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(57) Abstract: For controlling energy transfer (Q) of a thermal
energy exchanger (1) of an HVAC system (10), a control system
(40) determines flow-dependent model parameters (M) for mod-
elling performance of the thermal energy exchanger (1), using a
plurality of measurement data sets, each measurement data set in-
cluding for a respective measurement time a value of a measured

flow of fluid (&,_,), a value of a measured supply temperature

(T sup) of the fluid, and a value of the measured return temperature

(7, of the fluid. The control system (40) calculates an estimated
energy transfer (Q,,) of the thermal energy exchanger (1), using
the flow-dependent model parameters (M), and controls (S4) the
energy transfer (Q) of the thermal energy exchanger (1) by regu-
lating (S5) the flow of fluid (&) through the thermal energy ex-
changer (1), using the estimated energy transfer (¢, ).
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METHOD AND SYSTEM FOR CONTROLLING ENERGY TRANSFER OF A THERMAL
ENERGY EXCHANGER

Field of the Invention

The present invention relates to a method and a control system for controlling energy
transfer of a thermal energy exchanger. Specifically, the present invention relates to a
method and a control system for controlling energy transfer of a thermal energy

exchanger of an HVAC system.

Background of the Invention

By regulating the flow of fluid through a thermal energy exchanger of an HVAC system, it
is possible to adjust the amount of energy transferred by the thermal energy exchanger
to a secondary side of the thermal energy exchanger. For example, the energy exchange
or the power transfer, correspondingly, is adjusted by regulating the amount of energy
delivered by the heat exchanger to heat or cool a room in a building, or by regulating the
amount of energy drawn by a chiller for cooling purposes. While the fluid transport
through the fluid circuit of the HVAC system is driven by one or more pumps or fans, the
flow is typically regulated by varying the orifice (opening) or position of valves, e.g.
manually or by way of actuators. The efficiency of thermal energy exchangers is reduced
at high flow rates where the fluid rushes at an increased rate through the thermal energy
exchangers, without resulting in a significant increase in energy exchange. Moreover, the
actual energy transfer characteristics of thermal energy exchangers in an HVAC system
depend on building or plant characteristics and various environmental conditions such as
temperature, humidity, etc. Basically, the energy transfer Q of a thermal energy
exchanger can be calculated on the basis of the flow of fluid @ through the thermal
energy exchanger (flow rate) and the temperature differential AT over the energy

exchanger, i.e. the difference between the inlet temperature T;, of the fluid entering and
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the outlet temperature T..: the fluid exiting the thermal energy exchanger. In stable /static
scenarios, calculating of the energy transfer Q=®-AT is sufficiently accurate for
controlling the energy transfer. However, in an HVAC system and scenario with
numerous transient events and processes, e.q. frequently changing flow rates and
temperature differentials AT, this basic calculation of energy transfer Q=@-AT alone is

often not sufficient for accurate control of energy transfer.

WO 2017/036674 describes a method of operating a thermal energy exchanger by
recording measurement data sets with time-specific data values defining a normalized
energy transfer which represents the thermal energy transferred in the thermal energy
exchanger from thermal transfer fluid to air, normalized by at least one air side variable;
calculating for the measurement data sets normalized data points defined by the
normalized energy transfer; determining for the thermal energy exchanger a
characteristic energy transfer curve which fits the normalized data points and which
indicates an expected energy transfer in the thermal energy exchanger from the thermal
transfer fluid to the air; and operating the thermal energy exchanger on the characteristic

energy transfer curve.

US 2015/153119 describes a method for operating a heat exchanger by measuring at
least three of the four temperatures at the entries and exits of the heat exchanger’s
primary and secondary sides; determining a saturation level of the heat exchanger from
the measured temperatures; and controlling the operation of the heat exchanger, using

the saturation level.

US 2014/222218 describes a method for operating an HVAC system by determining
empirically for an energy consumer of the HVAC system the dependence of the flow of

energy and/or the temperature differential AT, between the supply temperature and the
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return temperature, on the volumetric flow rate through the energy consumer; and

operating the HVAC system in accordance with the determined dependence(s).

WO 2015/171196 describes a method for determining the thermal energy flow in an
HVAC system by measuring one or more variables of the HVAC system, e.g. an entry
and/or exit temperature of the HVAC system; inputting the measured variables into a
virtual fluid flow system to determine the fluid flow of the HVAC system, using a
mathematical or physical model; and determining the thermal energy flow using the fluid

flow determined by the virtual fluid flow system and a sensed temperature.

Summary of the Invention

It is an object of this invention to provide a method and a control system for controlling
energy transfer of a thermal energy exchanger of an HVAC system, which method and
control system do not have at least some of the disadvantages of the prior art. In
particular, it is an object of the present invention to provide a method and a control
system for controlling energy transfer of a thermal energy exchanger of an HVAC system

with numerous transient events and processes.

According to the present invention, these objectives are achieved through the features of
the independent claims. In addition, further advantageous embodiments follow from the

dependent claims and the description.

According to the present invention, the above-mentioned objects are particularly
achieved in that for controlling energy transfer of a thermal energy exchanger of an
HVAC system, a flow sensor measures the flow of fluid through the thermal energy
exchanger. A first temperature sensor measures a supply temperature of the fluid in a

supply pipe connected to an entry of the thermal energy exchanger, and a second
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temperature sensor measures a return temperature of the fluid in a return pipe connected
to an exit of the thermal energy exchanger. A control system determines flow-dependent
model parameters for modelling performance of the thermal energy exchanger, using
one or more measurement data sets, whereby each measurement data set includes for a
respective measurement time a value of the measured flow of fluid, a value of the
measured supply temperature of the fluid, and a value of the measured return
temperature of the fluid. Using the flow-dependent model parameters, the control
system calculates an estimated energy transfer of the thermal energy exchanger, and
controls the energy transfer of the thermal energy exchanger by regulating the flow of

fluid through the thermal energy exchanger, using the estimated energy transfer.

