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(57) Abstract: Apparatus, such as a pump controller, features a signal processor configured at least to: receive signaling containingo information about a linear set point control curve based at least partly on an adaptive set point control curve related to fluid being
pumped by a pump in a pumping system, and determine a control set point based at least partly on the signaling received. The signalo processor may be configured to provide a control signal containing information to control the pump based on the control set point
determined.



DYNAMIC LINEAR CONTROL METHODS
AND APPARATUS FOR VARIABLE SPEED PUMP CONTROL

CROSS REFERENCE TO RELATED APPLICATION

This application claims benefit to provisional patent application no.

61/576,737, filed 16 December 201 1, which is hereby incorporated by reference in

its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a technique for controlling the operation of a

pump; and more particularly, the present invention relates to a method and

apparatus for controlling the speed of a pump, e.g., for domestic and commercial

heating or cooling water systems.

2. Brief Description of Related Art

Figure 1(a) shows a secondary variable speed pump control hydronic heating

and cooling system that is known in the art, and Figure 1(b) shows a water booster

pumping system that is also known in the art. Recently, issues regarding energy

saving and environmental protection in such pumping systems have been addressed

dramatically. Increasing more attention is being paid to hydronic pump control

applications, including pump controls for domestic and commercial heating and

cooling water pumping or circulating systems, water booster pumping systems, and

so forth, like those shown in Figures 1(a) and (b) with their characteristics that may

be dynamic and unknown in nature. To reduce energy consumption and operation

costs, some known adaptive control approaches have been proposed.



For example, U.S. patent application serial no. 12/982,286, filed 30 December

201 0 (File nos. F-B&G-1 001 //91 1- 19.001 ) , which is assigned to the assignee of the

instant patent application and hereby incorporated by reference in its entirety,

discloses an adaptive control scheme for hydronic heating and cooling pumping

systems as well as for water booster pumping systems, consistent with that shown in

Figures 1(a) and (b) schematically. Figure 1(c) shows a graph having various

functions plotted using known system curve equations, e.g. , including a pump curve,

an instant system curve, a constant control curve, an equivalent system curve (as

designed), an adaptive control curve and a distribution loss curve. A pressure set

point, P* , with respect to a flow rate requested, Q* , can be calculated and/or

determined from the equation of ' {t)l c {t) +b, where the adaptive control

curve, ( , may be obtained from the flow equation together with a moving

average filter. With this adaptive approach, the adaptive control curve to obtain the

pressure set point is much closer to the equivalent system curve which represents

the minimum pressure needed to maintain the flow rate requested, consistent with

that shown in Figure 1(c). Because of this, pumping system operation energy may

be saved using this adaptive approach.

SUMMARY OF THE INVENTION

The present invention provides an improvement on the adaptive control

scheme set forth in the aforementioned U.S. patent application serial no. 12/982,286.

According to some embodiments, the present invention may take the form of

apparatus , such as a pump controller, featuring a signal processor configured at

least to:



receive signaling containing information about a linear set point control

curve based at least partly on an adaptive set point control curve related to

fluid being pumped by a pump in a pumping system, and

determine a control set point based at least partly on the signaling

received.

Embodiments of the present invention may also include one or more of the

following features :

The signal processor may be configured to provide a control signal containing

information to control the pump based at least partly on the control set point

determined.

The linear set point control curve is derived from the adaptive set point control

curve with respect to system flow and pressure, including being derived by the signal

processor.

The signal processor may be configured to determine the linear set point

control curve based at least partly on the following equation:

P'(t) =PQ'(t)/Qm +b ,

where P0 is a constant pressure set point,

Q' (t) is a requested flow rate

is a maximum system flow rate,

a 's a maximum adaptive flow rate, and

b is a pressure threshold.

The signal processor may be configured to determine a system flow rate as a

summation of each individual zone flow rate, based as least partly on the following

equation:



β' ( =
i=l

' (') ,

where Q * is a flow rate at zone i and n is the total number of zones.

