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(57) A system or a method to at least partially steer
systems, e.g. heating and/or cooling and clusters of sys-
tems is described, when the controller of the system is
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unknown. Steering of the energy flow, e.g. heating/cool-
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Description

[0001] The present invention relates to a system or a method to at least partially steer systems, e.g. heating and/or
cooling and clusters of systems, when the controller of the system is unknown or when the transfer function of the system
is unknown. The present invention also relates steering of the energy flow, e.g. heating/cooling/electrical energy, to
provide energy to the system or the cluster of systems and preferably to manage common constraints, like capacity
problems.

Background

[0002] It is known that heating systems can be controlled with distributed control strategies, for example:

Power supply network control system and method, Patent Application number EP3000161. Inventors: De Ridder
F., Claessens B., De Breucker S.
De Ridder F., Claessens B., Vanhoudt D., De Breucker S., Bellemans T., Six D. and Van Bael J. "On a fair distribution
of consumer’s flexibility between market parties with conflicting interests", International Transactions on Electrical
Energy Systems, DOI: 10.1002/etep.2188, 2016;
D’hulst R., De Ridder F., Claessens B., Knapen L., Janssens, D. 2015. "Decentralized coordinated charging of
electric vehicles considering locational and temporal flexibility." International Transactions on Electrical Energy
Systems, 25(10), 2562-2575.
De Ridder F., Reinhilde D’Hulst, Luk Knapen, Davy Janssens. "Electric Vehicles in the Smart Grid, Chapter in Data
Science and Simulation in Transportation Research." Editors: Janssens D., Yasar A., Knapen L., IGI Global, 2013;
De Ridder F., Reinhilde D’Hulst, Luk Knapen, Davy Janssens. "Applying an Activity Based Model to Explore the
Potential of Electrical Vehicles in the Smart Grid", Procedia of Computer Science, 19, 847 - 853, 2013].

[0003] Practically many systems cannot be steered, because the internal control system is shielded or hidden from
access. This is often the case in Building Management Systems (BMS) or in large industrial plants, where many material
flows are optimized. Many systems and cluster of systems cannot be steered, because the internal management of the
system are shielded or because the internal management system is too complex or because the system is controlled
manually. These internal management systems are important, because they guard internal constraints, like security of
supply, comfort constraints, minimum/maximum temperatures, safety measures, like pumps will not work if pressure
drops are detected which might indicate a leakage in a pipe.
[0004] Known control schemes for control of a cluster of devices are based on explicit knowledge of the underlying
system. Even if self-learning model-free machine learning techniques are used, these can only steer some control
parameters. In practice, cluster control schemes are difficult to implement for several reasons

- There is often no access to the internal controller (e.g. because it is owned and operated by a private company.
- If the system changes, the controllers have to be changed, which is a time consuming job.
- If the configuration changes, e.g. devices are added or removed, the controller will have to be changed, which is a

time consuming job.
- Many safety measures complicate the interference with controlling the real system.

[0005] For instance, until now, one way in which an external control component can influence a BMS’s behaviour is
by overriding the thermostat settings. In some special cases the BMS provider may offer an optional secondary (lower
priority) controller input connector for such purposes, which leads to vendor lock-in, requires detailed knowledge and
permission of the BMS provider, often requires costly cooperation and consultancy to be provided by the vendor, including
maintenance fees. Overriding settings like thermostat settings can lead to dangerous situations, e.g. overheating.
[0006] It has been proposed to measure the thermal state inside houses and to steer the BMS accordingly. However,
in many applications, this is difficult. In addition, many devices, such as heat pumps have their own internal management
system, which can only partly be controlled. Often anti-pendle time constraints are active, e.g., if the heat pump is
switched off, it will remain off for 20 minutes. It is hard to take such (unknown) constraints into account.
[0007] Clusters can be controlled by distributed control algorithms. A significant disadvantage is that a separate control
unit needs to be developed for every individual device in the cluster. From an IT point of view, individual devices can be
controlled by an agent. A significant disadvantage is that an agent needs to be written explicitly for every device. From
a control perspective, a controller for the complete cluster can be developed, but this is a large task. In all cases, the
design is not scalable, i.e. every change in the system requires new adaptations and developments in the control scheme.
In addition, the control system must have access to every device. This is often not allowed. Many buildings have BMS
systems, which cannot be accessed, heat pumps have an internal controller (for safety and other reasons), which cannot
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be accessed.

Summary of the invention

[0008] Embodiments of the present invention provide a method to at least partially steer systems, e.g. heating and/or
cooling of devices, of buildings etc. and clusters of such devices and buildings etc., when the controller of the system
is unknown or when the transfer function of the system is unknown. Embodiments of the present invention allow steering
of the energy flow, e.g. heating/cooling/electrical energy, to provide energy to the system or the cluster of systems and
preferably to manage common constraints, like capacity problems. Embodiments of the present invention make use of
external sensors or data flows used by other controllers.
[0009] Embodiments of the present invention provide an external controller retrofitting and for controlling a system
having devices consuming hot or cold thermal energy and for consuming or generating electric power supplied by an
electricity distribution grid, the electricity distribution grid having constraints and target objectives, at least one device
having an internal controller for controlling the use of the hot or cold thermal energy and for receiving parameters as
input to the internal controller wherein at least one parameter is accessible to the retrofitted external controller, the
retrofitted external controller being adapted to manipulate the at least one parameter and to supply the manipulated
parameter to the internal controller to alter the behaviour of the at least one device to meet at least in part the constraints
and target objectives of the electricity distribution grid.
[0010] Embodiments of the present invention do not interfere with an internal controller such as a controller of a BMS.
Instead intercepts are only with sensor values such as the external temperature. By doing so, the efficiency of the overall
system can be improved, but the individual BMS systems still provide the same guarantee of internal temperatures to
remain within predefined ranges. To overwrite internal temperature sensors, or controller set-points can result in situations
where a building becomes too cold and/or too warm. If the internal heat sensor is manipulated, alarms cancelled or
thermostats overridden, the system can be heated to higher temperatures than were meant for the internal buffer con-
troller. This may cause safety risks (the heater may start boiling, fires started, scalding of persons, etc.).
[0011] Embodiments of the present invention can control systems in electricity and/or heating or cooling networks,
which are directly controlled by third parties or can be applied to individual units/buildings/devices. No access to the
controller of the system is required, because its behaviour is influenced through some accessible external parameters.
This presents a simple yet efficient way of harnessing the unknown inherent internal flexibility that can be provided by
the system. Examples of such accessible controllable parameters are the outside temperature often used in building
management systems or the availability of electricity used in controlling the production of industrial plants or the tem-
perature and or flow rate in heating or cooling networks, the voltage, frequency, currents, etc. in electric distribution
networks.
[0012] Embodiments of the present invention can control a system which can be incorporated in a larger cluster. Such
a system can be steered so that it supports and helps in reaching objectives and constraints of the larger cluster.
Objectives of a larger cluster can be achieved such as a minimization of losses, a minimization of costs, and constraints
of the larger cluster such as limitations in the capacity of the grid, voltage, frequency and current stabilization in electric
grids, material flows between industrial plants. Embodiments of the present invention can provide a control system with
a hierarchical structure.
[0013] Embodiments of the present invention include a system comprising accessible external sensors and or data
used by an internal shielded controller. This allows manipulation of the outputs accessible external sensors and or data
and hence control of the shielded internal controller.
[0014] Embodiments of the present invention provide a system and method for controlling a system that learns how
the system reacts to external parameters and manipulates some of these parameters to steer the system. Embodiments
of the present invention allow a system to be controlled to deal with other control problems, like stabilizing the electric
and/or heating network.
[0015] Embodiments of the present invention provide an externally applied device used to modify the performance
characteristics of a system. A device may be retrofitted to influence and modify the performance characteristics of a
system.
[0016] Embodiments of the present invention also provide a system and method, which can be applied to a broad
range of products such as:

- A steering mechanism for systems in a heating and/or cooling network
- A steering mechanism for systems in a distribution grid with limited capacity
- A steering mechanism for systems connected to a aggregator and/or balance responsible party in an electricity grid.
- A steering mechanism for power scheduling of large factories/companies.

[0017] Embodiments of the present invention provide a method which is able to partly take over internal controllers.
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It does this by over-ruling accessible external parameters that are used by the internal controller. First it learns how the
internal controller reacts to changes in these external controllable parameters and next with will adapt these parameters
so that the internal controller reacts according to some global objectives and constraints. However, it changes only the
external parameters of the internal controller. Safety measures taken by the internal controller are never overruled.
[0018] This method can be applied in heat networks, where an accessible external parameter would be the outside
temperature; but the method can also be applied to systems, like industrial complexes, factories, etc., which react to
instabilities in the electric grid, like lack in production or overproduction of energy, frequency variations, voltage variations,
current or power variations or even variations in energy prices.
[0019] Experimental evidence illustrates that it is possible to take over the external parameters, that most systems do
react to these external parameters and that the response behaviour can be learnt and can be used to steer the system
according to some common objectives.
[0020] For response system that seems to change with time a filtering such as a Kalman filter can be used to track
the drifts. Other online learning tools can be applied as well.
[0021] Any of the embodiments of the present invention of an external retrofit controller can be implemented by a
digital device with processing capability including one or more microprocessors, processors, microcontrollers, or central
processing units (CPU) and/or a Graphics Processing Units (GPU) adapted to carry out the respective functions pro-
grammed with software, i.e. one or more computer programs. The software can be compiled to run on any of the
microprocessors, processors, microcontrollers, or central processing units (CPU) and/or a Graphics Processing Units
(GPU).

Brief description of the drawings

[0022]

Figure 1 shows a control system in accordance with an embodiment of the present invention.
Figure 2 shows a hierarchical control system in accordance with an embodiment of the present invention.
Figure 3 shows a method flow in accordance with an embodiment of the present invention.
Figure 4 shows a control system in accordance with an embodiment of the present invention.

Definitions

[0023]

- Implicit control signal: a set of parameters, which are used by an internal controller and which can be manipulated
by an external controller according to embodiments of the present invention

- BMS: building management system
- Internal controller: computer program or a device that steers a real local system.

[0024] Examples are the BMS in a building or the operations control centre that steers an industrial plant.

- External controller: computer program or device used to steer the internal controller to meet a set of common
constraints, like capacity problems in the electric grid or heating grid.

- System: device or cluster of devices with an internal controller.
- External variables: accessible data outside the system, which influence the internal controller, like external tem-

perature, time, day in the week, day in the year, economic activity, stock prices, energy prices, stability of the grid, etc.
- Fixed external variables: external variables which are not, e.g. cannot be manipulated.
- Controllable or accessible external variables: external variables that can be manipulated by the external controller,

like energy price, the external temperature.
- "Retrofitting" or "retrofit" refers to the addition of new technology or features to older systems, i.e. systems

comprising legacy devices. A legacy device can be identified by its date of installation or from other records. A
retrofitted device can be identified by its date of installation or from other records.

- "Local security features" refers to legacy security features of a legacy storage vessel such as security based set-
points, security cut-outs such as fuses, operation of thermostats, sounding of alarms, etc.

Detailed description of illustrative embodiments

[0025] The present invention will be described with respect to particular embodiments and with reference to certain
drawings but the invention is not limited thereto but only by the claims. The drawings described are only schematic and
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are non-limiting. In the drawings, the size of some of the elements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative dimensions do not correspond to actual reductions to practice of
the invention.
[0026] Furthermore, the terms first, second, third and the like in the description and in the claims, are used for distin-
guishing between similar elements and not necessarily for describing a sequential or chronological order. It is to be
understood that the terms so used are interchangeable under appropriate circumstances and that the embodiments of
the invention described herein are capable of operation in other sequences than described or illustrated herein.
[0027] It is to be noticed that the term "comprising", used in the claims, should not be interpreted as being restricted
to the means listed thereafter; it does not exclude other elements or steps. It is thus to be interpreted as specifying the
presence of the stated features, integers, steps or components as referred to, but does not preclude the presence or
addition of one or more other features, integers, steps or components, or groups thereof. Thus, the scope of the expression
"a device comprising means A and B" should not be limited to devices consisting only of components A and B. It means
that with respect to the present invention, the only relevant components of the device are A and B.

