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EXECUTIVE SUMMARY 

This deliverable provides a summary of the demonstration of the different algorithms and tool prototypes 
that have been developed within work package 5. The various algorithms and tools have been 
demonstrated during face-2-face meetings of the project consortium at the different partner sites. As such 
the reader should not mistake this document as a technical report. 

For more detailed information on the development of the underlying algorithms, the interested reader is 
referred to the deliverables D5.2 Optimization and control algorithms specification and D5.3 Automated DR 
algorithms specification. 

A large share of the prototypes was already developed when the first version of this deliverable (D5.1) was 
submitted and therefore the updates are minor from the perspective of the content. In order to provide 
the reader with more detailed comments and information a report format was chosen for this summary. 

In this deliverable the developed algorithms and tool prototypes are demonstrated.  For most prototypes 
graphical user interfaces are developed and presented here. The document starts with an introduction of 
the tool development and reviews shortly the approach for control and optimization that was chosen by 
the project. Thereafter the different tools are presented by describing the background and motivation for 
each tool followed by a functional description, the intended workflow, the graphical user interface and the 
status of the tool in terms of maturity. In total nine (9) tools are presented which have be developed and/or 
extended during the work package 5. To exemplify the development evaluation efforts an evaluation of the 
tool for the automatic synthesis of building substation controllers is presented more in detail. Finally, some 
conclusions are given. 

This deliverable will not comprise any references to literature, but instead cross references other 
deliverables which contain more detailed descriptions of the underlying algorithms. 
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1 INTRODUCTION  

The OPTi project develops and combines beyond state-of-the-art technologies and solutions for DHC 
systems which should increase the overall efficiency of such systems. With this respect a virtualization of 
physical process will be derived along with models for consumers and economic aspects. Using these 
models, optimisation-based control schemes are designed.  

This deliverable summarizes a demonstration of the algorithm and tool prototypes that enable a systematic 
way of designing and updating strategies for the operation and control for DHC systems. Three levels in an 
automation hierarchy can be identified, where the highest level is targeting the optimization of operation, 
the medium level targeting optimization-based control and the low level targeting direct control of physical 
entities in the field. 

The presented algorithms and tools have different purposes within the OPTi Framework, which means that 
some of them provide user interfaces while others do not. The tools without graphical user interfaces are 
usually integrated with other tools and provide additional features. These tools are often implemented as 
scripts in, for example, MATLAB m-language. The OPTi projects targets an average maturity level of TRL-6. 

The work of WP5 set out from the state-of-the-art of available methods and tools, expands capabilities of 
available tools and derives new methods and tools. Therefore, results from related projects or the scientific 
community as well as the result from WP2, WP3, and WP4 are used within WP5. 

1.1 BACKGROUND AND MOTIVATION 

The aim of the OPTi-Framework is to provide a set of tools for the control and optimization which engineers 
at DHC plants can use to improve the efficiency of their plant. These tools will therefore target the 
engineering of the systems as well as how their operation can be optimized.  

DHC plants as complex and large-scale systems are challenging from a control and optimization 
perspective. For one, the geographical distribution of the network, production units, and consumers, in 
combination with the transportation of the heating/cooling medium create limitations in performance and 
possibilities to actuate on the system. Moreover, control approaches for optimal performance and 
robustness render highly complex control and optimization solutions which are difficult to engineer and 
maintain, and are often vulnerable to local failures. The OPTi-Framework targets methodologies which 
consider this complexity and potential trade-offs, and aid the DHC engineer in a systematic design. 

The outsets of the tool development were the requirements, use-cases and the architecture from the OPTi 
deliverables D2.1 and D2.5, keeping the applicability to a general DHC system in mind. 

The different tools therefore address different scopes. The scope can be high level (e.g. production levels, 
user comfort), low-level (e.g. operation of substations, control of pumps and valves), or somewhere in 
between. 

