data stream to be

compared to any calculated data stream using either an absolute or percentage tolerance.
[0066] Validation using absolute tolerance is successful when :
n = Last

0<(Z |FS'£ream A [N] calcuisted — Stream g [N] actual ) / (Last-First)<AbsoluteTolerance;
n = Firsi

Where Last is the most recent hour of the data stream to be validated and First is the oldest

hour of the data stream to be validated.

[0067] Validation using percentage tolerance is successful when :
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Percentage Tolerance Successful when:

n=_Last

0<X F.I tStream A [1] Actuat / Stream g [0] calcutated |) / (Last-First) < %Tolerance;
n=rus

Where Last is the most recent hour of the data stream to be validated and First is the oldest

hour of the data stream to be validated.

[0068] Tasks involved in the calibration include those shown in FIGURE 27,
FIGURE 28, FIGURE 29, FIGURE 30, FIGURE 31, and FIGURE 32 and described above in
the pseudocode. Data from each segment of the pipeline is examined, particularly those
factors identified above in the pseudocode, and the models are corrected using the actual

measured data from the pipeline.

[0069] The Automated Calibration Tool is not limited to fluid pipeline calibration.
Rather, the calibration process may effectively used wherever models (steady-state or
transient) are employed. Further, the Automated Calibration Tool may significantly reduce
the effort required to calibrate a system. For example, the Automated Calibration Tool
utilized nearly 300 model inputs. As arough estimate, it may take approximately 1 hour per
input to collect data and perform the necessary calculations. Hence, an engineer would take
roughly 300 hours to tune the models once. However, the Automated Calibration Tool
performs these calculations on a daily basis. This significantly reduces man hours required to

calibrate models and helps ensure that the models are running safely and efficiently.

[0070] As noted above, pipeline flow optimization systems, software, and methods
may emulate transient optimization by: (i) maintaining the optimal steady-state
configurations and properly adjusting the optimal steady-state pressure targets through upset
conditions employing "Black Box" logic; (ii) identifying through "Black Box" logic, existing

field compressor logic, or supply or delivery change of the predictive models, when a new
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compressor configuration may be required; (iil) transitioning to the new optimal solution as
quickly as possible; (iv) ensuring that the results are accurate through the verification process
of the Automated Calibration Tool; and (v) quantifying the results of the pipeline
optimization process through the Fuel Attainment process. Embodiments of the invention
may provide for significant fuel reductions in compressor stations, thereby resulting in

significant fuel savings while operating a pipeline.

[0071] Although the invention has been described with respect to certain
embodiments, the embodiments described herein are intended to be exemplary, rather than
limiting. Modifications and variations will occur to those of ordinary skill in the aﬁ, and may
be made without departing from the scope of the invention, which is reflected in the

following claims.
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WE CLAIM.:

1. A pipeline flow optimization system, comprising an upset condition handler
adapted to provide a multivariable controller with pipeline flow adjustments to handle one or

more upset conditions.

2. The pipeline flow optimization system of claim 1, further comprising:

a linepack transition handler adapted to calculate and implement transitions in
linepack in a pipeline system; and

administrative tools,

wherein the administrative tools are adapted to monitor the performance of the
pipeline system and provide data used to calibrate models used for steady-state and transient

modeling of the pipeline system.

3. - The pipeline flow optimization system of claim 2, wherein the transitions in

linepack are from a present optimal state to a future optimal state.

4. The pipeline flow optimization system of claiml, wherein the one or more
upset conditions comprise one or more conditions selected from the group consisting of an
intake flow less than a target intake flow, a discharge pressure greater than a target discharge
pressure, the discharge pressure at about a maximum operating pressure, a speed driver of a
compressor at about 100%, a speed driver of a compressor at about 0%, a cooler temperature
close to maximum, and flow conditions greater or less than contractual obligations at a

particular discharge point.
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5. The pipeline flow optimization system of claim 1, wherein the upset condition
handler:
calculates one or more adjustment factors indicative of a degree to which a
correction for a specific upset condition is required;
determines which of the one or more adjustment factors is to be applied; and
supplies an adjustment signal to the multivariable controller based on the one or more

applied adjustment factors.

6. The pipeline flow optimization system of claim 2, wherein the administrative
tools provide the data after finding consecutive hours of static operating conditions within the

pipeline system.

7. The pipeline flow optimization system of claim 6, wherein the administrative

tools provide the data after finding six consecutive hours of static operating conditions.

