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The invention relates to a control arrangement for controlling a sensor-free diaphragm
pump. The invention furthermore relates to a method for controlling a sensor-free
diaphragm pump. The invention furthermore relates to a diaphragm pump arrangement
having a diaphragm pump, and having a control arrangement for controlling the diaphragm
pump. The invention furthermore relates to a diaphragm pump and to a bioreactor having
a diaphragm pump arrangement or having a diaphragm pump, and to the use of a

diaphragm pump arrangement with a bioreactor or with a diaphragm pump in a bioreactor.

In the area of bioprocess technology, in particular where use is made of bioreactors,
diaphragm pumps are used to convey media. Media to be conveyed in bioprocess
technology are in particular fluids which may contain for example biological cells and/or
other constituents that may be the subject of studies or a further use. A diaphragm pump

and the use thereof in bioreactors is described for example in EP 2 379 889 B1.

US6604908B1 discloses a system for pumping fluids with desired mean flow rates, wherein
a predetermined force is exerted onto a pumping chamber and an outlet valve of the
pumping chamber is operated in a pulsating manner in order to convey fluid out of the

chamber.

There is however a need forimproved solutions, in particular for a control arrangement and
a method for controlling a diaphragm pump and also for a diaphragm pump, which improve

process reliability and/or constitute a particularly inexpensive solution.

This object is achieved by a control arrangement for controlling a sensor-free diaphragm
pump that comprises a control-fluid inlet for connection to a first control-fluid reservoir
having a pressure level which is elevated in relation to a reference pressure, a control-fluid
outlet for connection to a second control-fluid reservoir having a pressure level which is
reduced in relation to a reference pressure, a control-fluid connection for connection of a
control-fluid line for the sensor-free diaphragm pump, wherein the control-fluid inlet is
connected via a first proportional valve to a collecting point, and the control-fluid outlet is
connected via a second proportional valve to the collecting point, wherein a mass flow
sensor is arranged between the collecting point and the control-fluid connection, and
wherein the control arrangement furthermore comprises a control unit which is connected
in terms of signaling to the first proportional valve, the second proportional valve and the

mass flow sensor.
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The invention is based inter alia on the realization that existing diaphragm pumps and
control arrangements and also methods are dependent on a distance sensor for
determining the position of the diaphragm. Not only does this lead to an increase in the
cost of the diaphragm pump itself, but also this solution entails inaccuracies since the
displaced volume is determined, by means of the distance sensor, only indirectly and the
spatial deformation of the elastic diaphragm cannot be described in a reproducible manner.
Moreover, high loading of the media constituents often occurs during the actuation of the
diaphragm and the conveyance of the medium to be conveyed. For example, there can
occur large shear forces which can damage in particular biological cells in the medium to
be conveyed, which can adversely affect, or even render impossible, the study and/or
further processing thereof. Specifically in fields where use is made of inexpensive
disposable bioreactors, expensive diaphragm pumps with distance sensors are moreover

unattractive.

The control arrangement described herein, by contract, makes it possible to dispense with
a distance sensor for determining the position of the diaphragm of the diaphragm pump
and at the same time to ensure accurate and gentle conveyance of the medium to be
conveyed. In this way, firstly the use of sensor-free and thus significantly less expensive
diaphragm pumps — also in the form of disposable diaphragm pumps in disposable
bioreactors — is made possible. At the same time, it is ensured that the medium, and the
constituents thereof, conveyed by way of the diaphragm pump are volumetrically conveyed
precisely and in such a gentle manner that the process reliability is increased and further

study and further processing are improved.

This is realized by the described control arrangement for controlling a sensor-free
diaphragm pump. For controlling a diaphragm pump, the control arrangement described
herein is no longer dependent on signals of a distance sensor for detecting the position of

the diaphragm of the diaphragm pump.

A sensor-free diaphragm pump is to be understood here as being in particular a diaphragm
pump which has no distance sensor for detecting the position of the diaphragm. Preferably,

a sensor-free diaphragm pump also contains no further sensors.

Such configurations of a diaphragm pump have the advantage that the costs for a distance
sensor for detecting the position of the diaphragm, and possibly for further sensors, can be
saved, and the diaphragm pump can be produced in a significantly less expensive manner

and is thus also available for disposable applications.
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The control arrangement described herein is designed in such a way that it can control
such a sensor-free diaphragm pump. For this purpose, the control arrangement comprises

the elements described in the following text.

A control-fluid inlet and a control-fluid outlet serve for connection of the control arrangement
to a first and second control-fluid reservoir, wherein the control-fluid inlet is connected to a
first control-fluid reservoir having a pressure level which is elevated in relation to a
reference pressure, and the control-fluid outlet is connected to a second control-fluid

reservoir having a pressure level which is reduced in relation to a reference pressure.

Via a control-fluid connection, the control arrangement can be connected by means of a
control-fluid line to a sensor-free diaphragm pump. In this way, control fluid can pass, from
the first control-fluid reservoir, from the control-fluid inlet to the control-fluid connection and,
from there, via the control-fluid line into the control fluid-side chamber of the sensor-free
diaphragm pump and, from there, via the control-fluid line back into the second control-fluid

reservoir via the control-fluid outlet.

The first and the second control-fluid reservoirs may also be part of an entire control-fluid
reservoir which provides the pressure levels elevated or reduced in relation to a reference
pressure that are required for conveyance of the control fluid into and out of the control

fluid-side chamber of the diaphragm pump via the control arrangement.

