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A CONTROL SYSTEM FOR DISTRIBUTED PUMPING IN A THERMAL
ENERGY DISTRIBUTION SYSTEM

Description

TECHNICAL FIELD

[01] The present disclosure is directed to a conftrol system and a
method for distributed pumping in a thermal energy distribution system,
in particular for use in a heating, cooling, ventilating, and/or air-condi-

tioning (HVAC) system of a building.

BACKGROUND

[02] Forinstance, a thermal energy distribution system for heating
and/or cooling may be a hydronic system for fransporting thermal en-
ergy between a thermal energy source and a thermal energy tfransfer
element, e. g. a heat exchanger. Typically, such thermal energy distri-
bution systems comprise at least two system branches being arranged
in parallel to each other, wherein each of the system branches com-
prises at least one thermal energy transfer element, e. g. a liquid-air
heat exchanger. The system branches may be fed by a feeder branch,
wherein the feeder branch comprises a thermal energy source for
providing a supply flow of thermal energy (hot or cold) into the parallel

system branches.

[03] Typically, the fluid flow through a system branch is controlled by
a valve. The valve is typically closed-loop temperature-controlled, so

that the opening degree of the valve allows a certain fluid flow through
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the system branch to achieve a target temperature by means of the

thermal energy transfer element that is installed in that system branch.

[04] EP 3734396 B1 describes a so-called “distributed pumping” sys-
tem, in which the flow through the system branches is controlled by
speed-controlled pumps rather than valves. As opposed to using valves
for regulating a flow in a system branch, distributed pumping by a
pump in each consumer branch has the advantage of lower pressure
losses due to the inevitable hydraulic resistance added by valves. Dis-

tributed pumping can thereby save pumping energy.

[05] Furthermore, a flow regulation by valves has the disadvantage
that additional pressure compensating valves or smart pressure inde-
pendent balancing control valves (PICVs) are necessary to avoid that

parallel system branches affect each other.

[06] Itis, however, a technical challenge to perform the distributed
pumping, i. e. to control the speed-controlled pump(s) in each system
branch, in such a way that the full capacity range of a thermal energy

transfer element in a system branch is efficiently used.

SUMMARY

[07] The control system and method for distributed pumping accord-
ing to the present disclosure provides a solution to the problem of per-
forming the distributed pumping, i. e. the controlling of the speed-con-
trolled pump(s) in each system branch, in such a way that the full co-
pacity range of a thermal energy transfer element in a system branch is

efficiently used.

[08] According to a first aspect of the present disclosure, a control
system is provided for distributed pumping in a thermal energy distribu-

tion system, wherein the thermal energy distribution system comprises at
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least two system branches being arranged in parallel to each other,
wherein
- apump assembly is installed in one of the system branches compris-
ing a thermal energy fransfer element and at least one temperature
5 sensor for providing a measured temperature value that is affected
by an output power of the thermal energy transfer element, and
- the pump assembly is configured to control and provide a fluid flow
through said system branch, wherein the output power of the thermal
energy transfer element scales non-linearly with the fluid flow through
10 said system branch,
characterised in that
the control system is configured to provide a pump actuation signal for
operating the pump assembly in a closed-loop control with the meas-
ured temperature as a feedback signal to control the fluid flow through
15 said system branch, wherein the control system is further configured to
apply a non-linear correction function in the closed-loop control such
that the output power of the thermal energy transfer element scales lin-

early with the pump actuation signal.

20 [09] Thus, itis the inventive idea to use a non-linear correction function
to compensate for the non-linear scaling of the output power of the ther-
mal energy transfer element with the fluid flow. As a result, the full ca-
pacity range of the thermal energy transfer element can be efficiently
used. In absence of the non-linear correction function, the control sensi-

25 ftivity for the output power of the thermal energy transfer element would
undesirably change with the speed setting of the pump assembly, be-
cause the fluid flow through said branch naturally scales linearly with the

pump speed.

30 [10] It should be noted that “linear scaling” between a variable x and

a variable y may be defined herein as an evenly distributed sample of
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value pairs (x, y) having an absolute value of a sample Pearson correlo-
tion coefficient (PCC) of |rxy| > 0.95. Analogously, “non-linear scaling”
between a variable x and a variable y may be defined herein as an
evenly distributed sample of value pairs (x, y) having an absolute value
5 of asample PCC of |r,| < 0.95. For example, if |rpq| < 0.95 for the value
pairs {(®min, Amin), (20%Pmax, 20%Amax), (40%DPmax, 40%0max), (60%Pmax,
60%Amax). (80%®max, 80%0max), (Pmax, Omax)}. Wherein ®min and ®max is the
minimum and maximum output power @ of the thermal energy transfer
element, and wherein gmin and gmax is the minimum and maximum fluid
10 flow, the output power @ of the thermal energy transfer element shall be
considered herein to scale non-linearly with the fluid flow qg. Similarly, for
instance, if |1p,,| = 0.95 for the value pairs {{®min, ®@min), (20%Pmax, 20%0 max),
(40%®max, 40%0max), (60%Pmax, 60%wmax), (80%Pmax, 80%mmax), (Pmax,
®max)}, wherein omin and emax is the minimum and maximum pump speed,
15  the output power @ of the thermal energy fransfer element shall be con-
sidered herein to scale linearly with the pump speed . It should be noted
that the sample of value pairs (x, y) should be evenly distributed over the
full variable range. Furthermore, for an acceptable error on the PCC to
give meaningful results, the sample size should be af least 5, preferably

20 10 or higher.

