
 

 

 

 

Embedded control system for 
the Shower of the Future 

 
 

Patryk Jankowski 
Przemysław Szyszkiewicz 

 

 

This thesis is presented as part of Degree of  
Master of Science in Electrical Engineering 

 
 

Blekinge Institute of Technology 
September 2016 

 

 

Blekinge Institute of Technology 

Department of Applied Signal Processing 

Supervisor: Prof. Wlodek Kulesza 

Examiner: Dr Sven Johansson



2 

 

 

 



3 

 

 

 

ABSTRACT 

The Orbital Systems Company faces the really important issues such a lack of water, sewerage and even 

public health infrastructure. Its proposition of the Shower of the Future, which is a high-tech purification 

system that recycles water was inspired by the NASA, spaceship technology with limited sources of water 

and can be the solution of these problems. Due to the patented technology, which bases on the special 

filters, it is possible to reuse water. This idea, which is used in the shower, allows on more than 90% 

savings in water usage and 80% savings in energy, while producing water that is cleaner than average tap 

water. The company aims to provide this special technology not only to the hotels or hospitals, but also to 

the regular house to maintain the sustainability issue and even achieve the economic profit.  

The Shower of the Future is a new technology still in the developing phase. To achieve the goals of the 

company, in the software part of the system, two important problems have to be solved. First of them is 

the management issue. At this moment, three different versions of the showers, which differ in hardware 

and in software are in used. Much more versions adjusted to the place of destination such as hotel or 

hospital are planned. To manage the codes and integrate all of the possible version of the shower, the 

company desires to create one compatible software to control all of them. The mechanisms to integrate 

the codes by managing the configurable parameters of the system and to auto detect the version of the 

shower are proposed in the work.  

The second company’s issue is the improvement of the control system. As performed research and tests 

show, the temperature control in the Shower of the Future is too slow and inaccurate. To solve this 

problem, the identification process of the model was conducted and the PID controllers for the heater 

were designed. Due to specific structure of the shower, which introduce delays and disturbances, a single 

PID controller is not sufficient to maintain the control system. As a final controller, the switching PID 

controller created from previously designed PID controllers is proposed. Thanks to it, the temperature 

rising time is reduced 2 times, the overshoot, which was equal to 5 °C does not appear and the steady 

state error is diminished. Thanks to improvement of the temperature control system, much less water is 

wasted and much more energy is saved.  

The Shower of the Future of the Orbital System, which nevertheless needs improvements and more work, 

is only the first step in creating a new paradigm for daily water usage. The company and its product 

seriously consider the sustainability and environment aspect. 
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1. INTRODUCTION 

In the beginning of this chapter, the background of the thesis containing the main ideas behind the 

Shower of the Future is presented. In the next part, the review of related works is given. The last part 

contains an outline of the thesis. 

1.1. Background 

The current world population is estimated at 7.4 billion and according to the intergovernmental 

organization of United Nations, it will increase to 8.3 - 10.9 billion in the year 2050 (Fig. 1.1). Because of 

this, cities progressively crowded can lack of basic services such as water, sewerage, waste management 

and public health infrastructure, which will lead to favourable conditions for communicable diseases. 

 
Fig. 1.1. The world population estimates from 1000 to 2050 [1] 

In the 2016 Global Risks Perception Survey where almost 750 experts from business, academia, civil 

society and the public sector participated, the survey asked respondents to consider 29 global risks. The 

risks were categorized as societal, environmental, economic, technological or geopolitical over a 10-year 

time horizon and rate according to their perceived likelihood of it occurring and impact if it does. The most 

impactful risk for the years to come are the water crises next to failure of climate change mitigation and 

adaptation, and weapons of mass destruction [2].  

Despite the significant progress in the global economy over the past 50 years, millions of people still do 

not have an access to basic needs, such as improved tap water neither toilets. The Organisation for 

Economic Co-operation and Development (OECD) estimates that about 40% of the world’s population 
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currently lives in water-stressed river basins and that water demand will rise by 55% by 2050 [3]. 

According to the World Investment Report 2015, almost 40% of world population suffers water shortages 

for at least a month each year [4]. 

Challenges around water management have been already become immense and can complicate around 

the world by economic pressures. Globally, based on current trends, the water demand is projected to 

exceed sustainable supply by 40% in 2030. Adding to the pressures, the agricultural production will have 

to increase in the coming decades to feed a growing population and a rising demand for meat [2]. 

The mentioned here problems such as lack of water, sewerage and even public health infrastructure are 

faced by the Orbital Systems Company with its first product the Shower of the Future, the high-tech 

purification system that recycles water is the company’s way to stand up the problems. 

In space, astronauts stay for years without a fresh water supply. In an extreme environment, such as a 

space mission to Mars, design concepts are brought forward to use all of the possible resources to make 

it there and back. Floating in a capsule in space, the astronauts wash and drink from recycled source and 

this is the concept behind the Orbital Systems shower. Similar to space showers, it works on a closed loop 

system (Fig. 1.2.) where hot water falls from the tap to the drain, and then it is purified to drinking water 

standard and pumped back into the showerhead. The process is quick and the water remains hot and only 

needs to be reheated very slightly. According to tests performed by Public Health Agency of Sweden, the 

effective nanotechnology filter system ensures that the hot water contains less bacteria than water from 

the tap. Such showers can be also successfully used in hospitals. The purification system ensures that the 

shower water is completely free from Legionella bacteria, which otherwise poses a significant threat to 

patients with reduced immune system capacity, and thereby is a major cost in preventing it from 

spreading [5]. 

Such shower system saves more than 90% in water usage and 80% in energy, while producing water that 

is cleaner than average tap water. It needs about five litres of water for a 10-minute shower, while in a 

regular shower the water usage is about 150 litres of water – 30 times as much. This savings can be 

translated to at least €1000 ($1351) energy bills each year [5]. 

The Shower of the Future (Fig. 1.3.) has been granted with Certified Space Technology by the United 

States Space Foundation, since the technology is developed accordingly to the same principles applied 

for space shuttles, where water and energy have limited resources. 
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Fig. 1.2. The shower closed loop system scheme. 

 
Fig. 1.3. The Shower of the Future (V1 version of the product) 
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1.2. Review of related works 

The shower, presented in Experimental performance evaluation of a novel heat pump water heater 

assisted with shower drain water [6], uses the heat pump and recovers the heat from waste water. 

According to the authors, approximately 70% of energy could be saved using this novel system compared 

to a common electrical water heater. In the Shower of the Future, the water circulates in the closed loop 

system and needs to be only reheated a little, therefore the energy savings are bigger. However, in the 

future versions of the shower, a use of the heat pump water heater is considered. 

Exploring BeagleBone [7] is a guide about BeagleBone embedded Linux platform which is used in the 

shower. The book begins with essential skills, and then gradually moves into communication, control, and 

advanced applications using Python and C/C++. 

Python scripting libraries for subsurface fluid and heat flow simulations with TOUGH2 and SHEMAT [8] 

describes the numerical simulations of subsurface fluid and heat flow. The problem is related to the 

shower system simulation and above python scripting libraries could be considered in the future to 

improve the existing shower simulation. 

In the part of the work related to modelling of the shower system and creating the simple simulation, which 

is used mainly for better understanding of working principles of the whole control system, the materials 

from the Matlab website can be useful [9]. It is possible to find there, the simple model of the shower 

system, which can be used to help in building the simulation tool for the Shower of the Future. The whole 

model from the example can be opened in the Simulink environment and can be used as a reference. 

Except of this, Matlab help offers useful advices and explanation regarding blocks, which are used in the 

simulation tool. 

Fuzzy Logic Simulation to Process Control Systems - 272-279 deals with the simulation of the shower 

system [10]. In this paper, the authors present the simulation of the shower process in the Simulink 

environment. The content of this work contains the model of the shower created in this program, which is 

very similar to this from the Matlab website. The aim of this work is to find control system, which can 

exceed the results possible to gain by using the PID controller. The authors, propose the fuzzy logic 

controller to the non-linear model such as shower system. 

A part of this thesis concerns the process of identification of the shower model in order to use it to design 

the PID controller for the heater. The compendium on this subject is System Identification written by 

Lennart Ljung [11]. He explains the idea of the identification process, the whole procedure and the 

structures of the models, which are used in this thesis work.  

The articles regarding the process of identification of different models by using different structures of the 

models were investigated [12-14]. The same as in this thesis work, in all of them the process of 
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identification is conducted by System Identification Toolbox of Matlab. After process of identification, in 

most of them, the models are used to design the controllers. 

In Autotunning of P/PI fuzzy gains for a rapid control of a brushless motor in an hybrid system [12] the 

experimental model of the transfer function of an DC voltage three-phase brushless synchronous electric 

motor for a hybrid system is presented. The identification of the model is done on the real data. As a 

structure of the model, the authors propose the transfer function of the second order with changing the 

number of zeros. The identified transfer function is used to design the control system to control an angular 

speed. As a controller in the system, the P/PI controller with fuzzy logic to auto-tune the proportional 

integral gain is proposed. 

The next article is Optimized PID control using the Nelder-Mead method for electro-hydraulic actuator 

systems [13]. In this paper, an optimization of PID parameters by using the Nelder-Mead approach for 

electro-hydraulic position control system is studied. As the structures of the model in the process of 

identification, the ARX model structures for second and third order are used. The work shows that even 

for the non-linear system, it is possible to obtain the good control system basing on the linear PID 

controller by using an optimization. 

In the article NARX model-based identification for the developed novel robotic catheter manipulating 

system [14], the problem of the system identification for the nonlinear discrete time process, which is the 

robotic catheter manipulating system, is studied. In the paper, the models of different structures, are 

compared. Three different methods such as the ARX model structure, nonlinear ARX model structure 

(NARX) and state-space model structure, which is called N4SID, are examined. As a conclusion, NARX 

seems to give the best performers in terms of fitting to the real data. 

The following article refers to the problem of the verification of the model. In the paper Research on 

controller design and simulation of electro-hydraulic servo system [15], an importance of validation of the 

identified model using another set of data than data on which the identification process was conducted, is 

indicated. In this paper, the research concerning the electro-hydraulic servo system is presented. In order 

to design the controllers for this system, which are PID controller and fuzzy logic controller, the 

identification of the model is done. Two structures of the model, such as the ARX and the state space, are 

used. 

The satisfactory models from the identification process can be used in the process of designing the PID 

controller. The source of knowledge about the PID controllers can be the book Feedback Systems: An 

introduction for Scientists and Engineers written by K. J. Åström and R. M. Murray [16]. The content of the 

book concerns the control theory, which is used for the PID controller in the Showers of the Future. 

In the article with title Refine PID Tuning Rule Using ITAE Criteria [17], the tuning of the PID factors is 

considered. It concerns the requirements of the system such as reduction of the overshoot, maintaining a 
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high system response, rejection of load disturbances and maintaining robustness. The authors compare 

the results of tuning techniques such as the Ziegler-Nichols tuning rule, Amigo tuning rules and proposed 

by them the tuning rule, basing on optimization from ITAE Criteria. 

In this thesis, the tuning of the PID factors through the toolbox of the Matlab called PID Tuner which 

facilitates finding the optimal factors of the PID controller is applied. The description of using it, can be 

found on the Matlab website [18]. 

In the article Design and Stability Analysis of Fuzzy Switching PID Controller [19], the idea of designing 

the control system by switching between different PID controllers is presented. The switching uses the 

fuzzy logic. As a plant the third-order linear system is used. The work done in this paper indicates that 

switching of the PID controllers can significantly improve the control in the system and can exhibit stability 

and smoothness. 

The problem of Legionella in the water is considered in the Legionella spp. survival after different 

disinfection procedures: Comparison between conventional culture, qPCR and EMA–qPCR [20] and 

Prevalence and distribution of Legionella spp. in potable water systems in Germany, risk factors 

associated with contamination, and effectiveness of thermal disinfection [21] articles. This is important 

issue for the Shower of the Future, especially when it is sold to hospitals. It has influence on the shower 

parameters such as disinfection time and disinfection temperature. 

1.3. Outline of thesis 

The chapter: Thesis methodology introducing the problem which has to be solved in the work, 

delimitations and assumptions of the project. It contains the problem statement, scope and division of the 

work between authors.  

The chapters: Modelling of the system, Hardware implementation and Software implementation specify 

what is modelling and implementing and what is a degree of expected functionality. Modelling of the 

system describes the system constrains, the shower model and control algorithms. The Hardware 

implementation contains schemes of the shower and hardware description. Next, the Software 

implementation part is about the used programs, tools, algorithms and it contains the shower control 

system codes and improvements. 

At the end, the tests and results of the work are presented in the Validation and results analysis. It 

contains charts and descriptions of results. The last chapter titled Conclusions and future work describing 

possibilities of the shower development. 
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2. THESIS METHODOLOGY 

In this chapter, the thesis methodology is presented. Firstly, the problem statement and the research 

questions are defined. In the next subsection, the scope of the thesis is presented. It considers different 

aspects such as delimitations and pre-assumptions. In the last subsection, the main contributions and the 

division of the work between the authors are described. 

2.1. Problem statement 

Historically the first version of the shower called V0 was developed using a PLC solution from Siemens. 

Due to costs and complexity, this version has been left in favour of an embedded BeagleBone Black 

(BBB) Linux based system with a special designed I/O module. Today all the showers are equipped with 

the BBB and I/O board in a moulded module that is integrated in the Shower of the Future, called version 

V1. Currently, the V1 has different specifications, and therefore the translated Siemens code would not 

work on it. The original code of the Siemens system has been translated to Python code and is in the 

progress to be adapted to the embedded architecture. 

The company Orbital Systems has a wide range of system’s variants and alternatives and nowadays, 

many of them are under development. Therefore, there is a need to integrate and maintain the software in 

a manner that would support all platform versions, software releases, product variants and site tunings. 

The key task is to add different options and tuning parameters into the control system, in a way that 

should support the safe configuration management and fast software verification for all customers, both 

former and new ones. 

The second problem that we concern is the temperature control in the Showers of the Future. The used 

controller requires improvements. The water temperature in the shower should arise faster, its overshoots 

and the steady state error should be reduced to enhance user’s comfort. 

Based on the mentioned problems, the two research questions are defined for this thesis work: 

 How to flexibly integrate the software control of different I/O hardware like electrical heaters rating, 

water level sensors, variants of optional shower handle and different pumps, tuning of water 

pressure and power rating, which have been pull together with the shower system at different 

marketplaces. 

 How to improve the dynamics of the temperature control and figure out which other shower’s 

functionalities can be evolved to increase user’s comfort? 
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2.2. Thesis objectives and scope 

The software control of the previous version of the shower, which was written on Siemens PLC and was 

translated into Python language, is under the modification process and adding the new features is in 

progress. The compatible software for all V1 and V2 shower products has not been completely finished 

yet. It is assumed that the work, which has to be done in this thesis work, is conducted on the newest 

release of the software available at the starting moment of the work. This release is called v0.0.39-

fredriksberg. In the meantime other programmers develop other features and new releases are produced. 

This thesis proposes new methods to add the new configurable features, to tune configurable parameters 

and a solution to switch between versions of the showers. On this stage, it is assumed that at least 50% of 

the parameters of the completed system should be possible to configure. As a reference of a desire 

completed system, the version V0 of the shower is adopted. 

In the part of the work dealing with the improvement of the temperature control, attention is devoted to the 

heater control. The reason is the fact that at most of the working time, the Shower of the Future stays in 

the recirculation cycle, in which the water is reused and the heater control plays the crucial role in the 

temperature regulation. Almost no additional water is needed, so the impact of the tank control on the 

temperature of the water is low. Due to this and because of the system limitations such as not sufficient 

number of sensors, the tank controller is left as a variant of on/off switching. Switching between different 

PID controllers is proposed as a heater controller. PID controllers are designed based on data from the 

real shower and are tested on the real plant. Matlab/Simulink and its toolboxes are used to find the 

optimized PID factors. 