8. The pipeline flow optimization system of claim 2, wherein the administrative
tools monitor the performance of individual line segments and individual stations and provide
data used to calibrate models used for steady-state and transient modeling of the individual

line segments and individual stations.

9. The pipeline flow optimization system of claim 8, wherein the administrative
tools monitor the performance of coupled line segments and stations and provide data used to
calibrate models used for steady-state and transient modeling of the coupled line segments

and stations.
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10. A pipeline flow optimization system, comprising:

an upset condition handler;

a multivariable controller for controlling components of a pipeline system;

optimization software for calculating steady-state parameters of the pipeline system
and providing the steady-state parameters to the upset condition handler; and

a supervisory control and data acquisition system for acquiring pipeline system data,

wherein the upset condition handler receives the pipeline system data from the
supervisory control and data acquisition system and provides the multivariable controller

with pipeline flow adjustments to handle one or more upset conditions.

11.  The pipeline flow optimization system of claim 10, wherein the upset

condition handler is included within the multivariable controller.

12.  The pipeline flow optimization system of claim 10, wherein the one or more
upset conditions comprise one or more conditions selected from the group consisting of an
intake flow less than a target intake flow, a discharge pressure greater than a target discharge
pressure, the discharge pressure at about a maximum operating pressure, a speed driver of a
compressor at about 100%, a speed driver of a compressor at about 0%, a cooler temperature
close to maximum, and flow conditions greater or less than contractual obligations at a

particular discharge point.

13.  The pipeline flow optimization system of claim 10, wherein the upset
condition handler:
calculates one or more adjustment factors indicative of a degree to which a

correction for a specific upset condition is required;
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determines which of the one or more adjustment factors is to be applied; and
supplies an adjustment signal to the multivariable controller based on the one or more

applied adjustment factors.

14.  The pipeline flow optimization system of claim 10, wherein the upset
condition handler provides a warning to an operator in response to one or more upset

conditions.

15.  The pipeline flow optimization system of claim 10, further comprising
administrative tools, wherein the administrative tools are adapted to monitor the performance
of the pipeline system and provide data used to calibrate models used for steady-state and

transient modeling of the pipeline system.

16.  The pipeline flow optimization system of claim 10, further comprising a
linepack transition handler adapted to calculate and implement transitions in linepack in the

pipeline system.

17. A pipeline flow control system, comprising:

an optimizer for calculating steady-state parameters of a pipeline system;

a control unit for controlling pipeline system components that cause pipeline flow;

a data acquirer for acquiring pipeline system component data and pipeline flow data;
and

a control logic unit,
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wherein the control logic unit adjusts the steady-state parameters of the pipeline
system in response to an upset condition by analyzing the pipeline system component data

and the pipeline flow data and applying an adjustment factor to the control unit.

18.  The pipeline flow control system of claim 17, wherein the control logic unit
comprises:

an upset condition handler for analyzing the pipeline system component data and the
pipeline flow data; and

a multivariable controller for controlling the pipeline system components that cause

the pipeline flow.

19.  The pipeline flow control system of claim 18, wherein control logic unit
further comprises a linepack transition handler for calculating and implement transitions in

linepack in the pipeline system.

20.  The pipeline flow control system of claim 17, further comprising
administrative tools for monitoring performance of the pipeline system and providing data

used to calibrate models used for steady-state and transient modeling of the pipeline system.

21.  The pipeline flow control system of claim 17, wherein the upset condition
comprises one or more conditions selected from the group consisting of an intake flow less
than a target intake flow, a discharge pressure greater than a target discharge pressure, the
discharge pressure at about a maximum operating pressure, a speed driver of a compressor at

about 100%, a speed driver of a compressor at about 0%, a cooler temperature close to
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maximum, and flow conditions greater or less than contractual obligations at a particular

discharge point.

22.  The pipeline flow control system of claim 17, wherein the control unit and the

data acquirer are an integrated unit.

23. A method of handling transient conditions in a pipeline flow optimization
system, comprising:
calculating one or more adjustment factors, each adjustment factor being
indicative of a degree to which a correction is needed for an upset condition;
choosing at least one adjustment factor to apply to the pipeline flow
optimization system; and

applying a chosen adjustment factor.

24.  The method of claim 23, wherein applying the chosen adjustment factor
comprises automatically adjusting control parameters of the pipeline flow optimization

system.

25.  The method of claim 23, wherein applying the chosen adjustment factor

26.  The method of claim 23, further comprising:

prior to calculating the one or more adjustment factors,

determining whether to adjust a flow target; and

initializing a data array,
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wherein storing the one or more adjustment factors comprises storing adjustment

factors in the data array.