The signal processor may be configured to determine the system flow rate if

zone temperature control parameters are used, based at least partly on the following

equation:

- Touldoor ) ,

where T * is a temperature set point for zone i ,

ft a s a maximum flow rate to obtain a maximum temperature,

Ti is designated for a zone i ,

o door
s n e outdoor temperature, and

is a compensate coefficient.

The signal processor may be configured to determine a requested flow rate

(t) based at least partly on the following equation :

,

where r - b0 / P0 ,

C ( ) is an instant system curve,

C v (t) = MA{Q{t ) l j P t is the adaptive set point control curve,

Q a s a n adaptive maximum flow,



(0 is a corresponding maximum system curve, and

P0 is a constant pressure set point.

The signal processor is configured to determine a pressure set point from the

adaptive control curve directly based at least partly on the following equation :

The signal processor may be configured to determine the control set point

based at least partly on the requested flow rate Q * and derived from the adaptive set

point control curve.

The apparatus may further include at least one memory including computer

program code; and the at least one memory and computer program code are

configured to, with at least one processor, cause the apparatus at least to:

receive the signaling ; and

determine the control set point based at least partly on the signaling received.

The apparatus may include, or take the form of, a pump control or controller,

including a PID control, having the one signal processor.

According to some embodiments, the present invention may takes the form of

a method including steps for receiving in the signal processor signaling containing

information about the linear set point control curve based at least partly on the

adaptive set point control curve related to fluid being pumped by the pump in the

pumping system, and determining in the signal processor the control set point based

at least partly on the signaling received.

The present invention may also, e. g ., take the form of a computer program

product having a computer readable medium with a computer executable code



embedded therein for implementing the method, e.g., when run on a signaling

processing device that forms part of such a pump controller. By way of example, the

computer program product may, e. g., take the form of a CD, a floppy disk, a

memory stick, a memory card, as well as other types or kind of memory devices that

may store such a computer executable code on such a computer readable medium

either now known or later developed in the future.

One advantage of the present invention is that it can contribute to the overall

reduction of energy consumption and operation costs, including, e.g., the secondary

variable speed pump control hydronic heating and cooling system shown in Figure

1(a) and the water booster pumping system shown in Figure 1(b).

BRIEF DESCRIPTION OF THE DRAWING

The drawing includes the following Figures, not drawn to scale:

Figure 1 includes Figures a , 1b and 1c, where Figure 1a is a diagram of a

secondary variable speed pump control hydronic heating or cooling system that is

known in the art; where Figure 1b is a diagram of a water booster pumping system

that is known in the art; and Figure 1c is a graph of flow (GPM) in relation to foot

head pressure for implementing an adaptive control technique based on an adaptive

control curve in which the hydronic power saved = dP*Q' at a flow rate of Q' ,

consistent with that known in the art.

Figure 2 is a block diagram of apparatus according to some embodiments of

the present invention.

Figure 3 is a graph of is a graph of system pressure in relation to flow (GPM)

for implementing an adaptive control technique based on a linear set point curve



derived from adaptive and constant control curves, according to some embodiments

of the present invention.

Figure 4 is a graph of is a graph of system pressure in relation to flow (GPM)

for implementing a linear adaptive control technique based on determining a request

flow Q , according to some embodiments of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Figure 2 shows the present invention in the form of apparatus 10, such as a

pump controller, featuring a signal processor 12 configured at least to receive

signaling containing information about a linear set point control curve based at least

partly on an adaptive set point control curve related to fluid being pumped by a pump

in a pumping system, and determine a control set point based at least partly on the

signaling received. The signal processor 12 may also be configured to provide a

control signal containing information to control the pump based at least partly on the

control set point determined. The apparatus 10 may include, or take the form of, a

pump control or controller, including a PID control, having the signal processor 12.

Figure 3

Figure 3 shows a graph having various functions plotted using known system

curve equations, e.g., including a pump curve, a constant control curve, a dynamic

linear control curve, an equivalent system curve, an adaptive control curve and a

distribution loss curve. In the adaptive approach according to that set forth in Figure

3 , the control set point is obtained from, and based at least partly on, a linear set

point curve derived from the adaptive and constant control curve.