Embodiment 1: thermal systems

[0028] The present embodiment relates to heating or cooling networks providing heating or cooling to a building or a
group of buildings. Each of these buildings or group of buildings is controlled by its own, private, BMS. This BMS ensures
that the temperatures inside the building remain in well-defined ranges, that return temperature are optimized, so that
heat pumps work well, that pressure on the pipes is monitored and that no water is circulated if pressure drops indicate
leaks. In many cases, there is no access to the BMS system itself by third parties, so that direct steering of the use of
heating or cooling and/or power consumption of the building is not possible. In many cases of heating and/or cooling of
buildings, one of the external parameters that is used by a BMS is the external temperature. For example for a heating
network, if the outside temperature drops, buildings will consume more heat and vice versa. In other cases, indoor
temperature measurements are used by the BMS to control the heat consumption of the building.
[0029] This embodiment makes use of a manipulated or substitute outside values for external accessible control
parameters of which external temperature is one example. This parameter is manipulated to steer the BMS system. For
example, if the manipulated temperature is lower than the real temperature, the building may consume more energy at
first, but receives a feedback from internal sensors that inside temperature are rising, so after a while the system may
consume less than predicted. If the response of the system can be characterized, it can be steered by providing manip-
ulated outside temperatures.
[0030] A heating or cooling device, which provides heat/cold to the heating network has a limited capacity, or networks
pipes that transport the thermal energy have limited capacity, or a second heating/cooling installation needs to be
switched on when demand exceeds a threshold, or that the heat is provided by a CHP/heat pump, which sells/buys its
electric power on the electricity markets. This CHP/heat pump will take a position on the day ahead market and needs
to produce/consume the promised electric power; or for clusters of buildings, some consume heat/cold and other produce
excess heat/cold (e.g. data centres, industrial companies, supermarkets with cooling installations); or thermal energy
storages are provided in the heating/cooling network
[0031] In all these cases, it is desired to steer the buildings or the thermal energy storage units, so that the capacity
is better used, more expensive devices are used less or the electric power of the CHP/heat pump is optimized, clusters
of consumers and producers of heat/cold are better balanced, renewable energy sources are used as much as possible.
[0032] Fig. 1 shows a BMS 4 controlling the heating and cooling devices 6, e.g. of a building 8. These heating and
cooling devices 6 are connected to a heating and/or electric distribution grid 12. The controller 14 of this grid cannot
communicate directly with the BMS 4. Embodiments of the present invention provide a retrofitted system that overwrites
the output signal of the external temperature sensor 5 and provides manipulated values of outside temperature to the
BMS 4. This allows an external retrofitted controller 16 to steer the BMS 4 and bring its consumption in agreement or
closer in agreement with the objectives and constraints of the grid controller 14.

Embodiment 2: industrial plants

[0033] Many industrial plants are organized in order to steer flows of goods and people. This optimization is often
complex and is performed by a management team and/or by computers. One of the inputs to steer such complex
processes is the availability of electricity and the constitution of the electric grid. It is expected that the availability of
electricity will become more volatile in the future, due to a larger penetration of renewable energy sources. As a result,
industrial plants will not only take the electricity prices into account in their decision processes but also the availability
of electricity. It will become more beneficial for the industrial plant, the distribution grid and the transmission grid operator
to control electric energy use more carefully.
[0034] Load synchronization may harm the distribution grid. When a lot of flexible sinks are connected to the same
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grid, they will all try to maximize their consumption. Most grids cannot cope with this, since it is assumed that peak
consumption is spread in time.
[0035] In one aspect, embodiments of the present invention can optimize the energy availabilities on the energy market
to secure (wherever possible) that grid constraints are not violated.
[0036] It is a difficult task to examine how each individual industrial plant will react to every possible electricity availability
and electricity price profile. Nevertheless, an operator will need to gain access to the energy markets and/or to steer the
energy consumption in order to meet common constraints. The complete process of an industrial plant and the decisions
of its management are difficult to model. Embodiments of the present invention use response functions to predict the
reaction of such an industrial plant.

Embodiment 3: recursive and hierarchical applications on industrial sites

[0037] Embodiments of the present invention can be applied recursively to industrial plants and their sub-units down
to the level of individual devices if necessary. Embodiments of the present invention also allow for multiple industrial
sites (e.g. in the same region) to be optimized together in a hierarchical fashion - See Fig. 2. The embodiment of Fig. 2
shows industrial site/connection of sites 10 having three controller levels: controller level No. 1, controller level No. 2
and controller level No. 3. These can be retrofitted controller levels. Each system, such as systems 21, 22, 31, 32, has
an accessible external variable 23, 24, 33, 34 which can be manipulated such as the value of an external temperature
sensor. Each retrofitted controller level 1, 2 also has an accessible external variable 13, 25 which can be manipulated
such as the value of an external temperature sensor, in accordance with an embodiment of the present invention. Thus
a retrofit controller at controller level 1 can manipulate the value of the accessible external variable 13 such as the value
of an external temperature sensor in order to control a further controller at controller level 2. The further controller at
controller level 2 can be a retrofitted controller which in turn is able to control systems 21 and 22 by manipulating
accessible external variables 23, 24 of systems 21 and 22 respectively. This controller at controller level 2 can also
control the controller at controller level 3 by manipulating external accessible variable 25 such as the value of an external
temperature sensor. The further controller at controller level 3 can be a retrofitted controller which in turn is able to control
systems 31 and 32 by manipulating accessible external variables 33, 34 of systems 31 and 32 respectively. Such a
hierarchical arrangement of retrofitted controllers allows for several levels of abstraction, and the planning of resources
at each level 1, 2, 3 can be done independently of the other lower levels. The only factors relevant to each level are the
accessible external variables for controlling lower level controllers and systems that can be controlled by manipulation.
Manipulated adjustments of each accessible external variable 13, 23, 24, 25, 33, 34 will result in responses from the
lower level controllers or systems to these changes in the variables. These responses are therefore feedback which can
be supplied to the retrofitted controllers to allow them to optimize their performance. This allows for steering a hierarchical
system with complex interactions in an efficient way. An example of this is a cluster of industries as shown in Fig. 2.
Each industrial premises or complex handles several systems with internal control units, and an aggregator of the industry
systems and controllers, e.g. at controller level 1 can carry out global tasks such as making electrical or heating or
cooling energy available for the entire industrial site/connection of sites 10 with several levels of constraints to satisfy
simultaneously.
[0038] Embodiments of the present invention can be applied to a system of Fig. 2 which has or can have an internal
control system having its own internal controller. In accordance with embodiments of the present invention the internal
control systems need not be influenced directly from external but instead are influenced by manipulation of accessible
external data paths or sensor outputs. A system of Fig. 2 can be connected to another external system, like a distribution
grid, and that external system will have certain objectives, like cost minimization, and certain constraints, like a limited
capacity. An advantage of the present invention is that a retrofitted control system is provided that is able to satisfy at
least partly new objectives relating to more than just the local systems. This allows adaption of the systems to new
objectives, e.g. introduced by use of renewable energy sources.
[0039] Embodiments of the present invention allow steering of the internal systems according to these external ob-
jectives and constraints without overruling the internal controllers. This can secure or guarantee that internal constraints,
like security of supply, are met while the system is steered according to the external objectives and constraints.
[0040] Embodiments of the present invention do not need any knowledge or representation of the actual control
parameters and can thus be applied to systems, which are not accessible from external. Rather than steering some
control variables, embodiments of the present invention manipulate some of the accessible data on which the internal
controller of the BMS 4 of Fig. 1 or of each of systems 21, 22, 31, 32 of Fig. 2 bases its decision.
[0041] Advantages of embodiments of the present invention can be any one, some or all of the following:

- embodiments of the present invention can be applied to a broader range of controllers;
- embodiments of the present invention can be used in a hierarchical controller (see Fig. 2). The internal controller

itself can be an implicit controller.
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- embodiments of the present invention need less data and knowledge about the system to be controlled
- embodiments of the present invention can still guarantee that all internal safety measures are fulfilled.
- embodiments of the present invention add on to the existing implicit controllers. Therefore the process operator will

not have to replace the existing controller.
- embodiments of the present invention avoid vendor lock-ins, control-system vendor’s or manufactory’s cooperation

is not required
- embodiments of the present invention are robust to replacement/firmware updates of the existing controllers
- embodiments of the present invention are less intrusive to the existing installation, no access to control hardware

is necessary
- embodiments of the present invention allow non-intrusive integration of control hardware from multiple competing

vendors
- Embodiments of the present invention provide a means to steer systems or clusters of systems, where there is no

access to the internal control mechanisms of these system(s).
- Embodiments of the present invention can steer systems that evolve in time, that are controlled by complex processes,

like complex computer programs, human interferences etc. and that are controlled by hardware/software from
competing providers without requiring world-wide open control standardisation efforts.

[0042] Embodiments of the present invention can require that some external sensors of the internal controller be
replaced, or at least the measurement value of such sensors are overwritten.
[0043] Methods such as machine learning methods may be applied to find out which of the various (types of) potentially
accessible sensors should be selected for replacement and manipulation, e.g. the one whose manipulation reveals the
most interesting potential for influencing the optimisation objective.
[0044] Secondly, machine learning methods can be applied to learn the responses of the system being controlled.
[0045] Thirdly, these responses can be embedded in an implicit controller.
[0046] Embodiments of the present invention overrule external sensor measurements. Embodiments of the present
invention allow the internal controller of a system to continue in its control function. Embodiments of the present invention
manipulate some external data on which the internal control is based rather than replacing the existing controller by a
controller with other features but the same safety standards. Embodiments of the present invention steer the controller
in a desired direction, without jeopardizing safety measures, nor security of supply. Embodiments of the present invention
work best with an internal controller that bases its action on at least one external parameter, like an availability of energy,
an outside temperature, the temperature and flow rate in a heat network, the state (voltage, frequency, currents, etc.)
of an electrical grid. Hence a sensor or dataflow is intercepted, this information is manipulated and this affects the
decision made by the internal controller. The response of the system to this manipulation is learnt, from which embod-
iments of the present invention can compute how the system can be steered by a series of manipulated data.
[0047] Embodiments of the present invention can make use of a response function, for example a linear response
function which is linear in the parameters and linear in the manipulated parameters. This allows embodiments of the
present invention to use such a response function as an affine function in the external controller. This property is useful
so that a numerical robust solution to the external objectives and constraints can be computed. However, response
functions which are non-linear, like convex functions which are convex in both the system parameters and convex in
the control parameters or nonlinear functions, which have non-linear relations wrt the system parameters and/or control
parameters can also be used. If these are used, one can no longer guarantee that the controller functions optimally (in
a mathematical sense: convergence may be slower or absent, local minima may occur in the search algorithms, etc.).
[0048] Embodiments of the present invention provide a forecaster to estimate the energy consumption of a network
for the next time period e.g. 24h - i.e. a reference consumption A Planner which gives the control objectives (peak
shaving/elec. market interaction/cell balancing), can determine an optimal cluster consumption profile that can be
achieved, taking into account this forecast and the response functions of the buildings.
[0049] A dispatcher-Tracker is provided which makes use of individual control signals necessary to follow/track the
optimal consumption profile.
[0050] A digital processing device such as a computer and some hardware can be used to manipulate the outputs
sensors. A computer and some hardware can be used to replace data-flows. A digital processing device such as a
computer and some hardware can be used to provide an indoor written forecaster, or use can be made of external
forecasts. Some external variables are manipulated in order to steer the system in the desired direction. Embodiments
of the present invention learn from the system, e.g. controllable buildings how they respond to manipulated temperatures.
[0051] The reaction of the system, i.e. by responses is learned by a computer and the response of the system is
incorporated in an external control, which can be used for its own objectives. These response functions are used to
control those buildings and to avoid peak demand.
[0052] An embodiment of the present invention is a method 100 (see Fig. 3):
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1. One or more accessible sensors or data channels are identified so that external signals from these sensors or
data channels can be overwritten (step 102). An internal controller often depends on some external data, like weather
data, forecasts, outside temperature, energy availability. These internal systems have their own independent control
system, which cannot be entered. But these external data influence the decision made by the internal controller. By
overruling these external data flows and/or sensors, the internal controller is steered.
2. how the system responds to changes in these external parameters is learnt (step 104). This part is based on, for
example machine learning techniques, which relates the dynamic response of the system to changes in the features.
These features include the manipulated data. It is very well possible that the response function is complex, time
varying, etc.
3. this response function is used to steer the system according to external objectives and constraints (step 106).
This allows external retrofitted controllers to be configured which can steer internal systems in a grid. Steering the
internal controllers can be done by optimization methods, like convex optimization, multiple shooting, etc.