1.2 DOCUMENT ORGANISATION 

Initially, a short overview of the control and optimisation approach that is taken in the OPTi project is 
presented. Thereafter the different prototype demonstrations are summarized and put in relation to the 
approach. A preliminary evaluation is conducted for some tools and is presented at the end. 
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2 CONTROL AND OPTIMIZATION APPROACH 

The control and optimization approach is discussed in more detail in D5.2 and the interested reader is 
referred to that document. In this deliverable, only some aspects will be restated. 

The operation and control of a DHC system can be understood in the following way: 

a) Operators adjust set points for the operation of different components in the plant, for example for 
production units, substations, pumps and valves. 

b) The underlying control systems of the different production units, substations, pumps and valves 
then try to attain the provided set points. 

c) The control systems manage disturbances, for example changes in demand addressed by adjusting 
actuators in real-time to attain the provided set points. 

For a large-scale system like a DHC system, the operation and control strategy is not straight-forward to 
design and poses a number of challenges. These challenges require that the complexity of the control 
strategy should be kept low, that the control system should be resilient to single point loop failures, and 
that maintainability and engineering burden need to be considered. A typical way to address these 
challenges is to decompose the control and optimization problem into a hierarchy, where the different 
levels can be treated independently. 

In OPTi, the hierarchy of the optimization and control approach makes use of three layers which are 
depicted in Figure 1: 

• Low-level control (LLC) of pumps, valves and production units. This includes control 
configuration selection and design of controllers. 

• Optimization based control (OBC) of the DHC system by adjusting set points for the low-
level control. This includes the consideration of forecast information. 

• Optimization of operation (O3) considering (A)DR strategies and production scheduling. 

 

 

Figure 1: Schematic of the applied control and optimization hierarchy. 

 

It has to be noted that the purpose of the hierarchy is only used from a logical perspective. Nevertheless, 
centralized optimization schemes which make use of various information from within the DHC system, will 
operate as one hierarchical layer. In the sequel, the different tools will be associated with these three 
layers.   
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3 SUMMARY AND DEMONSTRATION OF THE TOOLS 

In the OPTi project new tools are designed and already existing tools will be extended and adapted to the 
DHC context.  

 New tools 

1. Tool to represent a control system for OPTi-Sim 

2. Tool for automatic synthesis of building substation control 

3. Approximation tool to linearize physical models 

4. Tool to design model predictive controllers 

5. Automatic parameter selection and design for a seeking controller 

6. Comfort assessment tool 

 Extension and adaptation of already existing tools 

7. ProMoVis - Software tool for control configuration selection, developed outside the OPTi 
project 

8. Automatic demand response tool (ADR-Tool), developed in WP3 of the OPTi project 

9. Baseline estimation and demand forecasting tool, developed in WP3 of the OPTi project 

For each of these tools the requirement and motivation, short functionality description together with a 
workflow is provided.  Moreover, if a GUI is available, it will be presented as a screenshot along with a short 
description. The current status of the tool is also briefly discussed.  

3.1 TOOL TO REPRESENT A CONTROL SYSTEM FOR OPTI-SIM 

Requirement/Motivation: A realistic simulation of a complete DHC system exhibiting its full dynamics, 
requires a representation of the dynamics of the control system in the simulation. Thereby, the complete 
closed loop system is represented as it is also implemented in real-life. Any simulation scenario will then be 
able to consider not only the effect of exogenous stimuli to the system but also the effect of the interaction 
with the operators. 

Functionality: The control system is composed of low level controllers (LLC layer) and optimization based 
controllers (OBC layer) as indicated in Figure 1. The tool will take the controllers from both levels and will 
then create a representation of the control system in MATLAB/Simulink and then subsequently generate a 
Functional Mock-up Unit (FMU) which is a software library that contains the simulation model including its 
solver. The FMU representation can operate independent of other software libraries and enables the 
seamless integration of the control system into OPTi-Sim. 