As one skilled in the art will understand, the term “flow” as used herein also refers to
“flow rate”, accordingly, the flow of fluid measured by a flow sensor relates to the flow
rate of fluid measured by the flow sensor, for example. Likewise, the term “energy
transfer” as used herein also refers to “energy transfer rate”, accordingly, the energy
transfer of a thermal energy exchanger relates to the energy transfer rate of the thermal

energy exchanger, for example.

In an embodiment, determining the flow-dependent model parameters comprises the
control system determining a delay time in the supply pipe for the fluid to move from the
first temperature sensor to the thermal energy exchanger, and determining a delay time
in the return pipe for the fluid to move from the thermal energy exchanger to the second

temperature sensor.

In a further embodiment, determining the flow-dependent model parameters comprises
the control system determining an energy transfer coefficient for the thermal energy

exchanger.
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In an embodiment, determining the flow-dependent model parameters comprises the
control system determining a secondary temperature associated with a secondary side of

the thermal energy exchanger.

In an embodiment, determining the flow-dependent model parameters comprises the
control system determining an exchange time for the fluid to replace the total fluid

content of the thermal energy exchanger.

In a further embodiment, determining the flow-dependent model parameters comprises
the control system determining an estimated return temperature of the fluid in the return
pipe, and setting the flow-dependent model parameters such as to minimize a difference

between the estimated return temperature and the measured return temperature.

In an embodiment, calculating the estimated energy transfer comprises the control
system determining an estimated energy transport extracted in the thermal energy
exchanger from the fluid, determining an energy content stored in the thermal energy
exchanger, and calculating the estimated energy transfer as a difference from the energy

transport and the energy content.

In a further embodiment, determining the estimated energy transport comprises the
control system determining an input temperature of the thermal energy exchanger, using
the measured supply temperature and a delay time in the supply pipe for the fluid to
move from the first temperature sensor to the thermal energy exchanger, determining an
output temperature of the thermal energy exchanger, using the measured return
temperature and a delay time in the return pipe for the fluid to move from the thermal
energy exchanger to the second temperature sensor, and calculating the estimated

energy transport from the measured flow of fluid, the determined input temperature of
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the thermal energy exchanger, and the determined output temperature of the thermal

energy exchanger.

In an embodiment, the control system receives a target energy transfer and controls the
energy transfer by regulating the flow of fluid through the thermal energy exchanger

based on a comparison of the target energy transfer and the estimated energy transfer.

In a further embodiment, requlating the flow of fluid through the thermal energy
exchanger comprises the control system determining a target flow based on the
comparison of the target energy transfer and the estimated energy transfer, and
regulating the flow of fluid through the thermal energy exchanger based on a

comparison of the target flow and the measured flow of fluid.

In addition to a method of controlling energy transfer of a thermal energy exchanger in
an HVAC system, the present invention also relates to a control system for controlling
energy transfer of a thermal energy exchanger of an HVAC system. The control system
comprises at least one processor configured to obtain from a flow sensor, a measured
flow of fluid through the thermal energy exchanger; obtain from a first temperature
sensor, a supply temperature of the fluid in a supply pipe connected to an entry of the
thermal energy exchanger; obtain from a second temperature sensor, a return
temperature of the fluid in a return pipe connected to an exit of the thermal energy
exchanger; determine flow-dependent model parameters for modelling performance of
the thermal energy exchanger, using one or more measurement data sets, each
measurement data set including for a respective measurement time a value of the
measured flow of fluid, a value of the measured supply temperature of the fluid, and a
value of the measured return temperature of the fluid; calculate an estimated energy

transfer of the thermal energy exchanger, using the flow-dependent model parameters;
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and control the energy transfer of the thermal energy exchanger by regulating the flow

of fluid through the thermal energy exchanger, using the estimated energy transfer.

In an embodiment, the processor is further configured to determine with the flow-
dependent model parameters a delay time in the supply pipe for the fluid to move from
the first temperature sensor to the thermal energy exchanger, and a delay time in the
return pipe for the fluid to move from the thermal energy exchanger to the second

temperature sensor.

In an embodiment, the processor is further configured to determine with the flow-
dependent model parameters an energy transfer coefficient for the thermal energy

exchanger.

In an embodiment, the processor is further configured to determine with the flow-
dependent model parameters a secondary temperature associated with a secondary side

of the thermal energy exchanger.

In an embodiment, the processor is further configured to determine with the flow-
dependent model parameters an exchange time for the fluid to replace the total fluid

content of the thermal energy exchanger.

In an embodiment, the processor is further configured to determine the flow-dependent
model parameters by determining an estimated return temperature of the fluid in the
return pipe, and setting the flow-dependent model parameters such as to minimize a
difference between the estimated return temperature and the measured return

temperature.
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In an embodiment, the processor is further configured to calculate the estimated energy
transfer by determining an estimated energy transport, extracted in the thermal energy
exchanger from the fluid, determining an energy content stored in the thermal energy
exchanger, and calculating the estimated energy transfer as a difference from the energy

transport and the energy content.

In an embodiment, the processor is further configured to determine the estimated energy
transport by determining an input temperature of the thermal energy exchanger, using
the measured supply temperature and a delay time in the supply pipe for the fluid to
move from the first temperature sensor to the thermal energy exchanger, determining an
output temperature of the thermal energy exchanger, using the measured return
temperature and a delay time in the return pipe for the fluid to move from the thermal
energy exchanger to the second temperature sensor, and calculating the estimated
energy transport from the measured flow of fluid, the input temperature of the thermal

energy exchanger, and the output temperature of the thermal energy exchanger.

In an embodiment, the processor is further configured to receive a target energy transfer,
and control the energy transfer by requlating the flow of fluid through the thermal energy
exchanger based on a comparison of the target energy transfer and the estimated energy

transfer.