2.3. Main contribution and division of the work 

The main contributions of the work and tasks were done together and some divided between the graduate 

students. The main contributions and the division of the work are listed below. 

 Together: analysis and modelling of the shower system. The entire system of the Shower of the 

Future, especially its constraints, and the control system both hardware and software 

implementations were examined and described in the work. This contribution concludes with the 

system flow charts and the simplified model of the shower created to easier understanding the 

idea of Shower of the Future. The simplified model is built in the simulation environment of 

Matlab/Simulink. 

 Jankowski: description of the BBB board, explanation how to install the new system and how to 

operate on it. 

 Szyszkiewicz: preparation of the algorithms, after analysing the previous V0 software version, 

written in the PLC language, which explain the working principles of the Shower of the Future. 
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 Jankowski: the design of a new control method, implemented in software, adaptable to all 

versions of the shower, having the feature that the different hardware should preferably be 

identified automatically; variable adjustment in the software code to improve the shower efficiency 

and user’s comfort. 

 Szyszkiewicz: improvement of the control system to enhance the user’s comfort. For this purpose, 

the model identification was done and then the optimal PID factors for switching PID controller 

were defined. It was done by means of Matlab toolboxes. 

 Together: the proposed solutions were implemented in Python language into the control system 

based on the Linux and the BeagleBone Black board. All solutions were firstly validated on the 

company’s simulation software written in Python language and then verified on the real shower 

environment. 
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3. MODELLING OF THE SYSTEM 

In this chapter the attempt to understanding the whole shower system is done. In the first part, the way of 

working and the main idea behind the control system in the Shower of the Future is described. This part 

contains the simple block diagram in order to show the most important parts of the system. Then the 

constraints of the system are explained. After the comprehensive analysis, the simple model of the 

shower in the Matlab environment is created. In the following subsection, the cascade regulator, which 

controls the shower is described. At the end, the analysis of the V0 control system written in PLC 

language is done. The code is presented in the form of algorithms. 

3.1. Shower of the Future 

The main idea behind the control system in the Shower of the Future is to give a temperature set point to 

the controllers and by opening and closing the hot- and cold-water valves, they should attain that 

temperature as quick as possible. In situation when the water is not contaminated by undesirable 

substances, the water should circulate in the close loop, be filtered by two filters and the UV lamp, and 

reused. Otherwise, if the water is contaminated, the wastegate should be opened and the water should go 

to the drain. When the wastegate is closed, the amount of water does not change and the user uses the 

same water in the close loop. No additional water is needed in the system, so the water temperature is not 

maintained by the sources of the hot- and cold-water anymore. In this case, the difference between the 

set point and the temperature of the water should be adjusted by the heater. The heater is also necessary 

in the disinfection process, which is the process of cleaning the shower itself by rising the temperature 

above 60 °C. The second important parameter to control in the system is the water level in the tank. If the 

water level in the tank is too low, the pump will start to suck in air, but if the level is too high, the tank will 

overflow, and water will be wasted needlessly. The block diagram of the most important part of the system 

is shown in the Fig. 3.1. It does not contain any control elements. It shows the direction of the water, 

flowing through the elements of the system. 
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Fig. 3.1. The block diagram of the shower 

3.1.1. The system constraints 

In reality, many problems and disturbances affect the control system of the tank and the entire shower 

system. The biggest problem can be caused by the valves. The valves are designed in such a way, that 

when a sufficiently large pressure is given, they are letting through a constant flow of water. However, if 

the pressure is not sufficient, the flow depends on the pressure. In practice, the flow depends also on the 

temperature of water. The next problem is that the valves have an inertia. It takes roughly 100 ms to open 

a valve and up to 400 ms to close it. The older models of the shower used to be equipped with flow 

gauges, to measure how much water coming into the tank. However, starting from V1 the gauges were 

abandoned. The next disadvantage of V1 is that measurement of the tank level is very simple. The 

sensors are placed at 1/3 and 2/3 of the height of the tank. This gives a resolution of three different 

water’s levels such as low, medium and high [11].  

Another problem is the way of controlling the valves. The valves can be only in one of two possible 

positions such as closed or open. However, in some cases, for better control results it can be desired to 

have only 0.5 or even 0.3 of the maximum flow through the valve. To achieve this without changing the 

hardware, the PWM (Pulse Width Modulation) can be used. The idea behind this is to trigger the valve, 

keeping it closed for some time and open for another amount of time. As the result, the flow should be 

equal to the ratio of opening and closing periods. The time in which the valve is open, divided by the full 

period (open + close) is called a duty cycle. By setting the duty from 0 to 1, it is possible to get any amount 

of flow from zero to the maximum. In reality, due to all previously mentioned problems, the characteristic 

of the duty cycle of the flow is non-linear. For instance, by setting the duty cycle on 0.3 causes the real 

flow to be 0.4 of the maximum [11]. 
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Due to all these problems such as nature of the valves, the lack of flow counters and the level’s coarse 

resolution, it is difficult to estimate the flow. It can be only assumed that if the valve is closed, there is no 

flow and if it is open then there is the maximum flow. 

3.1.2. The simplified model 

To understand the control system in the Shower of the Future, the simplified model of the shower 

including the control system was created in the Matlab/Simulink, see Fig. 3.2. However, because of 

simplification and omission of important details as pump inertia, the delays, loss of temperature inside the 

pipes etc., this model cannot be used as the fully fledged simulation tool. Nevertheless, it can be used as 

a first step in understanding and for basic tests aimed to gain improvements of the control system in the 

shower. As it can be noticed from the Fig. 3.2., the control system, as a cascade regulator, can be divided 

into two sub-systems. The first sub-system controls the tank and the second controls the heater. The 

systems are discussed in the next subsections. 

 
Fig. 3.2. Simplified model with the control system in the shower 

3.2. Control system 

The control system in the Shower of the Future is the cascade regulator and contains two subsystems. 

The first of them is the tank controller and the two parameters, which it has to control, are the temperature 

of the water and the water level in the tank. The second subsystem is the heater controller exclusively 

responsible for the temperature control of the water. 

During the design process of the control system, it is necessary to take into account the constraints of the 

system such as the inability to measure the flow of the hot and the cold inlets along with the requirement 

to control the two parameters such as temperature and level of the water. These constraints cause 
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difficulty to apply any proportional control of the tank, so using PID controller is not reasonable. Instead of 

this approach, a variant of on/off controlling should be used. Nevertheless, these constraints have no 

effect on the heater controller, which regulation is based on the temperature difference between the set 

point and actual temperature of the water in the shower. It can be implemented as a PID controller.  

3.2.1. The tank control 

The algorithm to control the tank is based on the curves shown in the Fig. 3.3. They represent two 

different flows such as the primary and the secondary flow. Basically, the algorithm has to define the 

desired temperature and check if the system requires hotter or colder water to come into the tank. If 

temperature needs to be higher, the hot valve will be the primary and the cold valve will be the secondary 

and vice versa if the lower temperature is needed. Since there is a risk of sucking in air if the tank is kept 

at the lower level, the algorithm keeps the level in the tank at the higher level sensor. Low level sensor is 

used only as an alarm signal. In the control system, only the high level sensor is used. Depending on the 

signal from the high level sensor, two levels such as high and mid are determined. Two different states for 

the primary flow and two different states for the secondary flow for different levels, giving in total four 

states, are presented in the Fig. 3.3. [11]. 

Some examples can ease the understanding of the working way of the algorithm. To pump the hotter 

water into the tank (the hot is primary and the cold is secondary) and when the tank level is below the high 

sensor (the level is mid), the duty of the hot valve will be equal to 1 (maximum flow), and the duty of the 

cold water will be 0 (no flow). If in a while, the high level is not reached, even though the higher 

temperature is required, gradually the cold flow will be increased in order to maintain the level  since the 

water level is more important than temperature. Eventually, the duties for the hot and cold inlets will be 

both maximum flow. However, if the high level sensor goes on in a reasonable time, we have the high 

level and the switching of the curves is performed. It is necessary to reduce the in-flow. The secondary 

flow is immediately shut off by setting its duty on 0 and the primary flow is gradually decreased until both 

of them will reach 0. 
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Fig. 3.3. Primary and secondary curves [11] 

Unfortunately, this algorithm has the limitations, which can be illustrated by a following example. The 

pump is drawing out around 17 l/min, the cold water temperature is 10 °C and the maximum cold water 

flow is 11 l/min and likewise 60 °C and 11 l/min for the hot water, then the coldest temperature possible to 

achieve is 27 °C and the warmest is 42 °C. Basically, if there is not sufficient flow or the temperature on 

the inlets is not the desired one, the tank control cannot perform properly. In the situation, when the 

temperature is higher than possible to achieve, then the heater should increase the temperature of the 

water. Unfortunately, if the colder water is required, there is nothing what can be done. 

The whole algorithm works decently and its performance is shown in the Fig. 3.4. This test was done for 

the control without recirculation [11]. The current implementation causes that the tank temperature 

oscillates more. It is not a big problem, because more important measurement is the indication of the 

temperature sensor located after the heater, called shower temperature. Because of the inertia in the 

system, the course of this indication is smoothed and the user will not feel any fast changes of the 

temperature in the shower. 
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Fig. 3.4. Algorithm performance [11] 

3.2.2. The heater control 

The task of the heater in the shower system is to heat the water coming from tank in order to maintain the 

set point temperature. The heater is necessary in situation when it is impossible to maintain the 

temperature only by the tank controller, so when it is impossible to achieve it by using only the sources of 

the water, according to the presented earlier limitation of the algorithm. However, when sources of the 

water are sufficient, the task of the heater is mainly to reheat the reuse water in the closed loop, which is 

the main idea behind the Shower of the Future in saving the hot water and the energy. The heater plays 

also the main role in disinfection, the process of cleaning and eliminating bacteria by using high 

temperature (around 60 – 80 °C). 

The heater’s control is based on the same principle as valves, i.e. PWM. By switching on and off the 

heater, the duty cycle is maintained. The appropriate duty cycle is calculated by PID controller basing on 

temperature difference between the set point and actual temperature of the shower. The current 

implementation of the PID controller, as it can be noticed from the Fig. 3.4., is unsatisfied, since it takes 
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too many seconds to increase the temperature in the system and error in the steady state is around 3 °C. 

The control of the temperature in the system requires an improvement to meet the user’s satisfaction. 

3.3. Analysis of the V0 version 

The control logic for Shower of the Future was developed at a subcontractor in two different projects – one 

for the original version V0 shower with Siemens Programmable Logic Controller and one for the new V1 

shower. The V1 shower logic due to costs and complexity is realized on an embedded BeagleBone Black 

Linux based system with a special designed I/O module. Along with the changes in logic concept there are 

changes in hardware as well (different pumps, heaters or even changes in amount of used sensors). It 

causes that it is not possible to run the V0 logic in V1 shower. 

Nevertheless, that V0 shower is not using anymore, it can be still useful. V1 software written in Python 

language can be more complex and difficult to understand. On account of that, before this it is better to do 

analysis of the software written in PLC language. It contains big amount of comments and can provide 

knowledge about functionality and the way in which the whole control system in the Showers of the Future 

works. 

3.3.1. Main logic 

The main loop of the V0 program is shown in Fig 3.5. As it is possible to notice the flow chart of the 

program is divided into blocks. The blocks are divided based on the FB (functions blocks) which are part 

of the logic control from PLC. This way of approaching to the problem makes understanding of the control 

logic easier. Each of the block contains the part of the code responsible for handling its functionality. For 

easier reading of this chapter the algorithms for each block are moved to the Appendix A and are provided 

in comments. They can be easily connected with the main logic through numeration used in the Fig 3.5. 

The figures which are related to e.g. State Change Logic are provided in caption in number 7. 
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Fig. 3.5. Controller logic V0 
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3.3.1.1. Initialization 

The logic of the control system of the V0 shower starts from the initialization of the variables used in the 

next functional blocks. Then, in the first step the process of obtaining the information about the shower, 

such as unique name, IP Address and Mac Address, is followed. 

3.3.1.2. Sensors 

In the next steps, the measurements and signals from sensors are read. First, four temperatures such as 

temperature for the cold inlet, hot inlet, output of the tank and the temperature near the heater called the 

shower temperature are measured. Then, three measurements from flow meters located in the cold inlet, 

hot inlet and before the heater as a shower flow are updated. In this stage, the water and the heat reuse 

are also calculated. Next, three pressures such as before, between and after filters are measured. In the 

FB block responsible for this, signals to replace the filters based on the calculated drop of the pressure 

are also produced. In the block fbMonitorArduino, the high and low water level in the tank, the value of the 

conductivity used to decide about contamination of the water and two diagnostic signals: leakage and 

tamper signals are measured. The last one sensor which is tamper sensor disables the shower when is 

triggered. 

3.3.1.3. State logic 

The next part of the main loop logic is the State Change Logic. It is possible to distinguish four different 

states such as standby (waiting for action), showering (the state in which the user takes a shower), 

disinfection (cleaning the shower from germs by using water with high temperature) and cleaning 

(cleaning with a cleaning capsule). The simplified transition between programs is shown in the Fig 3.6. In 

more details, it is shown in the figures in Appendix A. The main part of the code for this FB is Transition 

Chart, which can be also found in the Appendix A. In this part of the logic, it is decided whenever shower 

should jump off from the automatic loop. The user has the possibility to start showering and stop any 

program when he wants to. Due to the current state in which the system is at the moment, the shower 

information state variables are determined. Based on them the state chart can work correctly. Variables 

determine also the appropriate behaviour of the elements of the system e.g. heater, pump or UV lamp. 

These shower information state variables are shown in table in Appendix A. 
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Fig. 3.6. Simplified State Logic 

3.3.1.4. Temperature set point 

The next block, which is Temperature set point decides about the temperature which the system should 

try to achieve i.e. set point temperature. The value of it depends on the program in which the system is at 

the moment. The algorithm is shown in the Appendix A in the figure with the appropriate number 8. 

3.3.1.5. Elements 

The block Elements contains the code responsible for controlling every element which is in the system. 

Below in the Fig 3.7. the algorithm for this block is shown. It contains more, smaller Function Blocks. Each 

of them represent control of other device. After finishing the control for one device, the control code for the 

next one is executed. More complex algorithms for each of the device are shown in the Appendix A. Some 

of shown algorithms are executed only if appropriate shower information state variables are set on. 
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Fig. 3.7. Control of the elements 

3.3.1.6. Diagnostic 

The last one block from main logic is the Diagnostic block. It is responsible for monitoring and reporting 

the fault if fault occurs. Here, data logging, gathering statistics or communication with the outside by 

sending notification by email are performed. 