27.  The method of claim 23, further comprising storing the one or more

adjustment factors.
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Grocess Transition when a Future Nomination Is savad)

b

Obtaln the following most recent data from SCADA:
LoadCurrentNoeminationBaseModelintoOptimization
Software Save Discharge Temperature at Discharge Node for each compressor as TD(Station)(Nom1)
RunEMMOLoglcforPipeline Save Suction Temperature for each compressorasTS(Station)(Nom 1)
Save Flow for each comprassor as Flow(Station)(Nom1) Save Compressor Configuration as Compressor(StationNom 1)
Save InletsasFlow(Inlet)(Nom1) Save Suction Pressure for each compressor ation as Suction(Station)(Nom1)
Save Outlets asFlow(Outiet){Nom1) Save Discharge Pressure for each compressor slation as Discharge(Station{Nom1}
Save Ground Temperalure forNom1 Model asTG(Nom1)

StatefindsrisAvailable

"]
Obtainlinepackioreach pipeline sesgmentusing Catibration Modelas
Lp(Station{Nom1)

Yes———p]  Saveline packfrom Statefinderfor each pipeline segmentasLp(Station}{Nom1)

Load FutureNomination Base Modelinto OptimizationSoftware
RunEMMOLogicforPipsline

!

Save Compressor Configuration as Compressor(Station)}{Nom 2)
Save Flow pumped by each compressor asFlow{Station(Nom2)
Save Suclion Pressure for each compressorexiting a Pipeline sagment as Suction{Station)}{Nom2)
Save Discharge Pressure for each compressor exiling into a Pipeline ssgment asDischarge(Station)}{Nom2)

Retum from

Adjust
Linepack

*Save line packforeach pipeline ssgmentas Lp(Statton}{Nom2) ‘

|

Station=0

p(Station)(Nom1)
Lp(Station(Nom2)

LinePack LinePack
. Down U Station= Statlon+ 1‘

L

No Yos

Retum from
LinepackUp/
Down

End Populate compressor start/ stop timeson EMMO screen. if Yes
Transition Populale Future Flow Target& TIme Start on APO Interface Station<
Screen Last_Statio

'FIGURE 20



WO 2006/014372

Set Upstream Node:
Flow = Known = Flow(Stallon) (Nom2)  l«Yes
Pressure =Known = DPSE (Station)

21/37

Adjust
Linepack

Slatlon=0 i

PCT/US2005/023604

SOS‘,;M =1
All_HP_On(Station)=0

Discharge (Station) (Nom2) >
DPSE(Station)

Sel Upstream Node:
Flow = Known = Flow(Station) (Nom2)
Pressure = Known =
Discharge (Station) {Nom2)

ConnedPlpessgmen!(stallon)toPlpe le-Yes
segment (Station+1) with a valve

Sel Downstream Node of Pipesegment (Station+1):
Flow = Unlnown
Pressure = Unknown

Station=Station+1

Compressor{Station+1)
(Nom2) = Bypassed

Yes

Compressor{Station)
Nom2) = Bypassed

Set Downsiream Node of Pipe

Flow = Unkno

segment (Station):
wn

Pressure = Unknown

BalanceModel }-N"

Retum from
Adjust Linepack

Statlon

Station= Stalion+1 i

A

<
Last_Station

FIGURE 21
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Apply Compressor
StationConfiguration
from Nom1Solutio

y

HP(Stallon(Nom1))<

PCT/US2005/023604

22/37

LinePack

LinePack
Down b

LoadCalibratlon
Model

LoadCalibration
Model

Avallable

Avallable

HP(Station(Nom 1))>
Available Available
HP (Station(Nom2) HP(Station(Nom2)

Yes

y

Apply Compressor
StationConfiguratio
from Nom2Solutioj

SetUnitsForPacking(Station)=
Nom1

A2

Apply Compressor
StationConfiguration
from Nom1Solutio,

L

SetUnlisForPacking(Station)=
Nom2

SetUnitsForPacking(Station)=
Nom1

v

Apply Compressor
StationConfiguration
from Nom2Solutio

y

SetUnitsForPacking(Station)=
Nom2

r

Retum from
LinepackUp/

SelF_NP=1.0 ‘ SetF_NP=MinHF/MaxHP, ‘
Yes Station A ’
ypassed
No

'

Set Stationto Known.
SetInletand Outlet Flowsto Unknown.