[11] Optionally, the pump actuation signal may define a pump speed
®, d pump motor torque 1, or a pump power. Most preferably, the pump
actuation signalis a dimensionless relative value ranging between 0 and
25 1 or between 0% and 100%, which sets the pump speed to a value be-
tween omin for a zero signal and emax for a signal of 1 or 100%. In a similar
way, the pump actuation signal may set the pump motor torque or the

pump power within the respective available range.

30 [12] Opftionally, the pump assembly may be a single-stage or multi-
stage centrifugal pump with a speed-controlled, motor torque-con-

trolled or power-controlled electric drive motor and a control module
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located within an electronics housing of the pump assembly, wherein the
confrol system is at least partly infegrated into the control module of the
pump assembly. This is highly advantageous, because there is no need
for a superordinate control system that coordinates the operation of the
5 pumps across the parallel system branches. Thus, there is no hardware
adaptation needed except for the pump assembly to replace an exist-
ing valve or pump assembly or to update an existing pump assembly.
The control module within an electronics housing of the pump assembly
provides a standalone solution to perform distributed pumping efficiently
10 in a deceniralised manner for each system branch individually. The
measured temperature value provided by the at least one temperature
sensor is typically a readily available input variable in an HVAC system to
control the room temperature that is affected by the thermal energy
transfer element. The measured temperature value may be communi-
15  catedto the control module via a wired or wireless communication, pref-
erably via a communication network among smart devices, e. g.
smartphone, smart station, smart temperature sensor, smart pump as-

sembly, etc.

[13] Optionally, the control system may comprise a controller being
20 configuredto provide a controller output sighal for reducing a difference
between the measured temperature value and a reference tempera-
ture value, wherein the control system is configured to apply the non-
linear correction function for converting the controller output signal to
the pump actuation signal. This embodiment is useful in cases when there
25 is no need for pressure independency between the system branches, e.
g. in the simple case of a pump assembly being used to replace a two-
way valve in a mixing loop. It is in this case simply trusted or known to a
high degree that the fluid flow through the system branch scales linearly

with the pump speed.
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[14] However, if pressure independency between the system
branches is important, because the system branches affect each other,
it cannot be simply frusted or known to a high degree that the fluid flow
through the system branch scales linearly with the pump speed. In that
5 case, a further confroller is advantageous. In addition to the first control-
ler being configured to provide a first controller output signal for reducing
a difference between the measured temperature value and areference
temperature value, the control system may then preferably comprise a
second controller being configured to provide the pump actuation sig-
10 nal as a second confroller output signal for reducing a difference be-
tween an actual flow value and a reference flow value, wherein the
conftrol system is configured to apply the non-linear correction function
for converting the first controller output signal to the reference flow
value. The actual flow value may be received as a measured value from
15  a flow meter or as a value estimated on the basis of a current operating
point of the pump assembly. As a flow meter is an expensive extra hard-
ware item, it is prefemred to estimate the actual flow value on the basis of
a current operating point of the pump assembly, e. g. defined by the
current electrical power consumption of the pump assembly. This is yet

20  another advantage of distributed pumping over a valve-controlled flow.

[15] Thus, preferably, the control system may be configured to esti-
mate the actual flow value based on a determined power consumption
of the pump assembly and/or a measured pressure difference between
a pressure upstream of the pump assembly and a pressure downstream

25  of the pump assembly.

[16] Optionally, the control system may be configured to set an upper
limit and/or lower limit to a controller output signal, to the pump actua-
tion signal and/or to the reference flow value to prevent a saturation or
wind-up of the closed-loop conftrol. This is beneficial to ensure that the

30 input variable and/or the output variable of the non-linear correction
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function is within specified limits to reduce the risk of controller wind-up

and saturation.

[17] Optionally, the control system may be configured to receive a
supply line temperature value measured upstream of the thermal energy

5 transfer element in said system branch and a return line temperature
value measured downstream of the thermal energy transfer element in

said system branch, wherein the control system is configured to estimate

the output power of the thermal energy transfer element based on an
estimated actual flow value and a difference between the supply line

10  temperature value and the return line temperature value. This is particu-
larly advantageous in order to define and/or tune the non-linear correc-

tion function. If the output power of the thermal energy transfer element
cannot be measured or estimated, the non-linear cormrection function
must be based on nominal values given in the specifications of the ther-

15 mal energy transfer element. However, the real output power of the ther-
mal energy transfer element may differ from the nominal value depend-

ing on the particular setup and it may change over time. It is therefore
highly desirable to have a measurement or estimation of the actual out-

put power of the thermal energy transfer element. The output power @

20  of the thermal energy transfer element may be estimatedas® =p-c-q-
(Tsup — Trer), Wherein g is the estimated or measured fluid flow through

the system branch, Tsup is the supply line temperature, Tret is the return line
temperature, p is the density of the fluid and c is the specific heat of the
fluid. Typically, the pumped fluid is water and the density p of water and

25  the specific heat of wateris known.

[18] Optionally, the control system may be configured to tune the non-
linear correction function, preferably upon pump assembly installation in
said system branch, based on the output power of the thermal energy
transfer element. This is particularly advantageous, because the actual

30 output power of the thermal energy transfer element may in fact differ
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from a nominal value depending on the particular setup, or it may have
changed over time. As described above, the actual output power of the
thermal energy transfer element may be estimated based on an esti-
mated actual flow value and a difference between the supply line tem-

5 perature and the return line temperature.