3.3.2. Configurable parameters 

One of the main task in this master thesis is to propose and realize the configurability. To make easier 

finding and determining the configurable parameters in the next versions of the shower, the analysis of the 

configurable parameters which contains the V0 software was done. The results of this process are shown 

in the Table 3.1. In total 77 parameters were found. To easier reading they are divided into groups which 

refer to the specific element of the shower. In the Table 3.1. it is possible to find the description of every 

possible configurable parameter with its default value for V0 software. 
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Table 3.1. Possible configurable parameters found based on V0 analysis 

Elements Configurable parameters Comments 
Temperature 
Sensors 

model_of_sensor Number of model, has influence on calculation of a raw 
signal into temperature 

Flow Sensors model_of_sensor Number of model, has influence on pulse_per_litre 
pulse_per_litre The amount of pulses per litre (L-1) 
time_limit The slowest, allowed reaction to flow expected (s) 
calibration_factor To compensate measurement errors, the raw flow sensor 

measurement is multiplied with this factor (1.0) 
Pressure 
Sensors 

model_of_sensor Number of model, has influence on calculation of a raw 
signal into pressure 

pre_filter_max_pressure_drop Limits of pressure drop in pre and nano filters (Bar) 
nano_filter_max_pressure_drop 
pre_filter_min_pressure_drop 
nano_filter_min_pressure_drop 

EC Sensor model_of_arduino Number of model, has influence on the way of calculating 
conductivity 

offset_EC Two parameters to define polynomial to changing raw signal 
into conductivity (-) scale_factor_EC 

limit_factor The parameter used to define the threshold for the signal to 
dump water in electro conductivity measurement (1.01) 

offset_histogram The parameters to gather statistics for conductivity (-) 
scale_factor_histogram 
k_number Number of clusters to k-means cluster filtering (2) 
Alpha The coefficient represents the degree of weighting decrease, 

a consonant smoothing factor between 0 and 1; a higher, it 
discounts older observations faster (0.00001) 

Level Sensor tank_sensor_filter_time The on-delay time for input filter to avoid sensing spray 
droplets while filling (500 ms) 

Leakage Sensor - - 
Tamper Sensor sensor_enabled Allows on work of the sensor (Bool) 
Start/Stop Button debounce_time Ignore button pulses shorter than this (60 ms) 

max_signal_time Max start and stop signal duration (2 s) 
Temperature 
Knob 

rotary_step_size The value of increment per step (0.2 °C) 
min_temperature Minimal temperature allowed (23 °C) 
max_temperature Maximal temperature allowed (46 °C) 

Led Lamps - - 
Pump model_of_pump Number of model, has influence on the type of used pump 

time_limit Acceptable to run pump dry up to this time (3 s) 
UV Lamp model_of_UV Number of model, has influence on the type of used UV lamp 

(with sensor or not) 
minimum_on_time Avoids too many on/off switching (30 min) 
feedback_window Feedback should come after this time (5 s) 
min_flow Minimum flow for collecting statistics (5.0 L/min) 
max_temp Maximum temperature for UV lamp to be switched on (50 °C) 
min_uvt_when_active Acceptable UVT (UV transmittance) to detect lamp on  

(0.3 mm) 
min_uvt_when_cleaning Acceptable UVT to fully clean (0.5 mm) 
offset_histogram Histogram setup (offset: 0.0, scale: 0.05) 
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Elements Configurable parameters Comments 
scale_factor_histogram 

Monitor Power time_delay Wait this amount of time before performing signalisation of a  
problem (5 min) 

minimum_expected_power Sets a minimum for the allowed deviation (0.02 = 2%) 
max_relative_deviation Deviation relative to expectation (0.5 = 50%) 
max_time_without_pulse Wait this amount of time before missing pulses should be 

interpret as an error (15 min) 
3-Way Valve model_of_3WayValve Number of model, has influence on the type of used motor 

thermostat_zone_low Determine a low temperature zone for thermostat (33 °C) 
thermostat_zone_high Determine a high temperature zone for thermostat (54 °C) 
safe_temperature Thermostat should switch off after a while around this 

temperature (50 °C) 
thermostat_test_interval Interval between thermostat tests (1 day) 
themostat_cooled Thermostat should be reset at this temperature (32 °C) 

Control Tank tank_fill_gain PID factor for compensation of ratio for hot/cold water to fill 
(0.42) 

tank_fill_Ti PID factor for compensation of ratio for hot/cold water to fill 
(14.5) 

tank_fill_Td PID factor for compensation of ratio for hot/cold water to fill 
(9.7) 

tank_fill_Tf PID factor for compensation of ratio for hot/cold water to fill 
(1.0) 

tank_fill_PID_min Minimum value of the signal from PID (-30.0) 
tank_fill_PID_max Maximum value of the signal from PID (30.0) 
tank_fill_min_volume Minimal volume of water in the tank (0.2 L) 
temp_diff_for_dumping Dump water when larger than this temperature change is 

needed (6 °C) 
temp_margin_for_dumping Keep dumping if hot water inlet is this much colder than 

setpoint (4 °C) 
tank_low_timeout Tank can only be below low level for this long while 

showering (2 s) 
temp_diff_for_tank Setpoint for tank temperature is this much lower than shower 

setpoint. A few degrees lower setpoint in tank is optimal 
since the heater cannot cool the water (2 °C) 

Shutter, waste 
gate 

model_of_shutter Number of model, has influence on the way of controlling the 
waste gate (servo or solenoid) 

time_before_dumping Wait this time with dirty water before dumping  
(100 ms) 

time_before_reusing Wait this time with clean water before reusing (4 s) 
Bypass, 
Dearator 

- - 

Heater model_of_heater Number of model, has influence on the type of used heater 
(power in KW) 

heater_power Heater power, depends on used model  
(for V0: 4.63 kW, for V1: 6.5 kW) 

feed_forward_gain Heater feedforward gain, the value differs with different 
heater power (-) 

inlet_delay_time Delay the inlet temperature reading to suit the feedforward 
model (3 s) 

PID_gain Heater PID gain (1.0) 
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Elements Configurable parameters Comments 
PID_Ti Heater PID integration time (30.0) 
PID_Td Heater PID derivation time (0.01) 
PID_Tf Heater PID integration reset time (1.0) 
min_temperature Lowest reasonable temperature for operation (0 °C) 
max_temperature Highest reasonable temperature for operation (68 °C) 
min_flow Minimum flow for activation of heater (3.0 L/min) 
max_temperature_deviation Generate signal when temperature deviation is within this 

value (2.0 °C) 
inlet_temperature_deviation Generate signal, Inlet temperature may be this much below 

setpoint for heater (5.0 °C) 
min_heater_efficiency Minimum efficiency factor of the heater (0.5 = 50%) 
monitoring_timeout Trigger fault if heating effect is outside limits for this long  

(1 min) 
Control Cabinet model_of_ControlCabinet Number of model, has influence on fuseboard type 

model_of_PLC Number of model, has influence on additional modules 
attached to PLC 
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4. HARDWARE IMPLEMENTATION 

This chapter describes the shower hardware and functionality. It contains scheme of the shower, 

description of the most important devices and explanation of differences between shower V0 and V1 

versions. 

4.1. The shower hardware and functional description 

The scheme of the shower is shown in the Fig. 4.1. and list of all hardware with references to the scheme 

is depicted in the Table 4.1. The shower can work in three different modes: normal mode (shower cycle), 

bypass mode and cleaning cycle. 

A normal shower cycle starts by filling up the water tank (U11) with water (hot and/or cold) from the public 

water supply. The water is fed from the tank by the pump (U15), and routed through two filters. The first 

filter is a micro filter (U16) which removes undesirable materials such as particulate matter and pathogenic 

organisms from the water. The second filter (U19) called nano filter, catches and removes the smaller 

particles like natural organic matter and synthetic organic matter. After passing the filters the water enters 

the heater (U23) which is used to regulate the temperature. With desired temperature the water then 

passes a UV-filter (U24) before it is fed out to the shower head or hand shower. The water falls down on 

the user and is finally collected by the tray under the shower floor. The water is fed through a flume where 

the water quality (contamination) is measured. If water quality is judged by the electro-conductivity sensor 

to be filterable the water is recirculated back to the water tank. If the water quality is below a certain level 

and not qualified for recirculation the water is wasted down the sanity drain. 

Water temperature is measured at several stages on the loop. This is done to achieve a precise and 

stable regulation of the water temperature. Desired water temperature is set by the user on the operators 

panel. 

The bypass mode is activated if the filters are clogged, which is detected by two pressure sensors (U18, 

U34). In bypass mode the filters are bypassed by a valve (U17) and no water is circulated back to the 

water tank. 

According to a programmed scheme the shower runs a cleaning cycle. During the cleaning cycle the 

water is bypassed the filters and routed directly to the water flume via a washer nozzle. The cleaning cycle 

heats up the water to a higher temperature than during normal use. 
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Table 4.1. List of the shower hardware with references to the scheme 

Reference Description 
U1, U2 Strainer (23-0010 / A.u.K Müller) 
U3, U4  Flow switch (80-0043 / MR) 
U5, U6  Flow restrictor (23-0036 / A.u.K Müller) 
U7, U8, U9, U10 Temperature sensor Pt-1000 U14, U26 (T902425 / JUMO)  
U11 Magnetic valve (50.009.101 M29 / A.u.K Müller) U17 
U12, U13 Water tank/container (custom / Orbital Systems) 
U15  Water pump/motor (2PE48LB14FLALSPES1 / CEG) 
U16 Micro filter (SA5111411-FA-4-SX 25 / SANIC)  
U18, U34 Pressure sensor (DMP331 / Paab TEKNO TRADING) 
U19 NanoCeram filter (PAC-Ag 2.5-10 / Argonide) 
U20 Flow meter (80-0056 / MR) 
U21, U22 Magnetic valve (19.00x.287 / A.u.K Müller)  
U23 Water heater/boiler 6.6kW (51229201 / Backer) 
U24 UV-filter (BA-ICE-V / Viqua) 
U25 3-way valve (prim. exchange valve / Orbital Systems) 
U27 Water thermostat (608301, JUMO) 
U28 3-way valve (sec. exchange valve / Orbital Systems) 
U29 Pre-filter (custom / Orbital Systems) 
U30 EC-sensor (Electric Conductivity) (custom / Orbital Systems) 
U31 3-way valve (WasteGate / Orbital Systems) 
U32 Custom control system and power management 
U33 Rotary encoder with push button (RE111F-41B1N-10F-20P-A-M12MP/N, Taiway Switches) 

The most important shower elements are depicted on the photo in the Fig. 4.2. where: 

1. Pump 

2. Electrical heater 

3. UV lamp 

4. Place for the micro filter and nano filter 

5. Electro-conductivity sensor 

6. Control board 

7. Power box 

8. Inlets for hot and cold water 
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Fig. 4.2. The shower hardware 

The top view photo of the shower is shown in the Fig. 4.3. where: 

1. Tank 1 

2. Tank 2 

3. Wastegate 

4. Place for the nano filter 

5. Place for the micro filter 

6. Water level sensors 

7. Electroconductivity sensor 

8. Temperature sensor 
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Fig. 4.3. The shower top view 

4.2. The shower control board 

The BeagleBone Black shown in Fig. 4.4. and Fig. 4.5. is the main part of the control board of the shower. 

It is a low-power, open-source hardware, single-board computer like Raspberry Pi. The board is produced 

by Texas Instruments and the first revision of BBB was launched in April 23, 2013 at a price of $45. A 

single-board means that all the hardware which can be expect to find in a laptop or desktop computer is 

shrunken down and soldered to a single circuit board. A processor, graphics acceleration and memory are 

present as chips on the board. In contrast to Arduino, it is possible to connect e.g. a keyboard, a mouse 

and an Ethernet network. It is also possible to run the embedded Linux that makes the platform adaptable 

and accessible. Moreover, the Linux and embedded systems enable development of devices that can 

meet future challenges. The Shower of the Future where the high level Linux software and low level 

electronics are integrated is a good example of such challenge. 
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Fig. 4.4. The top side of the BeagleBone Black board [12] 

 
Fig. 4.5. The bottom side of the BeagleBone Black board [13] 
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The heart of the BBB is the Texas Instruments Sitara AM335x Cortex A8 ARM microprocessor with clock 

signal frequency equal to 1 GHz. The full specification of the BBB is presented in the Table 4.2. 

Table 4.2. Specification of the BeagleBone Black (Revision C) 

Feature Description 
System on a chip (SoC) AM3358/9 
CPU Cortex-A8 + 2xPRU (200Mhz) 
Frq (MHz)  1000 
GPU PowerVR SGX530 (200 MHz) 
Onboard storage 4 GB, microSD card 3.3 V Supported 
Onboard network Fast Ethernet (MII based) 
USB ports 1 x Standard A host port, 1x mini B device port 
Memory (SDRAM) 512 MiB DDR3 
Video outputs Micro-HDMI, cape add-ons 
Audio outputs Micro-HDMI, cape add-ons 
Size 86.40 mm × 53.3 mm (3.402 in × 2.098 in) 
Weight 39.68 g 
Power ratings 210–460 mA @5 V 
Power source Mini USB or 2.1 mm x 5.5 mm 5 V jack 
Low-level peripherals 4xUART, 8x PWM, LCD, GPMC, MMC1, 2x SPI, 2x I²C, A/D 

Converter, 2x CAN bus, 4 Timers 

 
Fig. 4.6. BeagleBone Black pinout diagram [14] 
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4.3. Differences between shower versions 

The whole shower hardware is listed in the Table 4.3. It also shows differences between the shower 

versions V0, V1 and V2. 

Table 4.3. Differences between the shower versions 

Element V0 V1 V2 
Temperature 
Sensors 

4 temperatures sensors: 
Cold inlet, Hot inlet, Output of 
the tank, Shower temperature 

The same as V0 The same as V0 
 

Flow Sensors 3 flow sensors: 
Cold inlet, Hot inlet, Shower flow 

1 flow sensor: 
Shower flow 

The same as V1 

Pressure 
Sensors 

1 pressure sensor, multiplexed: 
pressure before filters, pressure 
between filters, pressure after 
filters 

2 pressure sensors: 
Pressure between filters, 
Pressure after filters 

The same as V1 

EC Sensor Method of measurement of the 
dirtiness of water by using 
conductivity 

Used other arrangement of 
the sensors; conductivity 
calculated in separate Arduino 
module 

The same as V1 

Level Sensors 2 level sensors: 
low level sensor, high level 
sensor 

The same as V0 The same as V0 

Leakage Sensor 1 leakage sensor The same as V0 The same as V0 
Tamper Sensor 1 tamper sensor The same as V0 The same as V0 
Start/Stop 
button 

1 Start/Stop button The same as V0 The same as V0 

Temperature 
Knob 

1 knob to set the temperature Different knob with other 
rotary step 

The same as V1 

LED Lamps 2 LED lamps: pre-filter LED, 
nano filter LED 

The same as V0 The same as V0 

Pump 1 Pump The same as V0 Change of the pump: 
smaller size with bigger 
IP 

UV Lamp 1 UV lamp 1 UV lamp with measurement 
of the brightness (signal to 
replace if low brightness)  

The same as V1 

Monitor Power 1 Power Meter The same as V0 The same as V0 
3-Way Valve 3-way valve controlled by motor: 

closed, showering from top, 
recirculation 
 

3-way valve controlled by new 
servo: showering from top, 
recirculation 
 

Two 3-way valve: 
First – Showering and 
Recirculation, 
Second - Showering from 
top, Hand Shower 

Control Tank 1 Tank to mix water 1 Tank to mix water: 
Different shape, the same 
volume 

The same as V1 

Shutter, 
Wastegate 

1 Solenoid controlled the drain 1 Gate controlled the drain 
with servo 

The same as V1 

Bypass, 
Dearator 

No dearator 1 Valve as a dearator New way of get rid of the 
air 

Heater 1 heater: 2,2 kW 1 heater: 6,2 kW Smaller heater 
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4.4. Preparation of the hardware to work with the software 

The working environment is a setup hardware on which the shower software is tested. This setup is 

shown in the Fig. 4.7. Since it does not contain water pipes connected to the shower, therefore the 

possibility to test the shower is limited. However, it is still sufficient to work with the software. The tests 

with the entire system connected to water pipes will be performed at the end of the work. 

