
Article

Not peer-reviewed version

A Real-time Comparative Study of

Sliding Mode and State Feedback

Control for the Centrifugal Motor Pump

in an Ultraviolet Water Treatment

System Using the Bond Graph

Approach

Said Riahi 

*

 , Naoufel Zitouni 

*

 , Hsen Abidi 

*

 , Abdelkader Mami 

*

Posted Date: 4 December 2023

doi: 10.20944/preprints202312.0130.v1

Keywords: UV water treatment; photovoltaic source; discharge lamp; electronic ballast; motor pump; motor

speed; sliding mode control; state feedback; experimental results; bond graph approach

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1245530
https://sciprofiles.com/profile/3287458
https://sciprofiles.com/profile/2528888
https://sciprofiles.com/profile/3287459


 

Article 
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Pump in an Ultraviolet Water Treatment System 
Using the Bond Graph Approach 

Said Riahi *, Naoufel Zitouni *, Hsen Abidi * and Abdelkader Mami * 

Laboratory of Energy Applications and Renewable Energy Efficiency (LAPER), Faculty of Sciences of Tunis, 
El Manar University, Tunis 1068, Tunisia 
* Correspondence: ; riahi.said@fst.utm.tn (S.R.); naoufel_zitouni@yahoo.fr (N.Z.);  

abidi.hsen@fst.utm.tn (H.A.); abdelkader.mami@fst.utm.tn (A.M.) 

Abstract: The purpose of water treatment through ultraviolet (UV) radiation is to interrupt the development 
and multiplication of microorganisms by preventing their growth and reproduction.Ultraviolet treatment has 
become a very affordable solution to produce clean water of optimal quality in regions where access to drinking 
water is essential. The experimental water treatment unit is powered by a photovoltaic (PV) source. It 
incorporates a discharge lamp used to generate ultraviolet radiation, which is harnessed to address 
bacteriological issues related to water quality. This lamp is continuously powered by a photovoltaic (PV) source 
through an inverter and an electronic ballast. The water treatment system also includes a motor pump designed 
to draw contaminated water from the input reservoir, a flow control valve to adjust flow rates as needed, and 
a filter aimed at enhancing the quality of the contaminated water. The water circulates between the input 
reservoir (contaminated water) and the output reservoir (treated water) through the UV lamp. The relationship 
between the intensity of the UV lamp and the water flow rate can ensure an adequate water quality. The main 
objective of this article is to implement a sliding mode control law and state feedback for the motor of the 
centrifugal pump using the Bond Graph approach, aiming to regulate the motor speed and, consequently, the 
water flow rate. This allows influencing the bacteriological attack time of the water (the contact time of the 
water with the UV lamp determines the treatment result). The obtained results are experimental, and a 
comparison has enabled us to highlight the robustness of sliding mode control compared to state feedback 
control. 

Keywords: UV water treatment; photovoltaic source; discharge lamp; electronic ballast; motor pump; motor 
speed; sliding mode control; state feedback; experimental results; bond graph approach 

 

1. Introduction 

Water treatment using UV radiation is a common method employed to eliminate 
microorganisms present in water. This process relies on the use of specialized UV lamps that emit 
ultraviolet light at a specific wavelength, typically around 254 nanometers.   This wavelength is 
effective in destroying the DNA of microorganisms, such as bacteria, viruses, and protozoa, 
rendering them inactive. This process is generally straightforward and does not require the addition 
of chemicals. However, managing UV lamps, monitoring UV intensity, and integrating with other 
methods can introduce some complexity [1–4,21]. 

The water treatment pilot unit is powered by a photovoltaic (PV) source and includes a discharge 
lamp used to generate ultraviolet radiation, thereby addressing the bacteriological issues associated 
with water quality. This lamp is continuously powered by a PV source through an inverter and an 
electronic ballast. The water treatment system also incorporates a motor pump that draws 
contaminated water from the input reservoir, a flow control valve to generate different flow rates, 
and a filter designed to enhance the quality of contaminated water [5,6,24]. The circulation of water 
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between the input reservoir (contaminated water) and the output reservoir (disinfected water) occurs 
through the UV lamp, facilitated by a centrifugal motor pump [7–9]. 

