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ABSTRACT: The objective of this work is to develop a supervisory HMI performed with 

WinCC software using a bond graph approach which is a generic and general tool that allows 

to give realistic and reasonable performances of a nonlinear dynamic system. We have also 

introduced an optimal database to improve the control of our system. Simulations are presented 

to highlight the usefulness of the proposed design and its modelling. Our contribution consists 

of the modelling, control and visualisation of a real FESTO AFB system by integrating two 

'PID' technology objects for level control on the one hand and temperature control on the other 

hand. 
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1 INTRODUCTION  

The FESTO AFB system is a modular water 

management system that simulates the basic 

processes of water plant and wastewater treatment. 

Through its industrial design, it clarifies how water 

and wastewater are collected, transported and 

treated in plants. It provides a solid introduction 

into process automation and closed loop control 

technology. This system develops skills in the 

operation and maintenance of machines and 

processes, increases awareness of correlations and 

promotes an independent working style when it 

comes to problem analysis and resolution as well as 

process optimization.  

There are several studies by researchers in the 

field of water treatment to analyse and record the 

evolution of the performance of the degradation of 

organic matter by aerated lagooning (Rassam et al., 

2012) and also to evaluate the yields of wastewater 

treatment plants (Choubert, 2011; Herarsi et al., 

2021). A new project consists of monitoring the 

circulation of the Sars-CoV-2 virus based on its 

presence in the waters of 150 of the 20,000 plants 

installed in France (Dalmat, 2021). Other work in 

wastewater treatment plants has been carried out to 

characterize industrial effluents and the impact of 

their agricultural use on the health of the population 

(Soumbougma  et al., 2020). There is also another 

work to present the effect of different doses of 

sewage sludge on major elements and organic 

compounds of sandy soil in arid regions (Case of 

Medenine sandy soil) (Karbout  et al.,2021). 

SCADA systems are protocols that provide an 

operator with sufficient remote information to 

determine the status of a particular piece of 

equipment or process without being physically 

present. These basic functions include data 

acquisition, remote control, human-machine 

interface, historical data analysis and reporting that 

are common to production, transmission and 

distribution systems. This technology is best applied 

to dispersed processes over large areas. It is 

relatively simple to control and monitor for 

processes that require frequent, regular or 

immediate intervention. Several application design 

software packages generically referred to as 

SCADA (WinCC Professional) have been 

developed to facilitate the design of supervisory 

systems. These "real-time" tools allow the 

visualization of physical or functional states of 

equipment and support advanced functions of a 

process. Supervisory systems can be found in water 

treatment plants (Firoozshahi and Mengyang, 2010; 

Lakhoua, 2013), water pumping and pressurisation 

stations, whose purpose is to facilitate the control 

task and to improve the quality and distribution 

optimisation of this essential resource (Qin and 

Yan, 2010). 

The design of the SCADA system is based on 

knowledge of the model or physical behaviour of 

the process to be controlled. Model-based methods 

use operational approaches built from the physical 

or identified laws of the process. These approaches 

are based on the comparison between the actual 

behaviour of the system and a reference behaviour 

described by a mathematical model. This 
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comparison is done using fault indicators, called 

residuals, generated from the reference model using 

analytical methods, such as observers, parity space, 

or graphical methods such as bond graphs, and 

bipartite graph. 

The bond graph methodology, also known as 

link graphs, is a unified language for all fields of 

engineering. It was invented by H. Paynter (Paynter, 

1961 ), formalized by D.Kannopp and R. Rosenberg 

( karnopp et al.,1975)  and ( Rosenberg and 

Karnopp, 1983) theme (Thoma, 1975) came to 

Europe in the late 1970s through the Netherlands 

(University of Twente) and France (Alsthom 

company), used in industry by various companies 

such as : PSA, EDF, 

THOMSON,REUNAULT,AIRBUS,FORD,TOYO

TA,GM, NASA and many others ,and also in 

universities: ECLLAGIS Lille, INSA Toulouse and 

Lyon (GEGELY,LAI,LGMT),university Lyon 1 

ESE Rems, university Mulhouse, ENSEEIHT-

LEET Toulouse,.... (Vergé and Jaume, 2004). 