[0053] An external controller for retrofitting according to embodiments of the present invention can be improved by
using more complicated machine learning techniques than simple linear response models. More complicated machine
learning techniques can be convex or nonlinear models, including machine learning models, like reinforcement learning,
vanilla neural networks, convolutional neural networks, LSTMs, decision trees, and many more.
[0054] Embodiments of the present invention differ from other technologies because they do not need to take over
the control of the local system. Instead they are an add-on to existing controllers.
[0055] Embodiments of the present invention learn the response of a system. So even if the system or its behaviour
changes in time, this can be tracked.
[0056] Embodiments of the present invention are scalable and composable. The internal system with its internal
controller can be another implicit controller, which steers several devices with its own local objectives and constraints.
[0057] Embodiments of this invention can be applied to steer devices in a heating or cooling network. Embodiments
of this invention can be applied to steer devices in an electric distribution network.
[0058] Embodiments of this invention can be applied to steer devices in a portfolio of a BRP.
[0059] Embodiments of the present invention provide a steering system with one, some or all of:

• which can learn how a system reacts to changes in external parameters, e.g. a building will react to manipulated
temperatures, a plant will react to changes in electricity availability, etc.

• which will construct a response function to model reactions of the controlled system
• which will determine implicit control parameters to be used to learn the response function, e.g. the quick or the

fastest, the accurate or most accurate and/or the precise or most precise
• which will use this response function for its own objectives
• which will be able to learn changes in the response function.

[0060] A system with which embodiments of the present invention can be used, consists of or comprises a device or
a set of devices and an internal controller. It is assumed that there is no access to controlling parts of the internal
controller. The device or set of devices is/are connected to an electrical and/or a thermal grid, which provides electric
power. The internal controller steers the devices based on, for example

(i) A set of fixed external parameters;
(ii) A set of manipulated parameters. The internal controller does not and usually cannot distinguish controllable
external parameters from fixed external parameters.

[0061] An embodiment of the present invention can be described as follows. Device(s) are connected to an electrical
and or heat network and consume energy and/or dispense energy. This network is subject to a series of constraints,
like a maximum power, equilibrium between consumption and production, etc. The grid control system makes sure or
aims to make sure that these constraints are met. In a heat network, the grid control system may simply steer the heat
production; in an electric grid, a large series of reserve capacity, energy market mechanisms, load flow calculations are
performed to keep the grid stable. An internal controller of a device is hardly aware of the state of the grid controller and
aims solely at meeting internal constraints, like safety of the installation, meeting comfort settings, etc. The aim of the
external controller, e.g. retrofitted controller according to any of the embodiments of the present invention is to link the
grid control system to the internal controller. Since the internal controller has no direct interface, this is difficult, but not
impossible. In embodiments of the present invention one accessible external variable or some of the external variables
can be manipulated to steer the internal controller. This is precisely the role of the external controller. By manipulating
one accessible external variable or some external variables, it can (partly) steer the system so that it better react to
situations in the grid.
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[0062] An embodiment of the present invention relates to a system 22 with a control system including an internal
controller 27 as shown schematically in Fig. 4. The control system and the internal controller 27 cannot be accessed,
adapted or adjusted directly by third parties. The internal controller 27 of system 22 receives values of external parameters
29 which are not accessible nor adjustable by third parties. Without the amendments of embodiments of the present
invention, the internal controller system 22 is connected to another system, like a thermal and/or electrical distribution
grid 11, and this grid 11 has certain objectives, like cost minimization, and certain constraints, like a limited capacity.
This embodiment of the present invention allows steering of the system 22 according at least partly to these external
objectives and constraints without overruling the internal controller or internal controllers 27. This means that there is a
guarantee that internal constraints, like security of supply, are met while the system 22 is steered according to the
external objectives and constraints.
[0063] External controller 16 manipulates values of controllable and accessible external parameters 24 such as external
temperature and delivers these manipulated values to the internal controller 27 via an implicit control signal. The internal
controller can also receive fixed external parameters 29 which are not manipulated. The internal controller controls
devices 28 of system 22 via internal control signals. Electrical and/or heating or cooling power to the devices 28 is
provided by an electrical and/or thermal grid 12 which can be part of a larger grid system 11. The grid system 11 has a
grid control system 14 in communication with the retrofitted external controller 16. So the state of the grid 11 and
constraints and objectives of the grid controller 14 are known to the external controller 16.
[0064] In order to steer the system 22 according to the demands of the grid controller system 14, the external controller
16 preferably has tools to forecast how the system 22 will react when the controllable external variables 24 are manip-
ulated. Therefore the external controller 16 needs to learn how the system will react to changes in the external variables
24. This learning consists of two phases. In the first phase, it will dialogue with the system 22 and will learn what external
parameters to select to retrieve as much information as possible. In the second phase, it will construct response functions,
which tell how the system 22 will react or response in any given situation.
[0065] The response function is a function that forecasts the energy consumption as function of a series of features.
These features contain (at least some of) the external variables, with possibly some additional variables and the manip-
ulated external variables 24. The external controller 16 can use the response function to estimate optimal implicit control
signals, which can be applied to the internal controller 27 of system 22.
[0066] The response function can be constructed with identified parameter estimation and model selection. A dialogue
with the system 22 can be optimized. The response function can be generalized, so that time varying response can be
handled too.

Features

[0067] The aim of the response function is to forecast the energy consumption, e.g. electric and/or heat/cooling, based
on some known variables which variables will be called features. The forecast itself is called the output. A subset of the
features is the implicit control signals provided by the external controller 16 to internal controller 27.
[0068] Possible content of the feature vector are (non-limiting and no-exhaustive list):

- The day in de week
- The day in the year and public holidays
- The hour in the day
- The economic activity
- Stock market prices
- Commodity prices
- Weather forecasts
- Energy consumption forecasts
- Energy market prices
- Energy market forecasts.
- An implicit control signal that has been used in the recent past
- Implicit control signal

[0069] The feature vector is called f and the output y.

Response function

[0070] The response function is the mathematical relation between the features and the output. The most obvious
relation is a linear relation, whereby the output is a simple linear combination of all features (and optionally a constant).
The main advantage of a linear relation is that the estimation of the parameters is a stable process with a lot of known
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properties, which can be used to check the solution. Besides, simple non-linearities can be encoded as linear relations
into the feature table.
[0071] The nature of the response function can be nonlinear, e.g. which can be the case if the system is saturated.
For example, a factory may react to an increase in the availability of electricity, e.g. caused by a drop by 50% in the
availability of electricity. For example the factory could switch on all its devices. If there is a further drop in availability,
e.g. a further drop of another 50 %, there will not be any additional reaction, since all devices have already been switched
on. Such a saturated response is difficult to model with linear response. In the machine learning community, a broad
range of solutions have been proposed, like support vector machines, neural networks, logistic regression and many
more to deal with this situation.
[0072] A response function can be written as follows 

with H a function of the features f(1xM vector) and y a vector with the energy consumption in the future (Nx1). This
simplifies to 

in the linear case (with θ a MxN matrix).
[0073] This response is subject to two constraints

1. Time invariance

[0074] The effect of an implicit control signal (e.g. from external controller 16 to internal controller 27) at time t on the
consumption at time t + n must be the same as its effect at time t + m on the consumption at time t + n + m, with n and
m both positive numbers.