In an embodiment, the processor is further configured to regulate the flow of fluid
through the thermal energy exchanger by determining a target flow based on the
comparison of the target energy transfer and the estimated energy transfer, and regulate
the flow of fluid through the thermal energy exchanger based on a comparison of the

target flow and the measured flow of fluid.
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In addition to a method and a control system for controlling energy transfer of a thermal
energy exchanger in an HVAC system, the present invention also relates to a computer
program product comprising a non-transient computer-readable medium having stored
thereon computer program code configured to control a processor of a control system
for controlling energy transfer of a thermal energy exchanger of an HVAC system. The
computer program code is configured to control the processor such that the processor
performs the following steps: obtaining from a flow sensor, a measured flow of fluid
through the thermal energy exchanger; obtaining from a first temperature sensor, a
supply temperature of the fluid in a supply pipe connected to an entry of the thermal
energy exchanger; obtaining from a second temperature sensor, a return temperature of
the fluid in a return pipe connected to an exit of the thermal energy exchanger;
determining flow-dependent model parameters for modelling performance of the
thermal energy exchanger, using one or more measurement data sets, each
measurement data set including for a respective measurement time a value of the
measured flow of fluid, a value of the measured supply temperature of the fluid, and a
value of the measured return temperature of the fluid; calculating an estimated energy
transfer of the thermal energy exchanger, using the flow-dependent model parameters;
and controlling the energy transfer of the thermal energy exchanger by regulating the

flow of fluid through the thermal energy exchanger, using the estimated energy transfer.

In an embodiment, the computer program code is further configured to control the
processor such that the processor performs steps of the method of controlling opening of

a valve in an HVAC system, as outlined above.

Brief Description of the Drawings
The present invention will be explained in more detail, by way of example, with reference

to the drawings in which:
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

10 PCT/EP2019/065124

shows a block diagram illustrating schematically an HVAC system,
comprising a thermal energy exchanger and a thermal transfer fluid

transport system with a flow regulator system.

shows a block diagram illustrating schematically an HVAC system

connected via a communication network to a remote computer system.

shows a block diagram illustrating schematically an HVAC system
comprising a controller that is connected via a communication network

to a local computer system.

shows a block diagram illustrating schematically an HVAC system

comprising a computer system with a controller.

shows a flow diagram illustrating an exemplary sequence of steps for
controlling energy transfer of a thermal energy exchanger in an HVAC

system.

shows a combined flow and block diagram illustrating an exemplary
sequence of steps for controlling energy transfer of a thermal energy

exchanger in an HVAC system.

Detailed Description of the Preferred Embodiments

In Figures 1-4 and 6, reference numeral 10 refers to an HVAC system (Heating,

Ventilation, and Air Conditioning). As illustrated in Figures 1 and 6, the HVAC system 10

comprises a thermal energy exchanger 1, e.g. a heat exchanger for heating or a cooling

device for cooling. As further illustrated in Figures 1 and 6, the HVAC system 10

comprises a fluid transport system 2 for moving a (thermal transfer) fluid, for example a
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liquid, e.g. water and/or a refrigerant, or a gas, e.g. air, through the thermal energy
exchanger 1. As indicated schematically in Figure 1, the fluid transport system 2
comprises fluid transport lines (pipes or ducts), for conducting a flow of fluid through the
thermal energy exchanger 1, a flow regulator system 20 and a pump 25 or fan,
respectively, for driving and controlling the flow of the fluid through the thermal energy
exchanger 1. As indicated schematically in Figure 1, the fluid transport system 2 is
connected to an energy source 26, e.g. a heating device (furnace, heat pump) or a
cooling device (chiller). Specifically, the fluid transport lines comprise a supply pipe 21 (or
duct), for feeding the fluid from the flow regulator system 20 to the thermal energy
exchanger 1, and a return pipe 22 (or duct), for returning the fluid from the thermal
energy exchanger 1 to the flow regulator system 20. As is further illustrated in Figure 1,
the flow regulator system 20 comprises a (motorized) valve 204 or stutter, respectively,
with an actuator 205, a controller 200, and a flow sensor 203. The HVAC system 10
further comprises a first temperature sensor 201, arranged in the supply pipe 21, for
determining the temperature T, of the fluid supplied to the thermal energy exchanger 1,
and a second temperature sensor 202, arranged in the return pipe 22, for determining
the temperature T, of the fluid returning from the thermal energy exchanger 1. The
sensors further comprise a communication module configured for wireless and/or wired
data communication (including analog signaling) with the computer system 4 and/or the

controller 200.

As illustrated in Figures 1-4, the HVAC system 10 comprises or is at least connected via a
communication network 5 to a computer system 4. Depending on the embodiment, the
computer system 4 comprises one or more operational computers with one or more
programmable processors and a data storage system connected to the processor(s). As
indicated schematically in Figures 1 and 4 by reference numeral 40, the computer system

4 and the controller 200 constitute a control system, particularly a computerized HVAC
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control system. In the embodiment of Figure 2, the HVAC system 10 and one or more of
its controllers 200 are connected via communication network 5 to a remote computer
system 4, e.g. a cloud-based computer system connected to the HVAC system 10 via the
Internet. In the embodiment of Figure 3, the computer system 4 is a part of the HVAC
system 10 and is connected via a communication network 5, such as a LAN (Local Area
Network) or WLAN (Wireless Local Area Network), to one or more controllers 200 of the
HVAC system 10. In the embodiment of Figure 4, the computer system 4 is a part of the
HVAC system 10 and the controller 200 is part of the computer system 4 or the
controller 200 constitutes the computer system 4, respectively. The controller 200
includes an electronic circuit, e.g. a programmable processor, an application specific
integrated circuit (ASIC), or another logic unit. The controller 200 further comprises a
communication module configured for wireless and/or wired data communication with
the computer system 4, the temperature sensors 201, 202, the flow sensor 203, and the
valve 204 or its actuator, respectively, to control the flow of fluid. The controller 200 and
the computer system 4 are configured (programmed) to perform various functions
described later in more detail. Depending on the embodiment the communication
network 5 includes fixed communication networks or busses and/or mobile
communication networks, e.g. WLAN, GSM (Global System for Mobile
Communications), UMTS (Universal Mobile Telephone System), or other mobile radio

networks.