Workflow: 

 

GUI: The tool is a MATLAB functionality which will not require any user interaction. It can be either invoked 
directly from the MATLAB command line or integrated in other tools, as for example the model predictive 
control design tool. 
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Status: Currently, the tool is under development. Representing the currently used control system in the 
real-life DHC system requires the manual extraction of the control system code and from the DCS. The DHC 
engineer has a guideline and a template as an aid to generate a representation of the currently used 
control system. 

 

3.2 TOOL FOR AUTOMATIC SYNTHESIS OF BUILDING SUBSTATION CONTROL 

Requirement/Motivation: Building substation controllers are usually not updated systematically after their 
commissioning. The result will be a loss of performance in the system which could be misinterpreted as 
wear or faults in hardware, leading to unnecessary maintenance actions. The tool will aid the engineers in 
determining new controller parameters for the substation control loop. 

Functionality: The automatic synthesis tool will make use of either experimental data or direct information 
on substation component from a building substation to generate a dynamic model. Based on this model it 
is determined if the controller of the substation can be updated in software by simple parameter changes. 
The experimental data is acquired from step response experiments that are conducted on the substation 
during its operation. Models that are based on the substation component information do not require 
experimentation, but need detailed information on used components and their operational characteristics. 

Usually, the substation controllers are of PID-type and only have a very limited number of parameters and 
degrees of freedom. The tool will determine new feasible controller parameters and recommend their 
values for commissioning in the substation. 

The tool will make an impact in the low level control layer and will not need to be connected to OPTi-Sim 
and the framework directly. The results will be building level controllers which may have an impact on the 
building models in OPTi-Sim, if considered. The tool can be used as a stand-alone solution for optimizing 
local system efficiency. 

Workflow: 

 

GUI: The tool will be used from a GUI which is shown in Figure 2. The tool was discussed with end users 
from Luleå Energi AB and some modifications were implemented based on their feedback. The tool shows 
experimental data along with the information on the currently used controller, and the newly derived 
controller parameters. 

Status: Both a GUI and the basic functionality are developed and are currently under evaluation. Several 
experiments have been conducted, where new controller parameters for the Luleå Energi AB building were 
derived. The GUI currently supports the use of experimental data and all information can be stored locally. 
The interface with the data management system is developed but requires more testing and development 
for different types of information that is stored. 

The part of the tool which generates a model from substation component information is not yet completed 
and requires further investigations.  
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Figure 2: Screenshot of the GUI for the substation tuning tool. 

3.3 APPROXIMATION TOOL TO LINEARIZE PHYSICAL MODELS 

Requirement/Motivation: For the purpose of designing controllers and optimization schemes, simplified 
models are needed, namely linearized model for an operating point. These models need to be 
approximated from highly complex physical models, which are used in OPTi-Sim. The resulting models will 
be used in the design of controllers and optimization algorithms.  

Functionality: The physical model which is used in OPTi-Sim is available as an FMU and by providing 
operating conditions and selecting equilibrium points, a linearization is performed. Thereafter, the tool will 
output the system model.  These models are needed on the OBC and LLC layer. 

Workflow:  

 

GUI:  A GUI is available for the tool which is designed for a pre-defined step procedure that guides the user. 
The steps are the following in relation to the GUI depicted in Figure 3. 

1. User selects a physical model as an FMU 

2. User selects operating conditions for the physical model 

3. The tool finds an equilibrium point that can be used for the linearization 
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4. Tool performs linearization, finds system model and performs an analysis. 

5. The linearized model can be saved by the user. 

 

Figure 3: Screenshot of the GUI for the approximation of the physical models. 

 

Status: A prototype is ready which can be used to derive system models for the above mentioned 
purposes. 

3.4 TOOL TO DESIGN MODEL PREDICTIVE CONTROLLERS 

Requirement/Motivation: Using simplified system models, control schemes for the DHC system can be 
designed. One of these control schemes are model predictive controllers (MPC), which are complex in 
design and implementation. In order to facilitate the design and synthesis of these controllers the user 
needs to be guided in that process. 