2. Anti-causality

[0075] In practice it is not possible that an implicit control action at time t influence the consumption at time t - n with
n a positive number. 

Estimating parameters

[0076] It is assumed that a time series of the features and of the output are available. These can be gathered, by
applying implicit control signals and measuring the real responses of the system. The estimation of the parameters
depends on the method used. For most machine learning techniques, the parameter estimation methods are available.
For the linear case, a least square estimator can be used to identify the θ matrix 

[0077] Subject to 
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[0078] These equations can easily be solved with publicly available software, see for example Michael Grant and
Stephen Boyd. CVX: Matlab software for disciplined convex programming, version 2.0 beta. http://cvxr.com/cvx, Sep-
tember 2013; Michael Grant and Stephen Boyd. Graph implementations for nonsmooth convex programs, Recent Ad-
vances in Learning and Control (a tribute to M. Vidyasagar), V. Blondel, S. Boyd, and H. Kimura, editors, pages 95-110,
Lecture Notes in Control and Information Sciences, Springer, 2008. http://stanford.edu/∼boyd/graph_dcp.html.

Identification of the model

[0079] By "identification of the model", is meant that rules are provided which identify in a set of features, which features
are relevant and which are not. It is not always a good idea to use as many features as possible, since some features
will not improve the forecast. However, the parameters associated with these features, have some uncertainty and this
uncertainty will lower the precision of the forecast. For that reason, it is better to exclude these features. There are some
rules to identify the significant features.
[0080] One way to identify which features improve the forecast and which features are not significant, is by the use
of information criteria, like AIC see for example Akaike, Hirotugu. "A new look at the statistical model identification."
IEEE transactions on automatic control 19.6 (1974): 716-723.], BIC [Schwarz, Gideon. "Estimating the dimension of a
model." The annals of statistics 6.2 (1978): 461-464.], MDL [Rissanen, Jorma. "Modeling by shortest data description."
Automatica 14.5 (1978): 465-471.], etc. These are able to propose a well-balanced trade-off between precision and
accuracy, solely based on the residual cost function C, the number of observations Nobs and the number of free parameters
Npar - Ncon

[0081] In practice, one optimizes the parameters for every possible set of features and selects that set with the lowest
criteria. Additionally, other feature selection criteria can be used, simplest being to not include two features that are
highly correlated, as they are likely to provide the same underlying information.

The dialogue with the system

[0082] In real applications, the method can begin with the retrofitted controller 16 manipulating a single feature and
receiving a response from the system. Based on both, construction of a response function can be commenced. In the
next iteration, new features are provided/manipulated and a new response is received. This procedure can be repeated
until the system is well described. This dialogue with the system can be optimized; e.g. implicit control signals can be
identified that lead faster to precise response models. It can be important to learn the response of the system as quickly
and as accurately and precisely as possible. It can be proven that any other dialogues will learn slower.
[0083] Formally, implicit control signals can be found that maximize the Fisher Information matrix, see Fedorov, Valerii
Vadimovich. Theory of optimal experiments. Elsevier, 1972.. The Fisher information matrix is given by 

[0084] With ∑ the covariance matrix of the output. If we assume that the measurement uncertainty on the output is
independently identically distributed noise, this covariance matrix is a diagonal matrix, with a constant diagonal 

[0085] The aim is to maximize this FIM, 
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[0086] The constant is dropped, since it does not influence the maximization. It can be posed as is a convex problem
which can be solved by commercially available solvers, like cvx , see Michael Grant and Stephen Boyd. CVX: Matlab
software for disciplined convex programming, version 2.0 beta. http://cvxr.com/cvx, September 2013; Michael Grant and
Stephen Boyd. Graph implementations for nonsmooth convex programs, Recent Advances in Learning and Control (a
tribute to M. Vidyasagar), V. Blondel, S. Boyd, and H. Kimura, editors, pages 95-110, Lecture Notes in Control and
Information Sciences, Springer, 2008. http://stanford.edu/∼boyd/graph dcp.html. Most likely, the implicit control signal
u, is a constraint. These constraints can easily be integrated.

Time varying systems/ Kalman

[0087] The relation between the features and output may vary slowly in time. This does not need to be taken into
account explicitly in the model but can be dealt with by filtering. One way to deal with this is by implementing e.g. a
Kalman filter, which will track the changing parameters.
[0088] The Kalman updating scheme for the linear model is 

[0089] With K the Kalman gain, ∑θ the covariance matrix of the response model’s parameters, ∑Q the covariance

matrix of the mystic process noise, θ+ the updated parameters and  the updated parameter covariance matrix.

Control problem/ solution

[0090] The external controller 16 can use the response function to steer the system 22 such that grid objectives and
constraints can be met. Many objective functions are possible as will be described below.
[0091] In general terms, an objective function can be expressed in function of the electric and heating energy con-
sumptions, E and Q

[0092] If the only concern is to keep the energy consumption in some bounds, 

[0093] If the heat is to be provided by a cheaper installation (or one using renewable energy sources) such as a pellet
installation and a more expensive (e.g. fossil fuel) oil installation, 

[0094] With λpellet the energy price of the pellet installation,  the maximum energy production of the pellet
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installation (or renewable energy source)and λoil the energy price of the (e.g. fossil fuel) oil installation. The max operator

returns  whenever this is positive and zero otherwise.
[0095] If the energy consumption is bought on the day ahead market and the system is responsible for its imbalance
position 

[0096] With EDAM the energy bought on the day ahead market, λDAM the price of energy on the day ahead market
and λ- and λ+ respectively the negative and positive imbalance price. The min operator returns EDAM - E whenever this
is negative and zero otherwise and the max operator returns EDAM - E whenever this is positive and zero otherwise.
[0097] Any objective that can be formulated mathematically can be written as an objective function and can be used.
[0098] The overall aim of the external controller is solve the follow problem 

[0099] Subject to 

[0100] With FE the features that are used, but are not manipulated and uE the features that can be manipulated.
[0101] The subscript E denotes that these are used to steer electric energy, the subscript Q denotes thermal energy.
[0102] The bar below a symbol means the lower bound and the bar above a symbol means its upper bound.