The bond graph is a multidisciplinary modeling tool for dynamic systems, based on the 
exchange of energy among the various components of the system under consideration. Indeed, it is 
this energy exchange that determines the dynamics of any system . The bond graph provides a 
modeling approach applicable to all branches of physics. From the bond graph model, it is possible 
to conduct a structural analysis, derive system equations, and apply control laws. It is due to these 
features that we have chosen the bond graph as our modeling tool, to leverage the bond graph model 
of the energy source that we are going to establish, we can conduct a structural analysis, deduce the 
system equations, and apply the necessary (appropriate) control law to steer the energy system 
toward the desired operating point (optimal power) [10]. 

We know that robustness reflects the invariance of the input-output behavior with respect to 
modeling uncertainties and/or the variation of certain parameters of the process to be controlled or 
disturbances likely to act on the process during its operation evolution. The developed control 
ensures stability performance where the looped system must remain stable in a given range whatever 
the variations in the process or despite the presence of possible additive disturbances, also ensures 
the performance of the looped system. The development of a robust control is done from a nominal 
model that is most often linear. The calculated robust control ensures stability performance and 
closed-loop performance for a class of possibly non-linear processes. We will also develop a state 
model of the motor pump. Then, we presented the theory of control by sliding mode in continuous 
time. It is a robust control technique because it allows the outputs to converge towards their reference 
values even in the presence of uncertainties in the system. These properties allow us to confirm the 
relevance of using the sliding mode where we must control the water flow (in order to guarantee the 
best water quality according to the available energy). In order to validate the choice of a robust control, 
we checked the robustness of the regulator by comparing it to a proportional regulator in speed 
control, after changing the system parameters [11,12,16,17]. 

In this study, we will apply a sliding-mode control strategy to regulate the speed of the 
centrifugal pump motor, thereby controlling the water flow rate. Subsequently, we will conduct a 
comparative analysis between the outcomes of sliding-mode control and state feedback control, 
emphasizing the robustness of sliding-mode control in the face of parametric variations. 

2. Bond-graph modeling of the energy system 

2.1. Modeling of the photovoltaic source 

The photovoltaic generator is a special finite energy source of non-linear current-voltage 
characteristic. 

In order to take into account physical phenomena such as contact resistances and leakage current 
through the edges of the solar cells as well as cell ageing, the model is completed by two series 
resistances Rs and shunt Rsh as shown in the equivalent electrical diagram of the photovoltaic cell in 
Figure 1 [13–15]. 

For the bond-graph representation of the photovoltaic diode, we model it by a nonlinear resistor 
whose current-voltage relationship is denoted by a nonlinear function, whose current is:  𝐼஽ = 𝐼ௌ ቀexp ቀ௩೛௩೟ ቁ − 1ቁ                                  (1) 
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Figure 1. Equivalent electrical circuit of a single diode photovoltaic generator. 

The model is reduced to the ideal model and the electrical characteristic of the PV generator is 
described by the following equation: 𝐼௣ = 𝐼௣௛ − 𝐼௦ ቂexp ቀ௏೛௏೅ቁ − 1ቃ                              (2) 

The bond-graph model of a photovoltaic source coupled to a RL load is given in Figure 2. The 
capacitor Ca is often used in the PV system for start-up assistance during low sunlight [7,18]. 

 

Figure 2. Bond-graph model of a photovoltaic source coupled to an RL load. 

To simulate the characteristic of the photovoltaic panel I=f(V), we use the BG model represented 
by Figure 3. In this simulation the receiver is a capacitor initially discharged.  

 

Figure 3. Simplified bond graph of the PV model. 

The parameters related to the PV source of the pilot unit are identified following an experimental 
characterization of the PV source, performed on the pilot unit. We present some results of this 
experimentation during one day.  

 

Figure 4. External view of the water treatment pilot unit. 

The results of the PV field parameter identification used are: 

R:R

I:LC:Ca

R:RD

0:Up 1:IchSf : Iph

Sf : Iph 0:Up

R:RD

C:Ca
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Table 1. Parameters identified for a PV field. 

Iph(A) Is(mA) Rs(Ω) Rsh VT (V) 

15.8 0.0497 0.107 190.67 2.95 

The simulated photovoltaic panel characteristic I = f (V) is shown in the following Figure 5: 

 

Figure 5. Characteristic of the photovoltaic panel used in the pilot water treatment unit. 