The controller 200 is configured to control the opening of the valve 204 in response to a
setpoint received from a building control system or a user terminal, for example, a
setpoint Q. for thermal energy (or power) to be transferred to a secondary side 3 of the
thermal energy exchanger 1, specifically to a fluid on the secondary side, e.g. to the air
that is moved into a room. For the purpose of controlling the energy transfer Q, the

controller 200 generates a control signal for the valve 204 or its actuator 24,
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respectively, based and depending on the received setpoint Qrr, as will be described

below in more detail.

In the following paragraphs, described with reference to Figures 5 and 6 are possible
sequences of steps performed by the control system 40, the computer system 4, and/or
controller 200, respectively, for controlling the energy transfer Q of the thermal energy
exchanger 1 by adjusting the opening (i.e. the orifice) of the valve 204 to regulate the
flow @ of the fluid through the thermal energy exchanger 1, responsive to the received

setpoint Q. for thermal energy transfer.

As indicated schematically in Figure 6 by step SO, the control system 40, i.e. the
computer system 4 or the controller 200, receives setpoints or respective commands on
an ongoing basis, as submitted by a building control system, a controller or a user
terminal; specifically setpoints Q.r or respective commands for thermal energy (or
power) to be transferred by the thermal energy exchanger 1. One skilled in the art will
understand that as an alternative to controlling the energy transfer, the respective power
transfer can be controlled correspondingly, without deviating from the scope of the

invention.

As illustrated in Figure 5, in step S1 the control system 40, i.e. the computer system 4 or
the controller 200, respectively, records one or more measurement data sets. Each
measurement data set includes for a particular point in time, the measurement time,
measurement values of operating parameters related to the thermal energy exchanger 1,
specifically a value of the measured flow of fluid @u: through the thermal energy
exchanger 1, a value of the supply temperature Ty, of the fluid, measured in the supply
pipe 21 to the thermal energy exchanger 1, and a value of the return temperature Tre; Of

the fluid, measured in the return pipe 22 from the thermal energy exchanger 1.
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Depending on the configuration and/or mode of operation, a plurality of measurement
data sets is recorded and used for off-line batch processing and modelling of the thermal
energy exchanger 1, a plurality of measurement data sets are recorded sequentially in an
on-line calibration phase following a set measurement protocol with defined system
settings for corresponding processing and modelling of the thermal energy exchanger 1,
or measurement data sets are recorded on an ongoing basis, on-line during regular
operation without a set measurement protocol for continuous processing and modelling

of the thermal energy exchanger 1.

As illustrated in Figure 5, in step S11, the flow of fluid @q is measured; in step S12, the
supply temperature Ty, is measured; and in step S13, the return temperature Te: is
measured. Depending on the embodiment or configuration, the measurement values of
the operating parameters are determined for the measurement data sets by the computer
system 4 or the controller 200 reading them from sensors, e.g. from temperature sensor
201, temperature sensor 202, and flow sensor 203, or by the sensors reporting them to
the computer system 4 or the controller 200. Alternatively, the measurement values of
the operating parameters are collected by the controller 200 and later reported to the

computer system 4.

In step S2, the control system 40, i.e. the computer system 4 or the controller 200,
respectively, determines flow-dependent model parameters M for modelling the thermal
energy exchanger 1, specifically, for modelling the performance of the thermal energy
exchanger 1. The flow-dependent model parameters M are determined based on the
recorded measurement data sets. As illustrated in Figure 6, the flow-dependent model
parameters M include a delay time tup geny associated with the supply pipe 21 and
indicating the duration of time it takes for the fluid to move from the first temperature

sensor 201 to the entry 11 of the thermal energy exchanger 1; a delay time fret getay
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associated with the return pipe 22 and indicating the duration of time it takes for the fluid
to move from the exit 12 of the thermal energy exchanger 1 to the second temperature
sensor 202; an energy transfer coefficient Cans for the thermal energy exchanger 1; a
secondary temperature Tseconsary associated with the secondary side 3 of the thermal
energy exchanger 1; an exchange time texcnange Of the thermal energy exchanger 1 which
indicates the duration of time for the thermal energy exchanger 1 to replace its total
volume V content of fluid at a particular flow @ (fexchange= V/ @acr). It is pointed out that
this exchange time fexchange= V/ @ace is an approximate value for a thermal time constant of
the thermal energy exchanger 1 which indicates the duration of time for the thermal
energy exchanger 1 to replace its heat content at a particular flow @. Once determined,
the flow-dependent model parameters M comprise or define for different values of flow
@ respective values for the delay time tup deisyassociated with the supply pipe 21, for the
delay time trr gemyassociated with the return pipe 22, for the energy transfer coefficient
Cuans Of the thermal energy exchanger 1; for the secondary temperature Tsecondary
associated with the secondary side 3 of the thermal energy exchanger 1; and for the
exchange time fexchange OF the thermal energy exchanger 1. In an embodiment, the flow-
dependent model parameters M are stored in a (lookup) table assigned to respective
flow values, which makes it possible to retrieve the values of the model parameters M

depending on the current flow of fluid Q.