Down ¢

Apply the Suction and Discharge Pressures from the average of the Instantaneous SCADA
andFuture NomInatlon'sSolution for each Station Average (Nom1 andNom2)

FIGURE 22
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Determine
Trangtion
Times

BalancethelLoadCalibrationModelto
compute the PumpRatesand Transition
FuelRates

'
| Station=0 ‘

Y

PumpRate(Station)=
Balanced(PumpRate(station))

Y
TransitionFuelRate(Station)=
Balanced(FuelRate(Station)) Station= Station +1 i

h

L4
NetPackRate(Station)=Flow(Station(Nom 1))

+Fuelrate(Station(Nom1))-Pumprate(Station
-TransitionFuelRate(Statlon)

Y

TimeToPackStation)=|{Lp(Station(Nom1)-Lp(Station{Nom2)}|/NetPaclRate(Station)

T2

' i
Retum M No s

< - tation<
] Last_Statio

FIGURE 23
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We must delemmine correct MVC Loop sowe
use comrect Change Cushion (UCC) when
caloulating compressorengine staritime.

UnitsForPacking
{Station)=Nom1

e Loop(Station)="-" ‘

r~—No

Yes
} |
Loop(Station) Loop(Station) Loop(Station) Loop(Station)
=8lation*24 =Station*2-§ =Station*24 =8tation*2 5

Transition
No Pack

p(Station)(Nom1)>
Lp(Station{Nom2)

Retum

FIGURE 24
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The followlng issynchronized withMVC. See
Variables Lists 1 & 2:

TS: Time future flow target becomeseffective,
UCC(Loop)is unit change cushion in hours.

Transition
Unpack

Transition
Pack

Flow Increase Yes i
! netHP change
'\b .
if
net HP Increase Yes
Y v
i . ) ¥ —
netHPChange Start Time="" | StatTime=TS '
Yes
StartTime=
StatTime=TS No TS-TimeToUnPackPackStation)-
UCC(Loop) :
A\ 4
I Start Time="" |
Retum

FIGURE 25
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( Scheduled Process; Called once perday )

Call Call Call
SegmentCalibration StationCalibration Model Variance
(<Model>,Yesterday, Today) (<Model>,Yesterday, Today (<Model>, Yesterday, Today)

ValidateSegment
Calibration

ValidateStation
Calibration

ValidateModel
Variance

l

Alarm Variances
toCalibration
Engineer

FIGURE 26
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Start Model Variance

User Enters Starting and
Ending Dates to Consider

Nomination
Dates Stored
In APO by
EMM

Read Nomination Dates between the
Stariling and Ending Times that the user |«
entered,

From Nomination
Pair 1

Yy

Determine the Hours during the Scada
Nomination that the Nominated [« Historical Data
Compressors were running, from Timeline

.

Determine the Starting and Ending times of the
Largest Block of Continuous Hours when the.
Compressor configuration remaitied constant.

LargeBlockStart := Start Block Date
LargeBlockEnd := End Block Date

)

Load Nom1 Nomination into the
Base Model

|

Replace Nomination Data in the
Model with Scada Actual Average
Data ( Average Data from
LargeBlockStart to

LergeBlockEnd

|

Run Balance

Scada
Historical Data
from Timellne

Scada
Historlcal Data

Y

Store Results at . :
Nom1 APO Database

¥

To The Last
Nominatlon Palr

N

FIGURE 27
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SlaﬂModeICalibralloﬁ

UserEnlers Starting and
Ending Datesto Consider

L

Nomination
DatesStored
In APOby
BvM

Read Nomination Datesbetween the
Startingand Ending Timesthatthe user
entered.

FromNomination
Pair

Detemmine the Hoursdutingthe Scada
NominationthattheNominated |« HistoricatData
Comptressors were running. fromTimeline

Determinethe Starting and Ending fimesofthe
Largest Blockof Continuous Hours when the
Compressor configuration remained constant,
LargeBlockStart := Start BlockDate
LargeBlockEnd =End BlockDate

g

LoadNom 1Nominationintothe
BassModel

!

ReplaceNominationDatainthe
Modefwith Soada Actual
Average Data (Average Data
from LargeBlockStart o

LargeBlockEnd

!