In operation, according to some embodiments of the present invention, the

dynamic linear control curve may be derived from the adaptive control curve with

respect to system flow and pressure, consistent with that shown in Figure 3 . By

using this adaptive approach, the pressure set point P* may be obtained easily. Most

importantly, it makes an adaptive pump control means achievable for a system

configuration without a need to have all zone flow rate signals available specially.

By way of example, following the linear adaptive approach, the set point curve

with respect to a flow rate requested at any time t can be written as

where P0 is the constant pressure set point, is the maximum system flow rate,

ma is the maximum adaptive flow rate, b is a pressure threshold, and

C v (r) = is the adaptive control curve, consistent with that set forth in

the aforementioned U.S. patent application serial no. 12/982,286 . can be

obtained directly through a moving average filter or through a moving peak detector,

preferably upon the instant system characteristics.

The adaptive technique herein can be used to trace any varying or unknown

system characteristics and to set up the control set point accordingly when the flow

rate of Q ' (\) is known. In this case, the system flow rate can be expressed as the

summation of each individual zone flow rate approximately as



where , (t) is the flow rate at zone i and n is the total number of zones.

If the zone temperature control parameters are used, Eq. (2) may be rewritten

Q ) = ,™ T (t) - T
OUTDOOR

) l T MA - T
OULDOOR

) , (3)
= 1

where T * is the temperature set point for zone i , QI M
is the maximum flow rate to

obtain the maximum temperature TJ A
designated for zone i , T

OUTDOOR
is outdoor

temperature, and is a compensate coefficient. T * may be the water temperature

set point leaving water heating or cooling exchanger coils or the temperature set

point on the thermostat for circulator or control valve signals, respectively.

According to some embodiments of the present invention, control curves and

means for hydronic pumping systems set forth herein may include using such a

dynamic linear set point curve in Fig. 3 and its corresponding expression in Eq. (1)

with respect to system flow and pressure respectively. Here, the system flow rate at

any time t can be expressed in forms of the summation of zone flow rates, Eq. (2), or

zone temperatures, Eq. (3), which are requested and known.

Figure 4

Figure 4 shows a graph having various functions plotted using known system

curve equations, e.g., including a pump curve, a constant control curve, a linear

adaptive control curve, an instant system curve, an equivalent system curve, an



adaptive control curve and a distribution loss curve. In the adaptive approach

according to that set forth in Figure 4, the requested flow rate, Q' , is calculated or

determined specially.

In many hydronic systems and applications, however, the zone flow rate

signals or zone temperature signals in Eqs. (2) and (3) are not always available or

are too expensive to be obtained. For these types of scenarios, an alternative

version of the linear adaptive control means is set forth consistent with that shown in

Figure 4 schematically. In this adaptive approach, according to some embodiments

of the present invention, the system flow rate requested, ' , may be calculated

and/or determined from the intersection of the instant system curve and the linear

adaptive curve, while the pressure set point can then be obtained from the adaptive

control curve based on the requested flow rate * accordingly.

By following this approach, the flow rate requested, Q , can be derived as

, (4)

and the pressure set point may be derived from the adaptive control curve directly as

where r = bQ/ P0 , Cv t ) is the instant system curve, is the adaptive maximum

flow, and c t ) is the corresponding maximum system curve. Here, the adaptive

control curve may be obtained from a moving average filter or a moving peak



detector upon the flow informative equation. Preferably, Q C v t ) may be

obtained by using a moving peak detector. Equation (5) together with (4) may be

used to set up the control pressure set point in any hydronic system with zones flow

rates regulated by control valves primarily, since the system characteristics is utilized

to obtain the flow rate requested.

To obtain the instant system curve C (f) by using the flow equation, both the

instant system pressure and flow rate may need to be known. In many practice

applications, the system flow rate may not be always available. For that, one of those

motor operation parameters, such as speed, torque, power or current ratings, may

be utilized to calculate the flow rate with a linear approximation alternatively. If

available, a sensorless inverter which yields the system flow rate and pressure from

motor speed and power based on pump and system calibration data may be used as

well.