Functionality: The user provides information on the optimization problem that is solved in real time during 
operation of the DHC system and the tool will then generate an MPC. The resulting controller(s) can then 
be packaged as an FMU for integration with OPTi-Sim. Essentially, the tool for the representation of a 
control system can be invoked. The controllers that are derived by the tool are mainly targeted for the OBC 
layer of the complete control system, but could also be used on the LLC layer for complex control task or on 
the O3 layer. In the O3 layer the controller could be pre-calculated which would result in an operation chart. 

Workflow: 

 

GUI: A preliminary GUI is developed for the tool which enables an easy access to the design and synthesis 
of the MPC, which is shown in Figure 4. 
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Figure 4: Screenshot for the MPC design and synthesis GUI. 

Status: The tool is fully functional, but not yet sufficiently tested. It has to be noted that the resulting 
controllers can be used in OPTi-Sim, but the implementation in the real-life control system is still unclear. 
Further investigations beyond the OPTi project are needed to develop solutions that implement these 
controllers of the OBC layer in real-life DHC systems. 

3.5 AUTOMATIC PARAMETER SELECTION AND DESIGN FOR A SEEKING CONTROLLER 

Requirement/Motivation: The parameter selection of so-called seeking controllers is difficult and not well 
understood from an engineering perspective. In short, a seeking controller solves a real-time optimization 
problem by adjusting the control action to keep a measured signal at an extremum. The tool aims at 
designing such a real time optimizer (RTO) for a DHC plant or a part of it. The RTO is based on model free 
optimizers, as for example extremum seeking control, or Pareto seeking control. 

Functionality: The tuning parameters of this kind of RTO is based on the speed of the system dynamics, the 
perturbation level that is tolerable, and known disturbances in the plant. This tool will provide an 
automated way to acquire the tuning parameters of the RTO according to a given objective function. The 
tool will be used on the LLC and OBC layer. 

Workflow:  

 

GUI: not foreseen. 
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Status: The tool is composed of a number of algorithms which are available, but need to be tested further. 
It also needs to be investigated further in what way a DHC system can sustain controllers that induce 
periodic perturbations in the DHC system. 

3.6 COMFORT ASSESSMENT TOOL 

Requirement/Motivation: When a user is exposed to changes in the indoor climate, he or she may 
perceive these changes as acceptable or not. Based on the Virtual Knob, this comfort perception of the user 
can be assessed and can be used in the optimization of the operation of the DHC system or for ADR 
purposes. Comfort assessment is an important part of the design of the ADR tool, since it gives a measure 
of the “demand elasticity” of each consumer in a DHC network.  

Functionality: This tool analyzes historical comfort feedback data from the Virtual Knob and uses statistical 
analysis to output “utility functions” and the range of comfortable temperatures for a given 
environment/location where the Virtual Knob is installed. 

Workflow: 

 

GUI: Not foreseen. The tool will directly operate on the available data without user interaction. 

Status: This tool is developed and needs to be further tested with pilot site data to understand its 
performance and validity. 

3.7 PROMOVIS - SOFTWARE TOOL FOR CONTROL CONFIGURATION SELECTION 

Requirement/Motivation: ProMoVis enables the engineer to conduct a system analysis in order to 
determine the feasible control configuration for a large-scale complex system. The tool makes use of a 
layered representation of complex systems which is based on the signal flow graph concept. It has a highly 
developed user interface and is the result of prior research at the Control Engineering Group at LTU. 
ProMoVis can be run as a stand-alone application with somewhat limited functionality or as a JAVA 
application within MATLAB. 

Functionality: For the work in OPTi, ProMoVis needs to be adapted to easily import large-scale models 
from Dymola or system models from the linearization tool. Moreover, the user interface has been adapted 
to the needs in the DHC area. ProMoVis will be used to determine feasible control configurations for the 
LLC layer and the OBC layer. 