[19] Optionally, the non-linear correction function may be an expo-
nential function or a polynomial function of a controller output value,
wherein the non-linear correction function (Fg(w)) is parametrised by a
set of at least two parameters (8 = [8,,8,]7). The preferred embodiment
10 with an exponential correction function may be referred to as “equal-
percentage” correction. For example, the non-linear correction function
may be denoted as Fy(u), wherein u is the conftroller output value as in-
put variable and @ is a parameter vector 8 = [6,,8,]7 containing the at
least two parameters 6,,6,. The parameters 6,,0, may be tuned fo
15 achieve the best inear scaling of the actual output power of the thermal
energy fransfer element with the pump actuation signal. For example,
the non-linear correction function may take the form Fg(uw) = 6, exp(6,1)
or Fo(uw) = 6;u+ 6,u™, wherein n=2, e. g. n=6, may be a pre-deter-

mined exponent.

20 [20] Optionally, the control systemm may comprise an autotuning
mode, wherein the control system is in the autotuning mode configured

to operate the pump assembly in K =2 batch runs (indexed by i),
wherein the pump actuation signal (e, 1, P) differs between the batch

runs so that corresponding actual flow values (gi—q, ..., gi—x) are distrib-

25  uted over a full flow range (qmin, Gmax) ©f the pump assembly, wherein
the control system is configured to determine, at the respective actual

flow value (g;-1,...,qi=g) for each batch run i, a relative output power

i=1 Pi=x

value (¢—
¢ ’

ey
max ‘bmax

) of the thermal energy transfer element relative to a

maximum output power (®,,,.,) of the thermal energy transfer element,

30  wherein the control systemis configured to tune the non-linear correction
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function (Fy(w)) by determining at least two parameters (8 = [84, 05, ...17)
of the non-linear correction function Fy(u), for which a difference be-

tween the actual flow values (g;-1, ..., i=x) and the non-linear correction

Pi=y q’i:K]T

FIRELN)
max cpmax

function (Fy()) at the relative output power values (i = [

5 is minimal. The non-linear correction function Fg(u) is supposed to com-
pensate how the relative output power value scales with the fluid flow q.
Therefore, the parameter vector 8 = [64,0,, ...]7 may be determined for

an exponential correction function by last squares minimisation problem
) _ Y o . .
m61n||logq —log Fa)||", wherein @ = [u—y, -, u;=¢]" is a vector of relative

10 output power values and g = [g;=1,***, qi=x]” is a vector of estimated or
measured fluid flow values determined in each batch runi. In case of a
polynomial correction function, the least squares minimisation problem

by be denoted as mein||c7—F9(ﬁ)||2 subject to 9,Fy() =€, wherein

8, Fy(w;) = 64, nezu?‘l]T is the derivative with respect to u solved in u;.
15 The constraint ensures that the slope of the identified curve is always
larger than a margin € in the batch runs. This condition is beneficial to
ensure stability of the control loop over the full control range when the

non-linear correction function is applied.

[21] Optionally, the control system may be configured to apply @
20  branch-specific non-linear correction function for each of the system
branches of the thermal energy distribution system. As the pump assem-
blies and/or the thermal energy transfer elements may differ among the
parallel system branches, it may be beneficial to apply individually tuned

non-linear correction functions for each system branch.

25 [22] Opftionally, the control system may be configured to fune each
branch-specific non-linear correction function, preferably upon pump
assembly installation in the respective system branch, based on the out-
put power of the thermal energy transfer element in the respective sys-

tem branch. Even if the pump assemblies and/or the thermal energy
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transfer elements may be nominally identical among the parallel system
branches, the individual setup may differ and thus how the output power
of the thermal energy transfer element actually scales with the fluid flow
through the respective system branch. It therefore beneficial to tune

5 each branch-specific non-linear correction function.

[23] According to another aspect of the present disclosure, a pump
assembly is provided, wherein the pump assembly comprises a single-
stage or multi-stage centrifugal pump with a speed-controlled, motor
torque-controlled or power-controlled electric drive motor and a control
10 module located within an electronics housing of the pump assembly,
wherein the control module comprises a conftrol system as described
above. In this standalone embodiment, the control system is fully imple-
mented into a control module of the pump assembly that is installed at
the respective system branch for distributed pumping. Thus, there is no
15 need to change the existing hardware setup, except for replacing an
existing valve or an existing pump by the inventive pump assembly. Al
ternatively, an existing pump assembly may be updated, so that the con-
trol module of the pump assembly is able to perform the inventive control
system’s tasks. Preferably, each system branch in equipped with such an

20  inventive pump assembly.

[24] According to another aspect of the present disclosure, a thermal
energy distribution system is provided that comprises at least two system
branches being arranged in parallel to each other, wherein at least one
of the at least two system branches comprises

25 - a thermal energy transfer element,

- at least one temperature sensor for providing a measured temper-
ature value that is affected by an output power of the thermal en-
ergy transfer element,

- a pump assembly being configured to control and provide a fluid

30 flow through said system branch, and
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- a conftrol system as described above.

[25] Optionally, the thermal energy distribution system may further
comprise
5 - a supply line temperature sensor installed in said at least one system
branch upstream of the thermal energy transfer element for provid-
ing a supply line temperature value, and
- a return line temperature sensor installed in said at least one system
branch downstream of the thermal energy transfer element for

10 providing a refurn line temperature value.