Both the control-fluid inlet and the control-fluid outlet are connected to a collecting point
which, in turn, is connected to the control-fluid connection. A first proportional valve is
situated between the control-fluid inlet and the collecting point, and a second proportional
valve is situated between the control-fluid outlet and the collecting point. Via said
proportional valves, the control arrangement can control the control-fluid flow from the
control-fluid inlet to the control-fluid connection and from the control-fluid connection to the
control-fluid outlet. For this purpose, the control arrangement has a control unit which is
connected in terms of signaling to the first proportional valve and to the second proportional

valve.

The control arrangement furthermore has a mass flow sensor which is arranged between
the collecting point and the control-fluid connection. The mass flow sensor is preferably in
the form of a thermal mass flow sensor. Via the mass flow sensor, the mass flow rate of
the control fluid can be determined between the collecting point and the control-fluid
connection. For this purpose, the control unit of the control arrangement is likewise

connected in terms of signaling to the mass flow sensor. In this way, it is possible for use
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to be made of signals of the mass flow sensor during the actuation of the first and/or second

proportional valve.

The control-fluid inlet is preferably connected to the collecting point via a control-fluid line,
and the control-fluid outlet is likewise preferably connected to the collecting point via a
control-fluid line. Also, the collecting point is preferably connected to the control-fluid
connection via a control-fluid line. A control-fluid line which connects the control
arrangement to the sensor-free diaphragm pump may furthermore be connected to the
control-fluid connection. Itis also preferably possible for in each case one control-fluid line
to be connected to the control-fluid inlet and/or to the control-fluid outlet in order to connect
the control-fluid inlet and/or the control-fluid outlet to the first and/or the second control-fluid

reservoir.

The sensor-free diaphragm pump has a control fluid-side chamber and a media-side
chamber. The control fluid is fed to or discharged from the control fluid-side chamber by
the control arrangement via a control-fluid line. The media-side chamber is flowed through
by the medium to be conveyed. An elastic diaphragm fluidically separates the two
chambers from one another, but volumetrically couples said chambers. The media-side
chamber has one or more media connections, via which the medium to be conveyed flows
into and out of the media-side chamber. For controlling the media flow, the connections
may preferably be provided with a valve, for example with an automatically acting valve or

with a controlled valve, in particular with a check valve.

In a preferred embodiment, the media-side chamber of the sensor-free diaphragm pump
has exactly one media inlet for the inflow of the medium and exactly one media outlet for
the outflow of the medium. Preferably, the media inlet and the media outlet each have a
check valve, in particular an automatically acting check valve, which is arranged according

to the flow direction through the respective media inlet or media outlet.

A bioreactor is to be understood here as being in particular a flexible or dimensionally stable
container which forms in its interior a reaction chamber in which a bioprocess may take
place. For this purpose, a media mixture, which may also be referred to as culture broth, is
generally situated in the bioreactor. Bioreactors commonly have one or more connections
via which media can be fed or discharged, samples can be extracted or sensors for different
measurements can be connected. Diaphragm pumps are used in bioreactors for example
in order to allow media or media samples to be extracted or fed or in order for media to be

moved and, in this way, for example to be mixed.
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Bioreactors generally have to be provided in a sterile state for bioprocesses. Since the
sterilization of bioreactors already used is laborious and expensive and always presents a
process risk too, use is increasingly being made of disposable bioreactors, which are
provided for one-time use only and, after being used, are disposed of. For this purpose,
there is firstly a need for inexpensive designs and inexpensive materials, and at the same
time as far as possible resource-conserving and environmentally compatible materials,
which however at the same time meet the requirements for bioprocess technology, for
example of United States Pharmacopeia (USP) Class VI. In this context, disposable
diaphragm pumps which can form a part of a disposable bioreactor and, after being used,
can likewise be disposed of, possibly together with the disposable bioreactor, are also
preferred. For this purpose, too, inexpensive, resource-conserving and environmentally
compatible materials which at the same time meet the high requirements for bioprocess

safety are preferred.

The volumetric flow rate of the control fluid can be determined via the mass flow rate,
detected by the mass flow sensor, of the control fluid, which correlates with the molar
quantity flow rate. The molar particle number and the corresponding conveyed volume of
the control fluid can be determined by integration over time. In this way, a volumetric
actuation of the sensor-free diaphragm pump is made possible by the control arrangement

described herein.

The connection in terms of signaling of the mass flow sensor, on the one hand, and of the
first and second proportional valves, on the other hand, to the control unit of the control
arrangement furthermore makes it possible for the control-fluid flow from the control-fluid
inlet to the control-fluid connection and back to the control-fluid outlet to be controlled
according to the data detected by the mass flow sensor and, in this way, for the absence

of a distance sensor for detecting the position of the diaphragm to be compensated.

The control arrangement described herein makes it possible, by way of its structure and
the provision of the mass flow sensor between the collecting point and the control-fluid
connection, for all the elements required for the control of the sensor-free diaphragm pump
to be combined in the control arrangement. Thus, only simple connections to the control-
fluid reservoirs, on the one hand, and to the sensor-free diaphragm pump, on the other
hand, are necessary. Furthermore, in this way, all the control-relevant sensors and other
components are combined in the control arrangement. Consequently, the — preferably
reusable — control arrangement can contain all the complex and possibly expensive

components and can be arranged separated, possibly also spatially at a distance, from for
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example a disposable bioreactor having a sensor-free disposable diaphragm pump used

therein.

Preferably, the control arrangement is configured to control more than one sensor-free
diaphragm pump. For this purpose, for example, multiple control-fluid lines or a branching
control-fluid line to multiple sensor-free diaphragm pumps may be connected to the control-
fluid connection. In this case, the multiple sensor-free diaphragm pumps would preferably
all be actuated in an identical manner. This is suitable in particular for parallel bioprocesses

which take place in parallel in a multiplicity of identically constructed arrangements.