Workflow:  
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GUI: The user interface for ProMoVis was developed with the help of engineers from the pulp and paper 
industry and enables more efficient engineering of control strategies. In Figure 5, the green nodes indicate 
measured variables, and red nodes indicate controlled variables. 

 

Figure 5: Screenshot of the ProMoVis user interface showing the DHC system in Luleå. 

Status: The additional functionality for ProMoVis is developed and is ready for use. 

3.8 THE AUTOMATED DEMAND RESPONSE TOOL (ADR-TOOL) 

Requirement/Motivation: The ADR design tool has been initially developed in the context of WP3, 
evaluated using experimental data sets as a stand-alone component and further developed and extended 
in the context of WP5. It has also been adapted to the context of the DHC systems, even though the 
underlying scientific methodologies for consumer selection, targeting and incentives allocation can be 
exploited in the more general Smart Grid context as well. It is a potential asset for DR designers, a role that 
depending on the business case can be undertaken by utility companies, building energy managers, 
aggregators or other energy companies. 

Functionality: The tool makes use of the predictions of the baseline estimation module and of the 
objectives set for the ADR event, such as the time it will take place, the amount of energy consumption to 
be reduced and the maximum inconvenience to be caused to the consumers. The tool proposes to the 
designer an optimal set of users to be targeted for ADR based on novel mathematical optimization 
methodologies in order to meet the ADR objectives. For each targeted DHC consumer (can be an apartment 
or building), it specifies the amount of incentives to be offered as a reimbursement for the discomfort 
caused and a proposed schedule for local set points for space heating consumption. The actuation is 
distributed over four 6-hour timeslots per day.   
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Workflow:  

 

 

GUI: A JAVA-based GUI is developed which performs the optimization for the ADR actuations and is 
depicted in Figure 6a, and the result of an optimization run is shown in Figure 6b. The baselines are defined 
based on total consumption, specific time slots, location, and consumer(s). Moreover, the policies for the 
selection of the consumers, the desired reduction in demand, and the effect on the user convenience 
comfort models are selected by the user of the tool. 

(a) 

 

(b) 

 

Figure 6: (a) Screenshot of the ADR tool and how the optimization problem can be tailored for the current 
scenario. (b) Screenshot of the result of the optimization and the ADR actuations. 
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Status: The prototype tool is ready and has been tested in simulations using OPTi data sets. The simulation 
results indicate that the tool can provide the ADR actuation to building managers, which enables reduced 
consumption to avoid the operation of costly and not “green” peak load plants/energy resources. Further 
customization and testing in particular for the DHC context is under way. 

3.9 BASELINE ESTIMATION AND DEMAND FORECASTING TOOL 

Requirement/Motivation: In the ADR and optimization based control the demand and baseline are needed 
for the definition of the optimization problem. The tool also needs to be evaluated in the context of WP5. 
Prediction of baseline demand at the DHC network level and at the consumer level is an important input to 
the ADR tool. This is required to identify (i) when DR events should occur, (ii) which consumers should be 
chosen for DR and (iii) by what degree (relative to the baseline) should the demand be altered for the 
chosen consumers  

Functionality: The tool predicts the expected (baseline) consumption/demand of heating/cooling energy 
for a consumer for a given (specified) time window. The tool is based on machine learning principles, and 
uses historical consumption data, combined with appropriate contextual variables (such as time of day, day 
of the week, season, outside temperature). The contextual variables serve as “features” for the underlying 
machine learning algorithms. This tool was developed in the tasks T3.1 and T4.3 in the OPTi project and the 
principles of baseline estimation are described more in detail in the deliverable D3.1 of the OPTi project.  

Workflow: 

 

GUI: Not foreseen. 