The experimental results are shown in the following Figures 6–8: 

 
Figure 6. Experimental characteristic I= f (V) of the PV panel during the day 21/05/2022 under an 
illumination of 89.3 and a temperature of 32°C. 

 

Figure 7. Experimental characteristic P= f (V) of the PV panel during the day 21/05/2022 under an 
illumination of 89.3 and a temperature of 32°C. 
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Figure 8. Variation of the optimal power during the days 18/03/2022, 21/04/222 and 21/05/2022. 

2.2. Modeling of energy storage batteries 

For an ideal model, the battery is represented by a simple voltage source Eb in series with a 
resistance rb (represents the internal resistance of the battery) and a storage capacity Cb to model the 
effect of charge and discharge of the battery [19]. 

 

Figure 9. Equivalent electrical diagram of a battery. 

This model has an advantage over other models. Indeed, it does not require direct or real time 
measurements (battery state of charge, acid concentration, battery current...).     

The storage batteries used in the pilot water treatment unit studied can be modeled by a voltage 
source in series with a capacitor and a resistor (internal resistance of the battery), this is the simplified 
model of lead batteries. 

Figure 10 shows schematically the simplest connection between a series-parallel grouping of 
batteries and a series-parallel grouping of photovoltaic modules. A protection diode Ds avoids the 
discharge of the accumulators through the photovoltaic cells during the non-illuminating periods. 

 

Figure 10. Installation of a storage battery coupled to a PV source. 

The bon-graph model related to this electric circuit is represented by the following Figure 11: 
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Figure 11. Bond-graph model of a photovoltaic source coupled to a storage battery. 

3. Modeling of the water treatment reactor 

The UV water treatment reactor consists of a low-pressure discharge lamp powered by an 
electronic ballast. 

3.1. Bond graph modeling of the ballast and the UV lamp 

The electronic power supply (ballast) of a UV lamp can be broken down into three parts:   

- The DC/AC converter: inverter; 
- The transformer; 
- The resonant circuit (oscillating); 

3.1.1. Modeling of the DC/AC converter: inverter 

The UV water treatment system is powered by a photovoltaic panel through a storage battery, 
so it has a continuous power supply of 24V. The resonant circuit requires a square voltage ±E, which 
is obtained with an inverter [7,20]. 

In our system, we use a single-phase inverter with its bond graph model is represented by the 
following Figure 12: 

 

Figure 12. Bond-graph model of a single inverter. 

The simulation of the bond-graph model in the previous figure is shown as follows: 

Sf : Iph 1:Ich0:Up

R:RD

C:Ca R:R

1:Ip 0:Ub

1:Ib R:rb
R

C:Cb
C

Se:Eb
Se
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Figure 13. Simulation of the output voltage of the inverter. 

The output voltage varies between 220V and -220V, with a fixed frequency depending on the 
operation of the electronic ballast. 

3.1.2. Modeling of the resonant circuit 

To start the lamp, we must create a short duration overvoltage at its terminals. This overvoltage 
is obtained thanks to a resonant circuit (RLC). The square voltage delivered by the DC/AC converter, 
drives a transformer to a resonant system formed by a resistor Rr in series with an inductance L and 
two capacitors Cr1 and Cr2. The receiver is a discharge lamp (UV) which can be assimilated to infinite 
impedance before the ignition and low value impedance after the ignition.  

Taking into account the high impedance presented by the lamp before the ignition, the current 
chooses the shortest path and crosses Cr2. The overvoltage created by the resonant circuit, ignites the 
lamp, which by its low impedance value, short-circuits Cr2 [7,20].  

 

Figure 14. Electrical diagram of the power supply UV lamp. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 December 2023                   doi:10.20944/preprints202312.0130.v1

https://doi.org/10.20944/preprints202312.0130.v1


 8 

 

 
Figure 15. Bond-graph modeling of the resonant circuit. 

After the application of an overvoltage to the lamp terminals (400V ignition voltage), it takes at 
least 2 to 3 ms (overvoltage duration) for the lamp to ignite. 

 

Figure 16. Simulation of the resonant circuit. 

After having modeled the resonant circuit and the UV lamp, we can then replace the square 
voltage source by a DC voltage source (delivered by the photovoltaic panel) through an inverter 
(DC/AC converter). 