The control arrangement may also preferably be configured to actuate multiple diaphragm
pumps differently. For this purpose, it is preferable for the in each case required
components to be accordingly provided multiply in the control arrangement. In this way, the
corresponding components may, in a common control arrangement, be combined, and
made available centrally, also for the actuation of multiple diaphragm pumps, also for

different applications with different actuations.

The control arrangement may also, in particular if it is configured to actuate multiple
diaphragm pumps with different types of actuation, be configured in a distributed, for
example even spatially spaced-apart, manner and, by way of corresponding connections
(for example in terms of signaling and/or fluidically and/or in a line-dependent manner

and/or in a line-independent manner), form a coherent control arrangement.

It is particularly preferable that the mass flow sensor is configured for a measurement in
both flow directions. Consequently, the mass flow sensor is preferably configured to detect
the mass flow rate of the control fluid between the collecting point and the control-fluid
connection independently of the flow direction of the control fluid, that is to say
independently of whether the control fluid flows from the control-fluid inlet to the control-

fluid connection or flows from the control-fluid connection to the control-fluid outlet.

In a preferred embodiment, it is provided that a pressure sensor, in particular an absolute
pressure sensor, is arranged between the collecting point and the control-fluid connection.
In particular, it is preferable for the pressure sensor to be arranged between the mass flow
sensor and the control-fluid connection. Here, it is furthermore preferable for the control

unit to be connected in terms of signaling to the pressure sensor.
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The provision of a pressure sensor, and in particular its connection in terms of signaling to
the control unit, has the advantage that the control-fluid pressure can also be taken into

account during the actuation of the sensor-free diaphragm pump.

Via the volumetric coupling of the control-fluid side chamber and the media-side chamber
of the sensor-free diaphragm pump, not only is the volumetric flow rate, and accordingly
the conveyed volume of the medium to be conveyed, correlated with the control fluid, but
also the pressure of the medium to be conveyed is correlated with the pressure of the
control fluid. Since the medium to be conveyed, in particular its constituents, such as for
example biological cells, are often sensitive to pressure and/or can be adversely affected,
or even destroyed, by shear forces, it is advantageous if, during the actuation, the pressure
can be taken into account too, and in particular for example limit values, pressure ranges
and/or pressure gradients, in particular temporal gradients, to be predefined and to be
complied with during the control in order to achieve a particularly gentle conveyance by

way of the sensor-free diaphragm pump of the medium to be conveyed.

Furthermore, through the inclusion of the control-fluid pressure, the accuracy of the

actuation of the sensor-free diaphragm pump can be further improved.

In a further embodiment, the control arrangement furthermore comprises a temperature
sensor and/or a temperature-sensor interface for signal exchange with a temperature
sensor, in particular for receiving signals from a temperature sensor. In this case, the
control unit is preferably connected in terms of signaling to the temperature sensor and/or

to the temperature-sensor interface.

The temperature sensor may be configured for example to detect the ambient temperature.
Furthermore, the temperature sensor may be configured for example to detect the

temperature of the medium to be conveyed, for example in a bioreactor.

The detection of the temperature or the use of a signal of a temperature sensor contributes
to further improvement of the actuation. The account taken of the temperature in the
determination of volumetric flow rate and volume from the detected mass flow rate makes

it possible in particular to further improve the accuracy of the actuation.

Furthermore, in a further preferred embodiment, it is provided that the control unit has a
communication interface for exchange with an external communication unit. In particular, it
is preferable for the communication interface to comprise or to be a data interface for

exchange of data.
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Via the communication interface, itis possible for example for preferred control algorithms,
limit values, ranges, or gradients, for example for the pressure to be complied with, flow
speeds, mass or volumetric flow rates or volumes to be transmitted and thus predefined,
and/or for evaluations and/or values generated during the control to be transferred to an

external communication unit and further processed there.

In particular, it is preferable for the control unit to be configured to actuate a first proportional
valve of a control arrangement for enabling throughflow and to convey a control fluid, to
close the first proportional valve when a volume to be conveyed has been reached, to
actuate the second proportional valve for enabling throughflow and to convey the control
fluid, and to close the second proportional valve when the volume to be conveyed has been

reached.

Itis furthermore preferable for the control unit to be configured to determine the conveyed
volume of the control fluid, wherein determining the conveyed volume of the control fluid
preferably comprises: receiving a mass flow rate signal from the mass flow sensor,
deducing a volumetric flow rate from the mass flow rate signal, and deducing a volume of

the conveyed control fluid from the volumetric flow rate.

It is furthermore preferable for the control unit to be configured to determine end positions
of the diaphragm of the sensor-free diaphragm pump, wherein determining end positions
of the diaphragm of the sensor-free diaphragm pump preferably comprises: actuating the
first and/or second proportional valve so as to convey control fluid at a predefined
initialization volumetric flow rate, receiving a pressure-gradient signal, and establishing a

presence of an end position of the diaphragm when the pressure-gradient signal changes.

According to a further aspect of the invention, the object stated in the introduction is
achieved by a diaphragm pump arrangement having a diaphragm pumpi and having an
above-described control arrangement whereby the membrane pump is designed as a

sensorless membrane pump.

According to a further aspect, the object stated in the introduction is achieved by a

bioreactor having an above-described diaphragm pump arrangement.