Results

Example : heat network

[0103] The system has about 175 buildings connected to a heat network. Ten of them can be steered, the remaining
buildings can only consume energy. These ten buildings represent however about half of the annual heat consumption
of the network. The heat is provided by two installations. The first is a wood chip (or one using renewable energy sources)
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boiler installation which can provide 2.7 MW. If this is not sufficient to heat all buildings an oil-based (or other fossil fuel)
installation can provide another 3 MW. It is not possible to steer any of the buildings directly, but it is possible to learn
how they react to manipulated external temperatures and use these accessible sensors to steer the buildings. The
controlling mechanism could have been used to minimize the costs of heating, but is only used to avoid the use of the
oil-based installation. In this way, CO2 emissions are saved. The control algorithm was tuned by using the parameter
setting as given in Table 1. Note that the costs of the wood chip boiler installation have been set equal to zero. A
consequence of this choice is that it does not matter to the objective function how much heat is provided by the wood
chip boiler installation.

Training

[0104] Data of controllable buildings are datasets that can be split in three parts: a training set, a validation set and a
test set. The training set is used to match the response models on the test set. The validation set has been used to
check the quality of the response models and the test set is used to steer the heat network.
[0105] . It can be noticed that the quality of the forecast does not decrease in time. Table 2 gives an overview of the
Mean Average Prediction Error (MAPE) up to 24 h ahead S for all controllable buildings. These MAPES vary between
10 and 30 %, which is reasonably good, hence a method according to embodiments of the present invention can identify
to a reasonable extent the response of a building to a manipulated outside temperature. This response function can be
used to steer a cluster of buildings according to some common constraints and objective functions.

External controller 16

[0106] An external controller according to embodiments of the present invention can use response functions to steer
a system such that common constraints and common objectives can be met.
[0107] The aim of the external controller can be for example to minimize the use of a fossil fuel e.g. oil based installation
and provide as much heat as possible with a renewable energy such as a pellet based installation. In this experiment,
the heat demand is increased by 70 % in order to provoke a situation where the pellet installation alone cannot provide
all needed heat.
[0108] Features used here are the manipulated temperatures in the past, the current and future manipulated temper-
atures, the past heat consumption of the building, the forecasted outside temperature, the hour in the day, and the day
in the week and the day in the year. 

Table 1: parameters used in the simulation

Maximum heating (kW) 1.5+1.2

Maximum temperature deviation (°C) 10

Lowest temperature deviation (°C) -10

Cost of heating (r/kWh) 30/1000

Cost of additional heating (r/kWh) 100/1000

Table 2: overview of the MAPE for each of the controllable buildings.

Building MAPE (%)

F_12 9

L_5 13

L_10 30

S 19

S_22 14

S_68 22

Sm_5 24

T_vag_8 11

V_14 14
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[0109] Subject to 

[0110] With 

[0111] Being the objective function, which is minimized in equation 

[0112] The last term in 

is a penalty term, which keeps the manipulated temperature close to the real outside temperature in case this does not
lower the costs. α is a small number and Toutside the outside temperature.
[0113] This minimization is subject to the following constraints:

-

features of the response function;

o FQ uncontrolled features
o uQ controlled features (outside temperature)
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o fQ all features

-

linear response model

+ θQ parameters of the linear response model
+ Q future heat consumption

-

limits on the heat consumption

o Q lower bound on heat consumption
o Q upper bound on the heat consumption

-

limits on the manipulated temperature

+ uQ lower bound on the manipulated temperature
+ uQ bound on the manipulated temperature

[0114] In this experiment the buildings reacted well and consumed less energy than predicted during moments when
consumption peaked. Control was affected by the manipulated temperatures being below the true external temperature
some time before the peak consumption. This caused an increase in the heat consumption beforehand which was
covered by the pellet (e.g. renewable energy source) installation resulting in temperature increasing in anticipation of
the peak load. This allowed the building to consume less energy during the peak load which, without the present invention,
would have been above the capacity of the pellet (e.g. renewable energy source) installation. By using the pellet (e.g.
renewable energy source) installation more intensively on the run up to full peak load, the actual consumption during
peak load was reduced. So the external controller is able to use the dynamics of the system and anticipate beforehand.
[0115] The heat consumption of the cluster, including controllable and uncontrollable buildings was improved. The
operation of the retrofitted external controller resulted in the heat only being provided by the pellet (e.g. renewable energy
source) installation, and the consumption of the oil-based installation was significantly lower than in the uncontrolled
situation. So the external controller is able to use the dynamics of the system with the heat consumption being slightly
above the maximum capacity, but the external controller is able to provide the heat by the pellet (e.g. renewable energy
source) installation only.
[0116] If a peak in consumption is approaching, the external controller increases the heat consumption by delivering
lower external temperatures to the internal controllers. The controllable buildings receive manipulated temperature which
is below the true temperatures in the hours before the peak. Not all the buildings reacted in the same way, some buildings
had quicker dynamics while other buildings only started to react in the last hour. The external controller was also able
to lower the operational costs of the system.

Online learning

[0117] In embodiments of the present invention the model parameters can be trained on a batch. Depending on the
selection of the data for training, the values of the model parameters can change significantly. This means that the
parameter values are not constant in time. For example, it may be possible that some parameters have different values
during sunny days compared to rainy days or that winter parameters are different from summer parameters etc. Em-
bodiments of the present invention deal with how the model will evolve. To improve on constant parameters, a filter or
filters can be used. One robust manner to take slow parameter variations into account is by means of a Kalman filter.
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Many other filters are available in literature, like particle filters, ensemble Kalman filters, extended Kalman filters, etc.
[0118] For use with a standard Kalman filter it is assume that

» the model is linear in the parameters (which is correct) and
» The disturbances are normally distributed, which is not correct. Hot water demand causes large peaks in the heat
demand.