To apply the control pressure set point models proposed herein in a control

system, the certain amount of sensors monitoring and signaling, transmitting and

wiring technologies may need to be provided. Among those, the wireless sensor

signals transmission technologies or sensorless pump control technologies may

provide some optimal and better solutions.

In effect, according to some embodiments of the present invention, control

curves and means for hydronic pumping systems mentioned herein may include

such using dynamic linear set point curves in Fig. 4 and its corresponding

expressions in Eqs. (4) and (5) respectively. Here, the system flow rate requested

may be calculated and/or determined by using Eqs.- (4) and (5), when the zone flow

rate or zone temperature signals are not available. In cases where the system flow

rate is not available, one of the motor operation parameters including speed, torque,



power or current ratings may be utilized to calculate the flow rate with a linear

approximation alternatively. If available, a sensorless inverter which yields the

system flow rate and pressure from motor speed and power based on pump and

system calibration data may be used as well.

In general, by using the linear adaptive control means according to the

present invention, the pump operations energy can be saved significantly. The

methods are simple, feasible, and can be integrated easily into any pump control

hydronic system including close loop heating and cooling control systems as well as

open loop water booster pumping systems.

The Apparatus 10

By way of example, the functionality of the apparatus 10 may be implemented

using hardware, software, firmware, or a combination thereof. In a typical software

implementation, the apparatus 10 would include one or more microprocessor-based

architectures having, e. g., at least one signal processor or microprocessor like

element 12. A person skilled in the art would be able to program such a

microcontroller (or microprocessor)-based implementation to perform the

functionality described herein without undue experimentation. The scope of the

invention is not intended to be limited to any particular implementation using

technology either now known or later developed in the future. The scope of the

invention is intended to include implementing the functionality of the processors 12

as stand-alone processor or processor module, as separate processor or processor

modules, as well as some combination thereof.

The apparatus may also include other signal processor circuits or components

14, e.g. including random access memory (RAM) and/or read only memory (ROM)



like element 14, input/output devices and control, and data and address buses

connecting the same, and/or at least one input processor and at least one output

processor .

Possible Additional Applications

Consistent with that disclosed herein, the control means for heating or cooling

water systems as well as pressure booster systems may include the dynamic linear

set point curves and means. With the new approaches, the control curve is much

closer to the system curve and the operation energy cost on pump control may be

reduced significantly.

Consistent with that disclosed herein, the hydronic systems mentioned herein

may include primary pumping systems, secondary pumping systems, water

circulating systems, and pressure booster systems. The systems mentioned herein

may also consist of a single zone or multiple zones.

Consistent with that disclosed herein, the systems mentioned above may

incliide manual or automatic control valves, manual or automatic control circulators,

or their combinations.

Consistent with that disclosed herein, the input processing control signals for

pumps control may include system pressure or differential pressure, zone pressures

or differential pressures, system flow rate or zone flow rates. The other input process

signals may also include power, torque, motor speed, and so forth.

Consistent with that disclosed herein, the control signals generating and

monitoring, transmitting and wiring technologies may include all conventional

sensing and transmitting means that are used currently. Preferably, sensorless



pump control technologies as well as wireless sensor signals transmission

technologies may provide optimal and favorable solutions.

Consistent with that disclosed herein, the pumps mentioned here for hydronic

pumping systems may include a single pump, a group of parallel ganged pumps, a

group of serial ganged pumps, or their combinations.

Consistent with that disclosed herein, the pumps staging/destaging as well as

alternating means may include all conventional means that are used currently.

An Example of an Adaptive Control Curve

Consistent with that set forth in the aforementioned U.S. patent application

serial no. 12/982,286, and by way of example, a person skilled in the art would

appreciate and understand that an adaptive control curve, SAMA, , can be obtained

from instant pressure and flow rate signals through an adaptive moving average filter

based at least partly on a system flow equation in a self-calibrating manner as

follows:

where the function AMAF is an adaptive moving average filter function, and the

parameters Q and ∆ Ρ are instant system flow rate and differential pressure

respectively.