 
Fig. 4.7. The working environment setup 

The power source is connected to the notebook, the router and the control board through the power board 

(Fig. 4.9.) and the power supply Siglent SPD3303D (Fig. 4.8.) which converts the voltage from 230V to 

24V. The shower (Fig. 4.11.) is connected to the three-phase power source. Moreover, the devices 

(shower, control board and notebook) are connected also to the MikroTik Routerboard router (Fig. 4.10.)  

which has access to the Internet network. We have also the possibility to connect other notebooks and 

devices to the router by the Wi-Fi or by the Ethernet cable. The photography of the working environment 

setup is shown in the Fig. 4.12. The shower is not visible there. 
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Fig. 4.8. The power supply for the BBB control board 

 
Fig. 4.9. The power board for the BBB control board 



48 

 

 

 
Fig. 4.10. The MikroTik Routerboard router 

 
Fig. 4.11. The testing shower 
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Fig. 4.12. The working environment setup 

As it was mentioned before, the router used in the working environment is the MikroTik Routerboard. To 

log in it is necessary to type in a browser like Firefox or Chrome the IP address of the router, in this case 

http://192.168.88.1 or http://192.168.151.28 (Fig. 4.13). It can be also needed to reset the router 

configuration on the touch panel (or by using reset button), before log into the router. 

 
Fig. 4.13. Log into the router 

The next step is the IP number configuration. To connect to the shower, it is needed to add the 

192.168.201.1/24 address to the list addresses in the tab IP -> Addresses (Fig. 4.14.) and 

192.168.201.222 which is the shower IP number in the IP -> ARP tab (Fig. 4.15.). Moreover, the router 

mode should be set as a ap bidge to work properly. 

 
Fig. 4.14. IP address configuration 
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Fig. 4.15. IP address configuration (ARP) 
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5. SOFTWARE IMPLEMENTATION 

This chapter introduces to the shower control system, used tools, and programs. In the next section, the 

implementation of the code for the configurability and auto-detection are shown. At the end of the chapter, 

the process of the control system improvement is described. 

5.1. The shower control system 

The heart of the shower, the BBB, is connected to an additional cape board containing the input and 

output cables. The whole control system is installed on it. The boards are shown in the Fig. 5.1. It consists 

also the Arduino chip, which works as a watchdog timer. This function is described in the next subchapter. 

 
Fig. 5.1. The BeagleBone Black based control board of the shower 

5.1.1. Preparation of a SD card and installation of the system  

The shower control system is based on the BeagleBone Black working on Debian operating system which 

is under the GNU General Public License and is packaged by a group of individuals known as the Debian 

Project. This is one of the most popular Linux distribution, and has been used also as a base for several 

other distributions like Ubuntu or Raspbian for Raspberry Pi. 
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The operating system for the BBB has to be installed by using a SD card with capacity minimum 4GB. 

Before flashing the Debian system onto the SD card it is necessary first to format the card. The 

recommended tool is the SD Formatter program. It is better to use this than formatting utilities provided 

with operating system that format various types of storage media. To do this on the Windows system: 

1. Visit the SD Association’s website and download SD Formatter. 

2. Follow the instructions to install the software. 

3. Insert your SD card into the computer or laptop’s SD card reader and make a note of the drive 

letter allocated to it, e.g. G:/ 

4. In SD Formatter, click on the Option button and turn on the FORMAT SIZE ADJUSTMENT, then 

click OK. 

5. Select the drive letter for your SD card and format it. 

 
Fig. 5.2. The main windows of the SDFormatter 

 
Fig. 5.3. The setting window of the SDFormatter 
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After formatting, the SD card can be flashed. To flash the card using the Windows it is recommended to 

use the Win32 Disk Imager program. To do this it is necessary to: 

1. Download the distribution from the BeagleBone page. 

2. Extract the image file from the downloaded file to "distribution-name.img". 

3. Insert the SD card into SD card reader and check to which drive letter it was assigned. 

4. Download the Win32 Disk Imager utility.  

5. Run the Win32 Disk Imager and select the image file which was extracted above (Fig. 5.4.). 

6. Select the drive letter of the SD card in the device box, click Write and wait for the write to 

complete (Fig. 5.5.). 

7. Exit the imager and eject the SD card. 

8. The SD card containing the Debian system is ready. 

In Windows, the SD card will appear as a small size once written - about 55 to 75 MB. The reason of this 

is that most of the cards have a partition that is formatted for the Linux operating system that the Debian 

uses and is not visible in Windows. 

 

Fig. 5.4. The window of the Win32 Disk Imager program 

 

Fig. 5.5. Flashing of the SD card 
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When the memory card is ready it is possible to install the operation system on the BBB. The following 

steps should be performed: 

1. Power off the BBB by disconnecting the power cable. 

2. Plug the micro-SD card into the BBB’s micro-SD card slot. 

3. Hold the boot button on the top right, near the SD card slot and while holding this button, insert 

the power lead to connect the power. Keep holding the button until the LEDs start to flash. The 

blue on-board LEDs should light in sequence and then continue to flash for the next 5-20 minutes. 

4. Wait until the LEDs stop blinking and all 4 LEDs are fully lit. If the flashing procedure fails e.g. no 

LEDs flash, or it keeps running for more than 45 minutes, then disconnect the power and try 

restarting the BBB with the boot button pressed. 

5. Remove the micro-SD card. This is important, as you could end up flashing the eMMC again by 

an accident. 

6. Finally, press the power button to power up the board. The latest image should be installed. 

5.1.2. Linux and the control system 

At this point it should be able to communicate with the BBB system by the Secure Shell (SSH) protocol. It 

can be done by the Linux terminal or by using PuTTY program on Windows. After first connection to the 

BBB, the prompted to log in will appear. To log in, the username root which does not require a password 

can be used. The system structure after log in is shown in the Fig. 5.6. and is described in the Table 5.1. 

After the first log in, it is recommended to update and to upgrade the Debian system by using commends 

apt-get update and apt-get upgrade. 

 
Fig. 5.6. Debian system installed on the shower 
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Table 5.1. Debian file system structure 

Directory Description 
bin The binary executables used by all of the users and is 

present in the PATH environment variable by default. 
boot Contains the device tree binaries for the BBB 
dev Contains the device nodes 
etc Configuration files for the system 
home The user home directories 
lib Contains the standard libraries 
lost+found After running unlinked files will appear here 
media Used for mounting removable media, such as a micro-

SD cards 
mnt Used for mounting temporary file systems 
opt The place for installing third party optional software 

packages 
proc The virtual file representation of processes running on 

the BBB 
root The home directory of root account 
run Provides information about the running system since the 

last boot 
sbin Executables for root user system management 
selinux Relates to the security-enhanced Linux control system 
srv Stores data related to ftp, web servers, rsync, etc. 
sys Contains a virtual file system that describes the system 

sysfs 
tmp Temporary files location 
usr Contains application programs for all of the users 
var Contains variable files such as system logs 

To install the control system on the Debian, the newest version of the program has to be downloaded from 

GitHub. After this, the .tar file containing the control system files need to be copied on the BBB (Listing 

5.1.) and then installed by install.sh script (Listing 5.2.). The best choice is to do this on Linux system but it 

is also possible with Windows by using the pscp.exe file (instead of scp command like on Linux) which 

can be downloaded from the PuTTY Download Page. 

Listing 5.1. Copy the control system files (on Linux) 

scp bbb-shower.tar.gz root@192.168.201.202:install 

Listing 5.2. The control system installation 

tar -zxvf bbb-shower.tar 
cd bbb-shower 
bash instal.sh 

After installation the control system will be started automatically while the Debian is running. The booting 

sequence of the system is shown in the Fig. 5.7. 
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Fig. 5.7. The booting sequence of the control system 
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The important part of this is the watchdog timer that is used to detect and recover from BBB malfunctions. 

During normal operation, the BeagleBone Black regularly restarts the watchdog timer to prevent it from 

elapsing. If, due to a hardware fault or program error, the BBB fails to restart the watchdog, the timer will 

elapse and generate a timeout signal. The timeout signal is used to initiate corrective action and restoring 

normal system operation. The watchdog can be disabled while programming and testing the shower to 

avoid the system restarting. To do this the disable_watchdog.sh script can be used (Listing 5.3.). 

Listing 5.3. Disable watchdog 

ll /dev/ttyO* #check UART port 
bash disable_watchdog.sh /dev/ttyO5 

The few important Linux folders for the control system are etc/default/capemgr, /lib/firmware, 

lib/systemd/system and etc/lighttpd. Capemgr was created out of a need for boards like the BeagleBone in 

order to be able to detect installed expansion boards at boot time and allocate appropriate resources (load 

drivers, allocate GPIO, reserve bus addresses, etc) on kernels which use Device Tree. Traditionally, a 

Device Tree was a static file (or set of files) which described a machine, often an Embedded SoC and the 

board. It is installed on and it is not possible to support dynamically changing hardware, such as the 

BeagleBone and its add-on capes. Further, it is one of the goals of the BeagleBone to allow 3rd parties to 

create their own capes and to allow users to install and use these capes without re-compiling the kernel. 

In the BBB kernel, cape Device Tree fragments are located in firmware/capes. Each cape is represented 

by a single Device Tree Source (DTS) fragment file. At kernel build time, these fragments are compiled by 

the Device Tree Compiler into dtbo files (Device Tree Blob Object). At install time, these dtbo objects are 

copied to /lib/firmware. 

Systemd is the first daemon process to execute on the BBB, and it is the last process to terminate when 

the BBB is shutting down. To the lib/systemd/system directory is added the shower.service file which 

execute bash scripts such as /root/shower/bin/startup_shower.sh, /root/shower/bin/shutdown_shower.sh 

and /root/shower/bin/post_shutdown_shower.sh to start or to stop the shower system. 

Lighttpd is a secure, fast, compliant, and very flexible web-server that has been optimized for high-

performance environments. It has feature-set like FastCGI, CGI, Auth, Output-Compression, URL-

Rewriting and many more. It is used for the Service Tool placed in /root/shower/www directory. 

The list of the most important directories of the control system is shown in the Fig. 5.8. There are a lot of 

other files and directories. The full structure of the control system is shown in the Appendix B. The shower 

folder is placed in the /root/ directory and its content is described in the Table 5.2. 



59 

 

 

 
Fig. 5.8. Structure of the control system – the most important directories 

Table 5.2. The control system structure - main directories description 

Directory Description 
Bin Contains files such as the control system main file 

main.py and bash scripts like startup_shower.sh 
Lib Additional libraries such as pytz (World Timezone 

Definitions) 
Native Files for x86-64 and ARMv7l architectures 
Src Contains all sources files 
Control All control files for the heater, tank, UV lamp, etc 
Hal Hardware abstract layer which contains drivers and 

other similar files 
System Contains files responsible for variable tree 
Util Utilities like timer or state machine graph  
Test Test files 
www HTML, CSS and JS files responsible for Service Tool 

5.1.3. PyCharm IDE and Git 

To work with the python code, it is recommended to use an Integrated Development Environment (IDE). 

The good example of this is PyCharm which provides code analysis, a graphical debugger, an integrated 

unit tester and integration with version control systems (VCS) like Git and a web-based Git repository 

hosting service GitHub. It offers all of the distributed revision control and source code management. 

PyCharm is a cross-platform program and works on Windows, Linux and Mac OS X. However, in this 

project it is recommended to use mainly the Linux system to avoid many problems because of the control 

system and the shower simulator which are working on Linux system. 

PyCharm can be downloaded from the https://www.jetbrains.com webpage, but integration with VCS is 

available only in the Professional version of the program. This basic and very useful tool makes it easier to 

work with other programmers in the one team, allows to push changes to the repository, create new 

branches with a new code and merge existing files. To start to work with the control system code and 
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VCS, after running the PyCharm it is necessary to choose GitHub from the VCS menu (Fig. 5.9.) and 

clone the BBB Shower repository from GitHub. 

 
Fig. 5.9. GitHub integration 

The next useful possibility offered by PyCharm is debugging the code while it is running on the shower in 

real time and updating the code on the shower. To do this it is needed to set the remote (installed on the 

shower) python interpreter (Fig. 5.10.), add sources in Project Structure tab (Fig. 5.11.) and set the remote 

host in Deployment settings (Fig. 5.12.). 
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Fig. 5.10. Project interpreter 

 

Fig. 5.11. Project structure 
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Fig. 5.12. Deployment 

5.2. Configurable software 

The main idea behind this subchapter is to create one version of the software which will be able to work 

with all versions of the shower. Moreover, the same shower versions like V1 needs to work in different 

places and the shower settings should be customable because of it. 

5.2.1. Configurability 

In the future there will be a lot of versions of the shower for different marketplaces such as hotels, 

residences, hospitals or campsites and for different regions (Europe, United States). In each place 

different shower parameters are more or less important. For example, in case of hospitals the most 

important thing is to make the water clean and kill the bacteria like Legionella even on the cost of energy 

and water savings. The list of configurable parameters is shown in the Table 5.3. and the example of 

ratings for the shower, where 1 is the lowest and 5 is the highest, is shown in the Table 5.4. However, it is 

inefficient and expensive idea to create other software for each version of the shower. Therefore, the one 

version of the software needs to work with all versions of the shower. 
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Table 5.3. Configurable parameters for the V1 shower  

Elements Configurable parameters Comments 
Temperature 
Sensors 

panic_initial_inhibit_time Wait this many seconds before enabling panic-mode, wait 
for temperature sensors to start giving correct values (0.7 
s) 

panic_temp Temperature necessary to go into panic mode (58 oC) 
Flow Sensors - - 
Pressure 
Sensors 

- - 

EC Sensor limit_factor The parameter used to define the threshold for the signal 
to dump water in electro conductivity measurement (1.05) 

Level Sensor - - 
Leakage Sensor - - 
Tamper Sensor - - 
Start/Stop 
Button: 
Showering 

max_shower_time Maximal shower time (120 s) 

Temperature 
Knob 

reverse_knob Reverse knob direction (False) 
min_temp Minimal allowed temperature (20 oC) 
max_temp Maximal allowed temperature (43 oC) 

Led Lamps - - 
Pump - - 
UV Lamp UV_lamp_on_delay On delay (1 s) 

UV_lamp_off_delay Off delay, switching on the UV-lamp, wears a lot of its 
lifetime, it is necessary to keep it on for a long time after 
the last shower to minimize the number of on/off switches 
(8 h) 

Monitor Power - - 
3-Way Valve: 
Disinfection 

disinfect_enabled Disinfection enabled (False) 
flush_volume Pre-flush volume (5 L) 
disinfect_temp Disinfection temperature (57 oC) 
disinfect_time Disinfection time (300 s) 
cooldown_temp Cooldown temperature (30 oC) 
timeout_heat Heat timeout (480 s) 
timeout_cooldown Cooldown timeout (3600 s) 
timeout_disinfect Disinfection timeout (480 s) 
abort_temp_hot Abort hot temperature (50 oC) 
abort_temp_cold Abort cooldown temperature (37 oC) 
time_start Disinfection scheduling – time start (2 a.m.) 
time_end Disinfection scheduling – time end (4 a.m.) 
hours_since_attempt Hours between attempts (23 h) 
hours_since_success Hours since success (23 h) 

Control Tank start_time_down Initial start time for down curve (0 s) 
end_time_down Initial end time for down curve (0.5 s) 
start_time_up Initial start time for up curve (0.15 s) 
end_time_up Initial end time for up curve (0.85 s) 

Shutter, waste 
gate 

recirc_enabled Recirculation enabled (True) 
been_clean Delay on after showering (2 s) 
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Elements Configurable parameters Comments 
has_been_off If the shower has been turned off, open the wastegate 

after a short while (10 s) 
Bypass, 
Dearator 

total_period How long a full period should be (30 s) 
on_period How many second of the total should be “on”, i.e. the 

deaerator valve is open (3 s) 
bump_period When first starting up, keep the valve open for this many 

seconds (15 s) 
Heater heater_enabled Heater enabled (True) 

PID_gain Heater PID gain (4.0) 
PID_Ti Heater PID integration time (30.0) 
PID_Td Heater PID derivation time (0.01) 
PID_Tf Heater PID integration reset time (1.0) 
feed_forward_gain Heater feedforward gain, the value differs with different 

heater power (for V1 value is 1.0) 
Control Cabinet - - 

Table 5.4. The example of ratings for different marketplaces. 