In an embodiment where the diameter D1 of the supply pipe 21 or at least the distance
d1 between the first temperature sensor 201 and the entry 11 of the thermal energy
exchanger 1 are known, an initial value for the delay time fus deny associated with the
supply pipe 21 is defined based on said distance d1 and diameter D1. Likewise, in an
embodiment where the diameter D2 of the return pipe 22 or at least the distance d2
between the exit 12 of the thermal energy exchanger 1 and the second temperature

sensor 202 are known, an initial value for the delay time ter deny associated with the
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return pipe 22 is defined based on said distance d2 and diameter D2. Vice versa, the
distances d1 and d2, between the first temperature sensor 201 and the entry 11 of the
thermal energy exchanger 1 or between the exit 12 of the thermal energy exchanger 1
and the second temperature sensor 202, respectively, can be estimated from derived
values of the delay time tup geny associated with the supply pipe 21 or the delay time
tret delay @SsOCiated with the return pipe 22, respectively, if the diameter D1 of the supply
pipe 21 and/or the diameter D2 of the return pipe 22 (or a corresponding size of the

valve 204) is/are known.

As illustrated in Figure 1, modelling the thermal energy exchanger 1, or its performance,
respectively, takes into consideration that from the energy transport Quansport, Which
represents the energy extracted in the thermal energy exchanger 1 from the fluid flowing
through the thermal energy exchanger 1, a portion is stored as an energy content Qcontent
in the thermal energy exchanger 1. Accordingly, the actual energy transfer Q (Qest) from
the thermal energy exchanger 1 to its secondary side 3 is calculated as the difference of

the energy transport Quansport and the energy content Qeontent:

Q:eransport - Qcontent. (1)

The energy transport Quanspor €xtracted in the thermal energy exchanger 1 from the fluid
depends on the actual flow @qe, the input temperature Ti, at the entry 11 of the thermal
energy exchanger 1, and the exit temperature Tou at the exit 12 of the thermal energy
exchanger 1, ¢, being a specific heat constant of the fluid and p being a density of the

fluid:

eransport:(pacr' AT=Qqc Co pr (T/n - Tout)- ( 2 )
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The input temperature T is defined by the supply temperature Tsp measured in the
supply pipe 21 and the delay time fup_delay for the fluid to move from the first temperature
sensor 201 to the entry 11 of the thermal energy exchanger 1, whereby the value of Tin
corresponds to the value of the supply temperature Tsyp measured previously with a delay

of delay time fsup_deiay:

Tin:f(Tsup, tsup_de/ay)- (2 1 )

The output temperature Tou IS defined by the return temperature Tre measured in the
return pipe 22 and the delay time fret deiy for the fluid to move from the exit 12 of the
thermal energy exchanger 1 to the second temperature sensor 202, whereby the
measured value of the return temperature Trer corresponds to the preceding value of the

output temperature To at the time t=t-tret_delay iN the past:

Tout:f(Tret, tret;delay)- ( 2.2 )

The energy content Quntene Stored in the thermal energy exchanger 1 is defined by a
volume V (content) of the thermal energy exchanger 1 and a primary temperature Tprimary
of the thermal energy exchanger 1, ¢ being the specific heat constant of the fluid and p

being the density of the fluid:

Qcontent = % G P Tprimary‘ (3 )

The primary temperature Tprimary of the thermal energy exchanger 1 is calculated as an
average value from the input temperature T, and the exit temperature Tou Of the thermal

energy exchanger 1:

Tpr/mary: 1/2( Tin+Tout)- (3 1 )
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The volume V (content) of the thermal energy exchanger 1 is defined by the exchange

time texchange OF the thermal energy exchanger 1 and the actual flow @qe::

V= texchange’ Dact < 3.2 )

The energy transfer Q (Qe.s) from the thermal energy exchanger 1 to its secondary side 3
is defined by the primary temperature Tpimar, Of the thermal energy exchanger 1, the
secondary temperature Teeconaary Of the thermal energy exchanger 1, and the energy

transfer coefficient Cyans for the thermal energy exchanger 1:

Q=Crans (Tprimary" Tsecondary)- (4)

Using relations (1)-(4), the control system 40, i.e. the computer system 4 or the
controller 200, respectively, determines the flow-dependent model parameters M,
including supply delay time tsup gemy, return delay time te: ey, €nergy transfer coefficient
Curans, SeCONdary temperature Tsecondary, @nd exchange time texchange, from the recorded data
sets with the measured operating parameters, including flow @.:, supply temperature
Tap, and return temperature T.r Using a plurality of data sets with the measured
operating parameters, the control system 40, i.e. the computer system 4 or the controller
200, respectively, defines a set of equations for the relations (1)-(4) for determining the
flow-dependent model parameters M. Specifically, the control system 40, ie. the
computer system 4 or the controller 200, respectively, uses initial estimated values for
the flow-dependent model parameters M to determine an estimated value for the return
temperature Trer esimated and iteratively improves the flow-dependent model parameters M
by applying an optimization function to minimize the error (e.g. mean squared error,
MSE) or difference (e.g. mean square difference, MSD) between the estimated return

temperature Tret estimates aNd the actually measured return temperature Trer.
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In accordance with the configuration and/or mode for recording the measurement data
sets and determining the model parameters M in off-line batch processing, on-line
calibration phase, and/or on an ongoing basis, in step S3, the control system 40, i.e. the
computer system 4 or the controller 200, respectively, uses the (current) model

parameters M to calculate an estimated value of the energy transfer Qes:.

In step S4, the controller 200 determines a target flow @rs based on a comparison of the
setpoint Q. for thermal energy (or power) to be transferred and the currently estimated

value of the energy transfer Qest.

In step S5, the controller 200 controls the flow through thermal energy exchanger 1 by
adjusting the opening (i.e. the orifice) of the valve 204 to regulate the flow @ of the fluid
through the thermal energy exchanger 1 based on a comparison of the determined

target flow @,o;and the currently measured actual flow @q:.

As indicated schematically, in step $6, the control system 40, i.e. the computer system 4
or the controller 200, respectively, continues processing in step S1 or step 53,
respectively. As depicted by step S6”, in the on-line mode of operation with continuous
recording of measurement data sets, processing is continued in step 51 by performing
the steps S1 and S2 of block B1 for determining the model parameters M; whereas in the
off-line batch processing or on-line calibration phase modes, processing continues in step
S3 by performing steps S3 and S4 of block B2 for controlling the energy transfer. One
skilled in the art will understand that block B1 for determining the model parameters M

may be executed periodically, on request, and/or depending on defined system criteria.