In the aforementioned U.S. patent application serial no. 12/982,286, a control

pressure set point was obtained from the adaptive control curve with respect to the

instant flow rate or a moving average flow rate as



SP, = MA(Q, ) * SAMA, +b, (2)

where the function MA is a moving average filter function (MA) and the parameter b

is a small constant pressure offset. Noted that the function AMAF could also be

replaced by a moving average filter function (MA) or any other similar adaptive filters,

respectively, either now known or later developed in the future. The scope of the

invention is not intended to be limited to the type or kind of filter function. The

adaptive control curves and technique for pump control for domestic and commercial

heating or cooling water systems may also include a threshold at the beginning of

the control curve for accommodating pump minimum speed.

For a system with arbitrary distribution characteristics of which the differential

pressure P(x,t) is a function of flow rate Q(x,t) with flow rate percentage x and time

t , the adaptive control curve and the set point may then be rewritten as follows:

SAMA = , (3)

and

SPXJ = MA Q ) * SAMAXI + b . (4)

Here, the function AMAF is a 2D adaptive moving average filter with respect to

an instant system flow rate percentage x and time t , respectively.



Techniques for Deriving One Equation From Another Equation

Techniques for deriving one equation from another equation, e.g., such as

deriving the linear set point curve from the adaptive and constant control curve as

set forth herein, are known in the art, and the scope of the invention is not intended

to be limited to any particular type kind or way of technique, or any particular way of

doing so, either now known or later developed in the future.

The Scope of the Invention

It should be understood that, unless stated otherwise herein, any of the

features, characteristics, alternatives or modifications described regarding a

particular embodiment herein may also be applied, used, or incorporated with any

other embodiment described herein. Also, the drawings herein are not drawn to

scale.

Although the present invention is described by way of example in relation to a

centrifugal pump, the scope of the invention is intended to include using the same in

relation to other types or kinds of pumps either now known or later developed in the

future.

Although the invention has been described and illustrated with respect to

exemplary embodiments thereof, the foregoing and various other additions and

omissions may be made therein and thereto without departing from the spirit and

scope of the present invention.



WHAT WE CLAIM IS:

1. Apparatus comprising:

a signal processor configured at least to:

receive signaling containing information about a linear set point control curve

based at least partly on an adaptive set point control curve related to fluid being

pumped by a pump in a pumping system, and

determine a control set point based at least partly on the signaling received.

2. Apparatus according to claim 1, wherein the signal processor is configured

to provide a control signal containing information to control the pump based at least

partly on the control set point determined.

3. Apparatus according to claim 1, wherein the linear set point control curve is

derived from the adaptive set point control curve with respect to system flow and

pressure, including being derived from by the signal processor.



4 . Apparatus according to claim 1, wherein the signal processor is configured

to determine the linear set point control curve based at least partly on the following

equation:

where P is a constant pressure set point,

Q' {\) is a requested flow rate

is a maximum system flow rate,

is a maximum adaptive flow rate, and

bQ is a pressure threshold.

5 . Apparatus according to claim 4, wherein the signal processor is configured

to determine a system flow rate as a summation of each individual zone flow rate,

based as least partly on the following equation:

β · ( ) = *( .

where Q * is a flow rate at zone i and n is the total number of zones.



6 . Apparatus according to claim 5, wherein the signal processor is configured

to determine the system flow rate if zone temperature control parameters are used,

based at least partly on the following equation:

T* {t)-T r ) l - T
OMdoor

) ,

where T* is a temperature set point for zone i ,

Qi na is a maximum flow rate to obtain a maximum temperature,

Ti a is designated for a zone i ,

outdoo r s tne outdoor temperature, and

is a compensate coefficient.

7 . Apparatus according to claim 1, wherein the signal processor is configured

to determine a requested flow rate Q' (t) based at least partly on the following

equation:

= ( 1 - r)Cv t)l C + l + r Cv t / C t ) /(l - r )J 0 I 2 ,

where r = b0 / P ,

Cv (f) is the instant system curve,

C v(r) = MA Q t)/ l P t)) is the adaptive control curve,

is the adaptive maximum flow,

C (0 is the corresponding maximum system curve, and

P is the constant pressure set point.