 Hospital Bathhouse Camping Residence Hotel 
Health 5 2 1 3 1 
Energy saving 1 5 5 2 5 
Water saving 1 4 2 3 5 

The big influence for the health have parameters such as water temperature while disinfection, 

disinfection time, the incidence of disinfection, filter condition or limit factor of electrical conductivity (EC) 

meter. These parameters have also influence on water end energy saving. If the temperature and the 

incidence of disinfection is rising the energy saving is lower. When the EC limit factor, which decides if 

water should go to the drain, is lower the water saving is also lower. 

The most important files for the configurability are the configuration.py, make_variable_tree.py and control 

files such as heatercontroller.py and deaeratorcontroller.py. It was necessary also to do some small 

changes in the code in other files like showercontext.py. 

The part of the configuration.py is shown in the  

 

Listing 5.4. It contains the datasets for the shower versions and marketplaces. For example, there are 

parameters for the PID controller and for the tank controller. They can be different for the different shower 

versions like V1 and V2. The marketplace dataset containing the parameters which can be changed for 

different places. If the shower will work in hospital, according to the Table 5.4. disinfection temperature will 

be higher and disinfection time will be longer at the cost of energy consumption. It is possible to change 

the settings by the Service Tool which is shown in the Fig. 5.13. This tool allows to change values of the 

variables in a simple way without interference to the program code and can be in web browser like Firefox. 
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Listing 5.4. The part of the configuration.py file 

class Configuration(object): 
    def __init__(self, tree): 
        self.tree = tree 
 
        #FOR THE SHOWER VERSIONS 
        Kp              = [4,       2.3993] 
        Ki              = [30,      24.1218] 
        Kd              = [0.01,    0.02497] 
        Kf              = [1.0,     1] 
        FF_gain         = [1.0,     1] 
 
        start_time_down = [0.0,     0.0 ] 
        end_time_down   = [0.5,     0.5 ] 
    # ... code ... # 
 

   #FOR THE MARKETPLACES 
 
        disinfect_temp    = [57,  59,  64,  70,  80 ] 
        disinfect_time    = [180, 240, 260, 300, 330] 
        max_shower_time   = [120, 150, 180, 240, 300] 
        # ... code ... # 
         
        self.versions = { 
            'V1': [ 
                Kp[0], Ki[0], Kd[0], Kf[0], FF_gain[0], 
                start_time_down[0], end_time_down[0], start_time_up[0],  
                end_time_up[0], flush_volume[0]], 
 
            'V2': [ 
                Kp[1], Ki[1], Kd[1], Kf[1], FF_gain[1], 
                start_time_down[1], end_time_down[1], start_time_up[1],  
                end_time_up[1], flush_volume[1]] 
        } 
        self.marketplaces = { 
            'default': [ 
                disinfect_time[3], disinfect_temp[0], 
                max_shower_time[3], min_temp[1], max_temp[3],  
                panic_temperature[2], limit_factor[2]], 
 
            'hotel': [ 
                disinfect_time[3], disinfect_temp[0], 
                max_shower_time[3], limit_factor[2]] 
        } 
 
    def update(self): 
        if self.tree.shower.configuration.changes: 
            version     = self.tree.shower.configuration.version 
            marketplace = self.tree.shower.configuration.marketplace 
 
            self.tree.shower.features.heater_enabled = True 
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       self.tree.shower.configuration_heater.Kp =  
            self.versions[version][0] 
             
            self.tree.shower.configuration_heater.Ki =  
            self.versions[version][1] 
             
            self.tree.shower.configuration_heater.Kd =  
            self.versions[version][2] 
             
            self.tree.shower.configuration_heater.Kf =  
            self.versions[version][3] 
             
   # ... code ... # 

 
Fig. 5.13. The part of the Service Tool view 
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There is also possibility to change the shower version and marketplace in fields Version and Marketplace / 

building. To do this, it is also necessary to turn on the Keep default for version / Enable changes switch. 

The part of the code responsible for creating of variables in Service Tool is shown in the Listing 5.5. The 

code is contained in the make_variable_tree.py file. After adding to the variable tree, these variables can 

be used in the control code by typing for example self.tree.shower.configuration_heater.Kp 

for the PID Kp factor. It is shown in the  

Listing 5.6. 

Listing 5.5. The part of the make_variable_tree.py file 

CATEGORY("configuration",   "Configuration - Shower Version", 
SETTING("version","Version",   str,   db, actual_value = "V1"), 
SETTING("changes","Enable changes",  bool,  db, actual_value = False)), 
 
CATEGORY("configuration_heater",  "Configuration - Heater", 
SETTING("Kp",  "PID Factor Kp",  float,  db, actual_value = 4.0), 
SETTING("Ki",  "PID Factor Ki"  float,  db, actual_value = 30.0), 
SETTING("Kd",  "PID Factor Kd",  float,  db, actual_value = 0.01), 
SETTING("Kf",  "PID Factor Kf",  float,  db, actual_value = 1.0), 
SETTING("FF_gain","PID Factor FF gain", float,  db, actual_value = 1.0)), 
 
CATEGORY("configuration_dearator", "Configuration - Dearator", 
SETTING("total_period", "Total period", float,  db, actual_value = 30.0), 
SETTING("on_period", "On period", float,  db, actual_value = 3.0), 
SETTING("bump_period", "Bump period", float,  db, actual_value = 15.0)), 

 
Listing 5.6. The part of the heatercontroller.py file 

def update(self, setpoint, shower_temp, tank_temp, dt): 
    if not self._is_enabled: 
        return (0, False) 
 
    self._pid = PidController(self.tree.shower.configuration_heater.Kp, 
                              self.tree.shower.configuration_heater.Ki, 
                              self.tree.shower.configuration_heater.Kd, 
                              self.tree.shower.configuration_heater.Kf, 
                              min_out = 0., 
                              max_out = 100.) 
 
    self._tank_temp_delay.add_value(tank_temp) 
 
    delayed_tank_temp = self._tank_temp_delay.get_value() 
    feedforward = (setpoint - delayed_tank_temp) * 
    self.tree.shower.configuration_heater.FF_gain 
 
    self._t += dt 
 
    pid_out = self._pid(shower_temp, setpoint, dt, feedforward) 
 
    duty = pid_out / 100.0 
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    self._pwm.set_duty(duty) 
 
    heater_on = bool(self._pwm.get_output(self._t)) 
    return (duty, heater_on) 

5.2.2. Autodetection 

The simple autodetection can be provided by using the MC33880 octal switches. They are 8-output 

hardware configurable switches with 8-bit serial input control using the serial peripheral interface (SPI). It 

controls various inductive or incandescent loads by directly interfacing with a microcontroller. 

The part of the octal switches control code is shown in the Listing 5.7. The output1 and output2 lists 

contain eight bits for each of them. Its output values are stored in the status_bits variable. For example, if 

there will be only zeros in the list output1, the status_bits value for it will be equal to 0 and if there will be 

only ones the output value will be equal to 255. According to the value of status_bits, it is possible to 

check if any device is connected to the shower. Moreover, if other version of the shower will possess more 

or less connected devices e.g. one instead of two LED lamps, recognition of the shower version will be 

possible, based on the output values. However, it is not the best way to provide the autodetection, 

because it does not work when the showers have the same number of connected devices. However, there 

is a new control board under the developing process which offers more possibilities for autodetection and 

it is considered as a future work. 

Listing 5.7. The octal switches code 

def initialize(self): 
    # Control actuators via MC33880 octal switches 
 
    self._spi = SPI(bus = MC33880_SPI_BUS, cs = MC33880_SPI_CS, baudrate =  
    MC33880_SPI_CLK, polarity = MC33880_SPI_CPOL, phase = MC33880_SPI_CHPA) 
    self._switch = MC33880(self._spi, 0xFF, 0x14) 
 
    status = self._switch.set_outputs( [ 0, 0, 0, 0, 0, 0, 0, 0 ], 
                                       [ 0, 0, 0, 0, 0, 0, 0, 0 ] ) 
 
def write_actuators(self): 
    io = self._tree.shower.io 
    qUVlamp = self._tree.shower.io.qUVlamp 
 
    output1 = [ io.qHotWaterValve, io.qColdWaterValve, 0, io.qHeater,  
              io.qFilterBypassValve, io.qLedNano, io.qLedPre, qUVlamp ] 
    output2 = [ 0, 0, 0, 0, io.qDeaerator, io.qPump, 0, 0 ] 
    status_bits = self._switch.set_outputs(output1, output2) 

5.3. Improvements of the control system 

The process of identification, so the process of going from observed data to a mathematical model is 

fundamental in science and in engineering. It is an important issue in the control area and in the designing 
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of the control system. Based on the model it is possible to avoid plenty of disadvantages coming from 

testing the control system on the real hardware. The experiments on the model can be conducted in other 

time resolution and experimenting on the model allows to avoid destruction of the hardware [15]. The 

whole diagram of the process of identification, which is finished by designing of the control system, is 

shown in the Fig. 5.14. 

 

Fig. 5.14. Diagram of model identification [16] 

To gain the improvement in the regulation in the shower it is necessary to do an identification of the model 

of the heater and then based on this model find the optimal factors for the PID controller, which controls 

the heater. This model should show dependences between input signal, which is a duty cycle relayed to 

the heater and between water temperature after heater. The best way to do this is to conduct 

experiments, such as a step response or an impulse response on the real shower and gather data from 

them. Then based on this data, do an identification of the model in the Matlab environment. The 

identification is done by using Identification Toolbox and design of the controller by using PID Tuner. 

5.3.1. Gathering of the real data 

The test shower environment is shown in the Fig. 5.15. It contains the shower connected to the hot and 

cold water source. The shower is connected also to the power cable and to the WIFI. It is possible to start 

showering from the button with the knob to set the set point temperature. However, much convenient to 

perform the control seems using the service tool on the computer. The computer connected to the shower 

allows on changes in the program and gathering data. All connections are similar to this from the scheme 

shown in the Fig. 4.7. in the previous chapter. 
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Fig. 5.15. The test shower setup 

To gather data from the shower it is necessary to follow these steps: 

1. Clone a new repository from GitHub and checkout the integration branch. 

In the console, run the commands from the Listing 5.8. It is also possible to do this step in the program 

PyCharm, which is connected to the GitHub. 

Listing 5.8. Clone the repository and switch to the integration branch 

git clone git@github.com:join-se/bbb-shower.git 
cd bbb-shower 
git checkout integration 

2. Add code for logging temperatures 

Go to the file showercontroller.py in the directory /bbb-shower/shower/src/control/controllers/shower. Add 

there a part of the code responsible for gathering the data, which is in the Listing 5.9. It is necessary to 

remember to add also a reference to the new function in show_plot (). 

Listing 5.9. Modification in the showercontroller.py  file 

from debug import DataLogger, clock_time 
 
class ShowerController(object): 
    def __init__(self, tree, retaindb): 
        self._tree         = tree.get_control_view() 
        self._ctx          = ShowerContext(tree, retaindb) 
        self._statemachine = MainStateMachine(self._ctx) 
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        self._logger = DataLogger("data/temperature_log.txt") 
        self._logger.init_plot('temperatures_with_heater', 
        ["time",   "shower_setpoint", "tank_setpoint", "hot_temp", 
         "cold_temp", "tank_temp","shower_temp", "heater_duty" ]) 
 
    # ... other stuff in __init__()... # 
 
    def update(self, dt):    
       time             = clock_time() 
       shower_setpoint  = self._tree.shower.shower.setpoint 
       tank_setpoint    = self._tree.shower.shower.tank_setpoint 
       hot_temp         = self._tree.shower.io.iRTDhotWaterSupply 
        cold_temp        = self._tree.shower.io.iRTDcoldWaterSupply 
        tank_temp        = self._tree.shower.io.iRTDpumpInlet 
        shower_temp      = self._tree.shower.io.iRTDshower 
        heater_duty      = self._tree.shower.heater.heater_duty 
 
        self._logger.write(time, shower_setpoint, tank_setpoint, hot_temp, 
        cold_temp, tank_temp, shower_temp, heater_duty) 
 
    # ... other stuff in update()... # 

3. Create a release file and install it on a bathmaster 

Produce a new release from the program with changes by running mk_archive.py in the /bbb-shower/tools 

directory. It should produce e.g. bbb-shower-0.0.43-filter-logging-32gbac68d3.tar.gz. 

Move the created .tar.gz file to /bbb-shower/installer/data/. Then run the installer tool by installer.py file in 

/bbb-shower/installer directory. The bathmaster should show up in the list in the GUI-installer in 10 to 15 

seconds. Double click on the bathmaster, choose newly created .tar.gz file in the combo box and click 

install. The installation will take a few minutes. 

4. Running tests to produce temperature plot 

Start the service tool by opening a web browser and by typing the IP address of the bathmaster (e.g. 

http:/192.168.160.175). To find out about the IP address of the shower run the file listen_bcast.py in /bbb-

shower/tools directory. 

Perform the test from the service tool. By setting the set point it is possible e.g. to obtain step response of 

the shower. If anything bad happens and it is necessary to stop the shower immediately, the best method 

is to unplug the power. 

5. Copying the data file. 

The output from the DataLogger should end up in /root/shower/bin/data/temperature_log.txt. To copy the 

file, it is necessary to use scp command as it is shown in the Listing 5.10., by giving needed RSA key to 

the remote host. 
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Listing 5.10. Copy the file from remote device into the computer 

scp -i bbb-shower/id/id_orbital_rsa debian@192.168.160.175:/root/shower/bin/ 
data/temperature_log.txt 

5.3.2. Identification of the model 

In order to identify the model of the heater, the four experiments were conducted. Their details are shown 

in the Table 5.5. They are mainly the step responses for the different set point temperature. Some of the 

gathered data are used in the process of the identification and the rest in the validation process. 

Table 5.5. The sets of experiment data 

Set of data Initial temperature Set point Recirculation Time Use 
shower1 35 oC [40, 60, 40, 50] yes 500 s validation 
shower2 31 oC [60] yes 160 s identification 
shower3 26 oC [43] yes 200 s identification 
shower4 30 oC [50] yes 200 s validation 

In the next step, the collected data has to be moved to the Matlab workspace. To identify the model of the 

heater, the System Identification Toolbox is used. The view on this tool is shown in the Fig. 5.16. It allows 

on import data by defining the input and output signals. Then it is possible to select the model structure 

such as ARX or Transfer Function, choose the model order and conduct the process of finding the model 

parameters based on these data.  

 
Fig. 5.16. System Identification Tool 
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The identification was performed for four different structures i.e. ARX, nonlinear ARX (NARX), Transfer 

Function and State Space Model (N4SID), for two sets of data. The obtained models for the set of data 

shower2 are shown in the Fig. 5.17. and the models for the shower3 are shown in the Fig. 5.18. In this 

stage, they were evaluated on the same set of data as data used in the identification process. The black 

line in the graphs stands for the reference, which was created from the real data. To make easier the 

evaluation of the models, the values of best fits for the models are shown in the graphs. For bigger value, 

the fit is better. Descriptions of the names of the identified models are shown below in the Table 5.6. 