Nowadays, this approach is widely used in the 

design of systems and the study of physics and 

control, and is applied to all fields, whether 

electrical, mechanical, hydraulic, thermal, etc. 

In order to enrich our work which is the 

supervision of a new FESTO AFB system, we 

introduced a new Bond graph approach for the 

design of supervision systems applied to industrial 

processes. We have built on several works of 

researchers in this field in which the bond graph 

approach is used in the industrial domain such as 

the modelling of a steam generator consisting of 

complex industrial components such as a boiler, a 

condenser in order to provide computational 

algorithms by eliminating the unknown variables of 

coupled thermo-fluid models (Ould Bouamama  et 

al., 2006). 

In our work we used bond graph modelling to 

optimize the parameters of a real hydraulic system: 

FESTO AFB reactor station in order to create an 

optimal database for this system, in which the 

mathematical modelling of this system is very 

complicated and contains several parameters which 

is difficult the data acquisition step of the FESTO 

AFB reactor station real system. 

2 MATERIALS AND METHODS 

2.1 Description of the FESTO AFB reactor 

station 

 

 

Fig. 1 FESTO AFB reactor station. 

 

Fig. 2 Simplified representation of the FESTO AFB 

reactor station. 

 

The reactor station (Figures above) brings and 

maintains the liquid at a given temperature. 

Depending on the recipe chosen, it adopts different 

temperature profiles and stirring times. 

The liquid in the reactor vessel is brought to a 

certain temperature, depending on the recipe, by 

heating and stirred by a stirrer module. The actual 

temperature of the system is measured by a 

temperature sensor and must be kept constant even 

after disturbances or jumps in the set value. 

 The liquid is circulated by two centrifugal 

pumps. The first cooling pump draws the hot liquid 

from the tank and delivers it for cooling through the 

piping system outside the tank. The other pump 

transfers the heated liquid to the next station at the 

PA station. 

 Centrifugal pumps must not run dry. 

Therefore, before the station is put into operation, 

the tank and the piping to and from the pumps must 

be filled with liquid. 

 The immersion heater is energised to heat 

the liquid in the tank intermittently by means of a 

pulse width modulation control conditioned by the 

duty cycle. 

 The temperature is measured by a sensor. 

The resistance signal of the temperature sensor is 

converted by the transmitter into a standard signal 

(0...10 V), which is specified by our control unit, 

the PLC. 
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 Two capacitive proximity sensors, one high 

and one low, are installed to monitor the water 

level. 

 The float switch monitors the rising level in 

the tank and serves to prevent overflow. 

2.2 General operation of the reactor station 

according to Fluidlab 

In this section, we will present the general 

operation of the FESTO AFB reactor station in the 

form of a diagram illustrated in the following figure 

(Fig. 3). 

 

Fig. 3 General organization chart of the FESTO AFB 

reactor station (FluidLab software). 

2.3 Modelling of the FESTO AFB reactor 

station 

The filling station system is modeled as follows: 

 

Fig. 4 Block diagram of the FESTO AFB reactor 

station heating system. 

The mass balance of the system (reactor station) 

is given by the following equations:  

Using the equilibrium flow equation for the tank: 

 
  

  
                                                     

 

The inlet flow rate    varies with the pump 

speed which is adjusted by the parameter α (duty 

cycle) (Eqt (2)) to cool or transfer water to the 

adjacent station tank. 

 

                                                       
 

Electric water heater 

From actual tests on the system, it was noted 

that: 

 • The water temperature is proportional to the 

heating time 't', 

• The water temperature depends on the 

volume 'V' entering the reactor tank, 

• The initial water temperature '  ' is 22°C. 