It should be noted that, in the description, the sequence of the steps has been presented

in a specific order, one skilled in the art will understand, however, that the order of at



WO 2019/238631 20 PCT/EP2019/065124

least some of the steps could be altered, without deviating from the scope of the

invention.
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Claims

A method of controlling energy transfer (Q) of a thermal energy exchanger (1) of

an HVAC system (10), the method comprising:

measuring (S11), by a flow sensor (203), a measured flow of fluid (@qe) through

the thermal energy exchanger (1);

measuring (S12), by a first temperature sensor (201), a measured supply
temperature (Ts,) of the fluid in a supply pipe (21) connected to an entry (11) of

the thermal energy exchanger (1);

measuring (S13), by a second temperature sensor (202), a measured return
temperature ( T,e:) of the fluid in a return pipe (22) connected to an exit (12) of the

thermal energy exchanger (1);

determining (S2), by a control system (40), flow-dependent model parameters
(M) for modelling performance of the thermal energy exchanger (1), using one or
more measurement data sets, each measurement data set including for a respective
measurement time a value of the measured flow of fluid (@), a value of the
measured supply temperature (Tsp) of the fluid, and a value of the measured return

temperature (Tr) of the fluid;

calculating (S3), by the control system (40), an estimated energy transfer (Qest) Of
the thermal energy exchanger (1), using the flow-dependent model parameters

(M); and
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controlling (54), by the control system (40), the energy transfer (Q) of the thermal
energy exchanger (1) by regulating (S5) the flow of fluid (@) through the thermal

energy exchanger (1), using the estimated energy transfer (Qest).-

The method of claim 1, wherein determining (S2) the flow-dependent model
parameters (M) comprises the control system (40) determining a delay time
(tap deiny) in the supply pipe (21) for the fluid to move from the first temperature
sensor (201) to the thermal energy exchanger (1), and determining a delay time
(tret demy) in the return pipe (22) for the fluid to move from the thermal energy

exchanger (1) to the second temperature sensor (202).

The method of one of claims 1 or 2, wherein determining (S2) the flow-dependent
model parameters (M) comprises the control system (40) determining an energy

transfer coefficient ( Cyans) for the thermal energy exchanger (1).

The method of one of claims 1 to 3, wherein determining (52) the flow-dependent
model parameters (M) comprises the control system (40) determining a secondary
temperature (Tsecondary) associated with a secondary side (3) of the thermal energy

exchanger (1).

The method of one of claims 1 to 4, wherein determining (52) the flow-dependent
model parameters (M) comprises the control system (40) determining an
exchange time (fexchange) for the fluid to replace a total fluid content of the thermal

energy exchanger (1).

The method of one of claims 1 to 5, wherein determining (52) the flow-dependent
model parameters (M) comprises the control system (40) determining an

estimated return temperature ( Tret estimated) Of the fluid in the return pipe (22), and
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setting the flow-dependent model parameters (M) such as to minimize a difference
between the estimated return temperature (Tret estmated) @nd the measured return

temperature ( Trer).

The method of one of claims 1 to 6, wherein calculating (S3) the estimated energy
transfer (Qest) comprises the control system (40) determining an estimated energy
transport (Quansporr) extracted in the thermal energy exchanger (1) from the fluid,
determining an energy content (Qcontenr) Stored in the thermal energy exchanger
(1), and calculating the estimated energy transfer (Qes) as a difference from the

energy transport (Qtraﬂsport) and the energy content ( Qeontent)

The method of claim 7, wherein determining the estimated energy transport
(Quanspor) comprises the control system (40) determining an input temperature
(T,) of the thermal energy exchanger (1), using the measured supply temperature
(Tep) and a delay time (tiup_sey) in the supply pipe (21) for the fluid to move from
the first temperature sensor (201) to the thermal energy exchanger (1),
determining an output temperature (Tou) of the thermal energy exchanger (1),
using the measured return temperature (T.e) and a delay time (tet gey) in the
return pipe (22) for the fluid to move from the thermal energy exchanger (1) to
the second temperature sensor (202), and calculating the estimated energy
transport (Quansport) from the measured flow of fluid (@), the input temperature
(T,) of the thermal energy exchanger (1), and the output temperature (Tou) of the

thermal energy exchanger (1).

The method of one of claims 1 to 8, wherein the method further comprises the
control system (40) receiving a target energy transfer (Qrr), and controlling (S4)

the energy transfer (Q) by regulating the flow of fluid (@) through the thermal
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energy exchanger (1) based on a comparison of the target energy transfer (Qrr)

and the estimated energy transfer (Qest).

The method of claim 9, wherein regulating the flow of fluid (®) through the
thermal energy exchanger (1) comprises the control system (40) determining a
target flow (@) based on the comparison of the target energy transfer (Q.) and
the estimated energy transfer (Qes), and regulating the flow of fluid (@) through
the thermal energy exchanger (1) based on a comparison of the target flow (@)

and the measured flow of fluid (@uc).

A control system (40) for controlling energy transfer (Q) of a thermal energy
exchanger (1) of an HVAC system (10), the control system (40) comprising at

least one processor configured to:

obtain from a flow sensor (203), a measured flow of fluid (@) through the

thermal energy exchanger (1);

obtain from a first temperature sensor (201), a supply temperature (Ts,) of the
fluid in a supply pipe (21) connected to an entry (11) of the thermal energy

exchanger (1);

obtain from a second temperature sensor (202), a return temperature (T.:) of the
fluid in a return pipe (22) connected to an exit (12) of the thermal energy

exchanger (1);

determine (S2) flow-dependent model parameters (M) for modelling performance
of the thermal energy exchanger (1), using one or more measurement data sets,

each measurement data set including for a respective measurement time a value of



15

20

WO 2019/238631 25 PCT/EP2019/065124

12.