 
Fig. 5.17. The obtained models for shower2 evaluated on shower2 
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Fig. 5.18. The obtained models for shower3 evaluated on shower3 

Table 5.6. Description of the model to graphs 

Structure Name Description 
ARX arx449 Polynomial model with orders in the structure: 4, 4 and 9 

arx10110 Polynomial model with orders in the structure: 10, 1 and 10 
NARX nlarx1 Nonlinear ARX with automatic adjustments of the parameters 
Transfer Function tf3, tf9 Transfer Function structure with 4 poles and 3 zeros 

tf6, tf10 Transfer Function structure with 5 poles and 3 zeros 
State Space (N4SID) n4s7 State Space Structures, 7 order 

n4s8 State Space Structures, 8 order 

5.3.3. Validation of the model 

To obtain the most trustful model it is recommend to conduct the validation of the model on the other set 

of data than data used in the identification process. The models created from shower2 validated on 

shower1 data are shown in the Fig. 5.19 and the models validated on the shower4 data are shown in the 

Fig. 5.20. On the other hand, the models created from shower3 validated on shower1 data are shown in 

the Fig. 5.21 and the models validated on shower4 in the Fig. 5.22. As it is possible to notice, some of the 

models differ significantly from the reference models (created from the real data), which are represented 

by the black lines on the graphs. 
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Fig. 5.19. Validation of the models obtained from shower2 data on shower1 data 

 

Fig. 5.20. Validation of the models obtained from shower2 data on shower4 data 
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Fig. 5.21. Validation of the models obtained from shower3 data on shower1 data 

 

Fig. 5.22. Validation of the models obtained from shower3 data on shower4 data 
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The results of the validation, represented by the value of fit of the models to the reference model, 

evaluated on different set of data, are shown in the Table 5.7. and in the Table 5.8. The best model was 

created from shower3 data, based on the State Space structure and is called n4s7. This model was 

chosen to the process of designing of the PID controllers. 

Table 5.7. The values of best fit in evaluating models obtained from shower2data 

Names shower1 shower2 shower4 The sum of best fit 
arx449 -81,99 81,44 57,88 57,33 
arx10110 11,47 59,53 -8,19 62,81 
nlarx1 -44,14 79,32 35,86 71,04 
tf3 -34,62 87,37 44,75 97,50 
tf6 -17,27 86,80 45,88 115,41 
n4s7 -39,58 86,41 44,80 91,63 
n4s8 -30,43 86,35 42,60 98,52 

Table 5.8. The values of best fit in evaluating models obtained from shower3data 

Names shower1 shower3 shower4 The sum of best fit 
arx449 20,89 79,93 77,89 178,71 
arx10110 2,86 -9,05 28,27 22,07 
nlarx1 -31,35 74,61 56,31 99,57 
tf9 35,89 82,14 79,15 197,18 
tf10 36,57 82,19 79,21 197,97 
n4s7 46,07 83,69 80,99 210,75 
n4s8 -23410,00 82,04 83,35 -23244,61 

5.3.4. Designing of the PID controller 

PID tuning is the process of finding the values of proportional, integral and derivative gain of a PID 

controller to achieve desired performance and meet design requirements. There exist plenty of different 

method to perform tuning of the PID factors. It is possible to do it either manually or by using rule-based 

methods. However, these methods are connected with the serious problems such as possibility of 

destroying the hardware or limitation such as impossibility to use them in the high-order or unstable plant 

models. Often, parameters found by using these methods are not optimal and require adjusting on the real 

plant. All of these problems can be avoided by using the Matlab tool called PID Tuner. This tool allows on 

automatically tune of the PID controllers to achieve optimal system design [17]. The view on this tool is 

shown in the Fig. 5.23. 
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Fig. 5.23. The view on PID Tuner 

In the first step of designing of the PID controllers for the heater it is necessary to load to this tool the 

model, which was found in the identification process. Then by setting the appropriate parameters it is 

possible to conduct the process of finding the values PID factors. The most important from settings are the 

type of the controller (P, PI, PD or PID), response time and transient behaviour. During designing process, 

this tool provides the user with the information about the performance and robustness, which these PID 

factors ensure. These information contain the values of the parameters such as rise time, setting time or 

overshoot. 

In the Table 5.9., the results of the process of designing the PID controllers are shown. As it is possible to 

notice, plenty of different sets of PID factors were found. Some of the them ensure the faster rise time, 

some are better in eliminating of the steady-state error and some represent the attempt of finding the best 

compromise between these parameters. To make it easier to referring to these parameters in the next 

chapters, they were numbered. The original parameters proposed by the company are signed as a Set1. 

Table 5.9. The sets of the PID factors 

Name Proportional gain Kp Integral gain Ki Derivative gain Kd 
Set1 4.0 30.0 0.01 
Set2 2.3993 24.1218 0.024974 
Set3 37.0304 6.9312 0.99812 
Set4 50.1217 0.15416 0.0 
Set5 25.6939 31.7843748 0.0 
Set6 14.5748 148.60624 0.0 
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Name Proportional gain Kp Integral gain Ki Derivative gain Kd 
Set7 25.6939 2.1329 0.01 

5.3.5. Switching PID controller 

PID control algorithm is a simple, linear control method. Because of its linearity the usefulness of PID 

controller to control nonlinear plant is limited. Any controller has a limited range of operating conditions in 

which performs sufficiently well in order to serve its purpose. A controller that is useful in a region less 

than the full range of operating condition is called a local controller. To design the controller, which is 

useful in the full range of operation conditions, it seems naturally to combine a few local controllers into 

one. This type of the controller is called a switching controller [18]. 

As a controller suitable to perform the control system of heater in the Shower of the Future, the controller 

consisting of two PID controllers is proposed. First of them is responsible for reducing the rising time. The 

second has to minimize the overshoot and reduce the error in the steady state. Their operating point, so 

the region in which their performance is the best, has to be around the normal showering temperature  

(30 – 40 °C). To create the switching PID controller it is necessary to do changes in the code. In the 

Listing 5.11., the second PID controller is added. Then, it is necessary to implement the switching logic, as 

it is done in the Listing 5.12. The switching of the PID controllers bases on the difference between setpoint 

and shower temperature. When the difference is bigger than 2 °C, the control signal from the second 

controller is relayed to the heater. To create switching PID controller, the combinations of the PID 

controllers from Table 5.9. are used. 

Listing 5.11. Initialization of the HeaterController class 

class HeaterController(object): 
    def __init__(self, tree): 
        self._is_enabled = False 
        self._duty       = 0 
        self.tree = tree 
 
        self._pid = PidController( tree.shower.configuration_heater.Kp, 
                                   tree.shower.configuration_heater.Ki, 
                                   tree.shower.configuration_heater.Kd, 
                                   tree.shower.configuration_heater.Kf, 
                                   min_out = 0., 
                                   max_out = 100. ) 
         
        self._pid2 = PidController( tree.shower.configuration_heater.Kp2, 
                                   tree.shower.configuration_heater.Ki2, 
                                   tree.shower.configuration_heater.Kd2, 
                                   tree.shower.configuration_heater.Kf2, 
                                   min_out = 0., 
                                   max_out = 100. ) 
 
        # ... other stuff in __init__()... # 
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Listing 5.12. Switching algorithm in update method 

def update(self, setpoint, shower_temp, tank_temp, dt): 
    if not self._is_enabled: 
        return (0, False) 
 
    self._tank_temp_delay.add_value(tank_temp) 
    delayed_tank_temp = self._tank_temp_delay.get_value() 
 
    feedforward = (setpoint - delayed_tank_temp) * 
    self.tree.shower.configuration_heater.FF_gain 
 
    self._t += dt 
 
    pid_out = self._pid(shower_temp, setpoint, dt, feedforward) 
    pid_out2 = self._pid(shower_temp, setpoint, dt, feedforward) 
 
    if (setpoint - shower_temp) > 2: 
        duty = pid_out / 100.0 
    else: 
        duty = pid_out2 / 100.0 
 
    self._pwm.set_duty(duty) 
 
    heater_on = bool(self._pwm.get_output(self._t)) 
    return (duty, heater_on) 

5.3.6. Reduction of the temperature sensors 

As it was investigated earlier, four temperature measurements exist in the Shower of the Future. In order 

to obtain savings, the attempt to reduce the number of the temperature sensors is done. After analysis of 

the code, it became clear that the measurements of temperatures on cold and hot inlet do not have any 

effect on the control system. They are the remnants after V0 version and are not necessary. Additionally, 

the measurement of the temperature in the tank can be also eliminated. In the parts of the code, which 

use this measurement, it was replaced by shower temperature. One of the part of the code is shown in the 

Listing 5.13. This is the fragment of the program responsible for filling the tank with the water. The 

parameter self.ctx.temp_tank in the class Fill in the update method was replaced by self.ctx.shower_temp.  

Listing 5.13. Part of the code  

class Fill(State): 
    edges   = [ "Fail", "Stop" ] 
 
    def enter(self): 
        self._fill_cycle = FillCycle(self.ctx._tree) 
        self._last_time = self.ctx.time 
 
 
    def update(self): 
        now = self.ctx.time 
        elapsed = now - self._last_time 
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        self._last_time = now 
 
        if not self.ctx.is_enabled: 
            self.change_state("Stop") 
        elif self.ctx.tank_level <= TANK_LEVEL_LOW: 
            self.change_state("Fail") 
        else: 
            want_hotter = self.ctx.temp_setpoint > self.ctx.temp_tank 
            want_rising = self.ctx.tank_level < TANK_LEVEL_HIGH 
            hot_duty, cold_duty = self._fill_cycle.update(want_hotter, 

       want_rising, elapsed) 
 

            self.ctx.write_state(hot_duty, cold_duty, True) 

This approach to the problem allows to reduce the number of sensors from four to only one. Unfortunately, 

it can have the effect on deterioration of the temperature regulation. It requires to be investigated and 

tested. 
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6. VALIDATION AND RESULTS ANALYSIS 

In this chapter the validation and testing of all proposed solutions are described. First, the tools to 

evaluate the solutions, so the simulation tool created in PyCharm and the real setup of the shower are 

presented. Then the next tests, together with the analysis of the results are described. 

6.1. Validation environment 

The test shower environment was presented in the chapter 5.3.1. This is the same shower as used in the 

gathering of the real data. The validation tests conducted on it, in order to minimize wasting of the water, 

were done with closed wastegate. The whole water recirculates and is reused. 

To test the proposed solutions, instead or before going on the real hardware, it is also possible to use the 

simulation tool created in PyCharm in python language. This company tool contains the whole 

functionality of the real shower. The graphic user interface (GUI) of the simulation is shown in the Fig. 6.1. 

It allows on starting showering and disinfection, setting set point temperature, flows of the sources of the 

water and observations of the most interesting parameters of the shower. Unfortunately, the simulation is 

not ideal and cannot be regard as a reality. The simulation is used to make sure, that the specified 

settings or parameters will not lead to destroying of the hardware. After conducting the tests in the 

simulation tool, the selected settings and parameters, which do not lead to any disaster, should be tested 

on the real hardware. 
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Fig. 6.1. GUI of the simulation 

The simulation like normal shower can be connected with the service tool, which allows on more complex 

control. The view on the service tool is shown in the Fig. 6.2. To connect it with the shower it is necessary 

to type the IP address of the shower in the web browser. In case when the connection of the service tool 

with the simulation is desired, it is necessary to type 127.0.0.1 as an IP address.     

 
Fig. 6.2. Service tool 
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6.2. Validation tests 

In general, the six validation tests have to be done: 

 All added configurable parameters and the way of changing them in the service tool have to be 

tested. 

 Autodetection, which bases on the octal switches has to be checked. 

 Validation of the temperature control for PID controllers. 

 Validation of the temperature control for switching PID controllers. 

 Validation of the methods of switching between PID controllers. 

 Validation of the temperature control after reduction of the temperature sensors. 

Some of the validation tests, before performing them on the real hardware have to be conducted in the 

simulation. After being sure, that they are not dangerous for the real shower, they should be conducted in 

the real environment. 

6.2.1. Configurability validation 

During creating of the code responsible for handle the configurability in the shower, every next added 

configurable parameter and its real effect on the shower system was checked by using the simulation. 

Then, the tests on the real hardware were performed. The version of the software, which contain 

configurability, was installed in the shower and the service tool was started. In the Fig. 6.3., the fragment 

of the service tool responsible for configurable parameters of the heater is shown.  
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Fig. 6.3. Configurability test 1 

In the Fig. 6.4., the change of the version of the shower from V1 to V2 was performed. As it is possible to 

notice, next to the parameters of the PID control of the heater, the inscription saved! has appeared. The 

values of the parameters have changed. To see these changes it is necessary to refresh the service tool. 

 
Fig. 6.4. Configurability test 2 
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After refreshing the service tool, as it is shown in the Fig. 6.5., the new values of the parameters for V2 

version are visible. The change of the version of the shower, always return the configurable parameters to 

the default parameters for this version. 

 
Fig. 6.5. Configurability test 3 

Except of changing the all parameters, by changing the version of the shower, it is possible to change also 

only the single configurable parameter. As it is shown in the Fig. 6.6, the value of the gain of the PID 

factor is overwritten and by clicking on the blue button with description save, the change can be 

confirmed. 
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Fig. 6.6. Configurability test 4 

All configurable parameters were examined in the same way as configurable parameters for the heater. 

The results of the validation tests showed that proposed mechanisms to control the configurability work 

and the task entrusted by the company is accomplished. 

6.2.2. Autodetection validation 

The test of the autodetection was performed only on the real hardware. The idea behind the octal 

switches bases on sensing the components which are connected to the BBB board. The fragment of the 

program responsible for detecting the octal switches is shown in the Listing 6.1. In lists output1 and 

output2, the devices are assigned to the proper place in the lists. In the list status_bits, the value True is 

returned when the device is connected and value False when it is not. For the purpose of the test, it was 

assumed that in the version V2, the io.gLedPre was removed. 

Listing 6.1. The part of the octal switches code 

output1 = [ io.qHotWaterValve, io.qColdWaterValve, 0, io.qHeater, 
          io.qFilterBypassValve, io.qLedNano, io.qLedPre, qUVlamp ] 
 
output2 = [ 0, 0, 0, 0, io.qDeaerator, io.qPump, 0, 0 ] 
 
status_bits = self._switch.set_outputs(output1, output2) 

During running of the shower, the values of the status_bits, were printed in the PUTTY window. Then the 

led lamp responsible for variable io.qLedPre was disconnected and the values of the status_bits were 

printed again. The screen from the PUTTY window, from this test is shown in the Fig. 6.7. 
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Fig. 6.7. Screen from PUTTY interface 

As it was demonstrated by the test, the value of the bit has changed. Still, some of the slots in the octal 

switches are free and can be used to connect even more devices. This method can be successfully used 

to define the version of the shower, but unfortunately only when hardware between versions differ.  

6.2.3. PID controllers validation 

The different sets for PID controller of the heater from the Table 5.9. were tested. To avoid the problems 

with destroying of the hardware, first, they were tested in the simulation. After being sure that control of 

the temperature looks reasonable, the sets were examined on the real shower system. The results of 

these tests are the best sets of PID controller, which should be used in the process of creating the 

switching PID controller. 

6.2.3.1. Simulation 

During the tests, the temperature set point is changed on every 60 s. The whole time of the simulation is 

equal to 780 s. In the figures from Fig. 6.8 to Fig. 6.14, the next results of the temperature regulation for 

the next sets of the PID controller are shown. 

 
Fig. 6.8. Test for set1 
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Fig. 6.9. Test for set2 

 
Fig. 6.10. Test for set3 

 
Fig. 6.11. Test for set4 

 
Fig. 6.12. Test for set5 
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Fig. 6.13. Test for set6 

 
Fig. 6.14. Test for set7 

The results of this test indicate that all sets of PID controllers do not lead to any dangerous behaviour of 

the system. Some of the sets have the faster rising time, while the rest are better in reducing the steady-

state error. Interesting and worth to notice is the fact that temperature control for the company controller in 

the simulation, which is shown in the Fig. 6.8, is one of the best from all of the proposed sets of the 

parameters. 

6.2.3.2. Shower environment 

Next, the tests for every PID controller set, were conducted on the real hardware. Every test lasted 10 

minutes. Starting from temperature around 27 °C, the set point temperature was changed on value 35 °C. 