According to a further aspect, the object stated in the introduction is achieved by the use

of an above-described diaphragm pump arrangement with a bioreactor.
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According to a further aspect, the object stated in the introduction is achieved by a method
for controlling a sensor-free diaphragm pump, the method comprising: Providing a
previously described control arrangement, actuating the first proportional valve of the
control arrangement for enabling throughflow, and conveying a control fluid, closing the first
proportional valve when a volume to be conveyed has been reached, actuating the second
proportional valve for enabling throughflow, and conveying the control fluid, and closing the

second proportional valve when the volume to be conveyed has been reached.

The method described herein makes possible a volumetric control of a sensor-free
diaphragm pump. For this purpose, by way of corresponding actuation of a first proportional
valve, firstly the control fluid is conveyed from the first control-fluid reservoir to the control-
fluid connection, preferably at a predetermined mass flow rate and/or a predetermined
volumetric flow rate. As soon as a volume to be conveyed has been reached, the first
proportional valve is closed. For this purpose, it is preferably the case that the conveyed
volume of the control fluid is determined and compared with the desired volume to be
conveyed. After the volume to be conveyed has been reached and the first proportional
valve has been closed, the second proportional valve is actuated for enabling throughflow
and the control fluid is conveyed, preferably at a predetermined mass flow rate and/or at a
predetermined volumetric flow rate, from the control-fluid connection to the second control-
fluid reservoir. After the volume to be conveyed has been reached, the second proportional
valve is closed. Here, t00, it is preferably the case that the conveyed volume of the control

fluid is determined and compared with the desired volume to be conveyed.

The conveyance of the control fluid by way of the first proportional valve and the
conveyance of the control fluid by way of the second proportional valve are realized in
different flow directions, toward the diaphragm pump in the first case and away from the

diaphragm pump toward the second control-fluid reservoir in the second case.

Determining the conveyed volume of the control fluid preferably comprises detecting a
mass flow rate of the control fluid, deducing a volumetric flow rate from the mass flow rate,

and deducing a volume of the conveyed control fluid from the volumetric flow rate.

The detection of the mass flow rate of the control fluid is preferably realized by the mass
flow sensor of the control arrangement before the control fluid exits the control-fluid
connection in the direction of the sensor-free diaphragm pump. For the deduction of a
volumetric flow rate from the mass flow rate, depending on the boundary conditions,

approximately isothermal processes may be assumed in the case of low speeds and
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differential pressures or adiabatic processes may be assumed in the case of relatively rapid

changes.

The volumetric flow rate F of a gaseous control fluid can be determined for example on the
basis of the ideal gas law, or on the basis of a function-based relationship individually
matched to the gaseous fluid used. Here, account is preferably taken of the molar quantity
flow rate n, and possibly a detected pressure p and/or a detected temperature T and the
universal gas constant R. For example, the following formula may be taken as a basis here:
F=n*R*T)p.

For deducing the volume of the conveyed control fluid, preferably the mass flow rate, which
correlates with the molar quantity flow rate, is used to determine, by integration over time,
the molar particle number, from which it is then possible, with the aid of the ideal gas law
or a function-based relationship individually matched to the gaseous fluid and possibly with
further parameters, such as for example pressure and/or temperature, taken into account,
to determine the volume of the control fluid which has been conveyed through the control-

fluid connection.

From this, it is in turn preferably possible to deduce the volume conveyed into the control
fluid-side chamber of the diaphragm pump. Here, account is preferably taken of a dead
volume extending between a control-fluid entry of the control fluid-side chamber of the
sensor-free diaphragm and the proportional valves of the control arrangement and

comprising all the volumes of the interposed components which guide the control fluid.

According to a preferred development, the method furthermore comprises detecting a
pressure of the control fluid, and actuating the first and/or the second proportional valve in
such a way that a predefined target pressure of the control fluid is not exceeded and/or a
predefined target-pressure range is complied with and/or a predefined pressure gradient is

complied with.

The pressure of the control fluid is preferably determined by a pressure sensor of the
control arrangement, in particular still within the control arrangement before the control fluid
exits the control-fluid connection in the direction of the sensor-free diaphragm pump. The
actuation of the sensor-free diaphragm pump is preferably realized in such a way that
predefined pressure parameters are complied with. In particular a pressure gradient, in
particular concerning a change in pressure over time, is to be complied with here, in order

to allow a conveyance of the medium that is as gentle as possible for cells.
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A further preferred development of the method comprises determining end positions of the
diaphragm of the sensor-free diaphragm pump. Here, it is preferably the case that the
volumetric end positions of the diaphragm of the sensor-free diaphragm pump are detected.
Said volumetric end positions of the diaphragm correspond in particular to a maximum and
minimum filling volume of the control fluid-side chamber, and to a maximum and minimum

filing volume of the media-side chamber, of the sensor-free diaphragm pump.

Determining the along the diaphragm of the sensor-free diaphragm pump preferably
comprises conveying control fluid at a predefined initialization volumetric flow rate,
detecting the pressure gradient of the control fluid, and establishing a presence of an end

position of the diaphragm when the pressure gradient changes.

Here, it is preferably the case that control fluid is conveyed, in particular at a predefined
initialization volumetric flow rate, and in parallel the pressure gradient of the control fluid is
detected, until it is established that the pressure gradient is changing, in particular rising,
significantly. From this, it can be inferred that the diaphragm has reached one of its end
positions. Through conveyance of the control fluid in the opposite direction, preferably
likewise at a predefined initialization volumetric flow rate, and again parallel detection of
the pressure gradient of the control fluid, it is again possible to infer the presence of the
second end position of the diaphragm from a significant change in the pressure gradient.
The total differential volume of the sensor-free diaphragm pump can be deduced from the
volumetric flow rate conveyed between said two end positions. Accordingly, diaphragm
reference points situated between the two end positions and associated conveyance
volumes can be determined. The neutral position of the diaphragm, for example,

corresponds to half the total differential volume.