The bond graph model and the simulation are shown in the following Figures 17 and 18: 

 

Figure 17. Bond-graph model of the irradiation system. 

1:Ip

0:Up

0:Ub0:Ub

1:Ich

MTF:1/m1
MTF1

MTF:1/m2
MTF2

MTF:1/m3
MTF3

MTF:1/m4
MTF4

1:Ich

1:Ib

R:Ron1

R:Ron2

R:Ron3

R:Ron4

C:C1 C:C2

1R:Rr I:Lr

C:Cr1

0C:Cr2 MR:RLamp

TF:K
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C4

RD
R

Sf:Iph
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Figure 18. Simulation of the ultraviolet irradiation system. 

4. Bond-graph modeling of the hydraulic system 

The water treatment operation consists of circulating the water stored in a first tank (R1) through 
a UV reactor (with the help of a motor pump) to crush viruses and bacteria.  

The treated water is stored again in a second tank (R2), ready to be used. 

 

Figure 19. Schematic diagram of the UV treatment system. 

4.1. Modeling of the DC Motor 

The hydraulic system consists of a DC motor connected to a centrifugal pump. 
The bond-graph model of the DC machine takes into account the theory of electrical engineering 

and shows the electrical, electromagnetic and mechanical equations as in the classical model [20,22]. 
The dynamics of the DC motor is described by the following equations: 𝑈௔ = 𝑅௔𝐼௔ + 𝐿௔ ௗூೌௗ௧ + 𝐾௕𝑤                                (3)                    𝐶௠ = 𝐽௠ ௗ௪ௗ௧ + 𝐹𝑤 + 𝐶௥                                (4) 

This figure represents the bond graph model of a DC motor: 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 December 2023                   doi:10.20944/preprints202312.0130.v1

https://doi.org/10.20944/preprints202312.0130.v1


 10 

 

 
Figure 20. Bond graph model for a DC motor. 

4.2. Modeling of the centrifugal pump 

The water treatment process consists of circulating the water through a UV reactor to kill viruses 
and bacteria.  Turning on the centrifugal pump causes the impeller to rotate produces a pressure 
and a speed that determines the flow of the fluid in the hydraulic system [7,23]. 

The equations that define the operation of the centrifugal pump such as: the theory of elevation 
'He', the pressure 'Pe' and the torque transmitted by the motor 'Te' are represented respectively as 
follows: 

 
𝐻௘ = ௪మ௥మమଶ௚                                                                                (5)

 
The pressure developed by the wheel is directly proportional to the angular velocity w. The shaft 

speed is proportional to the flow rate Q. The developed pressure and the transmitted torque   have 
the following expressions respectively: 𝑃௘ = 𝜌𝑔𝐻௘ = 𝜌𝑟ଶଶ𝑤ଶ2                                                                    (6) 

 𝑇௘ = 𝜌𝑟ଶଶ𝑤2 𝑄                                                                                 (7) 

With:  𝑃௘  : pressure developed by the pump, 𝑇௘ : motor torque, r2, b2 : pump size, β2 : angle of exit of the 
vane, 

The relation between the pressure supplied by the pump and the rotation speed (ω) can be 
modeled in bond-graph by a modulated gyrator element: “MGY” transforms the mechanical flow 
(motor torque) into hydraulic force (pressure). 

The pressure losses in the pump are due to: 
- Friction of the liquid threads between them and against the walls of the machine such as: 𝑇௙௣ = 𝑓௠௣𝑤                                                                           (8) 

This friction is modeled in bond-graph by a resistive element R: fmp 
The moment of inertia of the rotating parts of the pump having the expression: 𝑇௜௣ = 𝐽௣௧ 𝑑𝑤𝑑𝑡                                                                         (9) 

This moment of inertia is modeled in bond-graph by an inertial element I : Jpt 
The bond graph model associated with the centrifugal pump is shown in the following Figure 

21: 
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Figure 21. Bond graph model of the centrifugal pump. 

The height difference between the two tanks is modeled by a negative force source as shown in 
the following equation:   

 𝑆𝑒 = −𝛿𝑔𝐻௘                                                               (10) 
For a stationary regime (constant speed) the theoretical characteristic He = f(Q) of a pure 

centrifugal vacuum pump (isolated from the hydraulic network) is of the following form: 

 

Figure 22. Simulation of the He (Q) characteristic from the developed bond-graph model. 