[26] According to another aspect of the present disclosure, a method
is provided for distributed pumping in a thermal energy distribution sys-
tem, wherein the thermal energy distribution system comprises at least
15 two system branches being arranged in parallel fo each other, wherein
at least one of the system branches comprises a thermal energy transfer
element, at least one temperature sensor, and a pump assembly being
configured to control and provide a fluid flow through said system
branch, wherein the method comprises
20 - receiving from the temperature sensor a measured temperature
value that is affected by an output power of the thermal energy
transfer element,
- providing a pump actuation signal for operating the pump assem-
bly in a closed-loop control with the measured temperature as a
25 feedback signalto control and provide, by the pump assembly, the
fluid flow through said system branch, wherein the output power of
the thermal energy transfer element scales non-linearly with the
fluid flow through said system branch, wherein a non-linear correc-
tion function is applied in the closed-loop control such that the out-
30 put power of the thermal energy transfer element scales linearly

with the pump actuation signal.
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[27] Optionally, the pump actuation signal may define a pump speed,

a pump motor torque, or the pump power.

[28] Optionally, a controller may provide a controller output signal for
reducing a difference between the measured temperature value and a
5 reference temperature value, wherein the non-linear correction function
is applied for converting the controller output signal to the pump actua-

tion signal.

[29] Optionally, a first controller may provide a first controller output
signhal for reducing a difference between the measured temperature
10 value and a reference temperature value, wherein a second controller
provides the pump actuation signal as a second controller output signal
forreducing a difference between an actual flow value and a reference
flow value, wherein the non-linear correction function is applied for con-

verting the first controller output signal to the reference flow value.

15 [30] Opftionally, the actual flow value may be estimated based on a
determined power consumption of the pump assembly and/or a meas-
ured pressure difference between a pressure upstream of the pump as-

sembly and a pressure downstream of the pump assembly.

[31] Optionally, an upper limit and/or lower limit may be set to a con-
20  troller output signal, to the pump actuation signal and/or to the refer-
ence flow value to prevent a saturation or wind-up of the closed-loop

confrol.

[32] Optionally, a measured supply line temperature value may be re-
ceived from a supply line temperature sensor installed in said system
25  branch upstream of the thermal energy transfer element, and wherein a

measured return line temperature value may be received from a return
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line temperature sensor installed in said system branch downstream of
the thermal energy fransfer element, wherein the output power of the
thermal energy transfer element is estimated by the pump assembly
based on an estimated actual flow value and a difference between the

5 supply line temperature value and the return line temperature value.

[33] Optionally, the method may further comprise tuning the non-lin-
ear comection function, preferably upon pump assembly installation in
said system branch, based on the output power of the thermal energy

transfer element.

10 [34] Optionally, the non-linear correction function may be an expo-
nential function or a polynomial function of a controller output value,
wherein the non-linear correction function is parametrised by a set of at
least two parameters. The preferred embodiment with an exponential
correction function may be referred to as “equal-percentage” correc-

15 ftion.

[35] Optionally, the pump assembly may be operated in an autotun-
ing mode in which the pump assembly performs K = 2 batch runs (in-
dexed by i), wherein the pump actuation signal differs between the
batch runs so that corresponding actual flow values (g;-4, ..., gi=x) are
20 distributed over a full flow range (Gmin, Gmax) ©f the pump assembly,
Pi—1

, H) of the thermal en-

max max

wherein a relative output power value (

ergy transfer element relative to a maximum output power (®,,,,) of the
thermal energy transfer element is determined at the respective actual
flow value (g;=4, ..., =) for each batch run, wherein the non-linear cor-
25  rection function (F4(w)) is tfuned by determining at least two parameters

(8 =[64,0,,...]17) of the non-linear correction function Fy(u), for which a
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difference between the actual flow values (g;-4, ..., gi=x) and the non-lin-

ear correction function (Fy(@)) at the relative output power values (i =

T
D;_ D;_ . ..
[Ll, LK] ) is minimal.
q)max q)max

[36] Optionally, a branch-specific non-linear correction function may
5 be applied for each of the system branches of the thermal energy distri-

bution system.

[37] Optionally, each branch-specific non-linear correction function
may be tuned, preferably upon pump assembly installation in the re-
spective system branch, based on the output power of the thermal en-

10  ergy transfer element in the respective system branch.

[38] According to another aspect of the present disclosure, a com-
puter program is provided comprising instructions which, when the pro-
gram is executed by a control system, cause the control system to carry

out the method described above.

15 [39] The method disclosed herein may be implemented in form of
compiled or uncompiled soffware code that is stfored on a computer
readable medium with instructions for executing the method. Alternc-
tively, or in addition, one or more method steps may be executed by
software in a cloud-based system and/or a building management sys-

20 tem (BMS), e. g.in the confrol system disclosed herein.

[40] The control system and method described herein may be imple-
mented and integrated in local decentral system branch control units
located at, in or close to the pump assemblies of the system branches.
25  Alternatively, or in addition, the control system and method described
herein may be implemented and integrated in at least one central con-

trol unit conftrolling the pump assemblies in the system branches via a
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network, e. g. as part of a building management system (BMS). It is also
possible to implement the control system and method described herein
at least partially in a remote cloud computing environment. A cloud
computing environment may be particularly useful in case of geograph-
ically widely spread thermal energy distribution system, such as a district

heating or cooling system.