 

                
   

        
                      

 

Agitator 

The agitator module consists of the actuator 

(motor) rotating at a speed (ω) and a propeller shaft 

of the type used for mixing paints. 

The electrical equation of the stator and rotor is 

given by equation (5) and (6) respectively when the 

motor reaches a rated speed delivering a force 

 

       

          

   
  

                                            

 

            

   
  

                                      

 

Mechanical equation 

Equation (7) is obtained by applying the 

fundamental principle of dynamics to rotating 

bodies. 

 

            
  

  
 

                                                      
 

Mathematical model of an electric motor 

(Shaker) 

By putting together, the various equations 

governing the operation of the motor, we obtain the 

following system 

 

 



ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING, VOL.20, ISSUE 3/2022 

77 

 
 
 
 

 
 
 

   
  

 
  

  
   

 

  
   

   
  

 
  

  
   

   

  
      

                                                                            
  

  
 

 

 
  

   

 
     

 

 
  

   

 

It can be seen that the model obtained is non-

linear, of the third order. 

Mathematical model of the assembly (Tank, 

Agitator). 

The modelling of the "Reservoir-Agitator" 

assembly is obtained by applying the laws of 

conservation of mass of a fluid having a density ρ 

(Eqt (8)) and of energy (Eqt (9)). 

                          
  

  
                   

 

                            

     
  

  
                  

Table 1 gives the parameters of our station 

Table 1. Parameters of the reactor station. 

Parameters Description Values 

Tank section S 36100mm² 

Heating P P: 0 to 1000 W, 

230 V AC 
Maximum working 

pressure in the 

pipes 

 

  

50 kPa (0.5 bar) 

Flexible pipe 

system 

 DN15 (∅a 15 mm) 

Agitator          

  (0 to 24 V DC) 

 

 Control voltage: 0 

to 10 V DC) 

Input voltage of 

individual pumps 

µ(V) 24VDC 

Operating range of 

the temperature 

loop 

T 0 °C to +60 °C 

Measuring range of 

the temperature 

sensor 

 -50°C…+150 °C 

Temperature sensor 

signal 

T Pt100 resistor 

Power supply of 

the reactor station 

 24VDC /4.5A 

Pump flow rate Q 0 to 6l/min 

Duty cycle α 0 à 100% 

Measuring range of 

level sensor 

(reactor tank) 

 150 to 500 mm 

 

2.4 Modelling issue. 

The system to be modelled has a non-linear 

behaviour mainly due to the coupling of different 

phenomena of various natures. We are indeed in the 

presence of energy - hydraulic (fluid flow in the 

pipes) - electrical (heating supply) - thermal (heat 

exchange) - mechanical (pumps, agitator). 

Another phenomenon that comes into play is the 

dynamics of the water level, which plays an 

important role in the modelling of the heating due to 

the phenomenon of swelling and settlement. This is 

due to temperature variation. Therefore, a non-

linear physical model of these phenomena has been 

obtained by a bond graph approach. This 

phenomenon introduces the difficulties of level 

measurement well known to the industry. 

2.5 Pseudo bond graph modelling of the 

FESTO AFB reactor station 

The bond graph tool allows mechanical and 

electrical systems to be modelled perfectly (Paynter, 

1961). For these systems, the force and flux 

variables are respectively voltage-force and current-

velocity. These systems are described by a true 

bond graph whose effort-flow product is the 

instantaneous power on a link or port of a system 

component. In thermodynamic systems and more 

generally in process engineering and energetics, the 

use of real bond graphs introduces effort variables 

and thermal and chemical flows (temperature, 

chemical potential, and entropy flow, molar flow) 

which are complex in nature and unsuited to 

simulation problems, not accessible to 

measurements, because they do not obey simple 

conservation laws (entropy for example is not 

conserved). For their modelling, we introduce a 

pseudo bond graph initially developed by Karnopp 

(karnopp  et al., 1975) for which the product of the 

effort and flow variables no longer has the 

dimension of a power. However, it should be noted 

that the classical properties (causal, structural, 

equation setting,...) deduced from a real bond graph 

remain valid for a pseudo bond graph. 