RunBalance

. Scada
HistoricalData
fromTimeline

Scada
HistoricalData

Store Results at .
Nom v

Y

To Thelagt
NominationPatr _—_——’

NS

APODatab

FIGURE 28
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RunSegmeniCallbration

StarlSegment Calibration{
(<Model>,Yesterday, Today

<Model> <SlarDale> <EndDale>)

|

ProcessPlpelineSegments

)

Updale APOReporis Modelwith Roughness,
cument constanisfrom EMMIO » efflclency, lau,
Model elo
¢’ ForeachPlpe
SegmentandDate
i palr
<Segment><Date
False Starlup Database:
1.- All Compressor Staflons Unknown &
Running

2. All compressorsAvallable, Running
&setlo default condltions

3, All Pipe Segmentssatto defaultinlet

&outlet pressure thal will balance

Run Solver Switch =1

Tue

N Processeach line segment

<Segment>
<Segment><INNodeQ>=<Archive><Segment><Date>.Q\ ;,nodo
’<Segment><lNNodeP>=<Arvhlve><Segmenl><Dale>.R,,,,,,d, .
True ™ | <Segment><iNnodeT>=<Archive><Segment><Date™.} 1node
<Begment><OUTNodeP>=<Archive><Segmeni><Date>.R o 1nod0
False
False
False . .
LastSegment <
True

Store Resulisto Database;
<Dalabase><Segment><Date>.Q- Calculated Flowfor Segment
<Database><Segment><Date>J-Calcculated Temperalure forSegment
<Database><Segment><Date>,Veloclfy Calculated Speed of Flow

1

LoopUntil

Last
. <Sggment><Date?;

\ Pailr / ) .

FIGURE 29
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ValldateSegmentCallbratio

Valldate
SegmeniCall,

BeginDale = Today -DDays
EndDate=Today

Foreach

PipeSegment

Determinelf “No_Data_Limi"hasbeenexceeded during the last
No_Data_LimitDays:
Ifnohitsoccurred duringthe timeframe, then
Add<Segment><Date>paltotheSegmentNoDataValidationQueue

FillHitQueue:
Search the database for Steady Slate hours that were stored
earllerbythe"SegmentCallbrationalgonthm.
Add the *Date” of each occumence to the <HilQueue> data
slructure.

CLETolalVanance=0
TaccuracyTotalVariance=0

Foreach<Date>
inthe<HitQueue>

data structure>

PCT/US2005/023604

User configurable paramoters:

D: Number of previous days to congder foralam

Alarm_LImit : Acceplable Average Varance over D

days.

No_Data_Limit - Acceptable number of days thata
Pipe Segmentiinuse can go without a SteadyState

occurrence, If no Sleady Stale occurrence for more
daysthan the limit, he syslem wili consldetthe Pipe

segmentoutofcalibration.

CLE=<Dalabase><Segmen\><DaleTIme>.g<Arch|ve><Segmenl><DateTlme>.Q
CLEVariance =100 -CLE
CLETotalVariance=CLETotalVariance+CLEVariance

¥

Taccuracy=<0atabase><Segment><Da(eTIme>.’EAI<Amhlve><Segment><Da(eT|me>.‘§c

TVarance =100 - Taccuracy

TaccuracyTotalVariance = TaccuracyT otalVariance + TVariance
: Y

CLEAvgVariance=CLETotalVariance/<HitQueue>.Count
T, “m;\ngariance=TaccuracyTo!alVarlance/<HItQueue>.Count

' I

Loop until Last ¥
Datein CLEAvgVariance >
<HtQueue> AlamLimit
Loop untilliast
PipeSegment

. m

FIGURE 30

Varlables and Structures:

CLE: Caloulaled LineEfficiency
deleminedfromtheSegmentCailbration
Routinefor<Segment><DateTIime>

CLEVariance : |100 -CLE|

HitQueue : a Data Struclure that containsa
sot of Dates when a Steady state condition
occured,

CLESegmentValidationQueue :aData
Structure that will contain all caseswhen a
Plpe segment wasout of an acceptable
calibrationrange duetoLineEfficiency.

T ccursc e0MentValidationQuevs :a
Data Structure that will conlain all cases
when a Pipe segment wasout of an
acceplable calibrationrangedueto Suction
Temperature Accuracy.

SegmentNoDataValidationQueue: a
Data structure that will contaln all cases
when a Pipe segment was in use and did
not have a Steady state occurrence.

Add<Segment><Date>
pairtothe
SegmentValidationQueup

¥
ToocumayVOVariance >
lamLimit

False

Tue

Add<Segment><Date> pairio the
TwouayegmentValidationQueue
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Inputparameters:

1. Model that contalnsall of the CompressorStationsofthe pipeline. The model iscapable of determining steady state conditionsforeach

31/37

gtationwhen populated with actual data fromthe pipeline. <Model>
2. A dtaring date: <StartDate>
3.A endingDate: <EndDate>

InputData:

1. An archive of data containing hourly measured values forthe sation, l.e. temperatures, pressures, and flows. <Archive>

OutputData:

Hourly Results from the Model when steady state conditionsoceurred.