SUMMARY OF THE DRAWINGS

[41] Embodiments of the present disclosure will now be described by

way of example with reference to the following figures of which:

Figs. 1a,b show schematically two different embodiments of a thermal

energy distribution system as disclosed herein;

Fig. 2 shows a top diagram displaying an example of how the thermal
output power of the thermal energy transfer element scales with the
fluid flow in the associated system branch, a middle diagram displaying
an example of how the fluid flow in the associated system branch
scales with a controller output (the non-linear correction function being
applied and not applied), and a bottom diagram displaying an exam-
ple of how the thermal output power of the thermal energy transfer ele-
ment scales with a controller output (the non-linear correction function

being applied and not applied);

Figs. 3a,b shows schematically two embodiments of a control system

and method as disclosed herein; and

Figs. 4a,b shows schematically two further embodiments of a control

system and method as disclosed herein.
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DETAILED DESCRIPTION

[42] Fig. 1 shows a thermal energy distribution system 1 in form of a
HVAC system comprising a chiller 3 for providing chilled water. In case
5 of a heating system, the system 1 could comprise a boiler as thermall
energy source instead of chiller 3. A primary pump 5 pumps the chilled
water in a primary circuit along a bypass line 6 to feed three second-
ary parallel system branches 7 of the thermal energy distribution system
1. The three system branches 7 are connected to the primary circuit in
10  parallel fo each other, so that the flow of chilled water through the pri-
mary circuit is split among the three system branches 7. Each of the sys-
tem branches 7 comprises at least one speed-controlled pump 9 for
distributed pumping. This means that a water flow g through the re-
spective system branch 7 is not controlled by a valve, but by the speed
15  of the respective pump 9 installed in said system branch 7. However, a
non-return valve 11 in form of a check valve is installed in each system
branch 7 in order fo prevent an undesirable back-flow through the re-

spective system branch 7.

20 [43] A thermal energy transfer element 13, e. g. here in form of a lig-
vid-air heat exchanger, is installed in each system branch 7. The chilled
water pumped by the associated pump 9 through the thermal energy
transfer element 13 may be used to cool air that is ventilated info an
air-conditioned room. A temperature sensor (not shown in Figs. 1a,b)

25  may be installed in the air-conditioned room and/or integrated in the
thermal energy fransfer element 13 to provide a measured tempera-
ture value T. The measured temperature value T is affected by an out-
put power of the thermal energy transfer element 13, i. e. the measured
temperature value T decreases when the output power of the thermal

30 energy fransfer element 13 increases and vice versa. The measured
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temperature value T is typically used for closed-loop controlling the out-
put power of the thermal energy transfer element 13 fo achieve a se-

lectable reference temperature as target temperature.

[44] The thermal energy distribution system 1 further comprises a con-
trol system 15 for distributed pumping. As shown in Fig. 1a, the control
system 15 may be fully implemented for each system branch 7 inde-
pendently in a local control module 16 of a pump assembly that com-
prises the pump 9 in said system branch 7 (it is only shown for one sys-
tem branch 7 as an example). The pump assembly may be a single-
stage or multi-stage centrifugal pump 9 with a speed-controlled, motor
torque-controlled or power-controlled electric drive motor and a con-
trol module 16 located within an electronics housing of the pump as-
sembly, wherein the control system 15 is fully integrated intfo the control
module 16 of the pump assembly. The control system 15 being part of a
control module 16 located within an electronics housing of the pump
assembly provides a standalone solution to perform distributed pump-
ing efficiently in a decentralised manner for each system branch 7 indi-

vidually.

[45] The control system 15 receives the measured temperature value
T provided by a temperature sensor and/or the thermal energy transfer
element 13 as a feedback variable in a closed-loop control. It is pre-
ferred, as shown in Fig. 1a, that the control system 15 further receives or
determines a power consumpftion P of the pump 9 fo estimate the wa-
ter flow g through the respective system branch 7. Alternatively, a flow
meter could be installed in the system branch to provide a measured
value of the water flow g. As will be explained in view of Fig. 3a, esti-
mating or measuring the water flow g is not needed if there is no re-
guirement for pressure independence between the system branches 7,
e. g.in the simple case of a pump assembly being used to replace a

two-way valve in a mixing loop.

PCT/EP2024/079699
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[46] The control system 15 provides a pump actuation signal as out-
put to set the operating point of the pump 9. Most preferably, the
pump actuation signalis the set pump speed o. Alternatively, the pump
actuation signal may be a set motor torque 1 or a set pump power P. If
the pump actuation signalis the pump power P, for example, the pump
speed ® may be used to estimate the flow. As the output power of the
thermal energy transfer element 13 scales non-linearly with the water
flow g through the system branch 7, the control system 15 applies a
non-linear correction function in the closed-loop control such that the
output power of the thermal energy transfer element scales linearly with
the pump actuation signal e, 1, P. Thereby, the full capacity range of
the thermal energy transfer element 13 is efficiently close-loop con-

trolled.

[47] Fig. 1b shows an embodiment of the thermal energy distribution
system 1 with a superordinate control module 17, e. g. as part of a
building management system (BMS) or a cloud-based confrol system.
The control system 15 is partly implemented in said superordinate con-
trol module 17 and partly within the local control module 16 of the
pump assembly, wherein the superordinate confrol module 17 collects
the temperature value T from the different system branches 7 and pro-
vides a confroller output sighal u for each pump 9. So, the closed-loop
controlis performed by the superordinate control module 17. Another
part of the control system 15 is still locally implemented in the pump as-
sembly, similar to in Fig. 1a, where the confroller output signal u is re-

ceived as input rather than the measured temperature value T.