The method described herein and the developments thereof have features or method steps
which make them suitable in particular for being used with a control arrangement described

herein and the developments thereof.

The control arrangement described herein and the developments thereof have features
which make them suitable in particular for being used with a method described herein and

the developments thereof or are designed accordingly for this purpose.

With regard to the advantages, embodiment variants and embodiment details of the
aspects described herein and the respective developments thereof, reference is also made
to the description pertaining to the corresponding features and advantages of the in each

case other aspects.
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Preferred exemplary embodiments will be described by way of example on the basis of the

appended figures. In the figures:

figure 1 shows a schematic illustration of a diaphragm pump arrangement having a

control arrangement and having a sensor-free diaphragm pump; and

figure 2 shows a schematic flow diagram of a method for controlling a sensor-free

diaphragm pump.

Figure 1 shows a schematic illustration of a diaphragm pump arrangement 100 having a
control arrangement 13 and having a sensor-free diaphragm pump 14, and figure 2 shows
a schematic flow diagram of a method 1000 for controlling a sensor-free diaphragm pump
14,

In the figures, identical or substantially functionally identical elements are denoted by the
same reference signs. General descriptions relate as a rule to all the embodiments, unless

differences are explicitly indicated.

Figure 1 illustrates a diaphragm pump arrangement 100 having a sensor-free diaphragm
pump 14 and having a control arrangement 13. Beside the diaphragm pump arrangement
100, a first and a second control fluid reservoir 1A, 2A, a bioreactor 40 and a sample

container 41 are illustrated.

The sensor-free diaphragm pump 14 has an elastic diaphragm 15 which fluidically
separates a control fluid-side chamber 16 from a media-side chamber 17, but volumetrically
couples said chambers. Via a control-fluid entry 18 of the diaphragm pump 14, control fluid
provided by the control arrangement 13 via the control-fluid line 10, can flow into the
control-fluid side chamber 16 of the diaphragm pump 14 and can flow out of it. The media-
side chamber 17 of the diaphragm pump 14 has a media inlet 20, which has an
automatically acting check valve 22, and a media outlet 19, which likewise has an
automatically acting check valve 21. Via said media inlet and media outlet 20, 19, medium
to be conveyed can be guided from a bioreactor 40 to the diaphragm pump 14 and from

the diaphragm pump 14 for example to a sample container 41.

The sensor-free diaphragm pump 14 has no distance sensor for determining the position
of the diaphragm 15. The sensor-free diaphragm pump 14 preferably also has no further

sensors. This has the advantage that the sensor-free diaphragm pump 14 can be produced
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inexpensively and can thus be used also as a disposable diaphragm pump, in particular

together with a disposable bioreactor.

The control fluid required for the operation of the diaphragm pump 14 is provided via the
control-fluid reservoirs 1A, 2A. The first control-fluid reservoir 1A has a pressure level which
is elevated in relation to a reference pressure, for example in the range of 200 to 10 000
hPa as a compressed-air supply. The second control-fluid reservoir has a pressure level
which is reduced in relation to a reference pressure, for example in the range of -200 to -

900 hPa in the form of a vacuum system.

The control arrangement 13, whose system boundaries are illustrated by the broken line,
preferably contains all the components required for the in particular volumetric actuation of
the sensor-free diaphragm pump 14. In this way, the control intelligence contained in the
control arrangement and the components required for this purpose may be arranged
separated from the sensor-free diaphragm pump, in particular also spatially separated
therefrom, so that, for example, the sensor arrangement 13 may be designed to be re-
usable and the sensor-free diaphragm pump 14 may be designed as a disposable

component.

The control arrangement 13 has a control-fluid inlet 1 for connection to the first control-fluid
reservoir 1A and has a control-fluid outlet 2 for connection to the second control-fluid
reservoir 2A. The control-fluid inlet 1 and the control-fluid outlet 2 are connected via control-
fluid lines to the collecting point 6. The collecting point 6, in turn, is connected via a control-
fluid line to the control-fluid connection 8. Via the control-fluid inlet 8, the control
arrangement 13 can be connected via a control-fluid line 10 to a control-fluid entry 18 of

the diaphragm pump 14.

The control-fluid inlet 1 is connected via a first proportional valve 3 to the collecting point
6, and the control-fluid outlet 2 is connected via a second proportional valve 4 to the
collecting point 6. The proportional valves 3, 4 are connected in terms of signaling to a

control unit 12.

A thermal mass flow sensor 5 and an absolute pressure sensor 7 are arranged between
the collecting point 6 and the control-fluid connection 8. The mass flow sensor 5 and the
pressure sensor 7, too, are connected in terms of signaling to the control unit 12.
Furthermore, provision is made of a temperature sensor 11 which measures the ambient
temperature and which, via a temperature-sensor interface 13B, is likewise connected in

terms of signaling to the control unit 12. The control arrangement 13 furthermore has a
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communication interface 13A which is configured for exchange, in particular of data, with
an external communication unit. The communication interface 13A is preferably configured

as a digital interface.

From the control-fluid inlet 1, control fluid is conveyed via the first proportional valve 3 from
the first control-fluid reservoir 1A to the collecting point 6 and, from there, via the control-
fluid connection 8 to the diaphragm pump 14 in order, there, for the control fluid-side
chamber 16 to be filled and, in this way, for medium situated in the media-side chamber 17
of the diaphragm pump 14 to be displaced through the media outlet 19 of the diaphragm

pump 14 and, for example, delivered into a sample container 41.