Calledfrom
Scheduter

—»@r(s{at!onCallbratlon(<ModeI>.<S1arlDate>,<End Da@

Foreach STEADY-Thedeviationof

»  <Statlon>and the Measure value overthe

<Date> pair past 5 hoursisless than a
configurableamount.

If
<Archive><Station>.IsRunningAND
<Archive><Station> LoopsSteadyAND
<Archive><Station><EachLoop>.FlowlS STEADY

True
A 2

PCT/US2005/023604

PopulateModel fromHistoricalDatabase:
<Model><Station>.AmbientTemperature=<Archive><Station><Date> Temperature
<Model><Station>.SuctionPressure=<Archive><Station><Date>.SuctionPressure
<Model><Station>.Discharge Pressure = <Archive><Station><Date>.Discharge Pressure
<Model><Station>.Flow=<Archive><Station><Date> StationFlowAverage

<Model><Station>.Discharge Temperature=<Archive><Station><Date>.Discharge TemperatureAverage
<Model><Station>.CompressorsRunningStatuss<Archive><Station><Date>,CompressorsRunningStatus(s)
<Model><Station>.Compressors.oopStatus=<Archive><Station><Date>.Compressors.oopStatus(s)

|

Run‘Balance" Functionon
theModel

Store Resultsto Database:

<Database><Compressor><Date>. Statug, - Calculated Status (Running or Not Jfor compressor
<Databass><Compressor><Date>.Fue}, - Calculated Fuel for Compressor
<Database><Compressor><Date>.HR, - Calculated Horsspower for Compressor
<Database><Compressor><Date>.Pg, - Calculated Suction pressure for compressor
<Database><Compressor><Date>.P¢- Calculated Discharge Pressure for compressor
<Database><Compressor><Date>.T¢-Calculated Discharge Temperature forcompressor
<Database><Compressor><Date>.Speed, - Calculated Speed of compressor

¥

LoopuntilLast

Fa

<Station><Date

A

palr

FIGURE 31
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Archlve Isthe name of the Statlonitem Isan Enumeratedist
Database contalninghoury of attributes commonto a station.
historical SCADA data for Such asPs, Pd, Ts, Td etc.
measurementpolnts, Compressoritem |san
StationCalibration Isthenameof | Enumeratedlistofattibutes
Y theDatabasecontalningcalculated | common to a compressor. Such as
VerifySegment hourly datafrom Station Calibration. | Ps,Pd,Ts,Tdetc.
Callbration Calibration

|

Create Referenceto Calibration
Databases as (—
<Calibration>

Tioale Referonce 1o station

CalibrationAlam Configuration
Databases as
<

i =
/ Foreachltemin<StatlonCallbrationAlarm>

Obtain Referencesto

Calibratlon Database
Refrerenced hy:
<StatlonCalibration><Date Time><Station><Station>.ltem(Stationitem)}
<StatfonCalibration><Date Time><Station><Compressor>.ltem (Compressorite

Create Reference to Archive A';er;:\e’;n[g‘;g;“
Dif;if::fs N <Archive><DateTime><Station>.ltem(Stationitem)
<Archlve»<DateTime><Station><Compressor>.ltem(Compressoriiem)

A Data structure used lo determine when a data item is out of
calibration. The structure contains one object orrecord foreach
userconfigurable alam.

Each conflgurable alam F anArchived Scada datatemto
a Calculated Data ltem that wasgenerated and stored from the
StationCalibrationAlgorithm.