4.3. Global model of a water treatment system by bond graph 

After modeling the different elements of the water treatment system and simulating the obtained 
models. We can deduce the global model BG following a combination of the different models 
obtained, which is presented in the following Figure 23: 
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Figure 23. Overall model of UV water treatment unit. 

After having elaborated the complete bond-graph model of the pilot unit, an in-depth study can 
be started. Indeed from this model we can simulate various modes of operation, test the influence of 
the various parameters on the system in order to reach an optimal (desired) operation. As a first 
application of this model we simulate the case of a cloudy passage. The current “Iph” is proportional 
to the illumination, its value then undergoes a variation. The system should not be influenced by this 
disturbance because of the existence of energy storage batteries. This operation is illustrated in the 
following Figure 24: 

 
Figure 24. Simulation of the operation following a cloudy passage. 

The simulation shows the influence of a cloud passage, the decrease of the voltage delivered by 
the PV generator leads to the switching of the charge controller from a charging phase to a 
discharging phase (i.e. supply of the receiver from the battery). 

Iimp

Rimp

0 MTF
MTF1

MTF
MTF2

Square2

Command

inv

1

R
R2div

Constant1

I
I

C
C1

MR
MR1

f1 TF
TF

UV Lamp

MSf
MSf

Iph 0:Vp

C:Cp

R:RD

1:Ip

MTF
MTF

MPPT

1:w

R:f+fmp
R8

GY:Kb
GY

1:Ia

Rg

MGY
MGY

I:J+Jpt
I3

f f 1 : Q Se
Se

R
R6

R
R1

I
I4

Vitesse

R:ra
R4

I:Ia
I1

MTF
MTF5

Constant4

1:Ib R:rb
R3

C:Cb
C

Se:Eb
Se1

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 December 2023                   doi:10.20944/preprints202312.0130.v1

https://doi.org/10.20944/preprints202312.0130.v1


 13 

 

After the switching of the regulator, the sign of the battery current changes, but the armature 
current and the speed of the motor are hardly affected. After the passage of the cloud, the receiver 
remains powered by the battery (the controller does not switch again) until the battery is discharged. 

A second application of the model consists in predicting the behavior of the system in the 
absence of the batteries. The simulation translating the described operation is presented by the 
following Figure 25: 

 

Figure 25. Simulation of operation without storage battery. 

From the simulation, it can be seen that the voltage delivered by the PV generator does not 
correspond to the optimal voltage.  

The system no longer operates at the optimal operating point and therefore does not use the 
maximum energy delivered by the PV generator. 

5. Structural analysis 

5.1. Definition of a causal path 

A causal path in a bond-graph structure is an alternation of links and building blocks, called 
"nodes" such that: 

- For the acausal bond-graph, the sequence forms a simple chain. 
- All nodes in the sequence have complete and correct causality. 
- Two links in the causal path have opposite orientations at the same node. 

A causal path is mixed, if it is necessary to change the variable during the path. This is the case 
in the presence of a gyrator (Figure 26a) where the path is called direct mixed, or when it is necessary 
to cross an element R, C or I, (Figure 26b) which corresponds to an indirect mixed path. 
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Figure 26. Direct (a) and indirect (b) causal paths. 

The characteristic function of a causal path is defined as the function linking the output variable 
of the element corresponding to the origin of the path, to the input variable of the element forming 
the end of the path. 

The characteristic function of an indirect mixed causal path is given by: B୧ = (−1)୬బା୬భΠ                                                         (11) 
where ‘n0’ and ‘n1’ represent the total number of link orientation changes respectively at junctions 
“0” when following the flow variable, and at junctions “1” when following the effort variable. 

5.2. Rank of the state matrix associated with the bond graph. 

The rank of the state matrix associated with a bond graph initially in integral causality (or the 
zero pole number of the transfer function) is equal to the number of elements I and C (initially in 
integral) admitting a derivative causality when we put the bond graph in derivative causality. q = (n୧)୧ − (n୧)                                                      (12) 

5.3. Commandability - structural observability 

A system modeled by bond-graph is strictly controllable (respectively observable) if and only if 
the following conditions are realized. 

o There is a causal path linking a source (respectively a sensor) to each element I and C in integral 
causality when we put the bond graph in integral causality. 

o All the elements I and C admit a derived causality when we put the B.G. in derived causality. If 
not dualize the sources (respectively the sensors) to put the remaining I and C in integral, in 
derived causality. 