Via the control-fluid entry 18, control fluid is extracted from the control fluid-side chamber
16 of the diaphragm pump 14 from the control-fluid connection 8 and, via the collecting
point 6 and the second proportional valve 4, is drawn from the control-fluid outlet 2 into the

second control-fluid reservoir 2A.

Control fluid thus flows between the collecting point 6 and the control-fluid connection 8 in
different flow directions, according to conveying direction, within the control arrangement
13. The mass flow sensor 5 is therefore preferably configured to detect the mass flow rate
of the control fluid independently of its flow direction or to perform a detection of the mass
flow rate both for a flow direction from the collecting point 6 to the control-fluid connection
8 and for a flow direction from the control-fluid connection 8 to the collecting point 6.
Preferably, the pressure sensor 7 is likewise configured to detect the pressure of the control

fluid independently of its flow direction.

The mass flow sensor 5 is preferably in the form of a thermal mass flow sensor for gaseous
media, the measurement signal of which correlates with the molar quantity flow rate of the

gas.

The sensor-free diaphragm pump 14 can be actuated by means of the control arrangement
13 in order for the medium to be conveyed in the media-side chamber 17 of the diaphragm
pump to be moved from the media inlet 20 to the media outlet 19 in that the diaphragm 15
is moved, in a manner controlled volumetrically by the control arrangement 13, by way of

control fluid flowing in and flowing out via the control fluid line 10.

In particular the control unit 12 of the control arrangement 13 is preferably configured to
carry out the method 1000 illustrated in figure 2 for controlling the sensor-free diaphragm

pump 14.
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In the method 1000 for controlling the sensor-free diaphragm pump 14, firstly, in step 1001,
the first proportional valve 3 is actuated for enabling throughflow and control fluid is
conveyed in the direction of the diaphragm pump 14. In a step 1002, the first proportional
valve 3 is closed as soon as a volume to be conveyed has been reached. Subsequently,
in step 1003, the second proportional valve 4 is actuated for enabling throughflow and
control fluid is conveyed from the diaphragm pump 14 to the second control-fluid reservoir
2A until finally, in step 1004, the second proportional valve 4 is closed as soon as the

volume to be conveyed has been reached.

In order to establish that the volume to be conveyed has been reached, preferably the
actually conveyed volume of the control fluid is determined. This is preferably realized as
presented below. The mass flow sensor 5 is used to determine the mass flow rate, which
correlates with the molar quantity flow rate. In the case of a liquid control fluid, this can
correlate directly with the volumetric flow rate. In the preferred case of a gaseous control
fluid with defined properties, for example compressed air, the output signal of the thermal
mass flow sensor 5 preferably correlates with the molar quantity flow rate of the control
fluid. From this, the volumetric flow rate can be deduced or calculated. Here, the respective
conditions, in particular the respective properties of the control fluid, and boundary
parameters are to be taken into account. For example, the volumetric flow rate of the control
fluid can be calculated on the basis of the ideal gas law, or on the basis of a function-based
relationship matched to the gaseous control fluid used, in that the molar quantity flow rate
determined by the mass flow sensor 5, the absolute pressure p measured by the pressure
sensor 7 and the temperature detected by the temperature sensor 11 and also the universal
gas constant are taken into account. In the case of low speeds and differential pressures,
an approximately isothermal process, or also an adiabatic process, may be taken as a

basis here.

From the molar quantity flow rate n determined by the mass flow sensor 5, it is possible to
firstly determine, by integration over time, the molar particle number N. Preferably, in a next
step, this can be used to calculate, with the aid of the ideal gas law, with the parameters
measured by the pressure sensor 7 and the temperature sensor 11 taken into account, the
present volume V in the control fluid-side chamber 16 of the diaphragm pump 14 and thus
also the corresponding displaced volume of the medium to be conveyed. The volume V
determined in this way is thus in direct correlation with the volumetric movement of the

medium to be conveyed.

Preferably, the method for controlling the sensor-free diaphragm pump 14 also comprises

detecting a pressure of the control fluid and actuating the first and/or the second
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proportional valve 3, 4 in such a way that a predefined target pressure of the control fluid
is not exceeded and/or a predefined target-pressure range is complied with and/or a

predefined pressure gradient is complied with.

A volume difference between a first position of the diaphragm 15, with a correlating volume
of the control fluid-side chamber 16, and a second position of the diaphragm, with a second
correlating volume of the control fluid-side chamber 16, may also be referred to as
differential volume dV. If the first and second positions of the diaphragm are the end
positions thereof, the result is the total differential volume. The initialization with a defined
initial value of the integrator for calculating the number of particles to be taken into account

altogether will be described further below.

Here, a volumetric control with defined volumetric flow rate may proceed for example as
follows. A volume dV to be conveyed of the medium to be conveyed is to be conveyed at
a predetermined volumetric flow rate. For this purpose, control fluid is, in a regulated
manner, made to flow into the control fluid-side 16 of the diaphragm pump 14 from the
control-fluid reservoir 1A, wherein the first proportional valve 3 is actuated by the control
unit 12, as described above for determining the volumetric flow rate and the volume to be
conveyed, in such a way that the volumetric flow rate F is adjusted according to the
predetermined values and the process is terminated after the volume dV to be conveyed

has been reached.