The word bond graph is the technological stage 

of the modelling, which consists in decomposing 

the process into a set of subsystems linked by power 

variables. 

The reactor station word bond graph is 

composed of five parts: reactor tank, cooling pump 

and transfer pump to the next station, pipe, heater 

and an agitator. 
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The system is characterized by a coupling of 

three energies: electrical, hydraulic and thermal and 

the variables used to represent the system are based 

on pseudo bond graph modelling. The hydraulic 

part is characterized by the flow rate q : an inlet 

flow rate is considered qe and an outlet flow rate is 

considered qs ,While the electrical part is 

represented by the supply voltage µ ,the thermal 

part is represented by the temperature T measured. 

 

Fig. 5 Word bond graph of the reactor station. 

 

2.6 Modelling the reactor station with level 

and temperature control 

The FESTO AFB reactor station consists of a 

cylindrical tank supplied with water by a pump. The 

level controller (LC) acts on the pump to maintain a 

constant water level in the tank. The water in the 

tank is heated by a thermal resistor and its 

temperature is controlled by the controller (TC) 

acting on the thermal source. The process 

instrumentation consists of level sensors L, tank 

temperature sensors T, the level and temperature 

sensors are used to regulate the level and 

temperature of the reactor station water 

respectively. 

The FESTO AFB reactor station is described by 

the coupled graph bond model characterized by the 

implementation of two energies: thermal and 

fluidic. The reactor station of the FESTO AFB 

system has been modelled by the 20 Sim software. 

The  bond graph model represents the energy 

part of the system. The process is generally 

modelled by the usual bond graph elements "R, C, I, 

and junctions". The actuators "electrical source, 

thermal source, ..." are modelled by "force and/or 

flux" sources. The sources can be simple "Se, Sf" or 

modulated "MSe, MSf", i.e. controlled by an 

external signal provided by a controller or an 

operator. The sensors and the control system form 

the information system. In the first (energy) system, 

the power exchanged is represented by a half-arrow 

(a power link) translated by the effort and flow 

variables. In the second system (information 

system) the power exchanged is negligible and is 

represented by an information link (arrow) which is 

the same as used in the classical block diagrams. 

   

Fig.6 Bond graph model with causality derived from 

the FESTO AFB reactor station 

 

Fig. 7 The bond graph model of the FESTO AFB 

reactor station by 20 sim software. 

2.7 Discussion/interpretation 

From the word graph modelling (figure 5) and 

the bond graph modelling of the reactor station 

(figure 6 and 7) ,it can be noticed that the specific 

parameters of this station are: level controller LC 

with an analogue level sensor h and temperature 

controller TC with an analogue temperature 

sensor T,and two energy sources: thermal source 

and hydraulic source and the flow rates 

          . 
 

2.8 Supervision of the FESTO AFB reactor 

station 

Before starting the development of the HMI we 

have studied the STEP7 program of the reactor 

station with level control, temperature control and 

determine all addresses of the program variables. 

 Data acquisition 

In this section we will introduce the real time 

database which is a new approach to present reactor 

station data to facilitate the control of the FESTO 

AFB system model 
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Fig. 8.a Reactor Station Shutdown Database. 

 

Fig. 8.b Reactor Station Shutdown Database. 

 

Fig. 8.c Reactor Station Shutdown Database. 

This table represents the shutdown database 

prior to loading the FESTO AFB reactor station by 

entering initial values of outlet flow rate and inlet 

flow rate and level for reactor tank, tank cross-

section, level controller and temperature controller. 

 Figures 9.a and 9.b represent the table of the  

database of the FESTO AFB reactor station 

being loaded with a setpoint command 80% of the 

reactor tank level and a temperature setpoint of 30 

C ° knowing that the initial water temperature is 22 

C ° 

 

Fig. 9.a Database being loaded from the FESTO AFB 

reactor station. 