[48] The top plot of Fig. 2 shows an example of how the output power
@ of the thermal energy transfer element 13 scales non-linearly with the
water flow g through the system branch 7. The middle plot shows in a
dashed line that the water flow g through the system branch 7 scales
linearly with the pump actuation signal o if no correction function is ap-

plied. The pump actuation signal e is in the shown example a relative
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pump speed ranging from zero to 1 for maximum pump speed omax. IN
case of the pump actuation signal being the motor torque t or the
pump power P, the water flow g through the system branch 7 does not
scale linearly with the pump actuation signal t, P, which makes the cor-
rection slightly more complicated, but not less beneficial. In any case, if
no correction function is applied, a controller output signal u is simply
used as the pump actuation signal e, 1, P. The solid line in the middle
plot shows that the water flow g through the system branch 7 scales
non-linearly with the pump actuation signal o after a non-linear correc-
tion function is applied. The resulting effect of applying the non-linear
correction function is visible in the bottom plot of Fig. 2. The dashed line
shows that the output power @ of the thermal energy transfer element
13 would scale non-linearly with the pump actuation signal o, i. e. the
confroller output signal u, if no correction function were applied. After
applying the non-linear correction function, the solid line in the bottom
plot shows that the output power @ of the thermal energy transfer ele-
ment 13 scales linearly with the pump actuation signal @ over the full

controlrange [0,1] from minimum to maximum.

[49] The non-linear correction function Fy(w) may be an exponential
function or a polynomial function of the conftroller output value u,
wherein the non-linear correction function Fg(u) is parametrised by a
set of at least two parameters 8 = [8,,6,]7. For example, the non-linear
correction function may be denoted as Fy(u), wherein u is the control-
ler output value as input variable and 6 is a parameter vector 8 =
[61,8,]" containing the at least two parameters 84, 8,. As will be ex-
plained in more detail in view of Figs. 4a,b, the parameters 6,, 6, may
be tuned to achieve the best linear scaling of the actual output power
@ of the thermal energy transfer element 13 with the pump actuation
sighal o, 1, P. For example, the non-linear correction function may take
the form Fy(u) = 6, exp(6,u) or Fg(u) = 6,u + 6,u”™, whereinn = 2, e. g.

n =6, may be a pre-determined exponent.
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[50]  Fig. 3a shows schematically a very simple embodiment of the
control system 15 and method by way of processing blocks 31, 33. In this
embodiment, estimating or measuring the water flow g is not needed,

5 because there is no requirement for pressure independence between
the system branches 7, e. g. in the simple case of a pump assembly being

used to replace a two-way valve in a mixing loop. The thermal energy
transfer element 13 comprises here a heat exchanger 19, a fan 21 and a
temperature sensor 23 downstream of the heat exchanger 19. The pump

10 9 pumps chilled water through the heat exchanger 19 which cools the
air that is blown along the heat exchanger 19 by the fan 21. The pump 9

thus causes a pressure differential Ap between a supply line 25 and a
return line 27 of the system branch 7. The temperature sensor 23 is ar-
ranged to measure the temperature T affected by the thermal energy

15 transfer element 13 and is fed back in a closed-loop control to minimise
a deviation from a selectable or pre-determined reference temperature

Tret. A Pl controller 29 determines a controller output value u in order to
minimise the difference T —T,.;. In correction block 31, the non-linear
correction function Fy (u) is applied to convert the controller output value

20 uinto a pump actuation signal o, 1, P. However, before the pump actu-
ation signal o, 1, P is used to command the pump 9, an upper limit and/or
lower limit is in saturation block 33 set to the pump actuation signal o, 1,

P to reduce the risk of a saturation or wind-up of the closed-loop confrol.

[51] Fig. 3b shows an embodiment of the confrol system 15 and
25 method that allows for estimating or measuring the water flow g in order
to achieve a pressure independence between the system branches 7.
This is due to the fact that the pump operation in other parallel system
branches 7 may affect the pressure differential Ap in this system branch
7. Therefore, the conftrol system 15 comprises two Pl controllers 29, 35,
30  wherein a first one 29 of the two Pl controllers 29, 35 determines a con-

troller output value u in order to minimise the difference T — T,.r in the



WO 2025/098756 PCT/EP2024/079699
21

same way as in the embodiment of Fig. 3a. The second Pl controller 35
determines the pump actuation signal o, t, P as a second controller out-
put signal such that a difference between an actual flow value g and a
reference flow value gretis minimised. In this embodiment, the non-linear
5  correction function Fg(u) is applied in correction block 31 and the limita-
tion is applied in saturation block 33 for converting the first controller out-

put signal u to the reference flow value gret.

[52] The embodiments of the control system 15 and method shown in
Figs. 4a,b allows for a tuning of the non-linear comrection function Fy(w),
10 preferably at the time of installation of the pump assembly or whenever
the output power of the output power ® of the thermal energy transfer
element 13 has changed or behaves differently than expected. Without
tuning, the non-linear correction function Fy (1) may rely on nominal val-
ves provided by a manufacturer of the thermal energy transfer element
15 13. The behaviour of true output power of the output power @ of the
thermal energy transfer element 13 may, however, differ from the nomi-
nally expected behaviour depending on the actual setup, or it may
change over time. It is therefore beneficial to fune the non-linear correc-
tion function Fy(w) at least once upon installation of the pump assembly,
20  sporadically and/or periodically, or on demand. The only additional in-
formation that the control system 15 needs to tune the non-linear correc-
tion function Fy(w) is a supply line temperature Tsup and a return line tem-
perature Tret in the respective system branch 7. Often, the thermal energy
transfer element 13 and/or the pump assembly 9 may be already
25  equipped with a supply line temperature sensor 37 and a return line tem-
perature sensor 39, so that the supply line temperature Tsyo and a return
line temperature Tt can be readily provided to the control system 15.
Otherwise, the control system 15 may comprise the supply line tempera-
ture sensor 37 and a return line temperature sensor 39. The confrol system