Subsequently, the medium to be conveyed is sucked into the media-side chamber 17 of
the diaphragm pump 14 by a volume dV to be conveyed and at a predetermined volumetric
flow rate F in that control fluid is made to flow out of the control fluid-side chamber 16 of
the diaphragm pump 14 to the control-fluid reservoir 2A, wherein the second proportional
valve 4 is actuated by the control unit 12, as described above for determining volumetric
flow rate and volume, in such a way that the volumetric flow rate is adjusted according to
the predetermined values and the process is terminated after the volume dV to be

conveyed has been reached.

Furthermore, it is preferable for the pressure acting on the control fluid, and thus in
correlation also on the medium to be conveyed, to be monitored additionally. This has
advantages not only with regard to the medium to be conveyed and the constituents thereof
(such as for example the limitation of the shear forces acting on biological cells and the
associated higher process reliability), but also for the increase in equipment safety and

work safety. Here, the pressure and/or pressure gradient of the control fluid are/is limited
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to predefined limit values by way of the measurement of the pressure by the pressure

sensor 7 and suitable interventions of the control unit 12 at the proportional valves 3, 4.

Inclusion of the pressure sensor makes it possible to achieve a volumetric control at
predefined pressure and/or pressure gradient. Such a control method may preferably
proceed as follows. Firstly, through regulated flowing of the control fluid into the control
fluid-side chamber 16 of the diaphragm pump 14 from the control-fluid reservoir 1A, the
medium to be conveyed is displaced from the media-side chamber 17 of the diaphragm
pump 14 by a volume dV to be conveyed and with a predetermined pressure profile, in
particular a predetermined pressure profile over time. In this case, the first proportional
valve 3 is actuated by the control unit 12, with account taken of the detected absolute
pressure p of the control fluid and of the above-described method for determining the
volume to be conveyed, in such a way that the control-fluid pressure p is adjusted according
to the predetermined values and the process is terminated after the volume dV to be
conveyed has been reached. Subsequently, through regulated flowing of the control fluid
out of the control fluid-side chamber 16 of the diaphragm pump 14 to the control-fluid
reservoir 2A, the medium to be conveyed is sucked into the media-side chamber 17 of the
diaphragm pump 14 by a volume dV to be conveyed and with a predetermined pressure
profile, in particular a predetermined pressure profile over time. In this case, the
proportional valve 4 is actuated by the control unit 12, with use made of the detected
absolute pressure p and of the above-described method for determining the volume to be
conveyed, in such a way that the control-fluid pressure p is adjusted according to the

specifications and the process is terminated after the volume dV has been reached.

It is furthermore also possible for the volumetric end positions and intermediate reference
points of the diaphragm 15 of the diaphragm pump 14 to be determined by the control
arrangement 13. For this purpose, firstly a predetermined low initialization volumetric flow
rate is applied to the control fluid via the proportional valve 3 and, by means of the pressure
sensor 7, the temporal profile of the pressure is monitored continuously until the gradient
thereof becomes significantly steeper. In this way, it can be established that the diaphragm
15 of the diaphragm pump 14 has reached one of its mechanical stops, that is to say one
of its maximum positions or end positions. After this method has been carried out for the
first end position through the flowing of the control fluid into the control fluid-side chamber
16 from the control-fluid reservoir 1A via the proportional valve 3, the process can be
started in the opposite direction in that the control fluid flows, likewise at a predetermined
initialization volumetric flow rate, out of the control fluid-side chamber 16 of the diaphragm
pump 14 to the control-fluid reservoir 2A via the proportional valve 4. Here, too, the

temporal profile of the pressure is at the same time monitored continuously by means of
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the pressure sensor 7, and the second end position is detected when the gradientincreases

significantly.

Itis preferable that, in an accompanying manner, the total differential volume dVtotal is also
determined according to the above-described method, said total differential volume being
obtained between the two end positions of the diaphragm 15 of the diaphragm pump 14.
Based on this information, definition and actuation are also possible for any intermediate
reference points of the diaphragm 15, for example the neutral position in the case of half

the total differential volume dVtotal.

For determination of volume, as initial value, preferably the dead volume which is formed
by the sum of all the volumes of the interconnected control-fluid system elements from the
two proportional valves 3, 4 as far as the diaphragm pump 14 in that end position of the
diaphragm pump which corresponds to a minimum volume of the control fluid-side chamber
16 is determined. Said dead volume results from the design of the control arrangement and
of the control-fluid line connecting the control arrangement to the diaphragm pump and is
therefore simple to determine. For initialization, actuation is realized for the corresponding
end position of the diaphragm and the starting value of the number of particles N of the
integrator is calculated on the basis of the determined dead volume and of the conditions
presently measured via the pressure sensor 7 and the temperature sensor 11 with the aid

of the ideal gas law or a function-based relationship matched to the control fluid used.

The control arrangement described herein and the method for controlling a sensor-free
diaphragm pump have a large number of advantages in comparison with existing solutions.
Existing solutions, which rely in particular on a distance sensor for detecting the position of
the diaphragm of a diaphragm pump, are in principle associated with greater tolerances,
since here, the displaced volume is determined only indirectly and the spatial deformation
of the elastic diaphragm cannot be described in a reproducible manner. Furthermore, the
distance sensor for detecting the position of the diaphragm leads to an increase in the cost
of the diaphragm pump. Additionally, the handling effort by the user is increased, and a
system structure with only a low level of integration is achieved. The control arrangement
described herein and the method for controlling a sensor-free diaphragm pump, by
contrast, allow a positional control of the diaphragm on the basis of a volumetric
determination and avoid the arrangement of sensor components in the direct vicinity of the
diaphragm pump. In this way, a real, or volumetric, determination of the fluid volume moved
can be realized instead of merely a spacing measurement of the diaphragm with non-
reproducible deformation behavior. At the same time, a high level of integration is achieved

since all the sensors required for the control can be accommodated in the control system
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(wherein possibly a temperature sensor can be connected via a temperature-sensor
interface too). The diaphragm pump to be actuated is, by contrast, sensor-free. This results
in a simple structure and better handling by the user since a sensor is not contained in the
diaphragm pump and, accordingly, an associated connecting cable and a corresponding
connection outlay between a sensor of the diaphragm pump and the control arrangement
are dispensed with too. The control described herein furthermore makes it possible for the
constituents of the medium to be conveyed, such as for example biological cells, to be
loaded only to a small extent or for this loading to be controlled. Altogether, it is thus
possible to achieve a significant improvement in the actuation of diaphragm pumps, in

particular in application areas of disposable bioreactors in bioprocesses.
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Patentkrav