Refrerenced as

one Archive and one Calculated set of data <StationCalibrationAlam>
from the Archive and Calibration Databases l Each objectorrecord containsconfiguration for a single alarm
l with thefollowing elements:
Used to define the Scada Actual Measurement Point
' ActualDataltem.Station
oreach<DateTime>hourin ActualDalaltem.Compressor
] the last ' ActualDataltem.Stationltem
] <StationCalibrationAlam>, ActuaiDataltem.Compressorl
Days Used to define the Calculated Measurement Point
CalculatedDataltem.Station
l Caleul {1 (PRTY o) P o
CalculatedDataltem.Stationltem
fanerLoop Rouine Pseudocode) CalculatedDataltem.Compressoritem
difValue = {Archive data value forcument the hour) -
(Calculated data value forthe Cument hour) gonDﬂguralwn Htoms
difvalue =abs(difValue) - Days of data to use o
if (difValue >AllowedTolerance ) AllowedTolerancePercentage  uses|itemA-iemCi>
add alarm message to the “Station Calibration Alam Database” A:'°WEdT‘:'e"a"°e | ol
difValue% = (Archlve data value forCurrent the hour) / AlowedTolerance -uses|ltemA -ItemC}> AowedT olerance
(Catculated data value forthe Currenthour) NoDataAlarm - maximum number of days without a steady state
difvalue% = abs{100- difValue ) condltionstoallow withoutgenerafing an alarm.
H(dIfvalue%>AllowedT olerancePercentage)
add alamm message to the *Station Calibration Atarm Database”
store “difValue”and “difValue%"tothe “Station Calibration Alarm
Database"fortrending laterby a graphical tool.
e .
Station Calibration Alarm Database
LA Loopuntitthelast Stores generated Alamsthat can be stored using the following functionsas
Hour <StatlonCalibration>(<Station>,<DateTime>,<Stationltem>.Message)
<StationCallbration>{<Station>,<Compressor>,<DateTIme>,<Compressoritem>,Message)
Storesthe Trends that are used to determine If an alam should be generated using:
StationCalibration>(<Station>,<DateTime>,<Compressoritem>,doubleValue)
<StationCalibration>(<Station>,<Compressor>, <Date Time>,<Compressoritem > ,doubleValus)
Loopuntitlastitemin

<StationCalibrationAlarm

FIGURE 32
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Using Actual Condllions in Fuel Attelnment Model, compare
Theorellcal fuel lo Aclual fuel used over the conlinuous block of
hours when running HP remalns constan! at all compressor stalions.
Conslider Linepack change from beglnning 1o end of block. Nomtls
beglnning of block, Nom2 is end of blogk.

Nate:  All Historlcal pressures, flows, temperalures, elc.
are averaged from LargeBlockSiarl lo LargeBlockEnd.
Unil configuration is Actual = Nom 1 = Nom2 configuration.

Relurn

l

Delermine the Starling and Ending imes of the Larges! Block of Hours when running HP remalns conslant al all compressor stalions,
Then compute average flow, pressure & lemperature values for all data required by Base Model,
Then load actual compressure configurations & all averaged data inlo Base Model as described below:

'

Sel the Primary Inlel Suction pressures = suppliers historical dellvery Pressure at Stallon #1
Sel temperature at inlel node = historical lemperature.
For Supplles & Deliveries: Use Average Hislorical Flow

.

Set system outlet node to NodeType = N ‘

Y

Use the Historical Amblent alr temperature to calculate the available horsepower at the centrifugal units by setling the AmbientTemperature in
the GasCompressor Table = ambilent alr temperature at Columbus + k. Set LimitingOulletTemp in CC & RC tables = average cooler
temperature from SCADA (24 Hour running average) skipping times when stalion was bypassed. Set = unique constant = 180 if no cooler, All
constants should eventually end up in Engineers calibration table.

Set: Station = 0, TolGnd =0, SumGnd =0,

Compressor Station
is running In Nom1 Optimized

Compressor Station is
running in SCADA

If Station has multiple
suction headers

No Yeos —3
1: In GasNode Table, set NodeType (Suclion Node) = QF

No

! |

1: Set all compressor STATUSes same as SCADA. Online if-running, Offline if not. Yes
2: For each Online Compressor: Add average of Nom1& Nom2 suction temps to

TotGnd, Add 1 to SumGnd.

3: Set discharge pressure Node to BF
4: Set Node Pressure = Average Historical Pressure
5: Set compressor slatlon on Discharge Control
6: Sel PDMAX in Compressor Station = Average Historical Pressure
7: Set ValveUtilization = 0

2: In GasCornpressor Table, sel Status ="
3: In GasCompressor Table, set ValueKUlilized = 5000000

f suction node is
Type BF

No 4

I—bl Set compressor io UNKNOWN ‘ r Set suction node lo Type = QF ‘

No—p| ©round Temperalure = Balance Solver Pege 2
TotGnd / SumGnd (Flag if Infeasible)

Yes

A 4

Multiple
Suction
Headers

if
Station <
Last_Station

Station + 4 Yes

FIGURE 33
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UtilizedPowerOrfraction<
0.951In GasCompressortabie
of Header #1 compressors