After 5 minutes, the set point temperature was again changed on value 45 °C, for the next 5 minutes. In 

the Fig. 6.15., three different temperature control for different sets are compared to the temperature 

control obtained by using company sets of PID controller. In the Fig. 6.16., the next three sets are 

compared in the same way. 
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Fig. 6.15. Tests for set1, set2, set3, set4 

 
Fig. 6.16. Tests for set1, set5, set6, set7 

The results of temperature control differ much from the results obtained in the simulation. The PID control 

for the company Set1 is far from ideal. The rising time is 70 s, the overshoot is around 2.5 °C and the 
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steady state is achieved after 5 minutes of regulation. Every regulation of the temperature by using other 

sets of PID controller is better than this proposed by the company. Unfortunately, they are also not 

perfect. Anyway, it is possible to distinguish the sets of the parameters which have the faster rising time 

and parameters which are better in eliminating the steady state error. To this first group, the sets such as 

Set3, Set4, Set5 and Set7, can be counted. While, the sets such Set2 and Set6 should belong to the 

second group. 

6.2.4. Switching PID controllers validation 

In the previous test, the PID controllers were examined and they were divided into two groups. The 

switching PID controllers are created based on them. To speed up the regulation and the rising time, in 

the first phase of the regulation, the controller from the first group should be used. In the moment, when 

the value of the temperature is close to the set point temperature, the switching to the PID controller, 

which is better in eliminating the steady state error, should be performed. In this way, the two switching 

PID controller were created. First of them consists of Set4 and Set2, while the second consists of Set5 

and Set2. The switching between controller is performed, when the difference between shower 

temperature and the set point is bigger than 2 °C. 

6.2.4.1. Simulation 

During the tests, the temperature setpoint is changed on every 60 s. The whole time of the simulation is 

equal to 780 s. The results of the tests for two switching PID controller are shown in the Fig. 6.17. and in 

the Fig. 6.18.  

 
Fig. 6.17. Test for switching PID controller created from set4 and set2 
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Fig. 6.18. Test for switching PID controller created from set5 and set2 

In the simulation, the performance of two switching PID controllers is similar. Any dangerous behaviours, 

like e.g. too big rising of the temperature, are not spotted. They can be tested on the real shower 

environment. 

6.2.4.2. Shower environment 

The switching PID controllers were tested on the real hardware. Every test lasted 10 minutes. Starting 

from temperature around 27 °C, the set point temperature was changed on value 35 °C. After 5 minutes, 

the set point temperature was again changed on value 45 °C, for the next 5 minutes. The temperature 

regulation for two controllers is shown in the Fig. 6.19. 

 
Fig. 6.19. Tests for two different switching PID controllers 
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The performances of the two switching PID controllers are much better than the performance of the 

previous controller proposed by the company. The rising time of the two controller is similar and its value 

is around 20 s. The overshoot of the first controller is much bigger than the overshoot in the case of the 

second controller. What is also not desired is the fact that in the first controller, before the temperature in 

the shower reaches the set point value, the temperature oscillates. These oscillations are reduced in the 

case of using the second controller. The steady state error in two cases, on account of using the same 

PID controller in this phase, should be similar. However, the first controller seems to cope slightly better 

with steady state error. As the best switching PID controller, the second PID controller consisting of the 

Set4 and the Set2 was chosen. 

6.2.5. Validation of the methods of switching between PID controllers 

In the next tests, the impact of the switching method on the temperature control in the shower is 

examined. Every test lasted 10 minutes. Starting from temperature around 27 °C, the set point 

temperature was changed on value 35 °C. After 5 minutes, the set point temperature was again changed 

on value 45 °C, for the next 5 minutes. The regulations for the chosen controller, with switching of the 

controller when the difference between set point temperature and the shower temperature differs, are 

shown in the Fig. 6.20. The three differences of the temperature were defined and examined. 

 
Fig. 6.20. Tests of switching PID controller for different switching temperature 
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As it is possible to notice in the Fig. 6.20, the method of switching between controllers has a big effect on 

the temperature control. In the case when the defined difference temperature is 2 °C, the switching 

between controllers is performed to fast. It causes that the rising time is longer. In the case when the 

defined difference temperature is 1 °C, the switching between controller is performed too late and the 

overshoot appears. The best switching temperature difference seems to be 1.5 °C. 

The switching PID controller consisting of Set4 and Set2, with the switching temperature difference equal 

to 1.5 °C, was chosen as a final proposed controller. The performance of it, compared to the performance 

of the company controller is shown in the Fig. 6.21. As it is possible to notice, the rising time was speeded 

up, the overshoot was reduced and the steady state error was minimized. 

 
Fig. 6.21. Final comparison of company controller and proposed switching PID controller 

6.2.6. Validation of the temperature control after reduction of the temperature sensors 

The aim of the last test is to examine the influence of reducing the number of temperature sensors from 

four to one, on the temperature control. This test was done only in the simulation tool and was performed 

for PID controller with factors Kp = 49.3805, Ki = 2.1554, Kd = 0.01. During the test, the temperature set 

point is changed on every 60 s. The whole time of the simulation is equal to 780 s. The regulation without 

reducing the number of sensor is shown in the Fig. 6.22. and the regulation after reducing them is shown 

in the Fig. 6.23. 
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Fig. 6.22. Test for PID controller by using four temperature sensors 

 
Fig. 6.23. Test for PID controller after reducing the number of temperature sensors from four to one 

The difference in temperature regulation between the control system which use the four temperature 

sensors and between the control system which use only one, is almost not visible. The reduction of the 

sensors in order to gain the savings of money or correction of the control system, to make it use the 

measurements from the all sensors in the better way, in order to improve the control in the shower, should 

be considered.  
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7. CONCLUSIONS AND FUTURE WORK 

The Orbital Systems Company is facing the really important issues such as lack of water, sewerage and 

even public health infrastructure. Their proposition of the Shower of the Future, which is high-tech 

purification system that recycles water, can be the solution of these problems. Due to the patented 

technology, which bases on the special filters, it is possible to reuse water and use it once again. This 

idea, which is used in the shower, allows on more than 90% savings in water usage and 80% savings in 

energy, while producing water that is cleaner than average tap water. 

The Shower of the Future is a new technology and still is in the phase of developing. Therefore, a lot of 

changes in the elements in the shower appear. Many of different versions of the shower are created. In 

this thesis, according to the task given by the company, the part of the code responsible for integrating of 

all versions, which contains different set of devices, was created. The methods, implemented due to this 

task, work as they should. It is possible to change between default settings for the version of the showers, 

as well as changing only single value of the parameters. 

The proposition to conduct the autodetection by using the octal switches, in order to automatically sense 

and switch to the proper version of the software, can be successfully used. However, the usefulness of 

this method is limited only to the situations, when the hardware between versions differs in amount. When 

in the hardware e.g. the heaters are different, this method cannot be used. The next disadvantage is the 

problem, that it is not possible to distinguish e.g. the led lamp from the heater. From the octal switches 

point of view, every connected device is the same. 

During process of improving of the control system, the identification process was conducted. To evaluate 

identified models, it is necessary to do the validation on the other set of data than the set of data on which 

the process of identification was done. For some of the models, their fit to the reference data is better than 

for the others. To choose the best one, the model fits were examined on different reference data and the 

sums of the fits were calculated. The biggest value of the sum of the fits indicates the best model. It allows 

on avoiding of the mistake of choosing the wrong model. 

The research done, shows that the best structures of the model are structures which base on the transfer 

function or on the state space. The results obtained for ARX (polynomial model) and nonlinear ARX, even 

after changing of the orders, were not satisfied. Increasing of the order of the chosen structure will not 

always lead to the improvement. The best example of it is the state space model of the 8th order, for which 

the sum of best fits dramatically decreased. In the process of identification, it is necessary to take into 

account the properties of the system. Some structures for specified order can be better in different kind of 

the systems. In the case of the Shower of the Future, the best was state space model of the 7th order. 
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The Matlab toolbox called PID Tuning is a great tool, which allows on design the PID controllers based on 

the model of the system. By using it, it is possible to create plenty of different controllers. Some of them 

can provide faster rising time, smaller overshoot or better eliminating of the steady state error. The 

temperature control by using produced PID controllers, was examined first in the simulation and then on 

the real hardware. It is a very common practice, which allows on avoiding of destroying of the hardware 

and on saving of the time. The results of the temperature control in simulation and in the real shower 

environment differ much. The PID controllers, which in the simulation perform great, in reality are not that 

good. The real shower contains inertia, delays and not ideal measurements, which together cause that the 

single PID controller is not enough to obtain the big improvement in the temperature control. More 

advanced controller as e.g. switching PID controller is necessary. 

In switching PID controllers, two important parts can be distinguished. First of them are PID controllers 

and the second is method of switching between them. Switching PID controller connects advantages of 

the singles PID controllers. When the difference between temperature is significant faster PID controllers 

should be used, and when the difference is smaller the switching to the slower and more accurate PID 

controller should be performed. Thanks to this approach the rising time is faster, overshoot is smaller and 

steady state error is minimized. The method of switching between controllers also has a significant effect 

on the temperature control. As it was shown during test, even the difference like 0.5 °C in temperature 

difference between set point and actual temperature, affects the temperature control. For too big switching 

temperature difference the temperature control is slower and for too small the overshoot appears. It is 

necessary to find the gold mean. 

Our analysis of the system and the code, indicates that the system contains redundant and not necessary 

sensors. As it is at this moment, the temperature sensors in the tank and on the inlets of the hot and cold 

water, giving in total three, do not have the big impact on the temperature control. They are remnants from 

the previous control system, which was used in the V0 shower. The reduction of the sensors in order to 

gain the savings of money or correction of the control system, to make it use the measurements from all 

the sensors in the better way, in order to improve the control in the shower, should be considered.  

Since the shower and the whole technology is still in the phase of developing, the list of the future work 

regarding it can be really long. Instead of focusing only on the shower it is slightly recommended to use 

this technology also in other water using devices of the house such as washing machines, dishwashers or 

even toilets. Creating the whole water saving system in the house can give significant saving in water and 

energy and can be the solution to solve the water crisis on the world.  

To make it easier to control and flexibly integrate the elements of all these devices, the appropriate 

management system is necessary. The mechanisms to change between versions and the values of the 

configurable parameters based on the detection of the elements should be then developed. At this 
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moment a new control board with possibility to check for the connected devices is in the phase of testing 

and developing. It should appear together with version V3 of the shower. Based on the autodetection the 

code and the parameters for the element should be adjusted. 

The control of the temperature and level of the water in the shower need to be fast and accurate. 

Proposed by us, the switching PID controller is easy to implement and seems to give good performance. 

However, it still can be improved. To create the switching PID controller, more PID controllers which works 

better for different local operating points can be used. Also, as it is done in the related works [19], the 

switching method can be developed. Instead of using hard switching, the fuzzy logic can be used. As it 

was shown during the tests, the switching method has the significant influence on the temperature control. 

By using this approach, it is possible to obtain more smooth and natural temperature control. 

The Orbital System is a new created company and has a great future ahead. The Shower of the Future, 

which still needs improvements and require much more work, is only the first step in changing the 

paradigm in the water saving system. The company and their product really seriously consider the 

sustainability and environment aspect. We should take an example on their work, which aims to change 

the world for the better place. 
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APPENDIX A 

 
Fig. A.1. Algorithm 1, fbGetShowerId (1/1) 

 
Fig. A.2. Algorithm 2, fbUpdateTemperatureSensor (1/1) 
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Fig. A.3. Algorithm 3, fbUpdateFlowSensor (1/1) 
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Fig. A.4. Algorithm 4, fbMonitorFilterState (1/1) 
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Fig. A.5. Algorithm 5, fbMonitorArduino (1/1) 
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Fig. A.6. Algorithm 7, STATE LOGIC  - chart transition, main program (1/5) 
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Fig. A.7. Algorithm 7, STATE LOGIC  - standby (2/5) 



110 

 

 

 
Fig. A.8. Algorithm 7, STATE LOGIC  - showering (3/5) 
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Fig. A.9. Algorithm 7, STATE LOGIC  - disinfection (4/5) 
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Fig. A.10. Algorithm 7 – STATE LOGIC  - cleaning (5/5) 
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Table A.1. State logic 

State variable States 
StandbyStates cStateWaiting, cStateHmiStartup 
StartingStates cStateStartDataLogging, cStateFillingTank, cStateWaitFor3Way, 

cStateDisinfectionWaitFor3way, 
cStateDisinfectionFillingTank, cStateCleaningStart, cStateCleaningWaitFor3way, 
cStateCleaningFillingTank 

PumpingStates cStateWaitForUV, cStateWaitForFlow, cStateFloodPump, cStateShoweringAuto, 
cStateShoweringFilterBypass, cStateDisinfectionWaitForUV, cStateDisinfectionWaitForFlow, 
cStateDisinfectionFloodPump, cStateDisinfectionRaiseHeat, cStateDisinfectionRecirculation, 
cStateDisinfectionAborting, cStateCleaningWaitForUV, cStateCleaningWaitForFlow, 
cStateCleaningFloodPump, cStateCleaningRaiseHeat, cStateCleaningRecirculation, 
cStateCleaningFirstFlush, cStateCleaningSecondFlush 

FloodingStates cStateFloodPump, cStateDisinfectionFloodPump, cStateCleaningFloodPump 
FlowingStates cStateShoweringAuto, cStateShoweringFilterBypass, cStateDisinfectionRaiseHeat, 

cStateDisinfectionRecirculation, cStateDisinfectionAborting, cStateCleaningRaiseHeat, 
cStateCleaningRecirculation, cStateCleaningFirstFlush, cStateCleaningSecondFlush 

ShoweringStates cStateShoweringAuto, cStateShoweringFilterBypass 
BypassingStates cStateShoweringFilterBypass, cStateDisinfectionRecirculation, cStateCleaningRecirculation, 

cStateCleaningFirstFlush, cStateCleaningSecondFlush 
PausedStates cStateShowerPausing, cStateShutdown, cStateDisinfectionCheck, cStateCleaningStart, 

cStateCleaningShutdown 
DisinfectingStates cStateDisinfectionWaitFor3way, cStateDisinfectionFillingTank, cStateDisinfectionWaitForUV, 

cStateDisinfectionWaitForFlow, cStateDisinfectionFloodPump, cStateDisinfectionRaiseHeat, 
cStateDisinfectionRecirculation, cStateDisinfectionCooling, cStateDisinfectionAborting 

CleaningStates cStateCleaningStart, cStateCleaningWaitFor3way, cStateCleaningFillingTank, 
cStateCleaningWaitForUV, cStateCleaningWaitForFlow, cStateCleaningFloodPump, 
cStateCleaningRaiseHeat, cStateCleaningRecirculation, cStateCleaningSoak, 
cStateCleaningFirstFlush, cStateCleaningPassiveRinse, cStateCleaningSecondFlush, 
cStateCleaningShutdown 

InternalRecirculationStates DisinfectingStates, CleaningStates 
ForcedDumpingStates cStateShoweringFilterBypass, cStateDisinfectionAborting, cStateCleaningFirstFlush, 

cStateCleaningSecondFlush 
ForcedRecoveringStates FloodingStates OR (InternalRecirculationStates AND NOT ForcedDumpingStates) 
HotStates cStateDisinfectionRaiseHeat, cStateDisinfectionRecirculation, cStateCleaningRaiseHeat, 

cStateCleaningRecirculation 
ColdStates cStateDisinfectionCooling, cStateDisinfectionAborting, cStateCleaningFirstFlush, 

cStateCleaningSecondFlush 
WarmStates FlowingStates AND NOT HotStates AND NOT ColdStates 
CollectShowerStatistics cStateShutdown OR (WasShowering AND cStateFault) 
CollectCleaningStatistics cStateDisinfectionShutdown OR (WasCleaning AND cStateFault) 
CollectOtherStatistics StandbyStates 
WasShowering (StartingStates OR PumpingStates OR PausedStates) AND NOT DisinfectingStates AND NOT 