According to the global bond graph, the system is composed of 11 elements “C” and 5 elements 
“I” in integral causality admitting derivative causality when we put the bond-graph in derivative 
causality. The system is of order 16 where no conflict is encountered when we put “I” and “C” in 
causality integral. 
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Figure 27. Global derived causal graph model of the pilot water treatment unit. 

 

Figure 28. Global bond-graph model of the pilot water treatment unit and causal chains. 

 La (Ia) : indirectly controlled by: 

1,2,2,3,4,5,5,4,6,7,7,8,9,10,11,11,10,12,13,13,14,15. 

 J (w) : indirectly controlled by:  

1,2,2,3,4,5,5,6,7,7,8,9,10,11,11,10,12,13,13,14,15,15,16,17,18. 
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 JPT(w) : indirectly controlled by: 

 1,2,2,3,4,5,5,6,7,7,8,9,10,11,11,10,12,13,13,14,15,15,16,17,18,18,19,20,20,21,22. 

 IcTa(Q) : indirectly controlled by: 

1,2,2,3,4,5,5,6,7,7,8,9,10,11,11,10,12,13,13,14,15,15,16,17,18,18,19,20,20,21,22,22,23,24,25,26. 

 IcTr(Q : indirectly controlled by: 

1,2,2,3,4,5,5,6,7,7,8,9,10,11,11,10,12,13,13,14,15,15,16,17,18,18,19,20,20,21,22,22,23,24,25,26,26 
,25,27,28,29,29,30,31. 

 Cres(Q): indirectly controlled by: 

1,2,2,3,4,5,5,6,7,7,8,9,10,11,11,10,12,13,13,14,15,15,16,17,18,18,19,20,20,21,22,22,23,24,25,26,26 
,25,27,28,29,29,30,31,31,32. 

 Lr (Ir) : indirectly controlled by: 

1,2,2,3,4,5,5,4,6,7,7,8,33,34,35,36,35,37,38,38,39,40,41,42. 

 Cr1(Ir) : indirectly controlled by: 

1,2,2,3,4,5,5,4,6,7,7,8,33,34,35,36,35,37,38,38,39,40,41,42,42,43.  

 Cr2(Ir) : indirectly controlled by: 

1,2,2,3,4,5,5,4,6,7,7,8,33,34,35,36,35,37,38,38,39,40,41,42,42,42,44,45.  

6. Application of status feedback and sliding mode control of the DC motor pump speed 

The control is of great industrial interest, especially in the field of electronics. The control of DC 
motors does not admit of a universal solution. Indeed, there are a number of modern methods that 
have shown their ability to handle a wide variety of applications of practical interest. 

6.1. Control of a motor with contained current by the robust controller in sliding mode 

The sliding mode control is divided into two parts [25–27]:  

- Determining a region of state space such that once the system is in that region, it has the desired 
behavior. 

- Finding a control law that drives the system into this region of state space. 

In order to design a sliding mode control, it is necessary to define a sliding surface S (in the error 
space x), which guarantees the global stability of the system. 

The switching function is a linear vector function of the state of the form: S(x)  =  Cx                                                                      (13) 
x(t) ε ℝn ; It is a matrix of appropriate dimension. 

6.1.1. Configuration and bond-graph model 

The motor pump for water circulation in the UV reactor is of the continuous type. This pump is 
supplied from the storage battery (Ub). The corresponding bond-graph model is shown in the 
following Figure 29: 
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Figure 29. Bond-graph model of a DC motor powered by a DC source. 

6.1.2. Putting into equation 

The bond graph model can be considered as a junction structure connected to four field’s 
sources, Sensors, dissipative field and storage field. 

The vectors associated with this representation are: 
X: the state vector composed of the variables p (magnetic flux) on the elements I and q (load on 

the C elements) split into xi and xd , the vectors associated with the components in integral and 
derivative causality. 𝑿ሶ : the derivative with respect to time of the state vector. 

Z: the complementary of x splits into Zi and Zd . 
u: input vector (sources) 
y: output vector (sensors) 
Din: input of the dissipative field "R". 
Dout: output of the dissipative field "R". 