 

Fig. 9.b Database being loaded from the FESTO AFB 

reactor station. 

2.8.1 Discussion of the obtained results 

According to the data table, it can be seen that:  

 The data defined in this table are well organized 

because for each equipment or device there is a 

beginning and end of structure, 

 The data acquisition is precise and specific for 

the studied system, 

 Historical data of the studied system can be 

obtained, 

 It is possible to take values even if the system is 

being loaded, 

 The addressing of the variables is done 

automatically, so there are no errors or 

addressing problems 

 Optimal use of the data for the system under 

study 

 Table of variables in real time 

 

3 RESULT AND DISCUSSIONS 

3.1 Optimal parameters 

According to the database, the optimal data 

selected for the FESTO AFB reactor station are: 

level, flow, temperature, heating control and pump 

control. 

Table 2. Selected reactor station parameters 

 

Selected parameters 

 

Values corresponding 

 

Reactor tank level 10L 

Pump control 0-100% 

Heater control 0-100% 

Reactor tank inlet flow rate 0.1L /S 

Initial temperature 0.0025L /S 

Reactor tank outlet flow rate 22C° 
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3.2 Optimal parameters of the FESTO AFB 

system reactor station 

 

In a first step, a dynamic Bond Graph model was 

validated in real time to define the specific 

parameters of the FESTO AFB thermofluid system 

and it was concluded that the parameters chosen by 

the Bond Graph model are exactly the same 

parameters deduced from the database, which is a 

new approach in the data acquisition phase, which 

proves that these chosen parameters are the optimal 

parameters of the FESTO AFB system reactor 

station. 

3.3 Main objective of this work 

 

The main objective of this work is the 

development of a specific and optimal human 

machine interface of the FESTO AFB system 

reactor station. For this purpose, in the data 

acquisition phase, the specific and optimal 

parameters of the FESTO AFB system have been 

defined in order to introduce them into the 

developed HMI by integrating two PID controllers 

for the regulation of the {Level, Temperature} of 

the FESTO AFB MPS PA system reactor station. 

3.4 Development of the HMI of the FESTO 

AFB reactor station 

 

The FESTO AFB system stations use Siemens 

S7-314C-2PN/DP PLCs programmed and 

configured by SIMATIC Manager STEP7 V5.5 

software. To develop our reactor station HMI, we 

will use the SIMATIC WINCC Flexible 

supervision, control and data acquisition software. 

In this section, we will show and explain the 

different steps of the HMI creation as well as the 

simulations we have done using the PLCSim 

simulator of STEP7 and the Runtime simulator of 

WINCC to verify the functioning of the developed 

HMI. To ensure the communication between the 

PLC and the HMI, we have used a network based 

on 'Industrial Ethernet'. 

     In the interface we will use a cylindrical tank 

and a transfer pump and a cooling pump, a heater, 

discrete sensors, an analog level and temperature 

sensor, a PID level controller, a PID temperature 

controller to represent the FESTO AFB reactor 

station. 

 

Fig. 10 Developed HMI of the FESO AFB reactor 

station in stop mode. 

The figure shows the HMI interface that 

monitors and controls the FESTO AFB reactor 

station. 

 

Fig. 11 Developed graphical HMI of the FESTO AFB 

reactor station in stop mode. 

This figure shows the graphical representation of 

the reactor station that monitors and controls the 

level and temperature of the FESTO AFB reactor 

station that we have developed with SIMATIC 

WinCC Flexible software. 

 

Fig. 12 Developed HMI of the FESTO AFB reactor 

station in stop mode. 
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In figure 12 the HMI of the reactor station is 

shown, it is clearly visible that in STOP mode the 

reactor tank is empty and all actuators and sensors 

are switched off. 

 

Fig. 13 Expanded graphical HMI of the FESTO AFB 

reactor station in stop mode. 

The graph in the previous figure shows us that 

the reactor tank level is empty and the heating is 

off. 