8 . Apparatus according to claim 7, wherein the signal processor is configured
*

to determine a pressure set point from the adaptive control curve directly based at

least partly on the following equation:

9 . Apparatus according to claim 1, wherein the signal processor is configured

to determine the control set point based at least partly on a requested flow rate Q' {\)

and derived from the adaptive set point control curve.

10. Apparatus according to claim 1, wherein the apparatus further comprises

at least one memory including computer program code; and the at least one memory

and computer program code are configured to, with at least one processor, cause

the apparatus at least to:

receive the signaling ; and

determine the control set point based at least partly on the signaling received.

1. Apparatus according to claim 1, wherein the apparatus may include, or

take the form of, a pump control or controller, including a PID control, having the

signal processor.



12. A method comprising:

receiving in a signal processor signaling containing information about a linear

set point control curve based at least partly on an adaptive set point control curve

related to fluid being pumped by a pump in a pumping system, and

determining in the signal processor a control set point based at least partly on

the signaling received.

13. A method according to claim , wherein the method comprises providing

with the signal processor a control signal containing information to control the pump

based at least partly on the control set point determined.

14. A method according to claim 12, wherein the method comprises

determining with the signal processor a requested flow rate Q' based at least partly

on the signaling containing information about an intersection point between the linear

set point control curve and the adaptive set point control curve, including the

intersection point at a maximum adaptive flow rate, .



5. A method according to claim 12, wherein the method comprises

determining with the signal processor the linear set point control curve based at least

partly on the following equation:

where P0 is a constant pressure set point,

* (t) is a requested flow rate

m 's a system flow rate,

is a maximum adaptive flow rate, and

b0 is a pressure threshold.

16. A method according to claim 15, wherein the method comprises

determining with the signal processor a system flow rate as a summation of each

individual zone flow rate, based as least partly on the following equation:

β ( = ( ) ,
i=l

where 2 * (t) is a flow rate at zone i and n is the total number of zones.



17. A method according to claim 16, wherein the method comprises

determining with the signal processor the system flow rate if zone temperature

control parameters are used, based at least partly on the following equation:

(0 = Qi a - Touldoor Ti m - Toutdoor) ,
=l

T * is a temperature set point for zone i,

Qi. a s a maximum flow rate to obtain a maximum temperature,

Ti t is designated for a zone i ,

utd o is tne outdoor temperature, and

is a compensate coefficient.

18. A method according to claim 12, wherein the method comprises

determining with the signal processor a requested flow rate Q' {\) based at least

partly on the following equation:

Q' (0 = ( 1- r)Cv (0 / (0(1 + + 4r(Cv0)/CAt)) 2/(l - r p 12 ,

where r - b / P ,

C (i) is the instant system curve,

( = is the adaptive control curve,

is the adaptive maximum flow,

c t) is the corresponding maximum system curve, and

P0 is the constant pressure set point.



19. Apparatus according to claim 18, wherein the signal processor is

configured to determine a pressure set point from the adaptive control curve directly

based at least partly on the following equation:

P * t ) = Q * (t)/ c (t)) 2 .

20. A method according to claim 12, wherein the method comprises

determining with the processor the control set point based at least partly on the

requested flow rate Q * (t) and derived from the adaptive set point control curve.

2 1 . A method according to claim 10, wherein the method comprises

configuring the signal processor with at least one memory including computer

program code; and causing the signal processor and at least one memory at least to:

receive the signaling; and

determine the control set point based at least partly on the signaling received.

22. Apparatus comprising:

means for receiving signaling containing information about a linear set point

control curve based at least partly on an adaptive set point control curve related to

fluid being pumped by a pump in a pumping system, and

means for determining a control set point based at least partly on the

signaling received.



23. Apparatus according to claim 22, wherein the apparatus further comprises

means for providing a control signal containing information to control the pump

based at least partly on the control set point determined.

24. Apparatus according to claim 22, wherein the means for determining

determines a requested flow rate Q' based at least partly on the signaling containing

information about an intersection point between the linear set point control curve and

the adaptive set point control curve, including the intersection point at a maximum

adaptive flow rate, Q .
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