CleaningStates 
WasCleaning DisinfectingStates, CleaningStates 
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Fig. A.11. Algorithm 8, Determine set point (1/1) 
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Fig. A.12. Algorithm 9, ELEMENTS – fbMonitorUserPanel (1/1) 
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Fig. A.13. Algorithm 9, ELEMENTS – fcSetStartStopSignal (1/1) 

 
Fig. A.14. Algorithm 9, ELEMENTS – fbControlPump (1/1) 
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Fig. A.15. Algorithm 9, ELEMENTS – fbControlUV (1/1) 
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Fig. A.16. Algorithm 9, ELEMENTS – fbMonitorPower (1/1) 
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Fig. A.17. Algorithm 9, ELEMENTS – fbControl3wayValve (1/4) 
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Fig. A.18. Algorithm 9, ELEMENTS – fbControl3wayValve – STATE LOGIC showering (2/4) 

 
Fig. A.19. Algorithm 9, ELEMENTS – fbControl3wayValve – STATE LOGIC standby (3/4) 
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Fig. A.20. Algorithm 9, ELEMENTS – fbControl3wayValve – STATE LOGIC recirculation (4/4) 
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Fig. A.21. Algorithm 9, ELEMENTS – fbControlTank (1/2) 
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Fig. A.22. Algorithm 9, ELEMENTS – fbControlTank - STATE LOGIC (2/2) 
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Fig. A.23. Algorithm 9, ELEMENTS – PID controller (1/1) 
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Fig. A.24. Algorithm 9, ELEMENTS – fbEcStatistics (1/1) 

 
Fig. A.25. Algorithm 9, ELEMENTS – fbControlShutter (1/4) 
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Fig. A.26. Algorithm 9, ELEMENTS – fbControlShutter – STATE LOGIC (2/4) 
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Fig. A.27. Algorithm 9, ELEMENTS – fbControlShutter – fbControlAnalogServo (3/4) 

 
Fig. A.28. Algorithm 9, ELEMENTS – fbControlShutter – fbControlSolenoid (4/4) 
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Fig. A.29. Algorithm 9, ELEMENTS – fbControlByPass (1/2) 

 
Fig. A.30. Algorithm 9, ELEMENTS – fbControlByPass – STATE LOGIC (2/2) 
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Fig. A.31. Algorithm 9, ELEMENTS – fbHeater (1/1) 
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Fig. A.32. Algorithm 9, ELEMENTS – fbControlIndicators (1/1) 
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Fig. A.33. Algorithm 9, ELEMENTS – fbHmiControl (1/1) 
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Fig. A.34. Algorithm 10, Diagnostic (1/1) 

 

 

 



133 

 

 

APPENDIX B 

shower: 
+---bin 
|   |   .gitignore 
|   |   24watch.sh 
|   |   dump_spec.py 
|   |   info_broadcaster.py 
|   |   main.py 
|   |   mkdev.py 
|   |   post_shutdown_shower.sh 
|   |   servotest.py 
|   |   set_pythonpath.sh 
|   |   shower.cfg 
|   |   shower_monitor.py 
|   |   show_pickle.py 
|   |   shutdown_shower.sh 
|   |   startup_shower.sh 
|   |   start_shower_services.sh 
|   |   stop_shower_services.sh 
|   |   tw_test.py 
|   |   version.txt 
|   |   view_client.py 
|   |    
|   +---aws 
|   |       install-minion.sh 
|   |        
|   +---cert 
|   |       tagsigner.crt 
|   |        
|   +---data 
|   |       README.txt 
|   |        
|   +---firmware 
|   |   +---arduino 
|   |   |       arduino_upload.sh 
|   |   |       disable_watchdog.sh 
|   |   |       pingpong.ino.hex 
|   |   |       reset_arduino.sh 
|   |   |        
|   |   \---rfduino 
|   |       |   ble_upload.sh 
|   |       |   bluebell_upload.sh 
|   |       |   client.ino.hex 
|   |       |   handle.ino.hex 
|   |       |   host.ino.hex 
|   |       |   RFDLoader_pi 
|   |       |   setserialnumber.py 
|   |       |    
|   |       \---intelhex 
|   |               bench.py 
|   |               compat.py 
|   |               test.py 
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|   |               __init__.py 
|   |                
|   +---m66_ppp 
|   |       connect_ppp.sh 
|   |       disconnect_ppp.sh 
|   |       readme.md 
|   |        
|   +---post-install 
|   |       run_scripts.sh 
|   |       upload_rfduino.py 
|   |        
|   \---pulsecounter 
|           pulsecounter.ko 
|            
+---lib 
|   \---pytz-2015.7 
|       |   CHANGES.txt 
|       |   LICENSE.txt 
|       |   MANIFEST.in 
|       |   PKG-INFO 
|       |   README.txt 
|       |   setup.cfg 
|       |   setup.py 
|       |    
|       \---pytz 
|           |   exceptions.py 
|           |   lazy.py 
|           |   reference.py 
|           |   tzfile.py 
|           |   tzinfo.py 
|           |   __init__.py 
|           |    
|           \---tests 
|                   test_docs.py 
|                   test_lazy.py 
|                   test_tzinfo.py 
|                        
+---native 
|   |   build.sh 
|   |   setup.py 
|   |    
|   +---build 
|   |   +---lib.linux-x86_64-2.7 
|   |   |       bmnative.so 
|   |   |        
|   |   \---temp.linux-x86_64-2.7 
|   |       \---src 
|   |               bmnative.o 
|   |                
|   +---module 
|   |   +---armv7l 
|   |   |       BMNative-1.0.egg-info 
|   |   |       bmnative.so 
|   |   |        



135 

 

 

|   |   \---x86_64 
|   |           BMNative-1.0.egg-info 
|   |           bmnative.so 
|   |            
|   \---src 
|           bmnative.c 
|            
+---src 
|   +---control 
|   |   |   control_system.py 
|   |   |   disinfect_scheduler.py 
|   |   |   __init__.py 
|   |   |    
|   |   +---controllers 
|   |   |   |   __init__.py 
|   |   |   |    
|   |   |   +---deaerator 
|   |   |   |       deaeratorcontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---ec 
|   |   |   |       alphacalculator.py 
|   |   |   |       eccontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---filter 
|   |   |   |       filtercontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---heater 
|   |   |   |       heatercontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---inlet 
|   |   |   |       inletcontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---led 
|   |   |   |       ledcontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---panic 
|   |   |   |       paniccontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---shower 
|   |   |   |       panicmixin.py 
|   |   |   |       showercontext.py 
|   |   |   |       showercontroller.py 
|   |   |   |       statemachine_disinfect.py 
|   |   |   |       statemachine_main.py 
|   |   |   |       statemachine_shower.py 
|   |   |   |       waterdumper.py 
|   |   |   |       __init__.py 



136 

 

 

|   |   |   |        
|   |   |   +---tank 
|   |   |   |       tankcontroller.py 
|   |   |   |       tankcurve.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---tempknob 
|   |   |   |       tempknobcontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   +---uvlamp 
|   |   |   |       uvlampcontroller.py 
|   |   |   |       __init__.py 
|   |   |   |        
|   |   |   \---wastegate 
|   |   |           wastegatecontroller.py 
|   |   |           __init__.py 
|   |   |            
|   |   \---helpers 
|   |           patterngenerator.py 
|   |           pidcontroller.py 
|   |           softpwm.py 
|   |           __init__.py 
|   |            
|   +---hal 
|   |   |   hal.py 
|   |   |   __init__.py 
|   |   |    
|   |   +---calibration 
|   |   |       common.py 
|   |   |       without_switches.py 
|   |   |       with_switches.py 
|   |   |       __init__.py 
|   |   |        
|   |   +---drivers 
|   |   |       adc.py 
|   |   |       eqep.py 
|   |   |       i2c.py 
|   |   |       pin.py 
|   |   |       pulse_counter.py 
|   |   |       pwm.py 
|   |   |       serial_port.py 
|   |   |       servo.py 
|   |   |       spi.py 
|   |   |       __init__.py 
|   |   |        
|   |   +---handlers 
|   |   |   |   bluebell_handler.py 
|   |   |   |   ec_handler.py 
|   |   |   |   htu_handler.py 
|   |   |   |   io_handler.py 
|   |   |   |   io_mapping.py 
|   |   |   |   knob_handler.py 
|   |   |   |   octalswitch_handler.py 



137 

 

 

|   |   |   |   power_handler.py 
|   |   |   |   pressure_handler.py 
|   |   |   |   servo_handler.py 
|   |   |   |   simpleio_handler.py 
|   |   |   |   temperature_handler.py 
|   |   |   |   __init__.py 
|   |   |   |    
|   |   |   \---helpers 
|   |   |           misc.py 
|   |   |           servorefreshhandler.py 
|   |   |           __init__.py 
|   |   |            
|   |   \---transducers 
|   |       |   ads1248.py 
|   |       |   arduinocontroller.py 
|   |       |   bluebellcontroller.py 
|   |       |   bluetoothcontroller.py 
|   |       |   mc33880_octal_switches.py 
|   |       |   mlx90614.py 
|   |       |   power_manager.py 
|   |       |   quadrature_encoder.py 
|   |       |   rtd.py 
|   |       |   sht21.py 
|   |       |   temp_knob_quad.py 
|   |       |   threewayvalve.py 
|   |       |   w1core.py 
|   |       |   wastegatevalve.py 
|   |       |   __init__.py 
|   |       |    
|   |       \---orbitalnfc 
|   |           |   nfcController.py 
|   |           |   nfctest.py 
|   |           |   __init__.py 
|   |           |    
|   |           \---nfc 
|   |               |   dep.py 
|   |               |   __init__.py 
|   |               |    
|   |               +---clf 
|   |               |       acr122.py 
|   |               |       arygon.py 
|   |               |       device.py 
|   |               |       pn531.py 
|   |               |       pn532.py 
|   |               |       pn533.py 
|   |               |       pn53x.py 
|   |               |       rcs380.py 
|   |               |       rcs956.py 
|   |               |       transport.py 
|   |               |       udp.py 
|   |               |       __init__.py 
|   |               |        
|   |               +---handover 
|   |               |       client.py 



138 

 

 

|   |               |       server.py 
|   |               |       __init__.py 
|   |               |        
|   |               +---llcp 
|   |               |       err.py 
|   |               |       llc.py 
|   |               |       opt.py 
|   |               |       pdu.py 
|   |               |       socket.py 
|   |               |       tco.py 
|   |               |       __init__.py 
|   |               |        
|   |               +---ndef 
|   |               |       bt_record.py 
|   |               |       error.py 
|   |               |       handover.py 
|   |               |       message.py 
|   |               |       record.py 
|   |               |       smart_poster.py 
|   |               |       text_record.py 
|   |               |       uri_record.py 
|   |               |       wifi_record.py 
|   |               |       __init__.py 
|   |               |        
|   |               +---snep 
|   |               |       client.py 
|   |               |       server.py 
|   |               |       __init__.py 
|   |               |        
|   |               \---tag 
|   |                       pyDes.py 
|   |                       tt1.py 
|   |                       tt1_broadcom.py 
|   |                       tt2.py 
|   |                       tt2_nxp.py 
|   |                       tt3.py 
|   |                       tt3_sony.py 
|   |                       tt4.py 
|   |                       __init__.py 
|   |                        
|   +---system 
|   |   |   application.py 
|   |   |   command_msghandler.py 
|   |   |   ctrlsysrunner.py 
|   |   |   ctrlsys_msghandler.py 
|   |   |   hal_msghandler.py 
|   |   |   make_variable_tree.py 
|   |   |   message.py 
|   |   |   messagehandler.py 
|   |   |   protocol.py 
|   |   |   scheduler.py 
|   |   |   selectable.py 
|   |   |   simplescheduler.py 
|   |   |   systemapplication.py 



139 

 

 

|   |   |   sys_msghandler.py 
|   |   |   tcp_listener.py 
|   |   |   type_helpers.py 
|   |   |   user.py 
|   |   |   websocket_msghandler.py 
|   |   |   __init__.py 
|   |   |    
|   |   +---SimpleWebSocketServer 
|   |   |       SimpleExampleServer.py 
|   |   |       SimpleHTTPSServer.py 
|   |   |       SimpleWebSocketServer.py 
|   |   |       __init__.py 
|   |   |        
|   |   \---vartree 
|   |           role.py 
|   |           treenode.py 
|   |           treeview.py 
|   |           unit.py 
|   |           updatemanager.py 
|   |           variablenode.py 
|   |           variabletree.py 
|   |           __init__.py 
|   |            
|   \---util 
|       |   avgwindow.py 
|       |   cache.py 
|       |   callback.py 
|       |   clock.py 
|       |   delay.py 
|       |   delaywindow.py 
|       |   derivator.py 
|       |   disposable.py 
|       |   enum.py 
|       |   flowcalculator.py 
|       |   linearinterpolator.py 
|       |   linebuffer.py 
|       |   meanvaluecalculator.py 
|       |   misc.py 
|       |   pathutils.py 
|       |   pulsefilter.py 
|       |   retaindb.py 
|       |   run_as_main.py 
|       |   safe_select.py 
|       |   split_line.py 
|       |   statemachine.py 
|       |   statemachine_graphviz.py 
|       |   timer.py 
|       |   tzclock.py 
|       |   __init__.py 
|       |    
|       +---archive 
|       |       archive_builder.py 
|       |       fileset.py 
|       |       tempdir.py 



140 

 

 

|       |       __init__.py 
|       |        
|       +---config 
|       |       argparser.py 
|       |       config.py 
|       |       configparser.py 
|       |       configspec.py 
|       |       configspecext.py 
|       |       __init__.py 
|       |        
|       +---debug 
|       |       datalogger.py 
|       |       fastclock.py 
|       |       load_data.py 
|       |       timer.py 
|       |       __init__.py 
|       |        
|       +---logging 
|       |       orblog.py 
|       |       orblog.py.md 
|       |       __init__.py 
|       |        
|       \---sysinfo 
|               sysinfo.py 
|               __init__.py 
|                
+---test 
|   |   .gitignore 
|   |   run_doctests.py 
|   |   run_unittests.py 
|   |    
|   +---adafruit_mock 
|   |   +---Adafruit_BBIO 
|   |   |       ADC.py 
|   |   |       GPIO.py 
|   |   |       PWM.py 
|   |   |       SPI.py 
|   |   |       UART.py 
|   |   |       __init__.py 
|   |   |        
|   |   +---Adafruit_I2C 
|   |   |       Adafruit_I2C.py 
|   |   |       __init__.py 
|   |   |        
|   |   \---bbio 
|   |       |   __init__.py 
|   |       |    
|   |       \---libraries 
|   |               RotaryEncoder.py 
|   |               __init__.py 
|   |                
|   +---test_transducers 
|   |       test_power_manager.py 
|   |       __init__.py 



141 

 

 

|   |        
|   \---test_util 
|           fast_clock.py 
|           test_delay.py 
|           test_disposable.py 
|           test_meanvaluecalculator.py 
|           test_misc.py 
|           test_statemachine.py 
|           textbuf.py 
|           __init__.py 
|            
\---www 
    |   changelog.txt 
    |   downloads.html 
    |   index.html 
    |   readme.md 
    |    
    +---css 
    |       bootstrap.min.css 
    |       style.css 
    |        
    +---fonts 
    |       glyphicons-halflings-regular.eot 
    |       glyphicons-halflings-regular.svg 
    |       glyphicons-halflings-regular.ttf 
    |       glyphicons-halflings-regular.woff 
    |       glyphicons-halflings-regular.woff2 
    |        
    \---js 
            communication_handler.js 
            main.js 
            statemachine.js 