1. Styreindretning (13) til styring af en sensorlgs membranpumpe (14), der
omfatter

- et styrefluidindlab (1) til forbindelse med et farste styrefluidreservoir (1A) med
et trykniveau, der er forhgjet i forhold til et referencetryk,

- et styrefluidudiab (2) til forbindelse med et andet styrefluidreservoir (2A) med
et trykniveau, der er reduceret i forhold til et referencetryk,

- en styrefluidforbindelse (8) til forbindelse af en styrefluidledning med den sen-
sorlgse membranpumpe (14),

kendetegnet ved, at

- styrefluidindlgbet (1) er forbundet med et opsamlingspunkt (6) via en ferste
proportionalventil (3), og styrefluidudigbet (2) er forbundet med opsamlings-
punktet (6) via en anden proportionalventil (4),

- en massestremssensor (5) er anbragt mellem opsamlingspunktet (6) og sty-
refluidforbindelsen (8), og

- styreindretningen (13) endvidere omfatter en styreenhed (12), som signaltek-
nisk er forbundet med den farste proportionalventil (3), den anden proportio-

nalventil (4) og massestreamssensoren (5).

2. Styreindretning (13) ifelge mindst et af de foregaende krav, kendetegnet
ved, at en tryksensor (7), iseer en absolut tryksensor, er anbragt mellem op-

samlingspunktet (6) og styrefluidforbindelsen (8).

3. Styreindretning (13) ifelge mindst et af de foregaende krav, yderligere om-
fattende en temperatursensor (11) og/eller en temperatursensorgreaenseflade
(13B) til udveksling af signaler med en temperatursensor, isaer modtagelse af

signaler fra en temperatursensor.

4. Styreindretning (13) ifelge mindst et af de foregaende krav, kendetegnet

ved, at styreenheden (12) er signalteknisk forbundet med tryksensoren (7)
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og/eller temperatursensoren (11) og/eller temperatursensorgraensefladen
(13B).

5. Styreindretning (13) ifelge mindst et af de foregaende krav, kendetegnet
ved, at styreenheden (12) har en kommunikationsgreenseflade (13A) til inter-

aktion med en ekstern kommunikationsenhed.

6. Membranpumpeindretning (100) med en membranpumpe og en styreindret-
ning (13) ifelge mindst et af de foregaende krav, hvor membranpumpen er

udformet som en sensorlgs membranpumpe (14).

7. Bioreaktor (40) med en membranpumpeindretning (100) ifalge krav 6.

8. Anvendelse af en membranpumpeindretning (100) ifalge krav 6 med en bio-
reaktor (40).

9. Fremgangsmade (1000) til styring af en sensorles membranpumpe (14),
hvor fremgangsmaden er kendetegnet ved:

- tilvejebringelse af en styreindretning (13) ifalge mindst et af de foregaende
krav 1-5,

- aktivering (1001) af den ferste proportionalventil af styreindretningen (13) for
at muliggere stremning og transport af en styrefluid,

- lukning (1002) af den farste proportionalventil ved opnaelse af et volumen,
der skal transporteres,

- aktivering (1003) af den anden proportionalventil for at frigive gennemstram-
ning af og transportere styrefluiden,

- lukning (1004) af den anden proportionalventil ved at na det volumen, der

skal transporteres.
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10. Fremgangsmade (1000) ifelge det foregaende krav, omfattende detekte-

ring af det transporterede volumen af styrefluiden.

11. Fremgangsmade (1000) ifglge mindst et af de to foregaende krav,
hvor detektering af det transporterede volumen af styrefluiden omfatter:
- at konstatere en massestrem af styrefluiden,

- at udlede en volumenstrem fra massestrammen,

- at udlede et volumen af den transporterede styrefluid fra volumenstrammen.

12. Fremgangsmade (1000) ifalge mindst et af de foregaende krav 9-11,
kendetegnet ved:

- konstatering af et tryk af styrefluiden,

- aktivering af den ferste og/eller anden proportionalventil (3, 4), saledes at et
pa forhand givet maltryk for styrefluiden ikke overskrides, og/eller et pa forhand
givet maltrykomrade overholdes, og/eller en pa forhand given trykgradient

overholdes.

13. Fremgangsmade (1000) ifelge mindst et af de foregaende krav 9-12, om-
fattende detektering af endelag af membranen (15) af den sensorl@gse mem-

branpumpe (14).

14. Fremgangsmade (1000) ifalge mindst et af de foregaende krav 9-13,
hvor detektering af endelag af membranen (15) af den sensorl@ése membran-
pumpe (14) omfatter:
- transport af styrefluid med en pa forhand given initialiseringsvolumen-
strem,
- konstatering af trykgradienten af styrefluiden,
- bestemmelse af tilstedevaerelsen af et endelag af membranen (15), nar

trykgradienten aendres.
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