13.

14.

15.

the measured flow of fluid (@), a value of the measured supply temperature ( Tsyp)

of the fluid, and a value of the measured return temperature (Tr:) of the fluid;

calculate (S3) an estimated energy transfer (Q.s:) of the thermal energy exchanger

(1), using the flow-dependent model parameters (M); and

control (S4) the energy transfer (Q) of the thermal energy exchanger (1) by
requlating the flow of fluid (@) through the thermal energy exchanger (1), using

the estimated energy transfer ( Qes:).

The control system (40) of claim 11, wherein the processor is further configured to
determine (S2) with the flow-dependent model parameters (M) a delay time
(tsup_detay) in the supply pipe (21) for the fluid to move from the first temperature
sensor {201) to the thermal energy exchanger (1), and determining a delay time
(tet delsy) in the return pipe (22) for the fluid to move from the thermal energy

exchanger (1) to the second temperature sensor (202).

The control system (40) of one of claims 11 or 12, wherein the processor is further
configured to determine (52) with the flow-dependent model parameters (M) an

energy transfer coefficient { Cians) for the thermal energy exchanger (1).

The control system (40) of one of claims 11 to 13, wherein the processor is further
configured to determine (S2) with the flow-dependent model parameters (M) a
secondary temperature (Tsecondary) associated with a secondary side of the thermal

energy exchanger (1).

The control system (40) of one of claims 11 to 14, wherein the processor is further

configured to determine (S2) with the flow-dependent model parameters (M) an
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17.

18.

exchange time (fexnange) for the fluid to replace a total fluid content of the thermal

energy exchanger (1).

The control system (40) of one of claims 11 to 15, wherein the processor is further
configured to determine (S2) the flow-dependent model parameters (M) by
determining an estimated return temperature (Tre; esimated) OF the fluid in the return
pipe (22), and setting the flow-dependent model parameters (M) such as to
minimize a difference between the estimated return temperature (Tt estimated) and

the measured return temperature ( Tret).

The control system (40) of one of claims 11 to 16, wherein the processor is further
configured to calculate (S3) the estimated energy transfer (Qes:) by determining an
estimated energy transport (Quansport), €xtracted in the thermal energy exchanger
(1) from the fluid, determining an energy content (Qcontent) Stored in the thermal
energy exchanger (1), and calculating the estimated energy transfer (Qes) as a

difference from the energy transport ( Quansporr) @and the energy content (Qcontent)-

The control system (40) to claim 17, wherein the processor is further configured to
determine the estimated energy transport (Quansporr) by determining an input
temperature (7;,) of the thermal energy exchanger (1), using the measured supply
temperature (Tsp) and a delay time (s, gesy) in the supply pipe (21) for the fluid to
move from the first temperature sensor (201) to the thermal energy exchanger
(1), determining an output temperature (T,y) of the thermal energy exchanger
(1), using the measured return temperature (Tr;) and a delay time (et gey) in the
return pipe (22) for the fluid to move from the thermal energy exchanger (1) to
the second temperature sensor (202), and calculating the estimated energy

transport (Qiansport) from the measured flow of fluid (@.c), the input temperature
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20.

10

21.

15

20

(T:n) of the thermal energy exchanger (1), and the output temperature (Tou) of the

thermal energy exchanger (1).

The control system (40) of one of claims 11 to 18, wherein the processor is further
configured to receive a target energy transfer (Q.s), and control (S4) the energy
transfer (Q) by regulating the flow of fluid (@) through the thermal energy
exchanger (1) based on a comparison of the target energy transfer (Q.r) and the

estimated energy transfer ( Qes:).

The control system (40) of claim 19, wherein the processor is further configured to
requlate the flow of fluid (@) through the thermal energy exchanger (1) by
determining a target flow (@) based on the comparison of the target energy
transfer (Q.) and the estimated energy transfer (Qes), and regulate the flow of
fluid (@) through the thermal energy exchanger (1) based on a comparison of the

target flow (@) and the measured flow of fluid (@ac).

A computer program product comprising a non-transient computer-readable
medium having stored thereon computer program code configured to control a
processor of a control system (40) for controlling energy transfer (Q) of a thermal
energy exchanger (1) of an HVAC system (10), the computer program code
configured to control the processor such that the proce.ssor performs the following

steps:

obtaining from a flow sensor (203), a measured flow of fluid (@a) through the

thermal energy exchanger (1);
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22.

obtaining from a first temperature sensor (201), a supply temperature (Ts) of the
fluid in a supply pipe (21) connected to an entry (11) of the thermal energy

exchanger (1);

obtaining from a second temperature sensor (202), a return temperature (Ts,) of
the fluid in a return pipe (22) connected to an exit (12) of the thermal energy

exchanger (1);

determining (S2) flow-dependent model parameters (M) for modelling
performance of the thermal energy exchanger (1), using one or more
measurement data sets, each measurement data set including for a respective
measurement time a value of the measured flow of fluid (@), a value of the
measured supply temperature (T.,) of the fluid, and a value of the measured return

temperature (T.) of the fluid;

calculating (S3) an estimated energy transfer (Qes) of the thermal energy

exchanger (1), using the flow-dependent model parameters (M); and

controlling (S4) the energy transfer (Q) of the thermal energy exchanger (1) by
regulating the flow of fluid (@) through the thermal energy exchanger (1), using

the estimated energy transfer ( Qest).

The computer program product of claim 21, wherein the computer program code
is further configured to control the processor such that the processor performs

steps of the method of one of claims 2 to 10.