Status: Mature. 
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4 EVALUATION RESULTS 

During WP5, the tools will undergo certain development testing, referred to as evaluation. When the tools 
are evaluated the main focus is on the discovery of error, bugs and limitations in the tools. Secondary come 
the preliminary validation of the functionality. In general the test and validation of the tools occurs in WP6. 

Thus, evaluation means that preliminary tests are conducted and analyzed during development. These 
evaluation cases are relevant for DHC systems but not necessarily realistic. An example for such an 
evaluation case is the application of the substation tuning tool algorithms to the substation of the Luleå 
Energi AB building. 

First an experiment is conducted in which the substation is excited using a multistep sequence. Thereafter 
the workflow as indicated in section 3.2 is initiated. Using the acquired data the algorithms determine a 
new model for the building substation which reflects the behavior during the experimentation. Figure 7 
shows the result from learning in relation to the data acquired during the experimentation. 

 

Figure 7: Acquired data from the experimentation along with the output generated by the learned model. 

Thereafter the model is used to find a tuning of the PI controller which is available in the building 
substation. The user provides a desired settling time for the closed-loop system and the algorithms 
determine the new controller settings. In the final step, the engineer can commission the new controller 
parameters and assess the performance of the updated building substation. 

During the evaluation of the algorithms, the controller was run in normal operation and at two instances, a 
time limited load disturbance was initiated. Figure 8 shows both the temperature and the valve opening. It 
can be seen that the temperature fluctuates around 57⁰C with larger fluctuations around 8000 and 12000 
seconds. During that time the load disturbances took place. Nevertheless the controller maintains the 
desired set point value with a standard deviation of 0.34⁰C. The control actions that are exhibited by the 
valve opening show quick responses during the occurrence of the load disturbance when the valve is 
opened to compensate for the hot water tapping. The standard deviation of the control valve opening for 
the experimental sequence is 2.4%. 

Naturally, this result needs to be compared with the original situation prior to the update of the controller. 
For this end, a sequence with load disturbance in normal operation was acquired and analyzed using the 
same indicators. 
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(a) 

 

(b) 

 

Figure 8: Experimentation with the updated controller tuning. (a) hot tap water temperature: measured 
(red), set point (blue). (b) opening of the control valve. 

In Figure 9, a similar data sequence from normal operation is shown. During that sequence the set point 
temperature was 57⁰C and load disturbances were occurring more often, which is not in favor of the 
original controller, but was not a controllable parameter. It can be seen that there are more fluctuations in 
the temperature and the control action. In the depicted case, the standard deviation for the temperature is 
1.3⁰C and for the control action 5.4%. One could draw the conclusion that the tuning was successful and 
improved the control performance, which is somewhat misleading since the operating conditions are not 
matching well enough. Nevertheless, the tool in itself performed well and determined controller 
parameters which render a fully functional substation control system. 
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(a) 

 

(b) 

 

Figure 9: Operational data for the substation control loop with the original controller tuning. (a) hot tap 
water temperature: measured (red), set point (blue). (b) opening of the control valve. 

 

Similar and appropriate evaluations were conducted for the other tools, but will not be further discussed 
here. 
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5 CONCLUSIONS 

The tool prototypes developed in the context of WP5 are demonstrated and for one tool, the substation 
tuning tool, more details on the evaluation work is presented. 

The work package has developed new and adapted available tools and methods, which are now available 
for the test and validation activities in WP6. In principle all tools are implemented in MATLAB and partially 
make use of GUIs to facilitate their usage. 
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LIST OF ABBREVIATIONS 

(A)DR (Automated) demand response 

DHC  District heating and cooling 

FMU  Functional mock-up unit 

GUI  Graphical user interface 

LLC  Low level control 

MPC  Model predictive control 

OBC  Optimisation based control 

O3  Optimisation of operation  

PID  Proportional-integral-derivative controller 

RTO  Real time optimiser 

ESC Extremum seeking control 

PSC Pareto seeking control 

 