 
Figure 30. Decomposition of the bond-graph model into junction structure and four fields. 

This representation allows building the structure matrix; we are interested in the control of the 
subsystem constituted by the DC motor pump and the batteries. The vectors X, 𝑿ሶ , Z, Din and Dout 
are given respectively by: 

X = ሾP6 P2ሿT = ሾPJ PaሿT

Ẋ = ሾe6 e2ሿT

Z1 = ሾf2 f6ሿT

Din = ሾf3 f7ሿT

Dout = ሾe3 e7ሿT

                            (14) 

Knowing that:  Z1 = T ⋅ X 

1
2

3

4 5

6

7

8

R:ra

1:w

R:f

GY:Kb1:Ia

I:La I:J

Se:Ua 0 R:Load
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𝑍1 = ൤𝑓1𝑓2
൨ = ⎣⎢⎢

⎡1𝐽 0

0
1𝐿௔⎦⎥⎥

⎤ ൤𝑃6𝑃2
൨                                                                 (15) 

And, Dout = E Din  ቂ𝑒3𝑒7
ቃ = ൤𝑟௔ 0

0 𝑓൨ ൤𝑓3𝑓7
൨                                                                       (17) 

From the properties of the bond graph models we can write: 

• Junction 1 ൜𝑒1 = 𝑒2 + 𝑒3 + 𝑒4𝑓1 = 𝑓2 = 𝑓3 = 𝑓4൜𝑒5 = 𝑒6 + 𝑒7𝑓5 = 𝑓6 = 𝑓7

                                                                      (18) 

• Gyrator ൜e4 = kbf5
e5 = kbf4

                                                                            (19) 

൦e2
e6
f3
f7

൪ = ൦ 0 −kb −1 0 1
kb 0 0 −1 0
1 0 0 0 0
0 1 0 0 0

൪ ൦f2
f6
e3
e1

൪                                                 (20) 

The causality being integral the structural relationship is then: ൤X
Din 

൨ = ൤S11  S12  S13
 S21  S22  S23

൨ ൥Z1
Dout 
U

൩                                                   (21) 

Then  

⎩⎪⎨
⎪⎧𝑃̇a = e2 = u − ra

Pa

La
− kb

PJ

J

ṖJ = e6 = kb
Pa

La
− (f + kT) P

J

                                                         (22) 

From the state equation deduced from the bond graph model we can deduce the often-used 
differential equation where the state vector is: 

ቂ𝜔𝐼௔ቃ = ⎣⎢⎢
⎡𝑃௃𝐽
Pa

La⎦⎥⎥
⎤                                                                               (23) 

⎩⎨
⎧𝐼௔ = − 𝑟௔𝐿௔ 𝐼௔ − 𝑘௕𝐿௔ 𝜔 + 𝑢𝜔̇ = 𝑘௕𝐽 𝐼௔ − 𝑓 + 𝑘்𝐽 𝜔                                                              (24) 

⇒ ൤X1
X2

൨ = ⎣⎢⎢⎢
⎡− (f + kT)

J
kb

J− kb

La
− Ra

La⎦⎥⎥⎥
⎤ ൤X1

X2
൨ + ൥ 0

1
La

൩ ሾUሿ                                 (25) 

With: 𝑋1 = 𝜔,  𝑋2 = 𝐼௔ and  𝑋 = ቂ𝜔𝐼௔ቃ                                                (26) 

The equation of state found from the bond graph model can be obtained by performing the 
Laplace transform of the characteristic equations of the current motor. 

6.1.3. Determination of the control law 

Let's recall the sliding mode control law to be implemented:  𝑈 = 𝐿𝑥 + 𝜌 𝑁𝑥∥ 𝑀𝑥 ∥ +𝛿                                                   (27) 
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With 𝜹 is moothing parameter. 
The state variables of the system can be defined as the error: 

- The speed:  𝑥1 = 𝜔ௗ − 𝜔 
- The current:  𝑥ଶ = 𝐼ௗ − 𝐼 

The equation of state of the system is of the form: 𝑋̇ = 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)                                                          (28) 
With: 𝐴 = ቎− (୤ା୩౐)୎ ୩ౘ୎− ୩ౘ୐౗ − ୖ౗୐౗

቏ et 𝐵 = ቈ 0ଵ୐౗቉                                                (29) 