WO 2019/238631 PCT/EP2019/065124
SECONDARY SIDE (ROOM)
T ) T3
( secondary.
f /’\\
",/ \\\\
s N
PQ
w——-! l——-v
~ rd
—_ AN e
Qtransport - Qcontent +Q— Sl
(Ctrans)
THERMAL |,
ENERGY EXCHANGER |
Qcontent
Ll icontent.i
ENTRY| T, l ) T, |EXIT
A
TEMPERATURE ! ® 1112 TEMPERATURE
SUPPLY SENSOR iQyansport. y  OENSOR RETURN
PIPE T 31 t X P 32 2 R PIPE
PARES 201 sup_delay tret_delay 5202 SV
I i T
A R i 2(\) _ FLUID
i | pump | ENERGY 1 \ ' TRANSPORT |
: .| sOURCE | FLOW REGULATOR SYSTEM 2
1
S \_________- SYSTEM
7 203~ _
26 25 " FLOW SENSOR
204~ o
i VALVE <
P i ACTUATOR
//
10 A =
I
HVAG | 1|  CONTROLLER I
SYSTEM 20011 !
: i
|
i
__w CONTROLSYSTEM |
40 , I
|
COMPUTER
T SYSTEM

Fig. 1



WO 2019/238631 PCT/EP2019/065124

2/4

HVAC SYSTEM
COMPUTER
CONTROLLER SYSTEM
AY
. A \
/ \ 5 \
10 200 4
HVAC SYSTEM
COMPUTER
CONTROLLER SVSTEM
\ 3 \
, \ \
/ \ \
10 200 4
Fig. 3
HVAC SYSTEM
e -
| CONTROL SYSTEM |
i I 4
i
, COMPUTER
| SYSTEM ,
i I
1
| _'|| coNTROLLER |1
401 | T 200
1
I e e e e e e - 4
/
/
10



WO 2019/238631

3/4

SO
/

/

RECEIVE
SETPOINT

Iy
L

A

PCT/EP2019/065124

86)!

S11
\

RECORD MEASUREMENT DATA SET(S)

S12

S13

/
7

/
7

' MEASURE

FLOW OF
FLUID

MEASURE
SUPPLY
TEMPERATURE

MEASURE
RETURN
TEMPERATURE

Ak'_"\r'
S6’

— B1

A

y

DETERMINE FLOW-DEPENDENT
MODEL PARAMETERS

y

CALCULATE ESTIMATED

ENERGY TRANSFER

A

y

CONTROL
ENERGY TRANSFER

— B2

\\m

CONTROL
FLOW OF FLUID

S4



WO 2019/238631

4/4

PCT/EP2019/065124

*)

ENERGY ® FLUID
FLOW
» TRANSFER ef :O M conTROL | TRANSPORT
CONTROL y SYSTEM
\ cDact L
\ /
S4 S5
i
¢ > [}-203
act
r —_
- [ 3201 =
I B B Y S AU I I Su,
M S2 P o)
: sup & VCDact / Tsup \ "qbact I v o
| T 7 \ I Ll
up_del. * -
' | ENnERGY aom || MODEL ! | THERMAL | .5 | O
— TRANSFER trans PARA- | ENERGY ¥ Q 31 >
i |ESTIMATION |\ Teecondary || METERS | | EXCHANGE [%oens| &
1 \ exchange I /, T %
1 4 \ I Ie)
1 Tref S3 Tret Tret_est/mated | 1 8
| ! 202 0
1 1 T ‘\
l MODELLING PERFORMANCE OF 1 ret 5
' THERMAL ENERGY EXCHANGER i
——————————————————————— ol
7 7
M 2 A
10
HVAC
SYSTEM




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2019/065124

A. CLASSIFICATION OF SUBJECT MATTER

INV. F24F11/62 F24F11/83
ADD.

F24F140/20

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

F24F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

figures

AL) 7 August 2014 (2014-08-07)
paragraph [0043] - paragraph [0056]

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X WO 2017/036674 Al (BELIMO HOLDING AG [CH]) 1-22
9 March 2017 (2017-03-09)
the whole document
X US 20157153119 Al (FRIEDL MARKUS [CH] ET 1,11,21
AL) 4 June 2015 (2015-06-04)
paragraph [0011] - paragraph [0035]
paragraph [0038] - paragraph [0072]
figures
X US 20147222218 Al (D SILVA VINOD [CH] ET 1,11,21

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

14 August 2019

Date of mailing of the international search report

26/08/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Mattias Grenbdck

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2019/065124

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X WO 2015/171196 Al (CARRIER CORP [US])
12 November 2015 (2015-11-12)

page 1, line 22 - page 2, line 2
page 2, line 17 - page 4, line 19
page 6, line 20 - page 10, line 2
figures

A EP 3 141 823 Al (FIMCIM SPA [IT])

15 March 2017 (2017-03-15)

abstract; figures

1,11

1-21

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2019/065124
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2017036674 Al 09-03-2017 CN 108291734 A 17-07-2018
EP 3344925 Al 11-07-2018
US 2018195753 Al 12-07-2018
WO 2017036674 Al 09-03-2017

US 2015153119 Al 04-06-2015 CH 706736 Al 15-01-2014
CN 104641184 A 20-05-2015
EP 2870414 Al 13-05-2015
RU 2015104061 A 27-08-2016
US 2015153119 Al 04-06-2015
US 2018238645 Al 23-08-2018
WO 2014008990 Al 16-01-2014

US 2014222218 Al 07-08-2014 CH 705466 Al 15-03-2013
CN 103946761 A 23-07-2014
DK 2753999 T3 30-07-2018
EP 2753999 Al 16-07-2014
RU 2014113380 A 20-10-2015
US 2014222218 Al 07-08-2014
US 2018210474 Al 26-07-2018
WO 2013034358 Al 14-03-2013

WO 2015171196 Al 12-11-2015 US 2017176032 Al 22-06-2017
WO 2015171196 Al 12-11-2015

EP 3141823 Al 15-03-2017  EP 3141823 Al 15-03-2017
US 2017067662 Al 09-03-2017

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report
	Page 36 - wo-search-report