30 15 comprises an autotuning mode, in which the pump assembly is oper-
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atedin K = 2 batch runs (indexed by i), wherein the pump actuation sig-
nal o, 1, P differs between the batch runs so that comresponding actual
flow values (g;-1, ..., qi=g) are distributed over a full flow range (gmin, Gmax)
of the pump assembly. The control system 15 determines, at the respec-
5 tive actual flow value (g;=1, ..., qi=x) for each batch run i, a relative output

Di=1 Di-g

power value ( ) of the thermal energy transfer element 13

‘Dmax, ",cpmax
relative to a maximum output power @,,,,,. of the thermal energy transfer
element 13 among the K batch runs. The non-linear correction function
Fy(u) is tuned by determining at least two parameters (8 = [04, 0, ...]7) of

10 the non-linear correction function Fy(u), for which a difference between

the actual flow values (g4, ..., gi=x) and the non-linear correction func-

’

. AT
tion (Fg(@)) at the relative output power values (u = [¢‘=1 H] ) is

ey
¢max ¢max

minimal. The non-linear correction function Fy (u) is supposed to compen-
sate how the relative output power value scales with the fluid flow qg.
15 Therefore, the parameter vector 8 = [6,,80,, ...]7 is determined for an ex-

ponential correction function by last squares minimisation problem

2 . . .
, wherein i = [u;=, -+, u;=¢]7 is a vector of relative

min||log g — log Fy ()|
output power values and g = [g;=1, ", qi=¢]” is a vector of estimated or
measured fluid flow values defermined in each batch runi. In case of a
20 polynomial correction function, the least squares minimisation problem is

denoted as mein||q—F6(ﬁ)||2 subject to 9,Fs (@) = €, wherein a,Fy(u;) =

[6, nezu?‘l]T is the derivative with respect to u solved in u;. The con-
straint ensures that the slope of the identified curve is always larger than
a margin e in the batch runs. This condition is beneficial to ensure stability
25  of the control loop over the full control range when the non-linear cor-

rection function is applied.

[53] The embodiment shown in Fig. 4b differs from the embodiment
shown in Fig. 4a in the same way as the embodiment of Fig. 1b differs

from the embodiment of Fig. 1a. The first Pl controller 29 is implemented
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in a superordinate contfrol module 17, e.g. as part of a building manage-
menft system (BMS) or a cloud-based control system. The control system
15 is thus partly implemented in said superordinate confrol module 17,
which collects the temperature value T and provides a controller output
5 signal u. So, the closed-loop control is performed by the superordinate
control module 17. Another part of the control system 15 is still locally im-
plemented in the local control module 16 located in or at the pump as-
sembly, where the controller output signal u is received as input rather

than the measured temperature value T.

10 [54] Where, in the foregoing description, integers or elements are
mentioned which have known, obvious or foreseeable equivalents,
then such equivalents are herein incorporated as if individually set forth.
Reference should be made to the claims for determining the true
scope of the present disclosure, which should be construed so as to en-

15 compass any such equivalents. It will also be appreciated by the
reader that integers or features of the disclosure that are described as
optional, preferable, advantageous, convenient or the like are optional

and do noft limit the scope of the independent claims.

20 [55] The above embodiments are to be understood as illustrative ex-
amples of the disclosure. It is to be understood that any feature de-
scribed in relation to any one embodiment may be used alone, orin
combination with other features described, and may also be used in
combination with one or more features of any other of the embodi-

25  ments, or any combination of any other of the embodiments. While at
least one exemplary embodiment has been shown and described, it
should be understood that other modifications, substitutions and alter-
natives are apparent to one of ordinary skill in the art and may be
changed without departing from the scope of the subject matter de-

30 scribed herein, and this application is infended to cover any adapta-

tions or variations of the specific embodiments discussed herein.
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[56] In addition, "comprising” does not exclude other elements or
steps, and "a" or "one" does not exclude a plural number. Furthermore,
characteristics or steps which have been described with reference to
one of the above exemplary embodiments may also be used in combi-
nation with other characteristics or steps of other exemplary embodi-
ments described above. Method steps may be applied in any order or
in parallel or may constitute a part or a more detailed version of an-
other method step. It should be understood that there should be em-
bodied within the scope of the patent warranted hereon all such modi-
fications as reasonably and properly come within the scope of the con-
tribution to the art. Such modifications, substitutions and alternatives
can be made without departing from the spirit and scope of the disclo-

sure, which should be determined from the appended claims and their

legal equivalents.