[0119] The data were divided in a training set, a validation set and a test set. For this experiment, the test set is used.
[0120] For some buildings in the experiment the forecast errors have decreased significantly when a Kalman filter is
used. Even with hot water consumption peaks which were almost impossible to forecast the Kalman filter provided an
improvement.
[0121] Forecast errors averaged out over the complete experiment improve generally on the average with 20 to 50
%. Certain choices of manipulated temperature may be more informative and more helpful to estimate/update the model
parameters. Maximizing the trace of the Fisher information matrix results in maximizing the square of the manipulated
temperatures, when the building is only heated on pellets.
[0122] An embodiment of the present invention of an external retrofit controller can be implemented by a digital device
with processing capability including one or more microprocessors, processors, microcontrollers, or central processing
units (CPU) and/or a Graphics Processing Units (GPU) adapted to carry out the respective functions programmed with
software, i.e. one or more computer programs. The software can be compiled to run on any of the microprocessors,
processors, microcontrollers, or central processing units (CPU) and/or a Graphics Processing Units (GPU).
[0123] Such a device (e.g. the retrofit controller 16) may be a standalone device or may be embedded in another
electronic component. The device (e.g. the retrofit controller 16) may have memory (such as non-transitory computer
readable medium, RAM and/or ROM), an operating system, optionally a display such as a fixed format display such as
an OLED display, data entry devices such as a keyboard, a pointer device such as a "mouse", serial or parallel ports to
communicate with other devices, network cards and connections to connect to a network.
[0124] The software can be embodied in a computer program product adapted to carry out the following functions for
control of a system e.g. by retrofit external controller 16, when the software is loaded onto the respective device or
devices e.g. the controller 16 or any other device such as a network device of which a server is one example and executed
on one or more processing engines such as microprocessors, ASIC’s, FPGA’s etc. Methods according to embodiments
of the present invention can be applied to a system having one or more thermal energy storage vessels and an electrical
distribution system for supplying electrical power to the thermal energy storage vessels.
[0125] The software can be embodied in a computer program product adapted to carry out the following functions for
such temperature and energy control systems or methods, when the software is loaded onto the respective device or
devices e.g. the controller 16, or other device, and executed on one or more processing engines such as microprocessors,
ASIC’s, FPGA’s etc.:

Manipulating at least one parameter accessible to an external retrofit controller,
supplying the manipulated parameter to an internal controller of at least one device to be controlled to alter the
behaviour of the at least one device to meet at least in part constraints and target objectives of an electricity distribution
grid.

[0126] The software can be embodied in a computer program product adapted to carry out the following functions for
such temperature and energy control systems or methods, when the software is loaded onto the respective device or
devices e.g. the controller 16, or other device, and executed on one or more processing engines such as microprocessors,
ASIC’s, FPGA’s etc.:

learning responses of the at least one device to the manipulated parameter,
filtering to track drift of the at least one parameter.

[0127] The software can be embodied in a computer program product adapted to carry out the following functions for
such temperature and energy control systems or methods, when the software is loaded onto the respective device or
devices e.g. the controller 16, or other device, and executed on one or more processing engines such as microprocessors,
ASIC’s, FPGA’s etc.:

That the retrofit external controller:

does not alter security based set-points, does not override security cut-outs or fuses or
suppress alarms, does not override thermostats of the at least one device, or
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does not override local security features,

[0128] That the retrofit external controller has access to at least one parameter a selected from outside temperature,
availability of electricity, a temperature and or flow rate in heating or cooling networks, voltage, frequency, currents, in
electric distribution networks.
[0129] Any of the software mentioned above may be stored on a non-transitory signal storage means such as an
optical disk (CD-ROM, DVD-ROM), magnetic tape, solid state memory such as a flash drive, magnetic disk such as a
computer hard drive or similar.

Claims

1. A retrofit external controller for controlling a system having devices consuming hot or cold thermal energy and for
consuming or generating electric power supplied by an electricity distribution grid, the electricity distribution grid
having constraints and target objectives, at least one device having an internal controller for controlling the use of
the hot or cold thermal energy and for receiving parameters as input to the internal controller wherein at least one
parameter is accessible to the retrofit external controller, the retrofit external controller being adapted to manipulate
the at least one parameter and to supply the manipulated parameter to the internal controller to alter the behaviour
of the at least one device to meet at least in part the constraints and target objectives of the electricity distribution grid.

2. The retrofit external controller of claim 1, wherein the constraints and target objectives of the electricity distribution
grid include any of minimization of losses, limitations in the capacity of the grid, voltage, frequency and current
stabilization or similar.

3. The retrofit external controller of claim 1, further comprising means for learning responses of the at least one device
to the manipulated parameter.

4. The retrofit external controller according to any previous claim, wherein a transfer function of the internal controller
is unknown to the retrofit external controller.

5. The retrofit external controller according to any previous claim, adapted so that it does not alter security based set-
points, does not override security cut-outs or fuses or suppress alarms, does not override thermostats of the at least
one device, or
does not override local security features.

6. The retrofit external controller according to any previous claim, wherein the internal controller is part of a building
management system.

7. The retrofit external controller according to any previous claim wherein the at least one parameter accessible to the
retrofit external controller is selected from outside temperature, availability of electricity, a temperature and or flow
rate in heating or cooling networks, voltage, frequency, currents, in electric distribution networks.

8. The retrofit external controller according to any of the claims 3 to 7, further comprising means for filtering to track
drift of the at least one parameter.

9. A method of controlling a system having devices consuming hot or cold thermal energy and for consuming or
generating electric power supplied by an electricity distribution grid, the electricity distribution grid having constraints
and target objectives, at least one device having an internal controller for controlling the use of the hot or cold thermal
energy and for receiving parameters as input to the internal controller, the method comprising :

retrofitting an external controller wherein at least one parameter is accessible to the external controller, the
retrofitted external controller manipulating the at least one parameter and supplying the manipulated parameter
to the internal controller to alter the behaviour of the at least one device to meet at least in part the constraints
and target objectives of the electricity distribution grid.

10. The method of claim 9, wherein the constraints and target objectives of the electricity distribution grid include any
of minimization of losses, limitations in the capacity of the grid, voltage, frequency and current stabilization or similar.
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11. The method of claim 9 or 10, further comprising the external controller learning responses of the at least one device
to the manipulated parameter.

12. The method according to any of the claims 9 to 11 further comprising filtering to track a drift in the at least one
parameter.

13. An industrial site having a hierarchical structure with at least a first and a second controller level and at least a retrofit
external controller according to any of the claims 1 to 8, the external retrofit controller having access to an external
variable and being adapted to manipulate the external variable, and to supply a control signal to a further controller
at a lower controller level of the hierarchical structure.

14. A computer program product which when executed on a processor executes any of the methods of claims 9 to 12.

15. A non-transitory signal storage device storing the computer program product of claim 14.
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