 

Fig. 14 FESTO AFB Reactor Station HMI in Run 

Mode. 

Figure 14 shows the HMI that supervises and 

controls the reactor station in RUN mode. It can be 

clearly seen that all sensors and actuators are 

switched off when the tank reaches the required set 

point and the minimum level sensor is reached 

(minimum level is less than 30% of reactor reserve), 

the heater is switched off with an initial temperature 

T0 is 22°C. 

 

Fig. 15 Developed graphical HMI of the FESTO AFB 

reactor station in Run mode. 

The figure represents the graphical interface of 

the HMI that supervises and controls the FESTO 

AFB reactor station in WINCC Flexible RUN 

simulator mode without running the STEP7 PLC 

Sim simulator. 

It can be clearly seen that the 

{level,temperature} pair meets the requested 

setpoint without errors. 

 

Fig. 16 FESTO AFB Reactor Station in Run Mode.  

 

The figure represents the interface of the HMI 

that supervises and controls the FESTO AFB 

reactor station in WINCC Flexible RUN simulator 

mode without running the STEP7 PLC Simulator. 

It can be seen that the minimum level sensor is 

off and the maximum level sensor is on and the 

actuators are on to reach the required setpoint 

(maximum level, temperature) and send the water to 

the next station. 

 

Fig. 17 Developed graphical HMI of the FESTO AFB 

reactor station in Run mode 

The figure represents the graphical interface of 

the HMI that supervises and controls the FESTO 

AFB reactor station in WINCC Flexible RUN 

simulator mode without running the STEP7 PLC 

Sim simulator. 

It can be clearly seen that the {level, 

temperature} pair successfully achieves the 

requested setpoint. 
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3.5 Discussion and Interpretation 

The human machine interface (HMI) of the 

FESTO AFB reactor station has been developed and 

the results obtained are implemented in a SCADA 

environment. After the development of the HMI, 

the validation phase of the results obtained from the 

simulation was carried out by experimenting on the 

model obtained in real time, in which an optimal 

database was used in the data acquisition phase. The 

results and values obtained with the use of the 

database are the most accurate and the most 

compatible with the operation of the FESTO AFB 

reactor station real system, The results show that the 

supervision of the FESTO AFB reactor station 

based on the database has a high control efficiency 

and a fast response and gives the advantage of 

generating historical data of the system studied in 

our case the FESTO AFB real system which allows 

to make more complete forecasts, studies and 

predictions on the system behaviour. 

The specific functions of the HMI realized by 

the reactor station with the WINCC Flexible 

software 

- Simple commissioning of the MPS®PA reactor 

station  

- Analysis of the process components and 

control loops of an MPS® PA station  

- Observe and analyse the process cycle of the 

workstation 

- Experimentation, configuration and 

optimisation of control agencies (or not at all, P. PI 

or PID) 

- Analyse the behaviour of a control loop 

4 CONCLUDING REMARKS 

Supervision is an industrial technique for 

monitoring and controlling automated 

manufacturing processes. It concerns the acquisition 

of data (measurements, alarms, operating status 

feedback) and process control parameters generally 

entrusted to programmable logic controllers. In 

computer science, supervision is the monitoring of 

the proper functioning of a system or an activity. 

 In this paper, we have presented a complete 

method for developing a HMI for the supervision of 

the FESTO AFB reactor station using the WinCC 

flexible software, based on an optimal and specific 

database related to the FESTO AFB system, using 

two modelling methods, mathematical modelling 

and the new bond graph approach. This work 

allowed us to simulate the system using the two 

simulators PLCSIM of SIMATIC STEP7 and 

RUNTIME of SIMATIC WinCC Flexible in order 

to visualize the real behaviour of the filling station 

of the AFB system and thus to compare the states of 

the various components of the latter with the states 

of the components on the HMI developed in real 

time. The results saved in the database can be used 

as a history of the station in order to predict failures 

or maintenance of the station and to predict possible 

errors or faults, which will guarantee a good 

management and operation of this station. 
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