In sliding mode, after the performed transformation, the dynamics of the system became: 𝐴 = 𝑥̇ = −𝐹𝑋ଵ                                                                (30) 
The determination of F is obtained by placing the eigenvalues of (A11 - A12F) in the left complex 

half-plane.  
The order of the system is reduced, corresponding to a stable pole: P = -1, with state feedback: F 

= 0.247.   
The sliding surface  𝐶 = ሾF I୫ሿT  is deducted: 𝐶 = ሾ−0.0541 −0.124ሿ                                             (31) 
The matrices L, M and N obtained are: L  = ሾ0.293635 1.116298ሿM = ሾ0.0717857 − 0.25000ሿN  = ሾ0.001723 − 0.006ሿ                                       (32) 

6.2. Control by state feedback 

The control by state feedback consists in elaborating a control signal from the state variables, 
supposed at first to be measurable.  

The state model of the system is given by: ൜𝑋̇ = 𝐴𝑥 + 𝐵𝑢𝑌 = 𝐶𝑥                                                               (33) 

For this type of control, the state vector x is fed back to the control vector u by means of a 
feedback matrix K and forward by means of a coefficient G. Specifically, the parameter G should be 
chosen so that the tracking error 𝜀(𝑡) = 𝑌(𝑡) − 𝑌෠(𝑡) is small in a certain direction.  

The control vector has the following expression: 𝑈 = 𝐾𝑥 + 𝐺𝑣                                                            (34) 
The closed loop process with the control law is shown in the following Figure 31: 

 

Figure 31. State feedback control system. 
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When we introduce the control expression into the equation of state (equation. 34), we obtain: 𝑋̇ = (𝐴 − 𝐵𝐾)𝑥 + 𝐵𝐺𝑉                                             (35) 
We find the new form of the equation of state, with a fundamental matrix: 𝑨‾ = 𝑨 − 𝑩𝑲, 
since it is determinant by the poles (eigenvalues) of the system, one can therefore the dynamic 

behavior by the counter reaction matrix K, by imposing the poles of the closed loop, we see that the 
determination of the matrix K is not defined in a univocal way, it illustrates a univocally, it illustrates 
a certain degree of additional freedom. 

7. Experimental Simulations and Results 

After calculating the parameters of the controller, we will apply this control law to the subsystem 
by the DC motor powered from the battery. The simulation diagram is presented in the following 
Figure 32: 

 

Figure 32. System simulation diagram with robust control. 

To test the developed model, we simulated the model with a variable set point.  
The results of the simulations are shown in the following Figure 33: 

 

Figure 33. System simulation with robust controller. 
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To justify the choice of a robust order, we used the order pole placement by state feedback, such 
as U = -Kx + Gv, to control the speed of the DC motor. The chosen pole is 2±2j, the location is achieved 
by a suitable choice of the vector line K. The diagram and simulation results are presented 
respectively by the Figures 34 and 35: 

 
Figure 34. Simulation diagram of the system with state feedback control. 

 

Figure 35. Simulation of the system with state feedback control. 

Secondly, we changed the motor time constant parameters. We note that the system diverges 
with state feedback control, but for the same parameters the system response is stable for sliding 
mode control. 

the robustness of sliding-mode control is essential to ensure stable and reliable performance 
under real-life conditions often characterized by disturbances, uncertainties and parameter variations 

The simulation results are shown in the following Figures 36 and 37: 
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Figure 36. Simulation with control by pole placement (constant modified time). 

 

Figure 37. System simulation with robust controller (time constant modified). 

8. Conclusion  

In this study, we developed a modeling of various components of the pilot unit for water 
treatment using ultraviolet radiation, employing the bond graph approach—an modeling tool 
applicable to various physics domains such as electricity, mechanics, and hydraulics, providing a 
high level of modeling convenience. A structural analysis was conducted to investigate the 
controllability and observability of our nonlinear system. To assess the effectiveness of the developed 
bond graph model, we applied it to real operational scenarios by implementing two control methods, 
namely sliding mode and state feedback, applied to the motor of the pump to regulate the system's 
speed. Initially, we calculated the parameters of the associated controllers. Subsequently, we 
implemented these resulting control laws. A comparative study of the experimental results between 
sliding mode control and state feedback allowed us to highlight the robustness of sliding mode 
control in the face of parametric variations. 
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