[57] List of reference numerals:

1 Thermal energy distribution system

3 chiller

5 primary pump

6 bypass line

7 system branch

9 pump

11 non-refurn valve

13 thermal energy transfer element
15 control system

16 local control module

17 superordinate control module
19 heat exchanger

21 fan

23 temperature sensor

25 supply line

27 return line
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29 first Pl controller
31 correction block
33 saturation block
35 second Pl confroller
5 37 supply line temperature sensor
39 return line temperature sensor
fluid flow
o pump speed
(0] output power of thermal energy transfer element
10 u controller output signal
T Temperature
Ap differential pressure
Tref reference Temperature
Tsup supply line Temperature
15 Tret return line Temperature
Qref reference flow
P power consumption of pump assembly
T motor torque

20
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Claims

1. A confrol system (15) for distributed pumping in a thermal energy
distribution system (1), wherein the thermal energy distribution sys-
tem (1) comprises at least two system branches (7) being aranged

5 in parallel fo each other, wherein
- apump assembly is installed in one of the system branches (7)
comprising a thermal energy transfer element (13) and at least
one temperature sensor (23) for providing a measured temper-
ature value (T) that is affected by an output power (®) of the
10 thermal energy tfransfer element (13), and
- the pump assembly is configured to control and provide a fluid
flow (q) through said system branch (7), wherein the output
power (@) of the thermal energy transfer element (13) scales
non-linearly with the fluid flow (qg) through said system branch,
15 characterised in that
the conftrol system (15) is configured to provide a pump actua-
tion signal (e, 1, P) for operating the pump assembly in a closed-
loop control with the measured temperature (T) as a feedback
sighal to control the fluid flow (g) through said system branch
20 (7). wherein the control system (15) is further configured to ap-
ply a non-linear correction function in the closed-loop control
such that the output power (@) of the thermal energy transfer
element (13) scales linearly with the pump actuation signal
(0,7, P).
25

2. The control system (15) according fo claim 1, wherein the pump

actuation signal (e, 1, P) defines a pump speed (o), a pump motor

torque (1), or a pump power (P).

30 3. Theconfrolsystem (15) according to claim 1 or 2, wherein the pump

assembly is a single-stage or multi-stage centrifugal pump (%) with
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a speed-controlled, motor torque-controlled or power-controlled
electric drive motor and a confrol module (16) located within an
electronics housing of the pump assembly, wherein the control sys-
tem (15) is at least partly integrated into the control module (16) of

5 the pump assembly.

4.  The confrol system (15) according to any of the preceding claims,
wherein the control system (15) comprises a confroller (29) being
configured to provide a conftroller output signal (u) for reducing a

10 difference between the measured temperature value (T) and a ref-
erence temperature value (Tref), wherein the control system (15) is
configured to apply the non-linear correction function (Fg(w)) for
converting the controller output sighal (u) to the pump actuation

signal (o, 1, P).

5. The control system (15) according to any of the claims 1 to 3,
wherein the control system (15) comprises a first controller (29) be-
ing configured to provide a first controller output signal (u) for re-
ducing a difference between the measured temperature value (T)

20 and a reference temperature value (Tref), wherein the conftrol sys-
tem (15) comprises a second controller (35) being configured to
provide the pump actuation signal (e, 7, P) as a second controller
output signal for reducing a difference between an actual flow
value (g) and a reference flow value (gref), wherein the control sys-

25 tem (15) is configured to apply the non-linear correction function
(Fg(w)) for converting the first controller output signal (u) to the ref-

erence flow value (gref).

6.  The confrol system (15) according to claim 5, wherein the control
30 system (15) is configured to estimate the actual flow value (q)
based on a determined power consumption (P) of the pump as-

sembly and/or a measured pressure difference (Ap) between a
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pressure upstream of the pump assembly and a pressure down-

stream of the pump assembly.

5 7. The control system (15) according to any of the preceding claims,
wherein the control system (15) is configured to receive a supply
line temperature value (Tsup) Mmeasured upstream of the thermal en-
ergy fransfer element (13) in said system branch (7) and a return
line temperature value (Tret) measured downstream of the thermal

10 energy fransfer element (13) in said system branch (7), wherein the
control system (15) is configured to estimate the output power (©)
of the thermal energy transfer element (13) based on an estimated
actual flow value (g) and a difference between the supply line

temperature value (Tsup) and the return line temperature value (Tret).

8.  The confrol system (15) according to any of the preceding claims,
wherein the control system (15) is configured to tune the non-linear
correction function (Fg(w)), preferably upon pump assembly instal-
lation in said system branch, based on the output power of the ther-

20 mal energy transfer element.

9. The control system (15) according to any of the preceding claims,
wherein the control system (15) comprises an aufotuning mode,

25 wherein the control system (15) is in the autotuning mode config-
ured to operate the pump assembly in K = 2 batch runs, wherein

the pump actuation signal (o, t, P) differs between the batch runs

so that corresponding actual flow values (g4, ..., qx) are distributed

over a full flow range (qmin, Gmax) ©f the pump assembly, wherein

30 the control system (15) is configured to determine, at the respective
actual flow value (g4, ..., qx) for each batch run, a relative output

Dy Dy

power value (¢ s e ) of the thermal energy transfer element

max max

(13) relative to a maximum output power (®,,,,,) of the thermal en-
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ergy transfer element (13), wherein the control system (15) is con-
figured to tune the non-linear correction function (Fy(w)) by deter-
mining at least two parameters (8 = [8,,6,, ...]7) of the non-linear

correction function (Fg(u)), for which a difference between the ac-

5 tual flow values (q4,...,qx) and the non-linear correction function
_ . — Py Pk T H
(Fy(w)) at the relative output power values (i = [ g ] ) is

minimal.

10. The control system (15) according to any of the preceding claims,
10 wherein the control system (15) is configured to apply a branch-
specific non-linear correction function (Fg(w)) for each of the sys-

tem branches (7) of the thermal energy distribution system (1).

20