Yasj

1: In GasNode Table, set Header#1NodeType =QF j

Header#1P
<
Header#2P

Multiple |
Suction
Headers,

UtilizedPowerOrfraction<
0.95In GasCompressortable
of Header #2 compressors

rYes

2: Remove valye separaling headers ‘

2: Remove valve ssparaling headers

1: In GasNode Table, sst Header#2 NodeType = QF

A 4

BalanceSolver
(Flagifinfeasibie)

No
Y
*Save Compressor Configuration as Compressor{Station)(Nom1)) l
*Save Flow for each compressar sesgment as Flow(Station{Nom1))
*Save Fuel Rate for each compressar segment as 1: Set all compressor STATUSes same as SCADA.
FuelRate(Station(Nom1)) Onlineif running. Offtinetfnot.
2: Set Services same as SCADA.

Page3d

Uss firg service

Yes

_nly one Seivicebeing used

fService

A

with highest Suction
Pressure in SCADA

1: Set discharge pressure Node to Type =BF
2: Set Node Pressure = Average Historical Discharge Pressure
3: Setcompressor station on Discharge Controt
4: Set MaximumDischargePressure in GasCompressor Table =
Average Historical Discharge Presstre

If suction node ls
TypeQF

Yes
|

1: Set MinimumSuctionin GasCompressorTable =Average Historical Supply
Pressure
2: Set BRControl Node Pressure = Average Supplier Historical Pressure -,001
3: Set BR SetPressure = Average Supplier Historical Pressure -.001

Yeos —

Setsuction node to Type = BF
Set compressor to Unknown

Return from
Multiple
Suction
Headers,

FIGURE 34
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Note! Time-Spanunits=Days
BeginningtimelsNomttime
EndingtimelsNom2lime

Page3

Compute&saveendinglnstantaneousLinepackiNom2),

Compule&savebsginninginstantaneouslinepack(Nom1), '

|
| Stallon=0 i

Station=Station+1 ‘#

LoadCalibration No Station Yes
Model Bypassed
y
ApplyCompressoiStationConfiguration SetUnlisForPacking(Station)=
. from Nom 1Solution. Nom1 -

LinePackisgoingDown., -
Usemaximum HPlounpack Useminimum HP{o pack

¥ '

SelF_NP=1.0 ‘ SetF_NP=MinHP/MaxHpP. ‘

l ;
|

SetCompressorLoop toKnown: Statusin GasCompressorTable =Blank
Setintetand OutletFlowNodesto Unknown: Type =P Yes

Applythe Suction and Discharge Pressuresfrom the averageofthe Nom 1 & Nom 2SCADA values.
AtCentrifugalstations,setAmblentTem peratureinGasCompressorTable =ambientalrt tureatColumbus+k.

P

LinePackisgoingUp.
Lp(Station(Nom2)

Page4 No Station<
e Lasi_Station

FIGURE 35
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Paged

BalancetheloadCallbrationModelio
compuleeachStation'sPumpRaieand
TransitionFuslRate

'
! Slalion=0

Station=Station+1

PumpRate(Station)= No Stalion Yes
-Balanced(PumpRate(station)) Bypassed
~ NetPackRate(Station)=Fiow(Stalion(Nom 1))+
g E::ﬁg:g&ﬁf,%:‘é‘g&?&% Fuelrate(Station{Nom 1))-Pumprate(Station
TransitionFuelRate(Station)
L Tim eToPack(SlalIon)=|[Lp(StaHon(Nom1)-Lp(StatIon)(Nom2)]!/NelPaclRale(Staﬂon) ‘
L BaseFuel(Statlon)=(NomInatlonDale(Nom2)—NominatlonDa(e(Nom)—TimeToPack(Sla(lon))“Flow(Slation(Nom1 ) |

L TransllionFuel{Stalion)=TimeT oPack(Station)*TransltionFuelRate(Station(Nom 1)) |
i Yes

I To!alFuel(Slallon)=BaseFue|(SiallonHTransitionFuel(Station) I

l TotalFu elRate(statlon)=To(alFueI(Statlon)l(NomlnaﬂonDate(Nomz}Noml natlonDate(Nom 1)) l

No Stallon<
Last_Station

Theoretical Fuel=Sum(Total Fuel,on-1.d
SCADAFuel = Sum (ActualFuslRatey g4 TIme-Span

LastNomination?
%FuelAttalnmient=100*SCADAFuel/T heoretical Fuel

FIGURE 36
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. Oy
Fuel Attainment Variances o«
S

Stalic Budgel \

Acwal
Produgction

Fuel.Used { MMCF)

- /‘,‘
N %

%Varlance

FIGURE 37
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